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Summary 

Semi-natural mountain grasslands are biodiversity hotspots in our central European land-

scapes. Species-rich montane Nardus grasslands and their characteristic plant species arnica, 

Arnica montana L., as protected by the EU Habitats Directive, habitat code *6230 and Annex V, 

respectively, are of special conservation relevance because both have experienced a drastic 

decline within the last decades and are considered to be endangered. In times of present and 

future global change, new stressors, like those related to climate change, will come into action 

and are predicted to lead to a further decline of A. montana and Nardus grasslands. This is of 

specific concern in lower mountain ranges, where species and habitats are naturally restricted 

in their altitudinal distribution and where possible refugee areas at higher elevations are lim-

ited. As one significant impact of climate change, drought events of different intensity within 

the growing period of grasslands are projected to be a major threat for semi-natural mountain 

grasslands and their endangered plant species, like A. montana, that have a pronounced mon-

tane distribution. However, little is known about the functional trait responses and possible 

adaptations of threatened mountain grassland plant species with regard to their intraspecific 

variability and the community responses of Nardus grasslands to climate-change-related 

droughts. This thesis explores (i) responses and the adaptability (adaptive plasticity) of Arnica 

montana via plant functional traits, and (ii) community level responses and resilience of Nardus 

grasslands to drought stress related to climate change. The study region of this thesis com-

prises lower mountain ranges (Vogelsberg, Spessart, Rhön Mountains) in Central Germany, in 

which representative populations of the target species and habitat areas of the grassland type 

are still extant. 

Chapter 1 investigates changes in functional trait performance and variability of Arnica mon-

tana in its adult life stage, along a climate gradient from lower elevations with higher- to higher 

elevations with lower summer aridity. Based on a set of vegetative, generative, and physio-

logical functional traits, the influence of summer aridity and of the established management 

regime on changes in trait values were evaluated. Results showed a strong positive relation-

ship of most functional traits with reduced summer aridity at higher elevations, which indi-

cates a higher trait performance level at less summer arid montane sites. The variability of 

traits decreased steadily with decreasing summer aridity, suggesting less environmental stress 

for A. montana at higher elevations. Management factors, however, had only a small influence 

on both performance and variability of Arnica’s functional traits.  

In Chapter 2, I evaluated in a greenhouse experiment the impact of drought-induced stress on 

Arnica montana seedlings in their early establishment phase. Together with survival, as a 

closely linked measure for fitness of an individual, above- and below-ground functional traits 
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were identified that, on the one hand, are related to the species’ fitness decline and, on the 

other hand, may act as early-warning indicators for reduced fitness. Seedlings showed a high 

resistance to moderate drought, and senescence was higher and consecutive survival declined 

only under strong and extreme drought conditions. The performance of most above- and be-

low-ground traits decreased, however, even under moderate drought, which indicates a sig-

nificant decline in fitness-related performance. Based on the trait-survival relationships iden-

tified, declines leaf length, leaf width, and leaf number were identified as sensitive response-

indicator traits that indicated a fitness decline prior to a substantial increase in mortality. 

Chapter 3 studies the effects of extreme droughts on the community composition, diversity, 

Ellenberg indicator scores, and diagnostic species groups in species-rich Nardus grasslands, 

and investigates the associated mechanisms of vegetation change. Drought effects were inves-

tigated in three consecutive years (2018-2020) by a rainout shelter experiment with different 

levels of rainfall reduction. The coincidence of extremely dry ambient conditions in those years 

opened the opportunity to simultaneously evaluate the contribution of ambient drought con-

ditions and the artificial drought treatments to community change. Nardus grasslands re-

sponded with significant changes in species abundance and community structures, which also 

triggered changes in Ellenberg indicator scores and several species groups. Changes were 

largely driven by the high ambient drought level and occurred with a time lag. The post-

drought recovery of the community in 2020 was shaped by altered community filters, which 

allowed especially small-growing, low-competitive species to facilitate newly available niches 

in the community matrix.  

Taken together, the findings of this thesis enhance our knowledge about the responses of Ar-

nica montana and montane Nardus grasslands, as a representative mountain grassland type, to 

climate change, and about their relationship to management strategies. Specifically, A. montana 

has the potential to adapt to altered environmental condition in the short term via changes in 

plant functional traits, but these changes constitute, at the same time, a lower performance 

level of fitness-related traits, which can lead to a long-term decline in fitness at the individual 

and population level. The findings at the community level of Nardus grasslands, moreover, 

indicate a certain resilience of the community to climate-change-related droughts. Overall, the 

insights gained from the studies can contribute to the development of climate-change-adapted 

conservation concepts, and can inform habitat- and species-management measures. 
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Erweiterte deutschsprachige Zusammenfassung 

Extensiv genutzte artenreiche Berggrünlandökosysteme sind Hotspots der biologischen Viel-

falt in unseren mitteleuropäischen Kulturlandschaften. Zwei besonders streng durch nationa-

les und europäisches Naturschutzrecht geschützte Teile des Berggrünlands sind „Artenreiche 

montane Borstgrasrasen“ sowie ihre charakteristische Pflanzenart Arnika (Arnica montana L.) 

(prioritärer Lebensraumtyp 6230* bzw. Art des Anhangs V der Fauna-Flora-Habitat-Richtlinie 

der Europäischen Union). In den vergangenen Jahrzehnten wurden beide Elemente jedoch 

stark durch Landnutzungs- und Habitatveränderungen beeinträchtigt, sodass sie sich mittler-

weile in einem schlechten Erhaltungszustand befinden und als gefährdet eingestuft werden. 

Zu den vergangenen und weiterhin wirkenden Beeinträchtigungen (z. B. Nutzungsaufgabe 

und -intensivierung) kommen im Zuge des globalen Klimawandels weitere hinzu, die sich 

nach aktuellem Wissensstand besonders auf montan verbreitete Pflanzengesellschaften und 

die darin schwerpunktmäßig vorkommenden Pflanzenarten auswirken werden. Akut werden 

diese weiteren Beeinträchtigungen vor allem dort, wo für Arten keine Ausweichoption in hö-

her gelegene Bereiche bestehen. Dies trifft für die meisten Mittelgebirge Deutschlands und 

Zentraleuropas zu, sodass sich dementsprechend die Arten und Vegetationsgemeinschaften 

trotz veränderter Umweltbedingungen möglichst optimal in den zur Verfügung stehenden 

Flächen und neuen Refugialräumen anpassen müssen. Als maßgebliche Klimawandelauswir-

kung für die deutschen Mittelgebirge in der kontinentalen biogeografischen Region im Sinne 

der Fauna-Flora-Habitat-Richtlinie wird durch einschlägige Klimawandelszenarien neben 

dem Temperaturanstieg ein moderater bis starker Rückgang der Frühjahrs- und Sommernie-

derschläge projiziert, woraus sich vermehrt Dürreereignisse und damit verbundener Trocken-

stress während der Wachstumsphase ergeben werden. Inwieweit sich jedoch Pflanzenarten 

des Berggrünlands im Rahmen ihrer innerartlichen Diversität – im Sinne einer adaptiven Plas-

tizität und Variabilität – und die Grünlandvegetation als Gesamtheit an solche Veränderungen 

anpassen können, ist weitgehend ungeklärt. 

In der vorliegenden Dissertation werden Reaktionen und Anpassungspotenziale der natur-

schutzfachlich wertvollen Zielart der artenreichen montanen Borstgrasrasen (Arnika) auf 

Grundlage ihrer innerartlichen Variabilität in Folge direkter Auswirkungen des Klimawan-

dels untersucht. Der Schwerpunkt der Promotion liegt auf der Erforschung ihrer Anpassungs-

fähigkeit mittels sensitiv reagierender Funktionsmerkmale (plant functional traits), mit denen 

Funktionen zur Anpassung an neue Umwelten sowie ungünstigeren Wuchsbedingungen ein-

hergehen (adaptive Plastizität) sowie als gut geeignete Stellvertretermaße zur Bewertung der 

Fitness eines Individuums gelten. Im weiteren Fokus stehen die Einflüsse von Klimawandel-

induzierter Trockenheit auf die Pflanzengesellschaft der Borstgrasrasen. Die dafür 
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durchgeführten Untersuchungen in Populationen von Arnika und Vorkommen von Borst-

grasrasen wurden in den zentral in Deutschland gelegenen Mittelgebirgen Vogelsberg und 

Spessart sowie im besonderen Maße in der hessischen und bayerischen Rhön vorgenommen, 

in denen sich repräsentative Bestände von Arnika und Borstgrasrasen in Deutschland befin-

den. 

Im Verlauf von Kapitel 1 wurde untersucht, ob und in welchen Maße Arnika entlang eines 

rezenten Klimagradienten der Sommeraridität – ausgehend von Populationen der Tieflagen 

mit hoher bis in die Hochlagen mit geringer Sommeraridität – Performanz- und Variabilitäts-

veränderungen von fitnessrelevanten Funktionsmerkmalen zeigt und ob diese Reaktionen 

auch durch das Managementregime beeinflusst werden. Über lineare (generalisierte) ge-

mischte Modelle und multivariate Analysen wurden Veränderungen in der Performanz der 

Funktionsmerkmale zwischen den Individuen und Veränderungen in der Variabilität der 

Funktionsmerkmale von den untersuchten Arnika-Populationen analysiert. Damit konnten 

die gewählten Stellvertretermaße hinsichtlich der sich verändernden Sommeraridität (April 

bis September) und verschiedener Managementregime bewertet werden. Das Managementre-

gime (Beweidung oder Mahd und in drei Zeitperioden klassifizierte Managementzeiten) re-

präsentiert dabei ausschließlich solche Managementmaßnahmen, wie sie auch im Rahmen des 

Vertragsnaturschutzes angewendet und als vorteilhaft für Arnika und Borstgrasrasen angese-

hen werden. 

Es zeigte sich, dass adulte Individuen von Arnika das Potenzial zur plastischen Veränderung 

vieler fitnessrelevanter Funktionsmerkmale besitzen und sich diese Veränderungen weitest-

gehend auf die Veränderung der Sommeraridität zurückführen lassen. Mit abnehmender 

Sommeraridität erhöht sich die Performanz, d. h. die Größe bzw. Ausprägung, der meisten 

der untersuchten vegetativen und generativen Funktionsmerkmale. Arnikapflanzen auf den 

höher gelegenen Standorten mit geringerer Sommeraridität entwickelten dementsprechend 

mehr und größere Blätter sowie mehr und größere Blütenkörbchen an höheren Blütenständen. 

Lediglich die beiden, ansonsten bei anderen Pflanzenarten häufig sensitiv reagierenden, phy-

siologischen Funktionsmerkmale – Trockenmasse der Blätter und spezifische Blattfläche – 

zeigten keine signifikante Veränderung ihrer Ausprägung. In gleichem Zuge zeigte die auf 

Populationsebene bestimmte Variabilität der Funktionsmerkmale bei fast allen Merkmalen 

eine signifikante Abnahme mit abnehmender Sommeraridität auf den Hochlagen. Einen deut-

lich untergeordneten Einfluss auf die veränderte Performanz und Variabilität der untersuch-

ten Funktionsmerkmale besitzen das Management sowie ergänzend getestete Standortpara-

meter. Allein die Zeit des Flächenmanagements hatte einen geringen, wenn auch statistisch 

signifikanten Einfluss auf die Gesamtausprägung und -variabilität der Funktionsmerkmale. 

Als Konsequenz für den Naturschutz ergibt sich, dass der limitierte Spielraum des 



 –   Zusammenfassung 

–   viii   – 

 

Managements für die Erhaltung von Arnika-Beständen unter Klimawandelbedingungen in 

der Planung des Pflegemanagements berücksichtigt werden muss, auch wenn extensives Ma-

nagement zur Erhaltung artenreichen Berggrünlands essenziell ist. 

Kapitel 2 beleuchtet die Einflüsse von Trockenstress auf den Wuchs und das Überleben von 

Arnika-Keimlingen im Zeitraum der kritischen Jungpflanzenetablierung, um im gleichen 

Zuge potenziell geeignete Funktionsmerkmale als Frühwarnindikatoren für den Fitnessver-

lust der Art zu identifizieren. In einem Gewächshausexperiment wurden Arnika-Keimlinge 

mit drei unterschiedlich intensiven Trockenheitsvarianten behandelt, um verschiedene Inten-

sitäten von Dürre zu simulieren, die realistischen Klimawandelszenarien für das zentrale Ver-

breitungsareal der Art in Mitteleuropa entsprechen. Die Varianten umfassten eine moderate 

und eine starke Niederschlagsreduktion gegenüber der Referenzmenge der Herkunftspopu-

lation des Samenmaterials. Zusätzlich dazu wurde eine extreme Variante der Niederschlags-

reduktion angewandt, bei der über die gesamte Experimentlaufzeit keine Wassergaben verab-

reicht wurden. Zur Bewertung von Performanzunterschieden wurde ein Set von oberirdi-

schen Funktionsmerkmalen der Blätter und unterirdischen Funktionsmerkmalen der Wurzel 

sowie die Gesamtbiomasse der Exemplare am Ende des Experiments gemessen und mit line-

aren (generalisierten) gemischten Modellen analysiert. Das Überleben der Keimlinge wurde 

visuell anhand einer vierstufigen Seneszenzskala eingeschätzt und mittels Überlebenszeitana-

lysen ausgewertet. 

Arnica montana-Keimlinge reagierten in den meisten Funktionsmerkmalen mit einem deutli-

chen Performanzverlust gegenüber erhöhter Trockenheit. Bei allen Funktionsmerkmalen der 

Blätter war ein Performanzrückgang, d. h. kleinere bzw. geringere Ausprägungen der Blätter, 

mit höherem Trockenstress festzustellen. Die meisten Funktionsmerkmale der Wurzeln rea-

gierten ähnlich wie die oberirdischen Funktionsmerkmale mit einem Performanzrückgang. 

Die Reaktion der physiologischen Funktionsmerkmale zeigen unterschiedlich gerichtete bzw. 

weniger sensitive Reaktionen. Auch die Überlebenswahrscheinlichkeit der Keimlinge und die 

Ausbildung von Seneszenzanzeichen wurde signifikant durch das Trockenheitsniveau beein-

flusst. Während keine Keimlinge in der Kontrolle und der Variante mit moderatem Trocken-

stress Seneszenzanzeichen zeigten und alle die gesamte Experimentdauer überlebten, lag die 

Überlebenswahrscheinlichkeit der Keimlinge in den Varianten mit starkem und extremen Tro-

ckenstress signifikant niedriger. Der zeitliche Abstand im Wechsel jeder Seneszenzstufe ver-

ringerte sich dabei sukzessive, wobei das Überleben der Keimlinge selbst unter extremen Tro-

ckenstress unerwartet hoch war. 

Die festgestellten Reaktionen der Funktionsmerkmale von Arnika-Keimlingen unter Trocken-

stress korrespondieren mit Erkenntnissen aus Kapitel 1 und Studien zu anderen Grünland-

pflanzen. Auf Grundlage der identifizierten Reaktionen, war es möglich, die stark sensitiv 
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reagierenden Funktionsmerkmale – also jene die bereits eine signifikante Reaktion zwischen 

Kontrolle und moderater Trockenheit zeigten und visuell gut im Gelände einschätzbar sind – 

als Frühwarnindikatoren für den Performanzrückgang von Arnica montana zu bestimmen. 

Identifiziert wurden die Blattlänge und Blattbreite sowie unter starken Trockenheitsbedingun-

gen die Blattanzahl, die aufgrund ihrer entsprechenden Ausprägung ein höheres bzw. niedri-

geres Perfomanzniveau von Arnika-Keimlingen anzeigen. Der Blattbreite kommt zudem noch 

eine weitere Indikatorenfunktion zu, indem sich diese bei großer Ausprägung nachteilig auf 

das Überleben der Pflanzen auswirkt. Dementsprechend könnten diese Merkmale praktisch 

im Rahmen eines Klimawandelmonitorings für die Art eingesetzt werden. 

In Kapitel 3 werden die Effekte von extremer Trockenheit auf die Diversität und Artenzusam-

mensetzung artenreicher Borstgrasrasen in der Rhön untersucht. In einem mehrjährigen rain-

out shelter-Experiment (2018-2020) wurde in einer moderaten und starken Trockenheitsvari-

ante der natürlich anfallende Niederschlag jeweils zwischen April und August eines Jahres 

reduziert, welcher 2018 und 2019 zudem erheblich unter dem langjährigen Mittelwert lag. So-

mit ergab sich die Möglichkeit, nicht nur die Effekte der natürlich in diesen Jahren vorherr-

schenden Trockenheit, sondern auch darauf aufbauend die Auswirkungen experimentell ver-

stärkter extremer Dürre auf die Pflanzengesellschaft zu untersuchen. Mittels Redundanzana-

lysen wurden Veränderungen der Artenzusammensetzung im Vergleich zum unbeeinflussten 

Ausgangszustand der Vegetation vor Experimentbeginn (2017) und den Kontrollvarianten 

untersucht und Veränderungen in der Artenvielfalt, Vegetationsstrukturparametern, Ellen-

berg-Zeigerwerte sowie von diagnostischen soziologischen und funktionalen Artengruppen 

mit linearen gemischten Modellen analysiert. 

Die Ergebnisse des Experiments zeigten, dass sich in Folge der Trockenheit signifikante Ver-

änderungen in der Abundanz von Arten und Vegetationsstrukturen ergeben. Dabei nahmen 

über den Experimentzeitraum subdominante Arten (z. B. Galium saxatile, Veronica officinalis, 

Carex pilulifera) und krautige Pflanzen zu sowie dominante Arten und Gräser (u. a. Nardus 

stricta, Deschampsia flexuosa) ab. Bei den Vegetationsstrukturen kam es insbesondere zu einer 

Abnahme der Gesamtkrautschichtdeckung und -höhe und zu einer Zunahme der Streu-

schicht. Die Deckung und Höhe der Moosschicht entwickelte sich nach vorübergehender ge-

nereller Abnahme je nach Trockenheitsvariante unterschiedlich, wobei sich diese in der Kon-

trolle ohne Niederschlagsreduktion schneller und stärker als in den Reduktionsvarianten er-

holten. Zudem erhöhte sich über die Laufzeit des Experiments die Evenness der Pflanzenge-

sellschaft, wohingegen sich die Gesamtartenzahl nicht veränderte. Die Zeigerwerte nach El-

lenberg für Temperatur und Stickstoff zeigten eine signifikante Zunahme, während der Zei-

gerwert für Feuchte über die Jahre abnahm. Diese Veränderungen wurden dabei maßgeblich 

durch das hohe natürliche Trockenheitsniveau in den einzelnen Jahren als durch die 
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zusätzliche experimentelle Niederschlagsreduktion ausgelöst und waren erst zeitlich verzö-

gert bestimmbar. Die Ergebnisse legen nahe, dass die Entwicklung des Vegetationsbestands 

im letzten Experimentjahr (2020) vor allem durch veränderte Konkurrenzverhältnisse und da-

mit verbunden neu entstandenen Wuchsnischen in der Artenmatrix bestimmt wurden. Dar-

über hinaus belegen die Ergebnisse die relative Resilienz der Borstgrasrasen im Studiengebiet 

gegenüber Klimawandel-induzierter Dürre, welche zum einen mit der gutachterlich einge-

schätzten Klimawandelsensitivität korrespondiert und zum anderen nicht zu einem beschleu-

nigten Rückgang dieses Berggrünlandtyps in den nächsten Jahren führen sollte. 

Die gewonnenen Erkenntnisse aus allen drei Kapiteln zeigen, dass Auswirkungen der unter-

suchten Klimawandelfaktoren signifikante Reaktionen von Arnika und des Ökosystems Bors-

tgrasrasen auslösen. Arnika besitzt demnach sowohl als Keimling als auch als adulte Pflanze 

das Potenzial, sich mittels adaptiver Veränderungen fitness-relevanter Funktionsmerkmale an 

den Klimawandel anzupassen und so für sie nachteilige Wuchsbedingungen abzumildern. Je-

doch bedeuten diese Reaktionen einen Performanzrückgang von A. montana, der sich langfris-

tig nachteilig auf die Fitness der Individuen und darauf aufbauend ihrer Populationen aus-

wirken kann. Es ist daher Aufgabe des Naturschutzes und der Landschaftspflege, diesen Be-

einträchtigungen prospektiv durch geeignete, die Effekte und Auswirkungen des Klimawan-

dels beachtende Erhaltungs- und Entwicklungsmaßnahmen entgegenzuwirken. Dies wird 

umso notwendiger, wenn man die untergeordnete Rolle des aktuellen Managementkanons im 

untersuchten Wirkungskontext berücksichtigt und es einer möglichen Erweiterung des kon-

ventionellen Managementspektrums bedürfe. Insgesamt können die Erkenntnisse aus dieser 

Arbeit dazu beitragen, geeignete Konzepte und Maßnahmen des Naturschutzes zu entwi-

ckeln, um auch unter zukünftigen Bedingungen des Klimawandels Arnika und Borstgrasrasen 

in unseren Landschaften zu erhalten. 
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PART I 

 

 

 

General Introduction 

 

 

Grassland ecosystems cover around 40 % of the Earth’s terrestrial surface and provide, de-

pending on the grassland type, many essential ecosystem services (Suttie & Reynolds, 2005). 

The benefits, we obtain from grasslands for our human well-being, supplement their im-

portant function as a habitat for various species. Among the different grassland types, moun-

tain grasslands are of special importance for protecting biodiversity and are, at the same time, 

particularly exposed to developing environmental change, such as in the climate and related 

management (Tasser, Leitinger, & Tappeiner, 2017). However, there are considerable uncer-

tainties about how and to what extent drivers of environmental change will affect semi-natural 

mountain grasslands and their characteristic plant species. There is thus an urgent need to 

gain insights about responses and possible adaptation mechanisms of the vegetation commu-

nity and conservation-relevant species, to evaluate currently implemented conservation pro-

grams and to design possible adaptations to these and measures that may counteract or miti-

gate the effects of environmental change on grasslands biodiversity. 

This thesis presents insights from studies in semi-natural montane Nardus grasslands and from 

one of their characteristic and most valued target species for conservation, Arnica montana. The 

following paragraphs will introduce the background of the studies relating to the ecology and 

conservation of semi-natural mountain grassland ecosystems, as well as of climate change in 

the central European context. Subsequently, PART II, as the core of this thesis, will present 

three studies published as original research articles in international, peer-reviewed scientific 

journals.  
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Origin and current situation of semi-natural mountain grasslands in the central European context 

Semi-natural grasslands in most European landscapes are of anthropo-zoogenic origin and 

have a long history, often reaching back to the Middle Ages, or even beyond to Neolithic times 

(Leuschner & Ellenberg, 2017). In most mountain areas, successive clearances of natural wood-

lands opened the land for low-intensity agricultural use. Over the course of centuries, exten-

sive grazing of woodlands and cleared sites or mowing without fertilisers created new vege-

tation formations, in which many plants of the former woodland understory vegetation and 

of naturally treeless fringe communities assembled into man-made plant communities domi-

nated by grasses and forbs (Peppler-Lisbach & Petersen, 2001). Hence, this low-intensity man-

agement, which reflects historical management dates and practices, are a prerequisite to main-

taining these grasslands to the present day. 

Depending on the site properties and management, different types of semi-natural grasslands 

developed in mountain areas. On mesic and mesotrophic base-rich soils, Trisetum meadows 

(Polygono-Trisetion) are the typical mountain hay meadows used for mowing (Dierschke, 1997). 

On acidic, and relatively nutrient-poor, soils Nardus grasslands developed, which were histor-

ically more related to extensive grazing practices like those on common pastures (Leuschner 

& Ellenberg, 2017). Nardus grasslands have a pan-European distribution, with a focus on up-

land areas, although their elevational gradient ranges from planar to sub-alpine elevations 

(Peppler, 1992). Due to their phytosociologically closer relationship to dwarf shrub heaths 

(Vaccinio-Genistalia) than to agricultural grasslands (Molinio-Arrhenatheretea), Nardus grass-

lands are classified as an order (Nardetalia strictae) within the class Calluno-Ulicetea (Peppler-

Lisbach & Petersen, 2001). Compared to the Alpine range, Nardus grasslands in the montane 

range develop into different associations depending on soil moisture (dry and mesic condi-

tions: Polygalo vulgaris-Nardetum strictae and wet conditions: Juncetum squarrosi) and on soil pH 

(the formerly two mentioned as species-rich associations on sites with relatively base-rich soils 

with higher pH, and the species-poor Galium saxatile-Nardus stricta-community on base-poor 

soils with lower pH). The present thesis is focused on one specific type of semi-natural moun-

tain grasslands: the species-rich associations of montane Nardus grasslands as mentioned 

above that are protected by conservation legislation (Figure 1). Among the semi-natural grass-

land types in Western and Central Europe, this type experienced one of the most drastic de-

clines in quantity and quality (Diekmann et al., 2019). 



 –   General Introduction 

–   3   – 

 

 

Figure 1. Species-rich Nardus grasslands (Polygalo vulgaris-Nardetum strictae) with the rare Antennaria dioica (in front) 

at the Wasserkuppe massif in the Rhön Mountain. The Nardus grasslands in the Rhön Mountains are considered to 

be the largest, coherent habitat area of this grassland type in Central Europe outside of the Alps. (Picture: N. Stanik, 

2015) 

In past decades, different drivers of environmental change have caused the considerable de-

cline of montane Nardus grasslands. Changes in land uses—the so-called polarisation of land 

use between intensification and abandonment—as well as atmospheric nitrogen (N) and sul-

phur (S) deposition significantly affected these grasslands. An intensified land use or manage-

ment, i.e., by higher mowing frequencies, increased grazing pressure or fertilisation, favours 

competitive grassland species (e.g., Holcus lanatus, H. mollis, or Festuca rubra), homogenises 

habitat structures, and leads to a decline of characteristic species (Mariotte, Buttler, Kohler, 

Gilgen, & Spiegelberger, 2013). In comparison, abandonment and lower management intensi-

ties promote dwarf shrubs and tall-growing tussock grasses that compete with characteristic 

small-growing Nardus grassland species by creating unfavourable habitat structures with high 

and dense litter and moss layers (Arens & Neff, 1997; Armstrong, Grant, Common, & Beattie, 

1997). When present over several years, both developments result in the habitat’s deteriora-

tion, and its final loss to the landscape. Qualitative declines are mainly associated with eu-

trophication by N and acidification by S deposition. N deposition promotes nutrient-demand-

ing, fast-growing species in the community and results in a decline of total species richness 

and of acid-tolerating species and in an increased grass/forb ratio (Stevens et al., 2009). S dep-

osition causes acidification and/or eutrophication of the habitat, depending on the sulphur 
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compound and the quantity (Teufel, Gauger, & Braun, 1994). After its peak in the 1980s/1990s, 

S deposition decreased considerably in many European regions, which was first detected by 

an increased soil pH of habitat sites (Rose et al., 2016). Recent research has identified a trend 

for recovering from acidification at community level of Nardus grasslands, accompanied by 

further negative effects on its biodiversity (Mazalla, Ludwig, & Peppler-Lisbach, 2021; 

Peppler-Lisbach, Stanik, Könitz, & Rosenthal, 2020). 

As a result, the current distribution of semi-natural montane grasslands in general, and mon-

tane Nardus grasslands in particular, is largely restricted to hotspot areas, in which the pres-

sure of environmental drivers of change were lower, and historic management practices were 

maintained or adopted by later agri-environmental schemes. Today, semi-natural grasslands 

and heathlands in most European countries cover less than 10 % of their former distribution, 

and their decline is likely to continue (Diekmann et al., 2019). In Germany, only about 5 % of 

the total area of permanent grasslands can be considered as being of high nature value (data 

available from 2013; BfN / Federal Agency for Nature Conservation, 2014). For example, in the 

German low-mountain range, larger areas of montane Nardus grasslands were preserved only 

in the Black Forest, Thuringian Forest, Ore Mountains, the Vogelsberg, and the Rhön Moun-

tains (Peppler-Lisbach & Petersen, 2001). The documented decline of semi-natural montane 

grasslands within and across regions has initiated extensive nature conservation efforts to bet-

ter protect these remaining habitats. 

Nature conservation relevance of semi-natural mountain grasslands 

Semi-natural grasslands are appreciated for their high biodiversity level and the multiple eco-

system services they provide (Bengtsson et al., 2019). This can be illustrated by the example of 

montane Nardus grasslands. Such plant communities have a high species richness, which, 

however, depends on the management and site properties. When managed in a low-intensive 

manner, these grasslands can host up to 40 different plant species at the plot level (Peppler, 

1992), of which many are either rare or threatened. Hence, the value of Nardus grasslands for 

protecting floristic biodiversity is based on the fact that many of the typical species are listed 

as endangered in international and national red lists (e.g., for Germany: Metzing, Hofbauer, 

Ludwig, & Matzke-Hajek, 2018). This status also applies to Nardus grassland plant communi-

ties and their associated biotope types in Germany and Europe (Finck et al., 2017; Janssen et 

al., 2016; Rennwald, 2000). Different types of mountain grasslands also act as important habi-

tats for threatened animal species such as butterflies, grasshoppers, and birds (e.g., Veen, Jef-

ferson, de Smidt, & van der Straaten, 2009). For example, ground-nesting bird species of high 

conservation value, such as the Eurasian Skylark (Alauda arvensis), Meadow Pipit (Anthus 

pratensis), Tree Pipit (Anthus trivialis), and Whinchat (Saxicola rubetra) use these grasslands as 

essential breeding and feeding grounds. 
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Beyond their habitat function for different plant and animal species, semi-natural mountain 

grasslands provide goods and benefits to human society and contribute to the natural capital 

of a country (Bullock et al., 2011). As one major provisioning service, mountain grasslands 

under sustainable land use contribute to the provision of high-quality biomass from meadows 

(fodder), and resource-conserving meat production from livestock grazing (Fraser et al., 2009). 

In the group of regulating services, the year-round vegetated swards of semi-natural grass-

lands, when generally used at low-intensity, prevent soil erosion and reduce water runoff 

(Leitinger, Tasser, Newesely, Obojes, & Tappeiner, 2010; Pilgrim et al., 2010). An important 

service in the context of climate change is their carbon sequestration and storage capacity. A 

study conducted based on English countryside survey data estimated that the topsoil carbon 

stock in acid grasslands (i.e. Nardus grasslands) on organo-mineral soils is the highest among 

all the UK’s broad habitat types, and is even higher than that of some woodland types (Carey 

et al., 2008; Janssens et al., 2005). Mountain grasslands are important elements in cultural land-

scapes of Europe’s mountain regions, and play a vital role in the aesthetic perception and cul-

tural appreciation of those landscapes (Figure 2). These grasslands display colourful flowering 

that is much appreciated by tourists and is important for recreation and the grasslands con-

tribute to a landscape’s cultural heritage value (Schirpke, Timmermann, Tappeiner, & Tasser, 

2016). For example, the mountain grasslands of the Rhön Mountains are the result of tradi-

tional, low-intensity farming practices of high cultural significance, contribute to the openness 

of the landscape character, and are often connected to other historic landscape elements like 

stone walls, solitary trees or historic communal pastures (Stanik, Ivașcu, Brandt, & Rosenthal, 

2020; Stanik & Rosenthal, 2018). Hence, their protection is not only important for biodiversity 

conservation, but also for their diverse nature-based contributions to society (Díaz et al., 2018). 

Due to this high conservation value, species-rich Nardus grasslands and some of their charac-

teristic species are legally protected by international and national law. In the European Union, 

species-rich montane Nardus grasslands are protected as a priority natural habitat type of com-

munity interest (Annex I, Habitat code *6230) by the EU Habitats Directive (92/43/EEC; 

European Council, 1992). Furthermore, Arnica montana, as a prominent example of a Nardus 

grassland character species, is specially protected by the Annex V of the EU Habitats Directive. 

Additionally, the biotope Nardus grasslands are generally protected by the German Federal 

Nature Conservation Act (§ 30 BNatSchG). Thus, both receive special attention in German 

conservation- and landscape planning. 



 –   General Introduction 

–   6   – 

 

 

Figure 2. A patch of Arnica montana (in front) in the Nardus grasslands of the nature reserve Lange Rhön (Bavaria, 

Germany) during its flowering peak in early June. (Picture: N. Stanik, 2017) 

Despite this strict protection, the conservation status of Nardus grasslands and other grassland 

habitat types in most European regions, especially those that require regular management, is 

unfavourable (European Commission, 2020). In Germany, for example, the conservation status 

of Nardus grasslands in the Continental and Alpine biogeographic region is described as ‘un-

favourable-inadequate’ (U1) and even ‘unfavourable-bad’ (U2) in the Atlantic biogeographic 

region latest reported in the period 2013-2018 (EEA / European Environmental Agency, 

2020). The same holds true for the conservation status of Arnica montana, which is ‘unfa-

vourable-bad’ in the Atlantic, ‘unfavourable-inadequate’ in the Continental and ‘favourable’ 

(FV) only in the Alpine biogeographic region of Germany (EEA / European Environmental 

Agency, 2020). As the main cause of species loss and habitat degradation of grasslands, the 

assessments of the Habitats Directive reports have identified ‘Agriculture’ as the main factor, 

which reflects pressures such as the intensification and the abandonment of low-intensity ag-

ricultural land-use practices (European Commission, 2020). The current poor conservation sta-

tus of mountain grasslands thus creates the basis, on which future pressures, such as those 

related to climate change, are likely to create more significant and more severe impacts on 

biodiversity and the supply of ecosystem services than on grassland ecosystems under more 

favourable conditions (IPBS, 2018). 
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Climate change and its effects on mountain grassland ecosystems 

Global environmental change is considered to affect biodiversity worldwide. As part of global 

change, anthropogenic climate change is considered as one major threat across ecosystems 

(IPBS, 2018). By the definition given in Article 1 of the Framework Convention on Climate 

Change, climate change refers to “a change of climate which is attributed directly or indirectly 

to human activity that alters the composition of the global atmosphere and which is in addition 

to natural climate variability observed over comparable time periods” (IPCC, 2018, p. 544). 

Well-established subcategories of climate change relevant to the biodiversity and ecosystem 

services of grasslands are local and regional changes in temperature, precipitation, snow 

cover, increasing concentrations of atmospheric greenhouse gases, and increased nitrogen 

deposition (Gibson & Newman, 2019b). Among these, elevated temperatures (e.g., warming 

during heatwaves) and decreasing precipitation (e.g., during droughts) have been identified 

as major and widespread climate change impacts on grasslands (Gibson & Newman, 2019a). 

By definition, a heatwave is a period of abnormally hot weather and a drought is a prolonged 

period of abnormally low rainfall, which leads to a shortage of water and causes a serious 

hydrological imbalance (IPCC, 2018). Both can be summarised under the term “extreme 

weather event” that describes the occurrence of a value of a weather or climate variable above 

or below a threshold value near the upper or lower ends of the range of observed values of the 

variable (IPCC, 2018). For example, the exceptional droughts with coinciding heatwaves of 

2018 and 2019 in Central Europe were considered as such extreme weather events, which are 

predicted to become more frequent in future (Hari, Rakovec, Markonis, Hanel, & Kumar, 

2020). 

Changes in climate have already become manifest in different regions worldwide including 

central Europe. Climate change within the 20th century in that region is characterised by an 

significant overall temperature increase by about 1.2°C, and by a regionally different decrease 

or increase in precipitation (Anders, Stagl, Auer, & Pavlik, 2014). Following the current devel-

opments in atmospheric carbon dioxide concentration, which correspond strongly to the RCP 

8.5 scenario, the mean annual temperature in central Europe at the end of the 21st century 

(2071-2100) is projected to increase by over 3°C, together with a decreasing precipitation in 

summer and an increasing in winter (Ciscar, Feyen, Ibarreta, & Soria, 2018). In consequence of 

these expected changes in basic climate variables, an increase in aridity, resulting in a higher 

water-stress level, is projected for many regions; especially for those like mountain regions 

that are currently characterised by more humid and cooler climate conditions (IPCC, 2018; 

Streitberger, Jedicke, & Fartmann, 2016). 

Changes in climate have different effects on single species, species communities, ecosystems, 

and ecological networks. In climate- and ecosystem-change research, two types of climate-
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change effects are distinguished: direct and indirect effects (e.g., Streitberger, Ackermann, et 

al., 2016). Direct climate-change effects affect species and habitats directly in their physiology, 

phenology, biotic interactions, and distribution. In contrast, indirect effects are those that be-

come effective on species and ecosystems through human adaptation to changing climate con-

ditions. For example, the land use or management of a grassland site changes due to climate-

change-induced higher temperatures and a prolonged vegetation period that potentially al-

lows cultivation of arable or renewable crops on (unprotected) grassland sites (climate-

change-related land-cover change) or two, instead of one, mowing of a grassland (manage-

ment change), which may lead in consequence to habitat deterioration. These indirect effects 

of climate change require, however, large-scale investigations because they often take effect at 

the level of a whole socio-ecological system or landscape (Streitberger, Ackermann, et al., 

2016). 

In the context of Nardus grasslands and other mountain grassland types, a set of direct effects 

of climate change on these grasslands have been identified or are likely to become effective in 

the near or distant future. For species-rich montane Nardus grasslands, a moderate decline in 

distribution is projected until the end of the 21st century as a result of altered climatic condi-

tions (Beierkuhnlein, Jentsch, Schlumprecht, Reineking, & Ellwanger, 2014). Changes in spe-

cies composition and community diversity are expected, especially under warming, as gener-

alist thermophilic species from lower elevations expand their distribution, and specialised 

montane species from higher elevations decline. Furthermore, even experimentally induced 

short-term warming within one growing season led to an increase in biomass production and 

a reduction in species and functional diversity (Debouk, Bello, & Sebastia, 2015). By conduct-

ing a transplantation experiment of Nardus grassland swards from a high- to low elevation to 

simulate warming, Bruelheide (2003) reported exactly this trend after a seven year period, 

which led to an increased dissimilarity in species composition of transplanted swards com-

pared to control plots at the initial elevation. This change was attributed to both direct effects 

of increased temperature and reduced humidity and effects that relate to changed interspecific 

competition after increased productivity. Additionally in the case of Arnica montana, herbivory 

by slugs became effective, which was already identified as an important factor that limits the 

species’ geographical range towards lower elevations and reduced reproduction (Bruelheide 

& Scheidel, 1999; Scheidel & Bruelheide, 2005).  

In contrast to warming, droughts affect many mesic grassland ecosystems by reducing pri-

mary production (e.g., Deléglise et al., 2015); the effects are, however, ecosystem-specific, dif-

fering in relation to the regional precipitation pattern (frequency and timing), and being influ-

enced by local site characteristics like deep soils with balanced water supply (Fraser, 2019). For 

example, in more arid environments, droughts are a higher risk, because impacts can be less 



 –   General Introduction 

–   9   – 

 

easily buffered by the lower total precipitation amount than in mesic environments (Bütof et 

al., 2012). However, grasslands in regions with high precipitation, like in mountain areas, are 

similarly affected by droughts because these areas generally harbour a higher number of spe-

cies with a lower drought tolerance and have limited space for range expansion towards 

higher elevations to escape dryer conditions in the long term (Rosbakh et al., 2017). When 

looking at the frequency and timing of droughts, Grime et al. (2008) showed in their long-term 

climate-manipulation study that, in combination with warming, drought had negative impacts 

on species’ abundances and species composition in an infertile grassland, but that these effects 

were more striking when occurring in pronounced short-term events. Moreover, the combined 

effects of a drier and warmer climate led to a decline in species richness and decreased Shan-

non diversity of a subalpine grassland only in the intense, but not in the moderate, experi-

mental climate-change treatment (Gavazov, Spiegelberger, & Buttler, 2014). On the other hand, 

many uncertainties about the impacts of drought and warming arise from the abiotic and bio-

tic interacting effects triggered by these two climate change factors. In mesic environments, 

increased temperatures are likely to facilitate mineralisation of soil organic matter that would 

trigger internal eutrophication processes with negative effects, especially in nutrient-poor hab-

itats, while at the same time, moderately dryer conditions may hamper this eutrophication 

(Behrens, Fartmann, & Hölzel, 2009). 

Climate change-related effects on single species of semi-natural grasslands are largely compa-

rable to those that affect the grassland ecosystem as a whole (e.g., changed biomass production 

and ecophysiological stress). Nevertheless, the effects on plant species of mountain grasslands, 

which already have a small population size, low reproduction rate or low dispersal capability, 

are particularly severe (Behrens et al., 2009). The risk of accelerated extinction increases under 

projected climate change when site conditions gradually become less favourable, and when 

suitable areas for range expansion are missing (Wiens, 2016). This not only affects the vegeta-

tive spread of a species, but also its generative reproduction. The latter is substantially relevant 

for perennial species that demand constantly moist conditions during germination and seed-

lings establishment (Hölzel & Otte, 2004). More frequent droughts, even those of a short pe-

riod, or an increased variability of precipitation, are likely to hamper germination and estab-

lishment, which may result in a complete loss of diaspore cohorts and seedling generations. 

Consequently, this will negatively affect the demography of a population and can increase the 

risk of a delayed extinction (extinction depth) of long-lived species (Fartmann, Stuhldreher, 

Streitberger, Löffler, & Poniatowski, 2021). 

Despite the great efforts taken to investigate the effects on climate change on semi-natural 

grasslands, there are still considerable knowledge gaps and uncertainties about the effects that 

major climate change impacts cause in grasslands of high nature value and their characteristic 
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species. Many studies have rather focused on more productive grassland types and on com-

mon and dominant grassland species than on threatened grassland types of conservation val-

ues, or on rare or sub-dominant target grassland conservation species. Moreover, most studies 

do not consider the role of the grassland’s management and its influence at habitat- and spe-

cies-level under climate change conditions (Streitberger, Ackermann, et al., 2016). Therefore, 

studies are needed that address these knowledge gaps and that improve the information basis 

for an improved conservation of these habitats and species (Gibson & Newman, 2019c). 

Plant functional trait relationships in the context of climate change 

Using basic mechanisms, most plant species have the general ability to respond and adapt to 

changes in their environment to a greater or lesser extent. Phenotypic plasticity or evolution-

ary processes are key mechanisms that can be related to adaptations of plants to a changed 

environment (Silvertown & Charlesworth, 2001). Studies have shown that conditions of future 

climate change depress fitness components of species in the short term, which may reduce 

population growth and reduces the adaptive and migratory potential of populations in the 

long term (Anderson, 2016). However, triggered plastic responses of different functional traits 

based on their plasticity and variability may allow species to maximise their fitness and to 

compensate for environmental stress. An increased environmental heterogeneity associated 

with climate and global change could stimulate phenotypic plasticity and its adaptive poten-

tial, which could foster the in situ persistence of populations or the shifted establishment in 

new habitats (Chevin, Gallet, Gomulkiewicz, Holt, & Fellous, 2013; Valladares et al., 2014). 

The functional trait approach offers a powerful concept to identify and describe changes in 

plants’ fitness (Arnold, Kruuk, & Nicotra, 2019). A trait is commonly defined as “any morpho-

logical, physiological or phenological feature measurable at the individual level, from the cell 

to the whole-organism level, without reference to the environment or any other level of organ-

ization” (Violle et al., 2007, p. 884). In addition to the basic definition, “plant functional traits 

are considered as reflecting adaptations to variation in the physical environment and trade-

offs (ecophysiological and/or evolutionary) among different functions within a plant” (Lavorel 

et al., 2007, p. 150). This means that only when a plant trait can be related to its influence on 

the fitness of individuals, does it have a truly functional ability for adaptation and can thus be 

called a functional trait. However, the relationship among (functional) traits, performance, and 

fitness can be challenging to evaluate and this influences the selection of informative traits 

when studying environmental change on plants and their fitness. Functional traits act as con-

ceptual proxies that have a more or less close link to performance components (biomass in 

terms of growth and size, reproductive output, and/or survival), which ultimately directly or 

indirectly determine the individual species’ fitness (Bello et al., 2021). Here the response of a 

species to environmental stress—in terms of its reaction norm and direction via its functional 
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traits—can be used as a predictor for its sensitivity and vulnerability to environmental change, 

and may act as early warning indicators for the fitness decline of individuals before the fitness 

at the population level is reduced. 

In the context of the intraspecific plasticity and variability of individuals, the question remains 

as to which observed responses of functional traits to novel climate conditions can be consid-

ered as beneficially adaptive or might be non- or maladaptive (Palacio-Lopez, Beckage, 

Scheiner, & Molofsky, 2015). For example, Boechera stricta (Brassicaeae) accelerated their flow-

ering time to cope with elevated temperatures, and this resulted in an advanced fitness (An-

derson, Inouye, McKinney, Colautti, & Mitchell-Olds, 2012). In contrast, maladaptive func-

tional trait responses were observed in Arabidopsis thaliana (Brassicaeae) to foliage shade (Dorn, 

Pyle, & Schmitt, 2000). Therefore, observed functional trait responses and their response pat-

tern across traits have to be interpreted carefully, taking into account interactions among traits 

that would create adaptive synergies or trade-offs between responses of single traits (Val-

ladares, Gianoli, & Gómez, 2007). 

In addition to the great source of interspecific functional variability given by a high diversity 

of functionally different and redundant species in a plant community (e.g., Rudner and Gross 

(2012) who differentiated plant functional types of Nardus grasslands in the Black Forest), in-

traspecific functional trait variability of single species contributes to the stability of popula-

tions and resilience of plant communities against environmental pressures (Albert et al., 2010). 

At the species level, more variable species generally perform better in heterogeneous environ-

ments and proved to be less vulnerable to ecosystem change (Forsman & Wennersten, 2016). 

At the community level, the study of Jung et al. (2014) showed that the intraspecific variability 

of physiological leaf traits mediated the functional community response of subalpine grass-

lands to extreme drought. A high intraspecific variation of traits among phenotypes enhances 

genetic variation and can contribute to the local adaptation of genotypes (Franks, Weber, & 

Aitken, 2014). Therefore, when examining species’ and community responses to environmen-

tal change, the suggestion was made to not only evaluate changes in trait means, but to also 

include intraspecific variability of traits (Violle et al., 2012). 

Even if the basic ecological mechanisms of plants have been thoroughly investigated, there 

remain important research needs and uncertainties for many species, including about their 

different life stages, and how they are able to respond and to cope with rapid environmental 

changes in relation to climate change. This is particularly true for plant species and communi-

ties of semi-natural grasslands in mountain regions that experience accelerated changes in cli-

mate conditions and for whom the space to expand their distribution towards higher, climat-

ically more favourable altitudes is naturally limited. It can be assumed that many plant species 

with a montane distribution, which should be appropriately adapted to the cooler and more 
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humid mountain climate, respond sensitively and negatively to climate change, and are thus 

more vulnerable than species with a wider altitudinal distribution and hence a wider ecologi-

cal climate niche (Streitberger, Ackermann, et al., 2016). This knowledge is not only important 

for dominant species in grasslands, but also for rare and sub-dominant species that have a 

relative narrow ecological niche and that have important functions in the ecosystem (Mouillot 

et al., 2013). This knowledge would, finally, inform conservation to be able to better protect 

these plant species and grassland ecosystems, and would help to better design and prioritise 

conservation and management actions.  
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Characterisation of the study region 

The study region in which the studies of the present thesis took place (Chapter I & III), com-

prises areas of the Central German Upland ranges of the Rhön Mountains, Vogelsberg, and 

Spessart (Figure 3). 

 

Figure 3. Location of the study region in central Germany.  
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These areas are situated in the south-eastern part of Hesse and the north-western part of Ba-

varia. Most of the individual areas of the study region are protected by large, partly overlap-

ping, protected areas, i.e., nature parks and sites of the Natura 2000 network (BfN / Federal 

Agency for Nature Conservation, 2015). Moreover, the Rhön is designated as a UNESCO bio-

sphere reserve. The region is part of the biophysical units “Osthessisches Bergland” and 

“Odenwald, Spessart und Südrhön”. Both units have a bedrock that is predominantly Triassic 

sandstone, which at the higher altitudes is dominantly covered by Tertiary basalt. The climate 

is sub-atlantic, with a mean annual precipitation of 650 to 1,000 mm, and a mean annual tem-

perature of 5 to 9°C, depending on the altitude (Bohn, Korneck, & Meisel, 1996). The potential 

natural vegetation would be dominated by oligotrophic to mesotrophic beech- and mixed-

beech forests (Fagetalia sylvaticae) of different variants, depending on the altitudinal range 

(Bohn & Neuhäusl, 2000/2003). The present landscape of this region is the result of natural 

environment conditions, historic and current landscape developments, as well as socio-eco-

logical interactions. The small-scale intersection of natural ecosystems (i.e., woodlands or 

bogs) and ecosystems of anthropogenic origin, like heathlands and grasslands, and the pres-

ence of small cultural and natural features (e.g., hedgerows, clearance cairns) are signs of the 

long cultural history of the landscape (Figure 4) (e.g., Knapp, 1971). 

 

Figure 4. View into the Ulstertal (Rhön Mountains), representing the typical landscape composition of the study 

region. (Picture: N. Stanik, 2017) 
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Common to all areas of these mountain regions is the relatively high proportion of semi-natu-

ral grasslands of high nature value along a steep elevation gradient from colline to montane 

sites, which are identified as Sites of Community Importance (SCI) or protected in Special Ar-

eas of Conservation (SCA) as designated by the EU Habitats Directive (European Council, 

1992). Nonetheless, rather clear signs of recent climate change are already evident for the 

higher elevations in the study region. Since 1890, the long-term annual mean temperature of 

the Wasserkuppe in the Rhön Mountains has already increased by 2.1°C, of which an increase 

of 1.2°C occurred after 1990 (Schneider, 2016, 2017). This resulted in the prolongation of the 

vegetational growth period in the montane region of the Rhön Mountains by more than 30 

days (Stanik & Rosenthal, 2018). Up to the end of the century, regionalised climate-change 

models, based on the RCP 4.5 and RCP 8.5 climate-change scenarios (IPCC, 2014), project a 

moderate to strong decline in spring and summer precipitation (-1.6 % ± 5.3) and a tempera-

ture increase of up to 3.7°C (± 0.7°C) for the study region (PIK / Potsdam Institute for Climate 

Impact Research, 2017). Hence, increased climate stress during the critical growing period can 

be assumed for mountain grassland ecosystems and their associated plant species, especially 

for those with a mainly montane distribution. The study region is thus well-suited to investi-

gate climate change effects on mountain grasslands and their characteristic plant species. 

Research questions, objectives, and outline of chapters 

Considering the knowledge gaps regarding the influence of climate change and the manage-

ment on the functional trait and community responses of Arnica montana and semi-natural 

mountain grasslands, respectively, the present thesis addresses the following research ques-

tions: 

I. How and to what extent do plant functional traits of Arnica montana respond to 

the altered climatic conditions as projected under climate change? 

II. Do trait responses indicate a potential fitness-related adaptation of the species 

to cope with the negative impacts of climate change? 

III. Does habitat management have an influence on functional-trait responses of  

Arnica montana, and can it act as a buffer to compensate for negative effects? 

IV. What are the effects of climate-change-related droughts on the diversity and 

community composition of species-rich montane Nardus grasslands? 

The general aim of the thesis is to contribute to the understanding of the effects of drought as 

a major effect of climate change on a semi-natural mountain grassland type on oligotrophic 

soils, and on one of their threatened plant species. It also aims to contribute to the development 

of effective conservation concepts and measures under altered climatic conditions, to better 

protect their biodiversity and ecosystem services they provide. The specific objectives of the 

present work are to expand our knowledge on (i) the functional trait responses of Arnica 
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montana as a characteristic and threatened plant species of oligotrophic mountain grasslands, 

based on their intraspecific trait plasticity and variability and in the context of the manage-

ment, (ii) their adaptation potential to drought stress, and (iii) the community level response 

and resilience of species-rich montane Nardus grasslands to drought. 

The overall approach of the present work combines different methodologies that are reflected 

in the three chapters. Chapter 1 investigates the influence of increasing summer aridity on the 

functional trait performance and variability of Arnica montana along a natural climatic gradient 

in the study region, by applying the space-for-time substitution approach (Blois, Williams, 

Fitzpatrick, Jackson, & Ferrier, 2013). Chapter 2 focuses on the impacts of experimentally in-

duced drought stress on the survival and functional trait responses of Arnica montana in the 

critical phase of seedling establishment. Chapter 3 shifts the focus to the community level ef-

fects of droughts on Nardus grasslands, which were assessed over several years in an in situ 

field experiment. The field work from Chapter 1 and the greenhouse experiment from Chapter 

2 were performed in 2019, while the field experiment from Chapter 3 was established in 2017 

to document the pretreatment state of the vegetation, with an experiment time running from 

2018 to 2020. This thesis concludes with a General Discussion of the key findings of the three 

studies, under special consideration of the capacity of Arnica montana for fitness-related adap-

tations to climate change impacts, and the resilience of the vegetation of Nardus grasslands. 

Finally, the findings will be placed into the context of nature conservation and related actions 

at the species, habitat, and landscape level. 
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Chapter One 

 

 

 

Summer aridity rather than management shapes fitness-related func-

tional traits of the threatened mountain plant Arnica montana 

 

 

 
Graphic: N. Stanik, 2019 

 

 

This chapter is published as: 

Stanik N.*, Lampei C., Rosenthal G. (2020): Summer aridity rather than management shapes 

fitness-related functional traits of the threatened mountain plant Arnica montana. Ecology and 

Evolution 10(11): 5069-5078, DOI: 10.1002/ece3.6259  
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Abstract 

Semi-natural mountain grasslands are increasingly exposed to environmental stress under cli-

mate change. However, which are the environmental factors that limit plants in these grass-

lands? Also, is the present management effective against these changes? Fitness-related func-

tional traits may offer a way to detect changes in performance and provide new insights into 

their vulnerability to climate change. We investigated changes in performance and variability 

of functional traits of the mountain grassland target species Arnica montana along a climate 

gradient in Central German low mountain ranges. This gradient represents at its lower end 

climate conditions that are expected at its upper end under future climate change. We meas-

ured vegetative, generative, and physiological traits to account for multiple ways of plant re-

sponses to the environment. Using mixed effects and multivariate models, we evaluated 

changes in trait values among individuals as well as the variability of their populations in 

order to assess performance under changing summer aridity and different management re-

gimes. Fitness-related performance of most traits showed strongly positive associations with 

reduced summer aridity at higher elevations, while only specific leaf area and leaf dry matter 

content showed no association. This suggests a higher performance level at less arid montane 

sites and that the physiological traits are less sensitive to this climate change factor. The coef-

ficient of variation of almost all traits declined steadily with decreasing site aridity. We suggest 

that this reduced variability indicates a lower environmental stress level for A. montana toward 

its environmental optimum at montane elevations, especially because the trait performance 

increased simultaneously. Surprisingly, management factors and habitat characteristics had 

only low influence on both trait performance and variability. In summary, summer aridity had 

a stronger effect to shape the trait performance and variability of A. montana under increased 

environmental stress than management and other habitat characteristics. 

Keywords 

Arnica montana; climate change; fitness-related performance; gradient analysis; intraspecific 

variability; plant functional trait; semi-natural mountain grasslands 

 

Introduction 

Anthropogenic climate change is considered a major factor in the current and future biodiver-

sity decline (Butchart et al., 2010). In worst-case climate change scenarios, mean annual tem-

perature in Europe will increase by 3.7°C (±0.7°C) and summer precipitation will decrease by 

1.6 % (±5.3 %) until the end of the century (Ciscar, Feyen, Ibarreta, & Soria, 2018; IPCC, 2014). 

Ecosystems that are considered as highly vulnerable to these environmental changes are semi-

natural grasslands in mountain regions (Tasser, Leitinger, & Tappeiner, 2017). For these grass-

lands, climate-related changes in species range limits, changes in species composition and in 
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diversity and even local extinctions of species are reported (Gritsch, Dirnboeck, & Dullinger, 

2016; Rumpf et al., 2018; Wiens, 2016). As semi-natural grasslands require management, ques-

tions arise whether and to what extent this can influence the maintenance of these ecosystems 

and species conditions under climate change. Climate change effects interact with manage-

ment practices because both factors influence and mediate not only the ecosystem functioning 

but also the resilience of provided ecosystem services (Oliver et al., 2015; Schirpke et al., 2017). 

Most uncertainties about impacts on species and ecosystems still root in knowledge gaps about 

the response of species and their fitness-related functional traits to climatic change (Gillison, 

2019). One approach to fill this gap is the space-for-time substitution approach that uses the 

variation of environmental covariates of a species’ natural distribution (space) to learn how 

functional traits vary with climatic variables that may change in future (time) (Blois, Williams, 

Fitzpatrick, Jackson, & Ferrier, 2013). 

Plant functional traits are an established approach to study responses of species to effects of 

environmental change such as climate change (Arnold, Kruuk, & Nicotra, 2019; Violle et al., 

2007). They are commonly used as proxies for a species’ growth and size with predictive power 

for its fitness-related performance in its natural environment (Fraser, Garris, & Carlyle, 2016). 

For example, many leaf traits reflect aboveground resource acquisition and biomass produc-

tion (Reich et al., 1999), while generative traits indicate reproductive capacities. Physiological 

traits (e.g., specific leaf area [SLA] or leaf dry matter content [LDMC]) are strong markers for 

leaf economics and resource-use strategies of plants and are considered to be sensitive to 

changes in climatic conditions (Wright et al., 2004). For instance, studies in subalpine grass-

lands highlighted the importance of the intraspecific physiological leaf trait variability, which 

mediated the communities’ functional response to extreme drought (Jung et al., 2014). There-

fore, intraspecific variability of functional traits has to be considered when evaluating species 

climate change responses to buffer negative impacts. This variability is strongly driven by the 

environmental variation between populations, for example, along environmental gradients 

(Tautenhahn, Grün-Wenzel, Jung, Higgins, & Römermann, 2019; Violle et al., 2012). 

Functional trait performance, the combined information of functional traits on the vigor of a 

plant, is closely linked to fitness and usually directly affects fitness components such as sur-

vival and reproduction success when performance decreases (i.e., reduced plant height, less 

inflorescences; Clark et al., 2012; Morris et al., 2008; Silvertown & Charlesworth, 2001). De-

creasing functional trait performance in altered environmental conditions would thus signal 

first steps into a fitness decline of a population. Therefore, fitness-related functional traits can 

be used as an early warning system in conservation biology. Furthermore, in addition to the 

mean, the variability of a trait may also be an indicator for fitness change. High trait variability 

within a population can indicate a species’ adaptive potential (i.e., increased heritability) when 

all populations are assessed in the same environment. However, when observed in the natural 
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sites, the environmental variance likely masks heritable variation and high trait variability 

may rather be an indicator for environmental heterogeneity and less adequate growing condi-

tions (Rowiński & Rogell, 2017; Sinclair & Hoffmann, 2003; Woods, Sgrò, Hercus, & Hoffmann, 

1999). Decreasing trait performance of individuals together with increasing phenotypic trait 

variability among individuals would thus indicate a higher stress level, as both environmental 

and genotypic variance components increase under stress (Anderson, 2016; Rowiński & Ro-

gell, 2017; Woods et al., 1999). 

A representative and endangered plant species of seminatural mountain grasslands is the 

montane distributed Arnica montana, which has experienced a considerable decline during past 

decades in Europe due to multiple drivers of environmental change (Peppler-Lisbach & Kö-

nitz, 2017; Peppler-Lisbach & Petersen, 2001). Climate change is considered to have an in-

creased impact on the species as habitat fragmentation and the limited elevation of low moun-

tain ranges in Central Europe do not allow the species to migrate upslope to compensate less 

suitable future conditions at their current distribution (Pauli et al., 2012). In addition, it is re-

ported that slug herbivory acts as a limiting factor for Arnica's geographical range toward low-

land sites by causing considerable leaf damages (Bruelheide & Scheidel, 1999). Overall threats 

for A. montana across elevations are isolation and small-sized populations with low genetic 

diversity (Duwe, Muller, Borsch, & Ismail, 2017), because the reproductive and genetic fitness 

of Arnica populations are strongly influenced by population size and its demographic struc-

ture (Kahmen & Poschlod, 2000; Maurice, Colling, Muller, & Matthies, 2012; Maurice, Mat-

thies, Muller, & Colling, 2016). However, elevation and linked climatic factors as well as man-

agement are considered as equally important factors that influence the vegetative and gener-

ative performance of A. montana individuals because environmental conditions and biotic in-

teractions are expected to become more suitable at higher elevations (Mardari et al., 2019). 

Further positive contributions to Arnica's population demography can also be expected from 

late low-intensive management, as frequently suggested in agri-environment measures for 

their kinds of habitats (Schwabe, 1990; Schwabe et al., 2019). The trait performance and varia-

bility of individuals and populations, respectively, are therefore key measures to determine 

the species’ future response and are vital to evaluate its vulnerability to climate change. 

The aim of this study was to detect and quantify how functional traits of the threatened moun-

tain plant A. montana change along an elevation-based climate gradient in low mountain 

ranges of Central Europe. Here, temperatures increase and summer precipitation decreases 

markedly with lower elevation resulting in a strong aridity difference. This summer aridity 

gradient is therefore well suited to study the potential future plant performance of A. montana 

under climate change conditions by using a space-for-time approach. Furthermore, the inter-

action of climate factors with the management of the sites is of high importance because they 

also shape habitat qualities. With this approach, we examined effects of climate conditions 
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along the gradient from lowland to montane A. montana populations in their Central European 

outer alpine distribution area. The investigated climate gradient represents at its lower end 

climate conditions of Central Europe that are expected at its upper end in the future (Ciscar et 

al., 2018). We therefore focus on the question: Do the trait performance of maternal A. montana 

individuals and the trait variability of their populations change along this climate gradient? 

We predict that (a) the performance of all tested traits increases toward higher viability as 

summer aridity decreases with higher elevation. The more favourable, humid mountain cli-

mate at high elevations should provide better growing conditions for this predominantly mon-

tane distributed plant species. We further predict that (b) the populations’ variability of traits 

decreases at the same gradient with decreasing summer aridity. Traits should perform more 

uniform toward higher elevations in the mountain range as the summer climate becomes less 

stressful for mountain plants. Furthermore, we expect that (c) suitable management as well as 

habitat and site characteristics contribute additionally to the performance and level the varia-

bility of traits by promoting favourable habitat qualities. These analyses will shed light on the 

specific ecological response of an endangered species that is particularly exposed to climate 

change and will indicate potential demands for future conservation. 

Materials and Methods 

Arnica montana L. (Asteraceae) is distributed across Europe and grows in acidic oligotrophic 

grasslands, mainly Nardetalia strictae communities (Peppler-Lisbach & Petersen, 2001), and 

heathlands in colline to montane regions (Heijne, Hofstra, Heil, van Dam, & Bobbink, 1992; 

Meusel, Jäger, & Weinert, 1992). The sporophytic self-incompatible herbaceous perennial 

forms rhizomes with summer-green rosettes for its vegetative reproduction and produces 

wind-dispersed seeds (achenes) (Luijten, Kéry, Oostermeijer, & den Nijs, 2002). Arnica montana 

is an important medicinal plant and protected by the EU Habitats Directive (Annex V) due to 

its ongoing decline (European Council, 1992). Therefore, broad conservation efforts are cur-

rently undertaken across Europe to protect its wild populations. 

We surveyed populations of A. montana (n = 52) in Nardetalia grasslands along an elevation 

gradient from 281 m to 929 m a.s.l. in Central Germany (Southeast Hesse and Northern Ba-

varia), each of them of approximately the same size (Supporting information S1). We selected 

populations in the study area using the random sampling tool in QGIS 3.4 (QGIS Development 

Team, 2019) and started the sampling from south to north and from the lowest to the highest 

elevated sites to minimise sampling bias. Based on the multi-annual monthly mean precipita-

tion and multi-annual monthly mean air temperature, we characterised the surveyed elevation 

gradient climatically with data of the reference period 1981–2010 provided by the DWD Cli-

mate Data Center (2019a, 2019b). The covered temperature and precipitation range of the gra-

dient are 5.6–9.2°C and 707 to 1,320 mm, respectively. Based on these data, we calculated the 
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population sites’ mean aridity index by Martonne (1926) for the summer period (April–Sep-

tember), in which higher scores indicate less arid conditions. For summer-green plants like 

A. montana, the summer period is of particular importance because their whole vegetative and 

generative development cycle takes place within this period (Kahmen & Poschlod, 1998). 

Within the surveyed A. montana populations, we selected randomly 12 adult rosettes (individ-

ual level), separated by a distance of at least one meter, and measured vegetative traits (vege-

tative height, leaf number, leaf length, leaf width, leaf area) and generative traits (flower stem 

height, number of inflorescences, and diameter of the uppermost inflorescence). From these 

12 individuals, we selected six to determine leaf dry biomass, SLA, and LDMC as physiological 

traits (cf. Ley et al., 2018). In general, the whole procedure of measurement, sampling, and 

further processing was performed according to the standard protocol of Pérez-Harguindeguy 

et al. (2013). Leaf length, leaf width, leaf area, and leaf biomass were measured at the biggest 

leaf of the rosette; leaf area was determined with the program ImageJ2 (Rueden et al., 2017). 

At each population site, we recorded habitat characteristics (herb layer cover and height, moss 

cover and height, litter cover and height, cover of grasses and of bare soil, and topsoil pH 

value) in a 2.5 m × 2.5 m plot around the A. montana stands. Mixed soil samples of the upper 

0–10 cm (auger diameter 5 cm) were collected and thoroughly mixed to ensure homogeneity 

for the electrometrical measurement of topsoil pH in deionised water and 1 N KCl solution. 

In the study region, elevation change results in strong changes in temperature, precipitation, 

and summer aridity. Elevation was negatively correlated with air temperature (rs = −0.98, 

p < 0.001) and positively with precipitation (rs = 0.82, p < 0.001) and the calculated index of 

summer aridity (rs = 0.95, p < 0.001). High summer aridity index scores at higher elevations 

represent, therefore, a decreased summer aridity at these sites (Martonne, 1926). Differences 

in air temperature between the warmest and coldest sites amount to 3.6°C, whereas precipita-

tion changes amount to a margin of 613 mm between sites that receive the lowest and the 

highest amount of precipitation. The difference in summer aridity is 2.2 mm/°C along the con-

sidered elevation gradient. Since summer aridity is highly associated with the change of ele-

vation, temperature, and precipitation, this factor is used as an appropriate proxy for the cli-

matic water balance to evaluate effects of changing climate conditions on A. montana (for 

model results and estimates based on elevation, see Supporting information S4). 

All statistical analyses were conducted in R 3.6.1 (R Core Team, 2019). Data exploration was 

carried out following the protocol described in Zuur, Ieno, and Elphick (2010). Leaf length and 

leaf width were excluded prior to the analysis as these were strongly correlated with leaf area 

(rp = 0.82 and rp = 0.81, p < 0.001, respectively). Vegetative height and leaf biomass were log + 1-

transformed to obtain normal distribution. We analysed each trait independently to evaluate 

its relationship with elevation-related summer aridity and management. Depending on the 
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measured response trait, we fitted at individual level mixed effects models (linear mixed ef-

fects models for vegetative height, leaf area, flower stem height and inflorescence diameter, 

leaf biomass, SLA, and LDMC; generalised mixed effects models with Poisson distribution for 

inflorescence number; orthogonal polynomial mixed effects model for leaf number). Each 

model contained the trait as dependent variable and summer aridity (mm/°C, mean centered 

and scaled), management type (factor with two levels, grazing or mowing), and management 

time (factor with three levels) as independent variable and the population ID as random inter-

cept. Management time was defined by the management date of a year according to agri-en-

vironment scheme regulations of the grassland sites (early: before 15 June, intermediate: 15 

June to 15 July, and late: after 15 July). Model selection was based on Akaike's information 

criterion (AIC), where ∆15 AIC was set as minimum for a significant model improvement (c.f. 

Harrison et al., 2018). Mixed effects models were fitted using restricted maximum likelihood 

with the package “lme4” (Bates, Mächler, Bolker, & Walker, 2015). 

To assess the intraspecific variability of traits among populations (population level), we calcu-

lated the coefficient of variation (CV) for each trait and fitted it as response variable in linear 

models with summer aridity, management type, and management time as predictor variables. 

Due to the nonlinear relationship of CV for vegetative height, an orthogonal polynomial model 

was used. We analysed changes in habitat characteristics along the gradient by using multi-

variate linear models with elevation, management time, and management type as independent 

variables, for which we log + 1-transformed herb layer height, grass cover, moss cover, litter 

cover and height as well as bare soil to improve normality for these habitat parameters. We 

tested for potential interactions between independent variables, which did not yield a signifi-

cant improvement of the models based on the set ∆AIC threshold. Therefore, we did not in-

clude interactions in the final models. To evaluate which site and habitat characteristics are 

best predictors across traits of the A. montana populations, we applied a multivariate analysis 

of variance (PERMANOVA with 999 permutations; function: adonis, package “vegan,” 

Oksanen et al., 2019) based on the Bray–Curtis dissimilarity measure for population's trait av-

erages and CV values. 

Results 

With the space-for-time substitution approach along an elevation-based climate gradient of 

∆648 m, we evaluated the response and variability of fitness-related plant functional traits of 

A. montana to changing climate conditions. Fitted models revealed significant response pattern 

across traits at individual level and their variability at population level along the summer arid-

ity gradient. Management factors and habitat characteristics were evenly distributed in the 

covered range but showed to have only low influence on trait performance and variability, 

respectively. 
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Influences of summer aridity and management on functional trait performance at individual level 

Along the climate gradient, traits of all trait groups showed significant associations with envi-

ronmental variables of which summer aridity had the highest predictive power (Figure 1, Sup-

porting information S3). Only SLA (β = 0.27, p = 0.474) and LDMC (β = −3.74, p = 0.086) were 

not significantly influenced by summer aridity. Vegetative height, leaf area, flower stem 

height, inflorescence number, and inflorescence diameter as well as leaf biomass increased 

with decreasing summer aridity. Leaf number showed a nonlinear response with a decrease 

from low-to-intermediate aridity scores (β = −6.98, p = 0.017) and strong increase at high aridity 

scores (β = 8.75, p = 0.006). In contrast, management type and management time played minor 

roles for the performance of traits. Only SLA showed a negative association to management 

type. It was significantly lower in plants that were affected by mowing than those that were 

exposed to grazing (β = −3.05, p = 0.006). Hence, the decrease of summer aridity with increasing 

elevation could be highlighted as an important climate-related predictor for the trait perfor-

mance of A. montana. 

 

Figure 1. Changes in the plant functional trait performance of Arnica montana with decreasing summer aridity at 

higher elevated montane sites (lower summer aridity is indicated by higher scores). Solid lines indicate significant 

model trends (p < 0.05) and dashed lines nonsignificant trends with the gray-shaded 95 % confidence interval. Fig-

ure parts (a–c) show trends for vegetative traits, (d–f) for generative traits, and (g–i) for physiological traits. See 

Supporting information S3 for detailed model results. 

Influences of summer aridity and management on functional trait variability at population level 

Next, we tested whether the populations CV of traits changed with summer aridity. Among 

vegetative traits, leaf area showed the highest, while vegetative height showed the lowest 
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variability. In the generative trait group, inflorescence number was the most variable and in-

florescence diameter the least variable trait. Among physiological traits, leaf biomass showed 

the highest and LDMC the lowest variability. The variability of most traits decreased consist-

ently with decreasing summer aridity at higher elevations, while only LDMC showed a non-

significant decrease (β = −0.01, p = 0.073; Figure 2, Supporting information S3). The strongest 

variability decrease with lower summer aridity showed the trait inflorescence number 

(β = −0.37, p < 0.001). In contrast to these consistent linear response patterns, the variability of 

vegetative height showed a nonlinear response. When looking at management factors, only 

management time influenced the variability of leaf number: variability at sites with late man-

agement was lower than at early managed sites (β = −0.07, p < 0.05). All other traits were influ-

enced neither by management type nor by management time. Hence, the decrease in variabil-

ity of traits among populations can be primarily attributed to the change of summer aridity 

along the climate gradient. 

 

Figure 2. Changes in the variability (coefficient of variation, CV) of plant functional traits of Arnica montana with 

decreasing summer aridity at higher elevated montane sites (lower summer aridity is indicated by higher scores). 

Solid lines indicate significant model trends (p < 0.05) and dashed lines nonsignificant trends with the gray-shaded 

95% confidence interval. Figure parts (a–c) show trends for vegetative traits, (d–f) for generative traits, and (g–i) for 

physiological traits. See Supporting information S3 for detailed model results. 

Overall trait values in relation to site and habitat characteristics 

Of the nonclimate-related characteristics, only herb layer height showed a decrease along the 

gradient (β = −0.00029, p < 0.05; i.e., ∆4.37 cm). Furthermore, there were no differences in habitat 

characteristics between management types and management times (Supporting information 
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S2). With the multivariate PERMANOVA test on the influence of site and habitat characteris-

tics on the population trait average and CV, we revealed an additional set of shaping factors 

(Table 1). Average trait values were additionally influenced by site characteristics, like geo-

logical substrate, bare soil, and topsoil pH, and management time. In contrast, the variability 

of traits was additionally influenced by the habitat characteristics moss height and bare soil. 

Elevation was highlighted as the most contributing factor that shapes both populations’ aver-

age and CV trait values of A. montana, while summer aridity, which had been used in prior 

analyses, was eventually deleted during backwards elimination due to its strong collinearity 

to elevation. Being a multifactor environmental variable, elevation correlated with the trait 

averages and CV slightly better than summer aridity, however, with less predictive power for 

generalising these results. 

Table 1. Influences of site and habitat on population's mean trait values (a) and population's variability of trait 

values (b) based on Bray–Curtis dissimilarity. 

Site and habitat 

characteristics 
df F R2 p 

(a)     

Elevation 1 75.003 0.48 <0.001 

Geological substrate 1 19.585 0.12 <0.001 

Management time 2 4.510 0.06 0.013 

Bare soil 1 5.215 0.03 0.019 

Topsoil pH (H2O) 1 3.564 0.02 0.053 

Residuals 45  0.29  

(b)     

Elevation 1 17.3141 0.23 <0.001 

Moss height 1 4.0710 0.05 0.014 

Management time 2 2.3321 0.06 0.057 

Bare soil 1 2.7693 0.04 0.045 

Residuals 46  0.61  

Note: Significant influences are set in bold (p < 0.05). 

Discussion 

The results of this study emphasise the importance of summer aridity for both the trait perfor-

mance of individuals and the populations’ trait variability of the endangered mountain plant 

species A. montana. Almost every tested vegetative, generative, and physiological trait re-

sponded positively in its performance to a better suiting climatic water balance during sum-

mer at higher elevations, while only SLA and LDMC showed no association to this climate 

factor. This supports our first prediction that the performance of traits increases towards 

higher viability as summer aridity decreases with higher elevation. The better suited growing 
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conditions in the less arid montane climate allow this mountain grassland species to develop 

a higher performance level in the form of higher-growing individuals with larger leaves, big-

ger flowers, and higher leaf biomass. Simultaneous to the increased viability, the populations’ 

trait variability of almost all traits (except LDMC) declined with reduced summer aridity at 

higher elevated sites. The lower variability of traits at higher elevations supports our second 

prediction by indicating a lower environmental stress level for A. montana in montane regions 

(Sinclair & Hoffmann, 2003; Woods et al., 1999). In contrast, management and habitat charac-

teristics had only low influence on fitness-related traits of the species. In this study, to our 

surprise, we did not detect the expected mitigating effects of management or of other advan-

tageous habitat characteristics that are capable to reduce climate stress for the species. 

Summer aridity has been identified to play a major role in the ecological response pattern of 

fitness-related plant functional traits of the summer-green A. montana to a changing climate. 

Aridity receives increasingly attention in climate change research as an important parameter 

of the water regime because it integrates both temperature and precipitation, which are gen-

erally considered as single drivers of plant functional traits (Moles et al., 2014). An increased 

aridity-driven water stress level during summer severely hinders plant development and af-

fects plant regeneration after disturbance events like management actions (Puig-Gironès, 

Brotons, & Pons, 2017). Therefore, especially for Europe with its heterogeneous elevation pat-

tern and east–west continentality gradient, plant–aridity relations generate more generalisable 

and transferable findings of climate change impacts than using elevation or other elevation-

related climate factors to predict plant responses (Körner, 2007). 

The trait performance change of A. montana individuals along the tested aridity gradient indi-

cates higher environmental stress due to an increased water stress level at sites with higher 

summer aridity. This suggests that the A. montana sites in the German lower mountain ranges 

rank at the dry end of the species ecological niche. However, similarly stress-induced declines 

in vital rates of A. montana populations were also reported at the species’ other distribution 

range edges as response to environmental stress. For example at the northern distribution 

range edge, which is characterised by high humidity and moisture, population growth rates 

and flowering decreased with increasing precipitation and increasing temperatures (Vikane, 

Rydgren, Jongejans, & Vandvik, 2019). Likewise in another study, the flowering performance 

(i.e., No. of inflorescences per flowering rosette) of populations decreased at its cold upper 

altitudinal range limit above 2,000 m a.s.l. and resulted in a shift toward vegetative reproduc-

tion (Mardari et al., 2019). These examples, though from the opposite end of the species eco-

logical niche, support our results at warmer and dryer, hence more arid sites, that A. montana 

responds very sensitive to increased stress levels under suboptimal habitat conditions at the 

edges of their natural distribution by reducing life performances. 
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However, not all traits are similarly sensitive to environmental stress. In the current study, no 

significant responses were observed for SLA and LDMC, which suggest that leaf economic 

traits of A. montana are less sensitive to increased aridity. This response is congruent with the 

intraspecific trait–temperature relationship of other mountain plant species (Rosbakh, Römer-

mann, & Poschlod, 2015). However, results from a greenhouse experiment with A. montana 

suggest that LDMC responds not until a higher drought level, which is not reached in the 

present study (N. Stanik et al., unpublished data1). Our study sites show moreover no consid-

erable soil fertility gradient as topsoil pH and most nutrient-sensitive habitat characteristics 

were constant across sites (Stevens et al., 2011), which thus contributes to the identified stabil-

ity of growth rate indicators (Ordoñez et al., 2009). Hence, these findings underpin the major 

influence of climate at sites with homogeneous habitat conditions on the morphometrical per-

formance of A. montana towards its lower elevated distribution range. 

In the German lower mountain range, the summer period at higher elevations is characterised 

by lower temperature variation and more ambient soil moisture and humid conditions than 

lower elevated sites, hence a more constant climate (Beniston, 2006). These less variable climate 

conditions contribute to low intraspecific variability of traits in a species’ environmental opti-

mum (Albert et al., 2010). Accordingly, the lowland populations of A. montana with higher 

climate variability (e.g., with higher temperatures and a heterogeneous precipitation regime) 

showed a higher variability of traits than upland populations, triggered by phenotypic adjust-

ments of these traits (Rowiński & Rogell, 2017 ; Woods et al., 1999). This stresses their hereby 

revealed adaptive capacity to buffer negative impacts of climate change (Luo et al., 2019; Well-

stein et al., 2013). Nonetheless, this illustrates that lower climate variability contributes to a 

higher performance and an even trait variability of mountain plants like A. montana towards 

their distribution optimum. 

The weak influence of management and habitat characteristics in our study to Arnica's fitness 

contrasts with their previously identified effects. Many studies that highlight the importance 

of management included diverse management intensities, which ranged from more inten-

sively managed to fallow sites, in which A. montana has either bad or advantageous growing 

conditions (e.g., Kahmen & Poschlod, 1998; Maurice et al., 2012). Instead, we incorporated only 

management categories according to agri-environmental scheme regulations, which are con-

sidered to be beneficial for the species, for example, by favouring the plants’ seed maturation, 

and effective in its habitat conservation (Schwabe et al., 2019). Despite the different manage-

ment regimes, management intensity at the surveyed sites appears to be quite homogeneous 

resulting in minor differences of habitat characteristics that did not trigger growth form dif-

ferences of A. montana as investigated by Schwabe (1990). In our study, management time was 

 
1 Additional note for this thesis only: This data has been published later (see Chapter 2). 
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the only factor that influenced the performance and variability of the considered set of traits. 

Late management provides generally more time for the overall vegetative and generative de-

velopment and resource acquisition of perennial clonally growing species (Liu, Liu, & Dong, 

2016). However, our findings show that management, which currently maintains suitable hab-

itats for A. montana, will have limited power to promote the performance of single traits and 

the overall trait performance, when environmental conditions become less suitable under fu-

ture climate change. 

Limitations of the space-for-time approach to study climate change impacts on the fitness of 

plants may arise by insufficient detection and selection of samples (Roth, Allan, Pearman, & 

Amrhein, 2018), as well as by shifts in ontogeny and phenology along the gradient when col-

lecting data. For instance, differences in the ontogenetical and phenological state of individu-

als between populations can influence the variability of traits (Römermann, Bucher, Hahn, & 

Bernhardt-Römermann, 2016). Here, we tried to minimise this influence by organising the 

whole sampling in a concise period, in which the individuals were fully developed, and by 

arranging the sampling from south to north and from the lowest (i.e., the earliest in develop-

ment) to the highest elevated sites. The consideration of the calendar week of the collected 

data as a random factor to account for this potential bias did not improve the models fit, which 

suggests only a minor influence of phenology. The investigated climate gradient of this study 

is based on elevation at which not only aridity but also several other climate parameters 

change, which might cause changes in plants fitness-related traits (Körner, 2007). However, 

we attribute changes among populations to summer aridity as a water stress indicator, which 

is highly correlated with elevation. Moreover, we assumed that environmental changes along 

the climate gradient are stronger than potential genetic differences between populations and 

thereof developed adaptations (Maurice et al., 2016). The identified changes might have been 

therefore even more pronounced than estimated when considering these potential adaptations 

in the interpretation. Finally, in contrast to previous findings we did not observe any leaf dam-

ages from herbivory, which could otherwise have influenced the trait performance at lowland 

sites. Due to the relatively short sampling period, age- and season-specific herbivory damage 

may be not observed in our study (Scheidel & Bruelheide, 2004). 

Conclusion 

Our findings demonstrate the high importance of summer aridity along an elevation gradient 

to predict the performance and variability change of fitness-related traits of a threatened 

mountain plant species by climate change. Contrarily, management and habitat characteristics 

had only limited influence to mediate environmental change impacts on most traits. However, 

even if the considered management actions may not promote direct support against major 

climatic changes, they are required to maintain the habitat of semi-natural grasslands at many 
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sites. The identified intraspecific trait–climate relationships indicate the present potential of A. 

montana to adapt plastically to climate change. The here investigated response pattern and 

associated climate drivers behind these relationships are relevant for a more realistic model-

ling of distributions of endangered species (Parolo, Rossi, & Ferrarini, 2008). Furthermore, the 

findings renew issues about the relative importance of small-scale abiotic environmental and 

microclimatic factors as agents to either foster or hamper species fitness with declining site 

suitability under future climate change (Sebastiá, 2004). Consequently, nature conservation 

should consider the limited scope of management in the species future protection and should 

increasingly consider fitness-related impacts by climate change on vulnerable species in man-

agement planning, identify high impact and refugial areas, and expand efforts to stabilise cli-

matically exposed populations. 
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Supporting Information to the paper 

Supporting information S1: Information about site characteristics of the considered Arnica 

montana populations (table and location map). 

Figure 1-S1. Location map of considered Arnica montana populations with aridity-coded legend. 
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Figure 2-S1. Location map of considered Arnica montana populations with elevation-coded legend. 
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Table 1-S1. Location details of the considered Arnica montana populations. 

Population 

ID 

Map 

ID 

Elevation 

[m a.s.l] 

Elevation 

[m a.s.l] 

(mean 

centered 

and scaled) 

Manage-

ment type 

Manage-

ment time 

Multi-annual mean 

air temperature 

[°C] (DWD Climate 

Data Center, 2019b) 

Multi-annual mean 

precipitation [mm] 

(DWD Climate 

Data Center, 2019a) 

Summer aridity 

[mm/°C] 

Summer  

aridity 

[mm/°C]  

(mean  

centered and 

scaled) 

BY500.1 44 593 -0.48976618 mowing intermediate 7.4 1040 3.453399109 -0.964751719 

BY600.1 45 600 -0.45532358 mowing intermediate 7.4 1040 3.453399109 -0.964751719 

BY700.3 0 776 0.41066175 grazing intermediate 6.2 1155 4.082379515 0.126360717 

BY700.6 1 792 0.48938769 mowing intermediate 6.0 1220 4.367989072 0.621816753 

BY700.7 46 787 0.46478584 mowing late 6.2 1164 4.125980842 0.201997334 

BY700.8 47 790 0.47954695 mowing intermediate 6.0 1177 4.233074533 0.387776186 

BY800.2 48 820 0.79445071 mowing intermediate 6.2 1196 4.294676338 0.494638807 

BY800.3 3 828 0.98142481 mowing intermediate 6.2 1196 4.294676338 0.494638807 

BY800.6 4 835 0.62715809 mowing intermediate 5.9 1229 4.372647138 0.629897249 

BY800.8 5 850 0.66652106 mowing intermediate 6.1 1195 4.242040698 0.403330079 

BY800.9 50 859 0.70096366 mowing late 5.9 1229 4.372647138 0.629897249 

BY800.10 21 854 0.77476922 mowing late 5.7 1263 4.554041924 0.944568588 

BY800.12 2 892 0.81905256 mowing late 5.7 1276 4.628094977 1.073030788 

BY900.1 6 900 1.02078778 mowing late 5.7 1276 4.628094977 1.073030788 

BY900.2 7 904 1.04046927 mowing late 5.7 1276 4.628094977 1.073030788 

BY900.3 49 911 1.07491187 mowing late 5.7 1276 4.628094977 1.073030788 

BY900.4 8 913 1.08475261 mowing late 5.7 1276 4.628094977 1.073030788 

BY900.5 9 922 1.12903595 mowing late 5.6 1286 4.65047456 1.111853367 
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HE200.1 23 281 -2.024922 mowing late 8.8 707 2.450227002 -2.704986469 

HE200.2 10 284 -2.01016089 mowing late 9.2 1004 3.172751213 -1.451600603 

HE200.3 11 292 -1.97079792 mowing late 9.2 1004 3.172751213 -1.451600603 

HE300.1 28 324 -1.81334604 mowing intermediate 8.2 766 2.786857985 -2.121021932 

HE300.2 24 360 -1.63621268 mowing late 8.3 968 3.181808099 -1.435889334 

HE300.3 12 364 -1.61653119 mowing late 8.3 981 3.19837527 -1.407149732 

HE400.1 30 411 -1.38527375 grazing early 7.9 1057 3.280767272 -1.264221689 

HE400.2 25 438 -1.25242372 mowing intermediate 7.9 1136 3.524983288 -0.840572353 

HE400.3 29 445 -1.21798112 mowing early 7.7 942 3.317953114 -1.199714219 

HE400.4 13 457 -1.15893667 grazing intermediate 8.0 1101 3.538415379 -0.817271275 

HE400.5 27 464 -1.12449407 mowing intermediate 7.8 1109 3.510099163 -0.866392321 

HE400.7 26 472 -1.0851311 mowing late 7.9 1072 3.542498276 -0.810188542 

HE500.1 31 504 -0.92767922 grazing intermediate 7.6 995 3.38097256 -1.090392371 

HE500.2 32 506 -0.91783848 mowing intermediate 7.7 1159 3.728173046 -0.488092579 

HE500.3 34 577 -0.56849212 grazing intermediate 7.3 982 3.547261137 -0.801926256 

HE500.4 14 560 -0.65213843 grazing early 7.3 982 3.547261137 -0.801926256 

HE600.1 36 618 -0.3667569 mowing intermediate 7.1 985 3.557549257 -0.784079125 

HE600.2 15 698 0.0268728 mowing late 6.5 1320 4.583629903 0.995895802 

HE700.2 41 744 0.25320987 mowing intermediate 6.5 1127 4.170367868 0.278996927 

HE700.4 16 767 0.36637841 grazing early 6.7 1077 3.945495223 -0.111096844 

HE700.6 33 743 0.2482895 grazing intermediate 6.7 1116 3.926624001 -0.143833357 

HE700.7 42 767 0.36637841 mowing intermediate 6.5 1127 4.170367868 0.278996927 

HE700.9 38 770 0.38113953 grazing intermediate 6.5 1094 4.139632138 0.225678672 

HE700.10 39 771 0.3860599 mowing intermediate 6.5 1127 4.170367868 0.278996927 

HE700.12 43 787 0.46478584 grazing intermediate 6.0 1208 4.361010391 0.609710612 

HE800.1 37 803 0.54351178 mowing intermediate 6.3 1198 4.258386878 0.43168632 
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HE800.2 35 818 0.61731734 mowing intermediate 6.2 1228 4.448584935 0.761628975 

HE800.5 19 820 0.62715809 mowing late 6.0 1243 4.533909478 0.909644189 

HE800.7 40 828 0.66652106 mowing intermediate 6.0 1215 4.536797586 0.914654283 

HE800.11 17 868 0.86333591 mowing late 5.7 1189 4.634837996 1.084728119 

HE800.12 18 882 0.9322211 mowing late 5.7 1189 4.634837996 1.084728119 

HE900.3 20 916 1.09951372 mowing late 5.7 1189 4.634837996 1.084728119 

HE900.4 21 918 1.10935447 mowing late 5.7 1189 4.634837996 1.084728119 

HE900.5 22 929 1.16347855 mowing late 5.7 1189 4.634837996 1.084728119 

Note: For definition of management times, see materials and methods section of the paper.  
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Supporting information S2: Tables with results of linear models for changes in habitat/site characteristics with elevation, management type and 

management times. 

Table 1–S2. Results of linear models. 

  Herb layer cover [%] Herb layer height [log(cm)+1] Cover of grasses [log(%)+1] Moss layer cover [log(%)+1] Moss layer height [mm] 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 74.82 64.12 – 85.52 <0.001 3.19 2.97 – 3.42 <0.001 4.19 3.85 – 4.54 <0.001 1.87 0.83 – 2.91 0.001 13.77 5.59 – 21.95 0.001 

Elevation 0.01 -0.00 – 0.02 0.053 -0.00029 -0.00 – -0.00 0.021 -0.00 -0.00 – 0.00 0.127 0.00 -0.00 – 0.00 0.111 -0.00 -0.01 – 0.01 0.809 

Management Time 

[intermediate] 

-0.65 -10.36 – 9.06 0.893 0.01 -0.19 – 0.22 0.884 -0.17 -0.49 – 0.14 0.272 0.23 -0.72 – 1.17 0.632 1.18 -6.25 – 8.61 0.751 

Management Time  

[late] 

3.85 -6.82 – 14.52 0.472 0.04 -0.19 – 0.26 0.746 -0.14 -0.49 – 0.20 0.415 0.49 -0.55 – 1.53 0.347 1.27 -6.90 – 9.43 0.756 

Management Type  

[mowing] 

-4.83 -11.75 – 2.08 0.166 -0.03 -0.18 – 0.11 0.643 -0.07 -0.29 – 0.16 0.561 0.19 -0.49 – 0.86 0.582 -0.69 -5.98 – 4.59 0.793 

Observations 52 52 52 52 52 

F (df), p 2.042 (4,47), 0.1037 1.556 (4,47), 0.2017 1.465 (4,47), 0.2279 1.838 (4,47), 0.1372 0.04337 (4,47), 0.9963 

R2 / R2 adjusted 0.148 / 0.076 0.117 / 0.042 0.111 / 0.035 0.135 / 0.062 0.004 / -0.081 
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Table 1–S2. Results of linear models (Continued). 

  Litter layer cover [log(%)+1] Litter layer height [log(cm)+1] Bare soil [log(%)+1] Top soil pH (H2O) Top soil pH (KCl) 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 2.94 2.40 – 3.48 <0.001 3.23 2.45 – 4.00 <0.001 1.41 0.43 – 2.39 0.006 4.78 4.49 – 5.07 <0.001 3.80 3.57 – 4.02 <0.001 

Elevation -0.00 -0.00 – 0.00 0.192 0.00 -0.00 – 0.00 0.387 -0.00 -0.00 – 0.00 0.576 -0.00 -0.00 – 0.00 0.939 0.00 -0.00 – 0.00 0.258 

Management Time 

[intermediate] 

0.07 -0.27 – 0.42 0.674 -0.22 -0.72 – 0.28 0.379 -0.10 -0.73 – 0.54 0.762 0.07 -0.12 – 0.26 0.463 0.05 -0.10 – 0.20 0.489 

Management Time  

[late] 

-0.33 -0.82 – 0.16 0.180 -0.42 -1.13 – 0.28 0.235 -0.69 -1.57 – 0.20 0.126 0.09 -0.18 – 0.35 0.509 -0.00 -0.21 – 0.20 0.982 

Management Type  

[mowing] 

-0.42 -0.95 – 0.12 0.123 -0.18 -0.95 – 0.60 0.649 -0.38 -1.35 – 0.60 0.438 0.00 -0.28 – 0.29 0.975 -0.01 -0.24 – 0.21 0.923 

Observations 52 52 52 52 52 

F (df), p 1.399 (4,47), 0.2489 1.085 (4,47), 0.3748 1.158 (4,47), 0.3415 0.5249 (4,47), 0.7179 0.5379 (4,47), 0.7086 

R2 / R2 adjusted 0.106 / 0.030 0.085 / 0.007 0.090 / 0.012 0.043 / -0.039 0.044 / -0.038 

  



 –   Chapter 1 

–   46   – 

Supporting information S3: Trait - environment models with summer aridity and management factors (Performance: (generalised) linear mixed 

effects models / CV: linear models). 

Table 1-S3. Results for performance of vegetative traits. 

  Vegetative Height [log(mm)+1] Leaf Number [n] Leaf Area [mm2] 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 4.53 4.33 – 4.73 <0.001 4.68 3.88 – 5.49 <0.001 2974.51 2226.13 – 3722.89 <0.001 

Summer aridity (linear, polynomial 1) 0.11 0.05 – 0.16 0.001 -6.98 -12.50 – -1.46 0.017 626.54 418.67 – 834.41 <0.001 

Summer aridity (polynomial 2)    1.56 -5.26 – 8.38 0.656    

Summer aridity (polynomial 3)    8.75 2.81 – 14.70 0.006    

Management type: mowing -0.12 -0.28 – 0.03 0.130 0.00 -0.61 – 0.62 0.999 -309.80 -897.14 – 277.54 0.307 

Management time: intermediate -0.11 -0.33 – 0.11 0.350 0.24 -0.64 – 1.11 0.599 -280.21 -1105.91 – 545.50 0.509 

Management time: late 0.17 -0.07 – 0.42 0.179 0.45 -0.55 – 1.45 0.382 615.00 -300.14 – 1530.14 0.194 

Random Effects 

σ2 0.06 1.11 630942.41 

τ00 0.03 IDpopulation 0.47 IDpopulation 420478.66 IDpopulation 

ICC 0.36 0.30 0.40 

N 52 IDpopulation 52 IDpopulation 52 IDpopulation 

Observations 624 624 312 

Marginal R2 / Conditional R2 0.250 / 0.518 0.128 / 0.386 0.378 / 0.627 

Note: Summer aridity was mean centered and scaled.  



 –   Chapter 1 

–   47   – 

Table 2-S3. Results for performance of generative traits. 

  Flower Stem Height [mm] Inflorescence Number [n] Inflorescence Diameter [mm] 

Predictors Estimates CI p Incidence Rate Ratios CI p Estimates CI p 

(Intercept) 413.28 346.63 – 479.93 <0.001 1.02 0.49 – 2.13 0.962 14.89 12.84 – 16.94 <0.001 

Summer aridity 58.59 41.68 – 75.51 <0.001 1.50 1.23 – 1.82 <0.001 1.37 0.84 – 1.89 <0.001 

Management type: mowing -32.26 -81.61 – 17.09 0.206 1.40 0.81 – 2.44 0.233 -0.44 -1.97 – 1.09 0.574 

Management time: intermediate -18.94 -90.31 – 52.44 0.606 1.57 0.70 – 3.51 0.270 -0.54 -2.74 – 1.65 0.631 

Management time: late 18.88 -57.86 – 95.61 0.632 1.99 0.83 – 4.78 0.124 0.26 -2.10 – 2.62 0.828 

Random Effects 

σ2 4521.53 0.37 5.61 

τ00 2630.74 IDpopulation 0.40 IDpopulation 2.34 IDpopulation 

ICC 0.37 0.52 0.29 

N 50 IDpopulation 52 IDpopulation 50 IDpopulation 

Observations 506 624 506 

Marginal R2 / Conditional R2 0.322 / 0.571 0.288 / 0.656 0.188 / 0.427 

Note: Summer aridity was mean centered and scaled.  
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Table 3-S3. Results for performance of physiological traits. 

  Leaf Dry Biomass [log(mg)+1] Specific Leaf Area [mm2 mg-1] Leaf Dry Matter Content [mg g-1] 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 4.85 4.56 – 5.14 <0.001 21.27 18.60 – 23.95 <0.001 136.48 121.40 – 151.56 <0.001 

Summer aridity 0.22 0.14 – 0.31 <0.001 0.27 -0.47 – 1.02 0.474 -3.74 -7.93 – 0.44 0.086 

Management type: mowing 0.03 -0.20 – 0.25 0.810 -3.05 -5.15 – -0.95 0.006 10.27 -1.56 – 22.11 0.096 

Management time: intermediate -0.01 -0.32 – 0.31 0.967 -0.89 -3.83 – 2.06 0.559 -0.66 -17.30 – 15.98 0.939 

Management time: late 0.32 -0.03 – 0.68 0.080 -1.80 -5.07 – 1.47 0.285 -1.45 -19.89 – 16.99 0.878 

Random Effects 

σ2 0.10 8.21 424.44 

τ00 0.06 IDpopulation 5.34 IDpopulation 142.67 IDpopulation 

ICC 0.38 0.39 0.25 

N 52 IDpopulation 52 IDpopulation 52 IDpopulation 

Observations 312 312 312 

Marginal R2 / Conditional R2 0.376 / 0.612 0.145 / 0.482 0.040 / 0.282 

Note: Summer aridity was mean centered and scaled.  
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Table 4-S3. Results for variability of vegetative traits. 

  CV Vegetative Height CV Leaf Number CV Leaf Area 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.05 0.02 – 0.07 <0.001 0.27 0.22 – 0.31 <0.001 0.21 0.09 – 0.33 0.002 

Summer aridity (linear, polynomial 1) -0.05 -0.10 – -0.01 0.021 -0.02 -0.03 – -0.01 0.005 -0.07 -0.10 – -0.03 <0.001 

Summer aridity (polynomial 2) -0.06 -0.11 – -0.01 0.037 
      

Summer aridity (polynomial 3) -0.06 -0.11 – -0.02 0.011 
      

Management type: mowing 0.00 -0.01 – 0.02 0.637 -0.02 -0.06 – 0.01 0.186 0.03 -0.06 – 0.13 0.525 

Management time: intermediate 0.00 -0.02 – 0.02 0.930 -0.05 -0.10 – -0.00 0.054 0.02 -0.12 – 0.15 0.805 

Management time: late 0.00 -0.02 – 0.03 0.826 -0.06 -0.12 – -0.01 0.031 0.06 -0.08 – 0.21 0.398 

Observations 52 52 52 

F (df), p 3.453 (6,45), 0.007 7.546 (4,47), <0.001 3.82 (4,47), 0.009 

R2 / adjusted R2 0.315 / 0.224 0.391 / 0.339 0.245 / 0.181 

Note: Summer aridity was mean centered and scaled.  
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Table 5-S3. Results for variability of generative traits. 

  CV Flower Stem Height CV Inflorescence Number CV Inflorescence Diameter 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.17 0.05 – 0.30 0.011 0.54 -0.25 – 1.34 0.185 0.17 0.12 – 0.23 <0.001 

Summer aridity -0.04 -0.08 – -0.01 0.015 -0.37 -0.56 – -0.17 0.001 -0.02 -0.03 – -0.00 0.038 

Management type: mowing -0.04 -0.14 – 0.05 0.360 -0.07 -0.64 – 0.51 0.819 0.03 -0.02 – 0.07 0.243 

Management time: intermediate 0.05 -0.09 – 0.19 0.472 0.46 -0.38 – 1.31 0.288 -0.05 -0.11 – 0.02 0.157 

Management time: late 0.04 -0.10 – 0.19 0.571 0.10 -0.82 – 1.01 0.834 -0.03 -0.10 – 0.03 0.353 

Observations 48 50 48 

F (df), p 2.102 (5,46), 0.097 5.073 (4,45), 0.002 2.237 (4,43), 0.08 

R2 / adjusted R2 0.164 / 0.086 0.311 / 0.250 0.172 / 0.095 

Note: Summer aridity was mean centered and scaled.  



 –   Chapter 1 

–   51   – 

Table 6-S3. Results for variability of physiological traits. 

  CV Leaf Dry Biomass CV Specific Leaf Area CV Leaf Dry Matter Content 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.19 0.09 – 0.30 0.001 0.08 -0.03 – 0.19 0.158 0.11 0.07 – 0.16 <0.001 

Summer aridity -0.05 -0.08 – -0.02 0.004 -0.04 -0.07 – -0.01 0.014 -0.01 -0.03 – 0.00 0.073 

Management type: mowing 0.04 -0.05 – 0.12 0.414 -0.01 -0.10 – 0.08 0.859 -0.01 -0.05 – 0.03 0.628 

Management time: intermediate 0.08 -0.04 – 0.20 0.187 0.06 -0.06 – 0.18 0.353 0.03 -0.03 – 0.08 0.319 

Management time: late 0.08 -0.05 – 0.21 0.237 0.10 -0.03 – 0.24 0.142 0.03 -0.03 – 0.09 0.319 

Observations 52 52 52 

F (df), p 2.753 (4,47), 0.039 1.956 (4,47), 0.117 1.01 (4,47), 0.412 

R2 / adjusted R2 0.190 / 0.121 0.143 / 0.070 0.079 / 0.001 

Note: Summer aridity was mean centered and scaled.  
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Supporting information S4: Trait – environment models with elevation and management factors (Performance: (generalised) linear mixed effects 

models / CV: linear models). 

Table 1-S4. Results for performance of vegetative traits. 

  Vegetative Height [log(mm)+1] Leaf Number [n] Leaf Area [mm2] 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 4.52 4.33 – 4.71 <0.001 4.91 4.20 – 5.61 <0.001 2941.92 2290.67 – 3593.17 <0.001 

Elevation (linear, polynomial 1) 0.11 0.06 – 0.17 <0.001 -8.46 -13.09 – -3.82 0.001 699.22 520.88 – 877.56 <0.001 

Elevation (polynomial 2) 
   

9.25 2.91 – 15.59 0.006 
   

Elevation (polynomial 3) 
   

5.47 0.84 – 10.10 0.025 
   

Management type: mowing -0.12 -0.27 – 0.03 0.136 -0.11 -0.65 – 0.43 0.696 -276.04 -791.79 – 239.71 0.300 

Management time: intermediate -0.11 -0.32 – 0.10 0.319 0.19 -0.57 – 0.95 0.622 -316.77 -1041.36 – 407.83 0.396 

Management time: late 0.18 -0.05 – 0.42 0.131 0.18 -0.70 – 1.06 0.692 670.80 -125.22 – 1466.81 0.105 

Random Effects 

σ2 0.06 1.11 630942.42 

τ00 0.03 IDpopulation 0.34 IDpopulation 300771.43 IDpopulation 

ICC 0.34 0.23 0.32 

N 52 IDpopulation 52 IDpopulation 52 IDpopulation 

Observations 624 624 312 

Marginal R2 / Conditional R2 0.268 / 0.517 0.166 / 0.360 0.445 / 0.624 

Note: Elevation was mean centered and scaled.  
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Table 2-S4. Results for performance of generative traits. 

  Flower Stem Height [mm] Inflorescence Number [n] Inflorescence Diameter [mm] 

Predictors Estimates CI p Incidence Rate Ratios CI p Estimates CI p 

(Intercept) 400.97 337.74 – 464.21 <0.001 0.95 0.46 – 1.96 0.892 14.64 12.77 – 16.50 <0.001 

Elevation 62.36 46.50 – 78.22 <0.001 1.49 1.24 – 1.80 <0.001 1.51 1.04 – 1.98 <0.001 

Management type: mowing -27.14 -74.47 – 20.19 0.267 1.44 0.84 – 2.49 0.189 -0.37 -1.77 – 1.03 0.609 

Management time: intermediate -14.18 -82.33 – 53.96 0.685 1.61 0.73 – 3.55 0.240 -0.44 -2.44 – 1.57 0.674 

Management time: late 31.13 -41.62 – 103.89 0.407 2.16 0.92 – 5.10 0.078 0.55 -1.60 – 2.69 0.620 

Random Effects 

σ2 4521.61 0.37 5.62 

τ00 2374.64 IDpopulation 0.38 IDpopulation 1.87 IDpopulation 

ICC 0.34 0.51 0.25 

N 50 IDpopulation 52 IDpopulation 50 IDpopulation 

Observations 506 624 506 

Marginal R2 / Conditional R2 0.358 / 0.579 0.295 / 0.654 0.228 / 0.421 

Note: Elevation was mean centered and scaled.  
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Table 3-S4. Results for performance of physiological traits. 

  Leaf Dry Biomass [log(mg)+1] Specific Leaf Area [mm2 mg-1] Leaf Dry Matter Content [mg g-1] 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 4.83 4.57 – 5.10 <0.001 21.38 18.76 – 24.00 <0.001 136.06 121.56 – 150.56 <0.001 

Elevation 0.24 0.17 – 0.32 <0.001 0.46 -0.25 – 1.18 0.211 -5.00 -8.97 – -1.03 0.017 

Management type: mowing 0.04 -0.17 – 0.25 0.705 -3.05 -5.12 – -0.97 0.006 10.12 -1.36 – 21.61 0.091 

Management time: intermediate -0.01 -0.31 – 0.28 0.921 -1.01 -3.92 – 1.91 0.502 0.10 -16.03 – 16.24 0.990 

Management time: late 0.35 0.03 – 0.67 0.039 -1.91 -5.11 – 1.29 0.247 -1.08 -18.80 – 16.64 0.905 

Random Effects 

σ2 0.10 8.21 424.44 

τ00 0.05 IDpopulation 5.19 IDpopulation 130.51 IDpopulation 

ICC 0.33 0.39 0.24 

N 52 IDpopulation 52 IDpopulation 52 IDpopulation 

Observations 312 312 312 

Marginal R2 / Conditional R2 0.418 / 0.610 0.154 / 0.481 0.059 / 0.280 

Note: Elevation was mean centered and scaled.  
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Figure 1-S4. Changes in the plant functional trait performance of Arnica montana with increasing elevation (high scores). Solid lines indicate significant model trends (p < 0.05) 

and dashed lines non-significant trends with the grey-shaded 95 % confidence interval of the model. Figure parts A to C show trends for vegetative traits, D to F for generative 

traits and G to I for physiological traits. See Table 1 to 3 in Supp. Info. S4 for detailed model results.  
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Table 4-S4. Results for variability of vegetative traits. 

  CV Vegetative Height CV Leaf Number CV Leaf Area 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.04 0.02 – 0.07 <0.001 0.27 0.23 – 0.32 <0.001 0.21 0.10 – 0.33 0.001 

Elevation (linear, polynomial 1) -0.05 -0.09 – -0.00 0.043 -0.02 -0.03 – -0.01 0.005 -0.07 -0.10 – -0.04 <0.001 

Elevation (polynomial 2) -0.06 -0.12 – -0.00 0.048 
      

Management type: mowing 0.00 -0.01 – 0.02 0.704 -0.03 -0.06 – 0.01 0.165 0.03 -0.06 – 0.12 0.557 

Management time: intermediate 0.01 -0.02 – 0.03 0.574 -0.05 -0.10 – -0.00 0.051 0.02 -0.11 – 0.15 0.762 

Management time: late 0.00 -0.03 – 0.03 0.889 -0.07 -0.12 – -0.01 0.021 0.06 -0.08 – 0.20 0.426 

Observations 52 52 52 

F (df), p 3.033 (5,46), 0.019 7.621 (4,47), <0.001 5.169 (4,47), 0.002 

R2 / adjusted R2 0.248 / 0.166 0.393 / 0.342 0.306 / 0.246 

Note: Elevation was mean centered and scaled.  
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Table 5-S4. Results for variability of generative traits. 

  CV Flower Stem Height CV Inflorescence Number CV Inflorescence Diameter 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.18 0.06 – 0.30 0.006 0.63 -0.15 – 1.42 0.122 0.18 0.12 – 0.23 <0.001 

Elevation -0.05 -0.08 – -0.02 0.002 -0.36 -0.55 – -0.16 0.001 -0.02 -0.03 – -0.00 0.014 

Management type: mowing -0.05 -0.14 – 0.04 0.294 -0.09 -0.67 – 0.48 0.753 0.02 -0.02 – 0.06 0.266 

Management time: intermediate 0.05 -0.08 – 0.18 0.457 0.42 -0.42 – 1.27 0.332 -0.05 -0.11 – 0.01 0.140 

Management time: late 0.04 -0.10 – 0.17 0.602 -0.01 -0.91 – 0.90 0.991 -0.03 -0.10 – 0.03 0.299 

Observations 48 50 48 

F (df), p 3.171 (4,43), 0.023 5.051 (4,45), 0.002 2.77 (4,43), 0.039 

R2 / adjusted R2 0.228 / 0.156 0.310 / 0.249 0.205 / 0.131 

Note: Elevation was mean centered and scaled.  
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Table 6-S4. Results for variability of physiological traits. 

  CV Leaf Dry Biomass CV Specific Leaf Area CV Leaf Dry Matter Content 

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.20 0.09 – 0.30 0.001 0.08 -0.03 – 0.19 0.144 0.11 0.07 – 0.16 <0.001 

Elevation -0.05 -0.08 – -0.02 0.001 -0.05 -0.08 – -0.02 0.001 -0.02 -0.03 – -0.01 0.008 

Management type: mowing 0.03 -0.05 – 0.12 0.440 -0.01 -0.09 – 0.07 0.819 -0.01 -0.05 – -0.03 0.597 

Management time: intermediate 0.08 -0.03 – 0.20 0.172 0.06 -0.05 – 0.18 0.290 0.03 -0.02 – 0.07 0.296 

Management time: late 0.08 -0.05 – 0.20 0.260 0.10 -0.03 – 0.23 0.121 0.03 -0.02 – 0.08 0.321 

Observations 52 52 52 

F (df), p 3.339 (4,47), 0.017 3.185 (4,47), 0.021 2.06 (4,47), 0.101 

R2 / adjusted R2 0.221 / 0.155 0.213 / 0.146 0.144 / 0.091 

Note: Elevation was mean centered and scaled.  
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Figure 2-S4. Changes in the variability (CV, Coefficient of Variation) of plant functional trait of Arnica montana with increasing elevation (high scores). Solid lines indicate signif-

icant model trends (p < 0.05) with the grey-shaded 95% confidence interval of the model. Figure parts A to C show trends for vegetative traits, D to F: for generative traits and G 

to I: for physiological traits. See Table 4 to 6 in Supp. Info. S4 for detailed model results.
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Abstract 

• The establishment and survival of seedlings are critical stages in the life cycle of plants 

and therefore usually well timed to humid and favourable conditions. Climate projec-

tions suggest that the threatened mountain grassland species Arnica montana may be 

increasingly exposed to drought stress. However, studies that focus on the species’ 

early development are missing. We evaluated impacts of drought-induced stress on A. 

montana seedlings in their early establishment phase and identified traits that could 

cause the species’ fitness to decline. 

• In a greenhouse experiment, we tested the response of A. montana seedlings to different 

drought levels (moderate, strong, extreme). To assess their fitness under increasing 

drought, we evaluated survival of the seedlings based on four senescence stages and 

measured the performance of above- and belowground morphological and physiolog-

ical functional traits. 

• Arnica montana seedlings showed high resistance to drought. Senescence accelerated 

and survival declined only under strong and extreme drought conditions. However, 

the seedlings’ vegetative performance decreased even with moderate drought, as indi-

cated by smaller values of most leaf traits and some root traits. Physiological trait re-

sponse was less sensitive. 

• Drought stress hinders the establishment and survival of A. montana seedlings. Follow-

ing the functional trait responses to drought and their association with survival, we 

suggest declining leaf length, leaf width, and leaf number are sensitive traits that can 

lead to a decline in performance. 

One-sentence summary 

Multiple levels of drought have differential effects on the seedlings’ fitness of the threatened 

mountain plant Arnica montana by reducing their functional trait performance and survival. 

Keywords 

Arnica montana; climate change; drought; plant functional traits; seedling development; seed-

ling establishment; senescence; species survival 

 

Introduction 

Effects of climate change have been identified as major threats to the biodiversity of ecosys-

tems around the world (Sala et al., 2000; Bellard et al., 2012). However, how these changes 

manifest themselves differs regionally. Mountain regions with their important role for biodi-

versity and their diversity of montane plants and mountain grasslands, are disproportionally 

exposed to climate change, with reduced precipitation being a major component in Central 
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Europe (Engler et al., 2011; Perrigo et al., 2020). For example, changes in distribution ranges, 

plant phenology or functional traits have been observed as part of the climate change response 

of mountain grassland plants (Gottfried et al., 2012; Gritsch et al., 2016). Even if several studies 

have documented such effects, there are still considerable knowledge gaps about how species 

will cope with climate changes, and drought specifically. In this context, studies are needed 

that investigate trait–environment interactions, shedding light on early life stages under the 

most realistic climate change projections (Gibson & Newman, 2019). 

Early life stages, such as germination, emergence and establishment of seedlings, are consid-

ered to be critical for population growth of plants (James et al., 2011). Many perennial plants 

have developed mechanisms, such as a persistent soil seed bank or bud dormancy, as adaptive 

ecological responses to bridge unfavourable periods, e.g. dry periods, until germination con-

ditions become favourable (Baskin & Baskin, 2014). Another key transition is seedling survival 

under stressful conditions because seedlings are exceptionally vulnerable (e.g., to drought 

stress), but cannot escape this stress by reversing the one-way germination process (James et 

al., 2011). Moreover, after germination in the humid early spring, droughts are becoming more 

frequent in late spring and summer, which are the most critical times for seedlings. However, 

while survival is an important fitness component, it requires functional traits and their relation 

to fitness under simulated drought conditions to understand the plant response. Therefore, 

linking functional traits to drought on an experimental basis is essential to predict how 

drought is likely to affect a species’ future development and population structure, and could 

improve predictions of ecosystem sensitivity to climate change (Ehrlén et al., 2016). 

During seedling development, plant functional traits can respond rapidly to altered environ-

ments (e.g., Lampei, 2019). For example, plants can develop thicker and smaller leaves, result-

ing in a lower specific leaf area (SLA) that will reduce transpiration and provide improved 

heat protection (Hameed et al., 2012). Another adaptive response is a shift in seedling above- 

and belowground biomass allocation following environmental changes (Mašková & Herben, 

2018). Increased belowground allocation is frequently observed in connection with drought as 

plants are forced to extract more water from the soil (Eziz et al., 2017; Sandner & Matthies, 

2018). Hence, functional trait performance, the combined effects of functional traits on plant 

vigour (cf. Stanik et al., 2020), can provide insights into the actual threats to seedling survival 

well before a species starts to disappear from a site. Therefore, knowledge about the ecological 

response of seedlings to drought is of high ecological relevance to obtain a comprehensive 

assessment of drought impacts on species. 

The threatened target species, Arnica montana, is, like many other mountain grassland species, 

considerably exposed to the impacts of climate change, such as more frequent and prolonged 

droughts. Current field observations suggest that the species reproduces predominantly by 
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rhizomes from the mother rosette (Stanik et al., 2018). Consequently, many small- or medium-

sized A. montana populations consist of only a few different genotypes, which leads to inbreed-

ing depression and results in reduced fitness (Kahmen & Poschlod, 2000). A. montana depends, 

like other perennials plants, on sexual reproduction to adapt to future environmental changes 

(Eckert, 2001; Stöcklin et al., 2009). This species relies for its generative reproduction on bare 

soil patches in grassland swards, which provide both low competition for germination sites 

and a beneficial microclimate for seedling establishment (Schwabe, 1990; Kahmen & Poschlod, 

1998), which are increasingly rare due to changes in habitat structures and current manage-

ment of mountain grasslands (Hollmann et al., 2020; Peppler-Lisbach et al., 2020). Moreover, 

recent field observations from in situ reintroduction projects suggest increased pressure of 

drought on A. montana seedlings in the early establishment phase after successful germination 

(Blachnik & Saller, 2015). Therefore, it remains unclear to what extent A. montana will be influ-

enced by drought stress in the context of climate change and how this will affect survival and 

functional trait responses. 

In this study, we used a greenhouse experiment to assess the impacts of reduced soil moisture, 

and thereby drought-induced stress on seedlings of A. montana in their early establishment 

phase. In order to approach more realistic climate change conditions and to gain a more robust 

species response to future climate, we used drought scenarios from regional climate change 

projections [Intergovernmental Panel on Climate Change (IPCC), 2014; PIK / Potsdam Institute 

for Climate Impact Research, 2017]. This approach addresses the recent call for more realistic 

climate change experiments to reduce the mismatch between experimental manipulation and 

climate change projection (Korell et al., 2019). Our aim is to evaluate whether and to what 

extent different drought stress levels affect the survival and performance of functional traits 

of A. montana seedlings in their establishment phase. Therefore, we addressed the following 

questions: (i) does drought stress have a significant negative effect on survival and functional 

trait performance of A. montana; and (ii) which functional traits respond rapidly to water re-

duction and are well correlated with survival under increased drought stress? The results pro-

vide important insights on the ecological response of a threatened target species of biodiverse 

mountain grasslands in the critical transition phase of seedling establishment at different 

drought stress levels. 

Material and Methods 

Study species and plant material 

The study species, A. montana L. (Asteraceae), is characteristic of nutrient-poor acidic grass-

land and heathland habitats, which has experienced a strong decline during the past few dec-

ades across Europe and is now listed as endangered in Germany (Peppler-Lisbach & Petersen, 

2001; Metzing et al., 2018). The perennial species forms long-lived rhizomes with rosettes for 
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vegetative reproduction (Luijten et al., 2000). A. montana also produces wind-dispersed seeds 

(achenes) and is self-incompatible, thus preventing inbreeding (Luijten et al., 2002). The spe-

cies has no persistent soil seed bank, thus seeds germinate either directly in autumn after fruit-

ing or in the following spring under moist conditions (Kahmen & Poschlod, 1998). In 2018, we 

collected A. montana seeds from randomly chosen inflorescences of 60 plants from a population 

in the German core distribution area (Rhön accession, Hesse, Germany; 50°30′23.8” N, 

9°57′28.4” E) and stored them dry at 5 °C in a refrigerator until the experiment established in 

2019. The sampled population is at an elevation of 815 m a.s.l., with a population size of ap-

proximately 1,000 individuals. This location represents the study species in its typical environ-

ment in the Central European mountain range (Figure S1). The monthly mean temperature 

during the experiment at that site is 8.3 °C in May, 11.3 °C in June, 13.1 °C in July, and 13.0 °C 

in August (DWD Climate Data Center, 2020). The monthly precipitation values correspond to 

the precipitation amounts for the control treatment (T0) in the experiment (Table 1). 

Table 1. Precipitation amounts [monthly sum (mm)]. 

month 
precipitation 

(mm) of T0 

precipitation 

(mm) of T1 

precipitation 

(mm) of T2 

precipitation 

(mm) of T3 

May 96.46 67.52 38.58 18.09 

June 114.55 80.19 45.82 0 

July 109.42 76.59 43.77 0 

August 37.52 26.26 15.01 0 

Note: Control (T0) is current precipitation at the population origin; treatments T1 and T2 represent moderate and strong 

precipitation declines, respectively, under climate change for the population origin. For August, the supplied water is relative 

to the whole month because of the experiment ended on 13 August. Treatment T3 only received water in May. All other 

treatments received three waterings with the amount of T0 to remove short-term soil moisture differences among treatments. 

Monthly precipitation amounts for control (T0) were calculated based on measurements at the weather station Wasserkuppe 

in the reference period (1961–1990) (DWD Climate Data Center, 2020). 

Experimental design and conditions 

We set up a greenhouse experiment with three drought treatments, each replicated 14 times, 

in a fully randomised design. We applied treatments to A. montana seedlings in standard 

Mitscherlich pots (soil volume: 6.2 l, pot diameter: 20 cm; N = 56), filled with undisturbed soil 

cores taken from the site where the seeds were collected. Hence, soil chemistry and mycorrhiza 

reflect natural site conditions of the seed origin. The greenhouse is located in Kassel, 96 km 

northwest of the population’s origin in the Rhön Mountains. Measured mean topsoil pH 

(H2O) of the soil cores was 5.21 (±0.12 SD), thus potential negative effects of aluminium tox-

icity on seedling roots from low soil pH can be ruled out (Abedi et al., 2013). The soil was 

5.9 ± 1.1% sand, 47.1 ± 2.1% silt, 47 ± 2.6% clay with a mean organic matter content of 

60.3 ± 3.8%. Field capacity was determined using the method of Wolkewitz (1964). 
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The experiment lasted 100 days (6 May to 13 August 2019) to fully cover the early development 

stage of seedlings after germination in spring and to consider increased summer drought risk 

under climate change. In each pot, we sowed 12 A. montana seeds into bare soil 1 month before 

the start of the experiment for germination (indicated by fully expanded cotyledons) under 

standard water supply. Five days before the experiment start, we thinned the seedlings of all 

pots to three evenly developed and separated individuals per pot. From this day until the 

experiment start, initial amounts of water matching the experiment’s reference treatment were 

supplied three times to all pots to level out potential differences in soil moisture. 

To simulate different drought levels, treatments were approximated to projected future 

monthly precipitation regimes from May to August under different climate change trajectories 

for the high altitude of the Rhön Mountains compared to the reference period (1961–1990) 

based on the RCP 4.5 scenario (IPCC, 2014; PIK / Potsdam Institute for Climate Impact Re-

search, 2017). Four treatments were applied (Table 1): 

• Control (T0) corresponding to the monthly precipitation of the climate reference period 

in the Rhön Mountains, 

• Moderately reduced water supply (−30% compared to control, T1), 

• Strongly reduced water supply (−60% compared to control, T2), 

• Extreme drought (T3) where no water was supplied (except initial three water appli-

cations mentioned above). 

Mean air temperature increased over the course of the experiment: 14.8 ± 3.64 °C in May, 

23.60 ± 3.32 °C in June, 21.7 ± 4.60 °C in July, 22.10 ± 1.47 °C for the 13 days of August until the 

experiment ended. In the same time period, mean monthly humidity was fairly stable: 

62.5 ± 7.89% in May, 57.10 ± 7.68% in June, 59.4 ± 11.1% in July, 61.90 ± 4.77% in August (Figure 

S2). Based on the temperature and precipitation regimes, the treatments differed in their 

whole-month mean aridity (after Martonne, 1926) between May and August: treatment T0 

aridity 3.51 ± 0.23, T1 2.43 ± 0.19 and T2 1.39 ± 0.11. The aridity of T0 and T1 thus represent 

current climates in Central European sites at elevations of approximately 500 and 200 m a.s.l., 

respectively, (Stanik et al., 2020). 

The water in T0 and in T1 and T2 was applied every second day, resulting in 16 single appli-

cations per month (Table S3). Additionally, we applied a low amount of fertiliser to each plant 

five times to provide a regular basic nutrient supply (15 ml, Substral universal fertiliser, 18-14-

18 NPK at 1.5 g l−1). During the experiment, we measured volumetric soil water content 

(VWC) (Vol-%, scale 0–1) and soil temperature (°C) between the watering days (ECH2O 5 TE-

sensor; METER Group Europe, Mettlacher Straße, München, Germany). Air temperature and 

humidity in the greenhouse were recorded hourly using an EasyLog EL-USB-2 data logger 

(Lascar Electronics, Module House, Salisbury, Wiltshire, UK) during the experiment and 5 
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days prior to experiment start to cover the whole month of May. We shuffled the pots on a 

weekly basis to balance potential differences in light. 

Evaluation of plant performance and survival 

Violle et al. (2007: 882) state ‘in its simplest definition, a trait is a surrogate of organismal per-

formance’. In this sense, we used the functional trait approach to evaluate trait performance 

under simulated drought scenarios. This approach implies a direct or indirect connection of a 

functional trait with fitness of a plant. As some traits have a more direct link with fitness than 

other traits, we use this difference in fitness correlation of traits to our advantage. While a 

fitness surrogate, such as survival or biomass, provides complete post hoc information on plant 

performance under drought, a trait less closely connected with fitness, e.g., leaf length, may 

be more predictive. This means that the strength of the trait–fitness correlation is key to our 

functional trait concept. Here, we evaluated a set of morphological and physiological above- 

and belowground functional traits commonly used as proxies for species growth and size and 

which indicate drought stress (Pérez-Harguindeguy et al., 2013). 

We measured vegetative height, leaf number, length, width and dry mass of the latest fully 

expanded leaf, and leaf area; collectively referred to as ‘leaf traits’. These leaf traits are related 

to growth and aboveground productivity (Younginger et al., 2017). Moreover, the number of 

side shoots and length of the longest side shoot were measured to account for the start of veg-

etative reproduction of individuals. We measured rooting depth, root length, root dry mass, 

and root mean diameter; collectively hereafter ‘root traits’. These root traits relate to water 

uptake and belowground resource acquisition (Kramer-Walter et al., 2016; McCormack et al., 

2017). For functional traits that represent the economic spectrum of a plant, we determined 

SLA and leaf dry matter content (LDMC), as well as specific root length (SLR) and root dry 

matter content (RDMC) (Wright et al., 2004; Reich, 2014). Finally, total aboveground dry bio-

mass (including side shoots), belowground dry biomass, total biomass (dry), and the 

root/shoot ratio of each individual were calculated to account for overall growth and above-

ground/belowground biomass allocation of the plants. The measurement, sampling, and fur-

ther processing of trait samples were performed according to Pérez-Harguindeguy et al. 

(2013). Leaf area was determined by using ImageJ2 (Rueden et al., 2017) and the size-related 

root traits using WinRHIZO™ (version 2016a) (Regent Instruments, Québec, Canada). We 

measured traits at the end of the experiment on seedlings that survived the treatments, i.e. 

those that did not reach senescence stage 3. However, in accordance with Pérez-Harguindeguy 

et al. (2013), we did not measure leaf area, leaf dry mass, SLA, and LDMC for plants in treat-

ment T3 as leaves often showed signs of senescence. 

Plant senescence development and consequent survival was assessed every second day based 

on a four-stage visual quantification key (0–3, where 0 is ‘completely undamaged’, 1 ‘slightly 
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wilted and slightly damaged’, 2 ‘moderately wilted and dried, partly damaged’, and 3 ‘com-

pletely dried out and brittle’) (Malyshev et al., 2016). In the survival analysis, each senescence 

stage (1–3) was evaluated separately to account for ongoing senescence. Together with the 

measured functional traits, senescence stages allow adequate evaluation of Arnica fitness. 

Data analysis 

All statistical analyses were conducted in R 3.6.3 (R Core Team, 2020). The development of soil 

moisture and soil temperature during the experiment and differences among treatment groups 

were analysed using linear mixed models and post hoc ANOVA comparisons with the R pack-

age’ lmerTest’ (Kuznetsova et al., 2017). The models contained VWC and soil temperature as 

dependent variables and treatment and experiment month (the latter as proxy for progressing 

over time) as independent variables with the pot ID and experiment month as crossed random 

factors to account for repeated measurements. 

Measured trait data assessment used the protocol described in Zuur et al. (2010). To obtain or 

improve normality, we log+1-transformed SLR, LDMC, and RDMC. In the overall dataset, leaf 

length (rs = 0.89, P < 0.001), leaf width (rs = 0.83, P < 0.001), leaf dry mass (rs = 0.91, P < 0.001), 

total aboveground dry biomass (rs = 0.99, P < 0.001), and root dry mass (rs = 0.97, P < 0.001) 

showed strong collinearity with total biomass. However, only leaf dry mass, total above-

ground dry biomass, and root dry mass were excluded from further trait model analyses be-

cause leaf length and leaf width are informative traits due to their non-destructive measure-

ment. We fitted mixed effects models to evaluate trait performance differences between con-

trol and drought treatments and to investigate specific trait relationships to drought levels. 

We used linear mixed effects models with a Gaussian error distribution for all traits except 

number of side shoots, which was analysed using a generalized mixed effects model with Pois-

son distribution. Each model contained the individual trait as dependent variable, drought 

treatment as independent variable and pot ID as random intercept. Where T3 measurement of 

traits was not applicable, models were fitted with a data subset containing only three factor 

levels (T0, T1, T2). This was also the case in the models for number of side shoots and side 

shoot length because otherwise the parameters could not be uniquely determined. We fitted 

all mixed effects models using Restricted Maximum Likelihood with the package ‘lme4’ (Bates 

et al., 2015) and conducted post hoc multi-comparison tests with Benjamini–Hochberg correc-

tion for multiple comparisons to identify differences among treatment groups with the pack-

age ‘multicomp’ (Benjamini & Hochberg, 1995; Hothorn et al., 2008). 

Plant senescence stages and final survival were assessed in response to drought. We fitted 

Kaplan-Meier survival curves and used log-rank tests to identify differences in median time 

to reach each senescence stage and subsequent survival time at senescence stage 3 (Zwiener et 

al., 2011). For survival analyses, we used the packages ‘survival’ and ‘survminer’ (Therneau, 
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2015; Kassambara et al., 2019). To test relation of single traits to start of senescence, we fitted 

generalised linear mixed effects models with binominal distribution. The models contained 

occurrence of senescence stage 1 as dependent variable, standardized values of selected traits 

as independent variable and pot ID as random intercept with a data subset containing only 

the individuals of treatments T2 and T3 because of the different number of events in the treat-

ments. 

Results 

Soil moisture and temperature among treatments 

Over the course of the experiment, VWC differed among treatments (Figure S4.1). While VWC 

was initially rather even, for T0 at 0.31 ± 0.02 and for T3 at 0.28 ± 0.02, values differed signifi-

cantly at the end of the experiment (T0 = 0.347 ± 0.04; T1 = 0.283 ± 0.04; T2 = 0.218 ± 0.05; 

T3 = 0.097 ± 0.08; ANOVA: F(3,224) = 5.15, P < 0.01). Moreover, VWC of T0 remained steady 

around the upper boundary of field capacity, but T1 reached mean field capacity and T2 

dropped to a lower limit after 50 days. T3 dropped below the lower field capacity limit after 

20 days, resulting in a significant main effect of factor ‘experiment month’ in the drought treat-

ments (ANOVA: F(1,230) = 395.86, P < 0.001) but not in the control (β = −0.005, P = 0.113). Soil 

temperature in pots was also influenced by experiment month following the natural increase 

in air temperature during the experiment (β = 1.11, P < 0.001). Neither treatment nor interaction 

of treatment × experiment month influenced soil temperatures (Table S4.2). 

Seedling survival under drought stress 

The drought treatments significantly affected A. montana seedling survival. All plants survived 

throughout the experiment in control (T0) and moderate drought treatment (T1). This shows 

the overall survival was high when the plants had sufficient water supply. Conversely, in the 

strong (T2) and extreme (T3) drought treatments, seedlings had a probability of reaching se-

nescence stage 3 of 14.3 ± 0.05% and 81.2 ± 0.05%, respectively (Figure 1a). Kaplan-Meier 

curves differed significantly among treatments (log-rank test: χ² = 158, df = 3, P < 0.001). 
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Figure 1. Kaplan-Meier survival curves with confidence intervals for the Arnica montana individuals that reached 

(a) senescence stage 3 (total damage/dead, (b) senescence stage 2 (moderate damage), and (c) senescence stage 1 

(slight damage). 

To further assess sensitivity of survival ability of A. montana, we additionally classified the 

plants as moderately damaged (senescence stage 2) and slightly damaged (senescence stage 

1). Again, only seedlings of T2 and T3 reached senescence stage 2 (Figure 1b), although with 
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higher probabilities of 16.8 ± 0.05% and 92.2 ± 0.03%, respectively. Kaplan-Meier curves dif-

fered significantly among treatments (log-rank test: χ² = 208, df = 3, P < 0.001). Even senescence 

stage 1 was only reached in the strong (T2) and extreme (T3) drought treatments (Figure 1c); 

the probabilities of reaching senescence stage 1 were 23.8 ± 0.06% and 95.3 ± 0.02%, respec-

tively. Like stages 3 and 2, also for stage 1 the Kaplan-Meier curves differed significantly be-

tween treatments (log-rank test: χ² = 219, df = 3, P < 0.001). 

In treatment T3, all wilting stages were scored frequently enough to compare the median event 

time, which was not evenly distributed across the experiment. Despite the exceedingly low 

soil water content in T3, the median event time was not reached before 62 days (CI: 58–72) for 

senescence stage 1, 79 days (CI: 72–84) for senescence stage 2, and 84 days (CI: 82–92) for se-

nescence stage 3. This means that it took plants 17 days from emergence of early wilting signals 

(stage 1) to reaching a state of serious damage (stage 2), which was a median of only 5 days 

before the plants died. This shows that the response of A. montana in senescence development 

at all stages is not linear with the decrease in soil moisture in the extreme drought treatment. 

Instead, plants could withstand drought for quite a long time, followed by a rather abrupt die 

off. 

Trait performance differences under drought 

Generally, the overall performance of A. montana, i.e. combined information of multiple func-

tional traits on vigour of an individual, decreased with increasing drought, as indicated by 

significant negative responses of almost all traits to drought treatments. Unlike the senescence 

stages, many of the measured traits responded significantly to moderate drought treatment 

(T1), including total biomass (Figure 2a), which is also a very good fitness surrogate for per-

ennial plants. Compared to the control, total biomass (above- and belowground) showed a 

slight decrease under moderate drought (β = −0.38, P = 0.012), which intensified in the strong 

and extreme drought treatments (β = −1.24 and −3.14, P < 0.001, respectively). Further, all leaf 

traits decreased more or less steadily with increasing drought level (Figure 2, Table S5.1). 

Only leaf number did not respond significantly to moderate drought (β = 0.46, P = 0.51), but 

decreased markedly in the strong (T2) and extreme (T3) drought treatment (β = −2.98 and −7.81, 

P < 0.001, respectively). For vegetative reproduction, a higher number of individuals in the 

control (T0) developed side shoots compared to T1 and T2. Plants in T3 did not develop side 

shoots (Table S5.2). In addition, the side shoots were considerably shorter under strong 

drought (β = −51.62, P = 0.001) than under control conditions, but not under moderate drought 

(β = −8.44, P = 0.517). 



 –   Chapter 2 

–   72   – 

 

Figure 2. Boxplots showing differences in total dry biomass (a) and aboveground vegetative traits (b–h) among 

treatments. Significant differences among treatments are based on post hoc multiple comparison tests of mixed 

effects models and are indicated by small letters with a significance threshold of P < 0.05. The leaf area could not be 

measured in plants of treatment T3. 

Similar to leaf traits, most root traits had a performance decrease with increased drought (Fig-

ure 3). However, roots tended to be less sensitive to moderate drought (T1). For example, while 

both root length and rooting depth showed a statistically significant decrease in the strong and 

extreme drought treatments, rooting depth did not decline significantly in T1 (Table S5.3). 

Similarly, root mean diameter only significantly decreased after extreme drought (β = −0.11, 

P < 0.001). Moderate drought resulted in a slight, but not significant, increase in root/shoot 

ratio, which increased in response to strong drought (β = 0.08, P = 0.002), i.e. towards lower 

aboveground biomass; however, root/shoot ratio decreased considerably in the extreme 

drought treatment and shifted towards a higher proportion of aboveground biomass (β = −0.14, 

P < 0.001). 
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Figure 3. Boxplots showing differences in belowground vegetative root traits (a–c) and root/shoot ratio (d) among 

treatments. Significant differences among treatments are based on post hoc multiple comparison tests of mixed 

effects models and are indicated by small letters with a significance threshold of P < 0.05. 

Physiological traits of the above- and belowground parts, in contrast, had few associations 

with increased drought (Figure 4, Table S5.4). Neither SRL nor SLA showed a linear response 

to drought. However, SLA was largest under moderate drought (T1) and significantly reduced 

under strong drought (Figure 4c). RDMC increased in response to moderate and strong 

drought (β = 0.08, P < 0.01), and was most pronounced in the extreme drought treatment 

(β = 0.58, P < 0.001). LDMC increased only in the extreme drought treatment (β = 0.19, P < 0.001). 
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Figure 4. Boxplots showing differences in physiological above- and belowground traits (a–d) among treatments. 

Significant differences among treatments are based on post hoc multiple comparison tests of mixed effects models 

and are indicated by small letters with a significance threshold of P < 0.05. Specific leaf area and leaf dry matter 

content could not be measured for plants of treatment T3. 

These results indicate that total biomass, vegetative height, leaf length, leaf width, and leaf 

area were highly sensitive even to moderate drought and showed an increasingly negative 

response to higher drought stress. Although side shoot number responded in a similar direc-

tion, there was no difference between the moderate and strong drought treatments. Leaf num-

ber and side shoot length were less sensitive and only significantly reduced under strong 

drought. As survival is the best fitness surrogate for this drought experiment, we also investi-

gated the relationship between performance of previously identified traits and senescence 

stage 1, the survival indicator for which we had most observations (Table S6). Plants that 

reached senescence stage 1 had significantly lower total biomass (β = −1.33, P = 0.005) and sig-

nificantly higher leaf width (β = 1.01, P < 0.001) compared to undamaged plants. However, 

vegetative height (β = −0.12, P = 0.841), leaf length (β = −0.005, P = 0.993) and leaf number 

(β = −0.88, P = 0.066) did not differ between plants starting to wilt and unwilted plants. Fur-

thermore, among individuals, leaf width and total biomass were positively correlated (rs = 0.86, 

P < 0.001), suggesting that leaf width may be directly linked to plant fitness under drought. 
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Discussion 

By applying an experimental approach to multi-level drought effects on seedling development 

and survival of the threatened mountain grassland species A. montana, our results demonstrate 

that many functional traits, especially in the morphological aboveground spectrum, decreased 

long before fitness (in sense of survival) declined. For example, leaf length and width were 

highly sensitive before dramatic reductions in plant fitness were visible. 

Plant survival was not affected with sufficient water supply (T0) or even moderate drought 

(T1) but was markedly reduced by strong (T2) and extreme (T3) drought. This means that our 

experiment successfully simulated a range of growing conditions and could therefore resolve 

which traits were strongly associated with emerging drought stress. Moreover, the experiment 

showed that excluding all other potential threats to survival under natural conditions, A. mon-

tana juveniles from Central European mountains are resistant to moderate drought but threat-

ened under the strong drought conditions. Notably, senescence and mortality strongly lagged 

behind falls in soil moisture below the permanent wilting point under extreme drought. This 

suggests that A. montana can withstand adverse environmental conditions over a rather long 

period before a fitness decline is observed. 

Many of the traits declined steadily with increased drought even in the moderate drought 

treatment (T1), particularly total biomass and leaf traits. These plastic responses of A. montana 

to drought corroborate findings from studies of other grassland species, in which there was a 

reduced performance in relevant functional traits to drought stress (e.g., Weißhuhn et al., 2011; 

Larson & Funk, 2016; Ludewig et al., 2018). It is noteworthy that these responses to drought 

also correspond to earlier observations on adult A. montana along an aridity gradient, where 

plants in drier sites had smaller trait values (Stanik et al., 2020). In that study, reproductive 

capacity declined at dry sites, while in the current study vegetative reproduction of juveniles 

was reduced with increased drought. This indicates that under strong drought A. montana was 

no longer able to invest resources into reproduction, resulting in a reduction in their fitness. 

Conversely, traits in the leaf and root economics spectrum were less sensitive across drought 

treatments, similar to results for temperate forbs that maintain SLA under drought (Wellstein 

et al., 2017). Overall, A. montana seedlings showed plastic responses with declines in most 

above- and belowground vegetative traits in response to increased drought: plants became 

shorter, developed fewer and smaller leaves and had shorter roots. 

Are if some of these plastic responses adaptive, in the sense that they adjust the plant to per-

form better when water is limited? By definition, an adaptive plastic response must be closely 

correlated to a positive change in fitness (Dechaine et al., 2007). However, some responses may 

be part of a complex plastic adjustment to limited water conditions (Volaire, 2018). For exam-

ple, despite a reduction in root length, the root/shoot ratio increased under strong drought 
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towards increased belowground biomass, which likely represents increased water acquisition 

and reduced transpiration due to a decrease in leaf area and SLA (Wang et al., 2020). However, 

this capacity was limited under extreme drought (T3) when biomass allocation halted, leading 

to a markedly higher proportion of aboveground biomass produced in the early ontogenetic 

stage. The lower root mean diameter under extreme drought might indicate that these plants 

were ‘trapped’ in an early growth state and were not able to develop thicker roots. Hence, 

these plants could not adjust belowground growth for higher water acquisition or drought 

avoidance under increased drought stress (Balachowski et al., 2016; Larson & Funk, 2016). 

Overall, we observed some belowground adjustments to strong drought but not to extreme 

drought. 

Another potentially adaptive adjustment is regulation of leaf traits to reduce transpiration 

when water is limited (e.g., Stropp et al., 2017). Despite the observed responses of morpholog-

ical leaf traits, typical candidate traits for functional drought adaptation in the leaf economics 

spectrum, such as SLA or LDMC, responded only at high levels of drought. Similar to the 

findings from subalpine grasslands of Jung et al. (2014), A. montana under strong drought re-

sponded by decreasing SLA and increasing LDMC. Both responses are related to higher in-

vestment in structural tissues in order to maintain leaf turgor and enhance water-use efficiency 

under drought, both of which prolong the leaf life span (Chaves et al., 2002; Yan et al., 2019). 

Hence, the observed leaf trait responses of A. montana to different drought levels may consti-

tute a strategy of phenotypic adjustment to cope with drought stress (Albert et al., 2010; Well-

stein et al., 2017). 

Based on the determined survival and functional trait responses of A. montana, we identified 

sensitive response traits that can indicate a decline in performance and have predictive power 

for plant survival. Most promising are leaf traits, such as leaf length or width, because they 

respond sensitively even to moderate drought. Of these functional traits, leaf width is of spe-

cial interest because individuals that senesced had, after removal of the treatment effect, a high 

leaf width, which leads to increased transpiration. In addition, leaf width was negatively as-

sociated with total biomass. This suggests that leaf width could be a target of direct selection 

under drought. 

In the present study, limitations of the experimental approach to evaluate drought effects on 

seedlings can arise from the experimental set up, even when the experimental drought treat-

ments reflect current climate conditions for A. montana lowland populations in Central Europe 

(Stanik et al., 2020). The experiment considered a competition-free environment, characterised 

by edge effects, e.g. a reduced soil volume for potted plants. Nonetheless, this may also be 

present for the species under inter- and intraspecific competition in its natural habitat. More-

over, under natural conditions additional threats, such as herbivory or shallow soil, may 
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further reduce plant viability (Scheidel & Bruelheide, 2005; Ford & HilleRisLambers, 2020). 

Here, we conducted a drought experiment to examine the effects of drought as one of the main 

climate change challenges to A. montana. We applied several drought treatments designed to 

match the expected drought forecasts in climate change projections, which makes our results 

relevant for projecting the future of this threatened plant (Parolo et al., 2008). Despite higher 

monthly air temperatures in the experiment compared to those in the native population, no 

negative effects of temperature were observed, e.g., reduced survival of plants in the control 

treatment. This supports the view that the observed response is largely drought- but not tem-

perature-driven (Kreyling et al., 2017). A potential confounding side effect of the applied 

drought treatments was that it contained a selection pressure that may have led to a survivor-

ship bias in the results towards possible increased frequency of drought-resistant genotypes 

in the tested population (Gienapp et al., 2008). Due to methodological requirements in the trait 

sampling, dead seedlings from the extreme drought treatment (T3) could not be incorporated 

into the results to cover all individuals in the experiment. However, measurements in the other 

treatments were unbiased and directly linked seedling survival to the drought-induced re-

sponse of traits and, therefore, could link the observed trait differences to the species’ plastic-

ity. 

To conclude, drought stress increasingly affects the performances of functional traits and hin-

ders subsequent establishment and survival of seedlings of the threatened mountain grassland 

species A. montana. The species sensitive response to drought starts with a decrease in most 

functional traits but clear signs of senescence only occur comparatively late, which suggests 

relatively high stress tolerance to moderate drought, which limits only reached under severe 

drought conditions. The identified leaf traits of A. montana thus indicate a fitness decline prior 

to a substantial increase in mortality. Future research may be needed to investigate the poten-

tial of the identified trait–survival relationships and their use in a trait-based drought stress 

assessment and monitoring of A. montana and other threatened grassland species (Baer et al., 

2019). 
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Supporting Information to the paper 

Supporting information S1: Climatic characterisation of the seed’s origin Arnica montana pop-

ulation. 

Figure S1. Characterisation of the seed’s origin Arnica montana population (filled red circle) by precipitation (x-axis) 

and temperature (y-axis) compared to other A. montana populations (unfilled black circles) in the central German 

mountain ranges (N = 160; geographical range: Southeast Hesse and Northern Bavaria, Germany). The in situ pop-

ulation, from which we collected the seeds for the experiment, is characterised by a multi-annual mean air temper-

ature of 5.3°C and a multi-annual mean precipitation of 1133 mm (DWD 2020a; 2020b). The horizontal red line 

shows the standard deviation of the precipitation (sd = 80.31 mm) and the vertical red line shows the standard 

deviation of the temperature (sd = 0.67°C) of the considered A. montana populations in this geographical range. 
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Supporting information S2: Climate conditions in the greenhouse over the course of the ex-

periment. 

Figure S2. Daily mean air temperature and humidity over the course of the experiment and the five days prior to 

experiment start (vertical dotted line). 
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Supporting information S3: Watering amounts applied in each treatment. 

Table S3. Applied watering amounts (MS = monthly sum [l/0.03 m²] and PW = per watering [l/0.03 m²]) in the 

treatments. Watering amounts of the control treatment T0 represent the current precipitation regime of the popu-

lation’s origin, while T1 and T2 represent a moderate and strong precipitation decline, respectively, under climate 

change condition of the population’s origin. For August, the applied amount of water is relative to the whole month 

because of the end of the experiment on the 13th of August. In order to level short-term soil moisture differences 

among treatment groups, treatment T3 received three initial waterings with the identical amount of T0 prior to the 

start of the experiment with all other treatments. Apart from these applications, which were done in May, treatment 

T3 received no further waterings. 

Month  
 Watering amount in 

T0 

 Watering amount in 

T1 

 Watering amount in 

T2 

 Watering amount in 

T3 

  MS [l] PW [l]  MS [l] PW [l]  MS [l] PW [l]  MS [l] PW [l] 

May  2.89 0.18  2.03 0.13  1.16 0.07  0.54 0.18 

June  3.44 0.22  2.41 0.15  1.38 0.09  0 0 

July  3.28 0.21  2.30 0.14  1.31 0.08  0 0 

August  1.13 0.19  0.79 0.13  0.45 0.07  0 0 
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Supporting information S4: Development of soil water content over the course of the experi-

ment and detailed mixed effects model results of soil water and soil temperature differences 

in the experiment treatments. 

Figure S4.1. Development of the soil volumetric water content (VWC [0-1 scale], with fitted Loess smoothing and 

grey-shaded standard error) during the experiment period. The solid horizontal line indicates the mean field ca-

pacity at 0.255 (MFC), while dashed lines indicate the upper (0.346; Minimum air-filled porosity, MAP) and lower 

limit (0.185; Permanent Wilting Point, PWP) of the field capacity. 
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Table S4.2. Model results about the differences and changes of soil volumetric water content and soil temperature. 

  Soil Volumetric Water Content [Vol-%] Soil Temperature [°C] 

Predictors Estimates CI p Estimates CI p 

Treatment (Treat) [T0] (Intercept) 0.38 0.34 – 0.42 <0.001 16.83 13.19 – 20.47 <0.001 

Treatment [T1] 0.06 0.00 – 0.12 0.047 -0.58 -5.72 – 4.56 0.824 

Treatment [T2] 0.07 0.01 – 0.13 0.017 -1.54 -6.68 – 3.60 0.557 

Treatment [T3] 0.12 0.06 – 0.17 <0.001 -2.67 -7.81 – 2.48 0.309 

Experiment month (EXPmon) -0.01 -0.01 – 0.00 0.113 1.11 0.55 – 1.68 <0.001 

Treat [T1] * EXPmon -0.02 -0.03 – -0.01 <0.001 0.13 -0.67 – 0.92 0.758 

Treat [T2] * EXPmon -0.03 -0.04 – -0.02 <0.001 0.36 -0.43 – 1.16 0.368 

Treat [T3] * EXPmon -0.06 -0.07 – -0.05 <0.001 0.65 -0.14 – 1.45 0.108 

Random Effects 

σ2 0.00 24.13 

τ00 0.00 IDpot:EXPmon 3.08 IDpot:EXPmon 

ICC 0.39 0.11 

N 56 IDpot 56 IDpot 
 

4 EXPmon 4 EXPmon 

Observations 2800 2800 

Marginal R2 / Conditional R2 0.856 / 0.911 0.077 / 0.182 
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Supporting information S5: Tables with detailed mixed effects model results of the functional trait performance per drought treatment ((gener-

alised) linear mixed effects models). 

Table S5.1. Results for performance of aboveground vegetative traits (‘leaf traits’). 

  Vegetative Height [mm] Leaf Number [n] Leaf Length [mm] Leaf Width [mm] Leaf Area [mm2] 

Predictors 
Esti-

mates 
CI p 

Esti-

mates 
CI p Estimates CI p 

Esti-

mates 
CI p Estimates CI p 

Treatment 

[T0]  

(Intercept) 

90.09 83.43 – 96.75 <0.001 13.87 12.78 – 15.03 <0.001 120.76 114.15 – 127.37 <0.001 40.48 38.02 – 42.94 <0.001 3417.86 3090.36 – 3745.37 <0.001 

Treatment 

[T1] 

-

28.67 

-38.08 – -

19.26 

<0.001 0.46 -0.91 – 1.84 0.510 -35.57 -44.91 – -26.23 <0.001 -4.43 -7.91 – -0.96 0.012 -

1033.54 

-1496.23 – -570.85 <0.001 

Treatment 

[T2] 

-

47.70 

-57.42 – -

37.98 

<0.001 -2.98 -4.40 – -1.55 <0.001 -62.29 -71.93 – -52.65 <0.001 -

13.58 

-17.16 – -

10.00 

<0.001 -

2263.99 

-2741.81 – -

1786.16 

<0.001 

Treatment 

[T3] 

-

79.73 

-92.61 – -

66.84 

<0.001 -7.81 -9.70 – -5.92 <0.001 -

107.08 

-119.74 – -

94.42 

<0.001 -

30.05 

-34.70 – -

25.40 

<0.001 
   

Random Effects 

σ2 216.67 4.72 196.36 24.48 511012.65 

τ00 88.80 IDpot 1.88 IDpot 93.17 IDpot 13.78 IDpot 218980.40 IDpot 

ICC 0.29 0.28 0.32 0.36 0.30 

N 49 IDpot 49 IDpot 49 IDpot 49 IDpot 41 IDpot 

Observations 131 131 131 131 120 

Marginal R2 / 

Conditional 

R2 

0.657 / 0.757 0.422 / 0.623 0.781 / 0.852 0.660 / 0.783 0.534 / 0.673 
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Table S5.2. Results for performance of plant traits related to the whole plant and traits related to the vegetative spread. 

  Total Dry Biomass [log(g)+1] Root/Shoot ratio Number of Side Shoots [n] Side Shoot Length [mm] 

Predictors Estimates CI p Estimates CI p 
Incidence  

Rate Ratios 
CI p Estimates CI p 

Treatment [T0] (Intercept) 7.55 7.34 – 7.76 <0.001 0.30 0.26 – 0.34 <0.001 1.16 0.57 – 2.35 0.687 74.62 62.26 – 86.98 <0.001 

Treatment [T1] -0.38 -0.68 – -0.08 0.012 0.03 -0.02 – 0.08 0.231 0.14 0.04 – 0.50 0.002 -8.44 -33.93 – 17.06 0.517 

Treatment [T2] -1.24 -1.54 – -0.93 <0.001 0.08 0.03 – 0.14 0.002 0.06 0.02 – 0.26 <0.001 -51.62 -82.39 – -20.85 0.001 

Treatment [T3] -3.14 -3.53 – -2.75 <0.001 -0.14 -0.21 – -0.07 <0.001 
      

Random Effects 

σ2 0.15 0.01 1.68 351.33 

τ00 0.11 IDpot 0.00 IDpot 1.40 IDpot 268.65 IDpot 

ICC 0.43 0.27 0.45 0.43 

N 49 IDpot 49 IDpot 41 IDpot 19 IDpot 

Observations 131 131 120 31 

Marginal R2 / Conditional R2 0.750 / 0.858 0.274 / 0.470 0.305 / 0.620 0.275 / 0.589 
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Table S5.3. Results for performance of belowground vegetative traits (‘root traits’). 

  Rooting Depth [cm] Root Length [log(m)+1] Root Mean Diameter [mm] 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Treatment [T0] (Intercept) 34.43 31.92 – 36.94 <0.001 2.65 2.51 – 2.80 <0.001 0.46 0.44 – 0.48 <0.001 

Treatment [T1] -4.23 -7.77 – -0.69 0.019 -0.39 -0.60 – -0.19 <0.001 0.01 -0.02 – 0.04 0.488 

Treatment [T2] -7.94 -11.60 – -4.29 <0.001 -0.97 -1.18 – -0.76 <0.001 -0.01 -0.04 – 0.02 0.449 

Treatment [T3] -23.17 -27.93 – -18.41 <0.001 -2.32 -2.59 – -2.04 <0.001 -0.11 -0.15 – -0.07 <0.001 

Random Effects 

σ2 25.88 0.08 0.00 

τ00 14.22 IDpot 0.05 IDpot 0.00 IDpot 

ICC 0.35 0.39 0.32 

N 49 IDpot 49 IDpot 49 IDpot 

Observations 131 131 131 

Marginal R2 / Conditional R2 0.489 / 0.670 0.761 / 0.856 0.255 / 0.496 

 

  



 –   Chapter 2 

–   93   – 

Table S5.4. Results for performance of physiological traits. 

  
Specific Root Length  

[log(m g-1)+1] 

Root Dry Matter Content  

[log(mg g-1)+1] 

Specific Leaf Area  

[mm2 mg-1] 

Leaf Dry Matter Content  

[log(mg g-1)+1] 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

Treatment [T0] (Intercept) 3.45 3.35 – 3.55 <0.001 4.72 4.68 – 4.76 <0.001 25.87 24.50 – 27.23 <0.001 4.68 4.62 – 4.74 <0.001 

Treatment [T1] -0.12 -0.25 – 0.02 0.090 0.08 0.03 – 0.14 0.003 1.85 -0.08 – 3.77 0.060 -0.04 -0.12 – 0.05 0.379 

Treatment [T2] -0.04 -0.18 – 0.10 0.583 0.08 0.02 – 0.14 0.008 -1.82 -3.81 – 0.17 0.074 0.19 0.10 – 0.27 <0.001 

Treatment [T3] 0.05 -0.13 – 0.23 0.606 0.58 0.50 – 0.66 <0.001 
      

Random Effects 

σ2 0.04 0.01 13.61 0.03 

τ00 0.02 IDpot 0.00 IDpot 2.19 IDpot 0.00 IDpot 

ICC 0.34 0.11 0.14 0.14 

N 49 IDpot 49 IDpot 41 IDpot 41 IDpot 

Observations 131 131 120 120 

Marginal R2 / Conditional R2 0.049 / 0.374 0.611 / 0.653 0.122 / 0.244 0.234 / 0.340 
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Supporting information S6: Detailed results of the generalised binominal mixed effects models on the events of senescence stage 1 and selected 

functional trait performances. 

Table S6. Results of the generalised binominal mixed effects models on the event of senescence stage 1 and selected trait performances. 

  
Reaching senescence  

stage 1 

Reaching senescence  

stage 1 

Reaching senescence  

stage 1 

Reaching senescence  

stage 1 

Reaching senescence  

stage 1 

Predictors 
Odds 

Ratios 
CI p 

Odds 

Ratios 
CI p 

Odds 

Ratios 
CI p 

Odds 

Ratios 
CI p 

Odds 

Ratios 
CI p 

(Intercept) 0.24 0.05 – 1.10 0.066 0.24 0.05 – 1.13 0.070 0.16 0.16 – 0.16 <0.001 0.24 0.09 – 0.63 0.003 0.27 0.11 – 0.68 0.005 

Vegetative 

Height [mm] 

0.89 0.28 – 2.81 0.841 
            

Leaf Length 

[mm] 

   
0.99 0.30 – 3.30 0.993 

         

Leaf Width 

[mm] 

      
2.75 2.74 – 2.76 <0.001 

      

Total Dry Bio-

mass 

[log(g)+1] 

         
0.26 0.10 – 0.67 0.005 

   

Leaf Number 

[n] 

            
0.41 0.16 – 1.06 0.066 

Random Effects 

σ2 3.29 3.29 3.29 3.29 3.29 

τ00 4.51 IDpot 4.60 IDpot 9.73 IDpot 0.03 IDpot 0.62 IDpot 

ICC 0.58 0.58 0.75 0.01 0.16 
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N 21 IDpot 21 IDpot 21 IDpot 21 IDpot 21 IDpot 

Observations 47 47 47 47 47 

Marginal R2 / 

Conditional 

R2 

0.002 / 0.579 0.000 / 0.583 0.071 / 0.765 0.347 / 0.353 0.165 / 0.298 

Note: All trait values in each data subset for T2 and T3 have been mean centred and scaled. 
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Extreme droughts in oligotrophic mountain grasslands cause substan-

tial species abundance changes and amplify community filtering 
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Abstract 

Questions 

Mountain grasslands can be strongly affected by extreme droughts such as those related to 

climate change. What are the impacts of extreme droughts on community composition, diver-

sity, Ellenberg indicator scores and species groups in oligotrophic montane Nardus grasslands, 

and what are the associated mechanisms of vegetation change? 

Location 

Rhön Mountains, Germany. 

Methods 

Over three consecutive years, we investigated the effects of yearly droughts (April–August) in 

an experimental setup with rainout shelters. Owing to the coincidence of ambient extreme dry 

conditions in those years and our artificial rainfall reduction, we evaluated the contribution to 

community change of ambient drought conditions and the treatments. We analysed changes 

in community composition by applying redundancy analysis to species differences in compar-

ison with the pretreatment year, and used mixed-effects models to test for changes in commu-

nity-weighted means of Ellenberg indicator scores, sociological and functional groups.  

Results 

We found significant changes in species abundance and community structures in response to 

drought. Evenness increased, but species richness remained rather stable over time. Ellenberg 

indicator scores for temperature and nitrogen increased, whereas the score for moisture de-

creased. Simultaneously, dominant species declined and subdominants increased. Changes 

occurred with a time lag and were driven largely by the high ambient drought level and less 

by the artificial treatments. 

Conclusions 

Our results show that drought-related changes in community composition in Nardus grass-

lands occur across community structures, characteristic species, and species groups. The post-

drought recovery of the community is shaped by community filters, which in particular allow 

subdominants to take advantage of newly available niches in the matrix, even if they lack 

strong drought tolerance. Our findings indicate a certain resilience of the community to 

droughts related to climate change, which suggests that the observed changes should not lead 

to an accelerated short-term decline in these grasslands, but that this cannot be excluded in the 

long term. 

Keywords 

climate change; community diversity; Nardus grasslands; rainout shelter experiment; semi-

natural mountain grasslands; species composition; vegetation change 
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Introduction 

Semi-natural grasslands are one of the most biodiverse ecosystems worldwide and provide 

multiple ecosystem services, particularly those related to fodder and livestock production and 

to cultural services (Bengtsson et al., 2019). However, these ecosystems are increasingly ex-

posed to the impact of climate change, which is especially the case for mountain grasslands, 

because climatic conditions are important factors for their biodiversity and these are expected 

to change in the future (Bellard et al., 2012). However, many open questions remain about how 

the species composition of specific types of semi-natural grasslands responds to climate 

change impacts such as droughts (Gibson & Newman, 2019). 

Seasonal droughts affect semi-natural grasslands differently. For example, spring and summer 

droughts have significant impacts on the diversity of grasslands, causing not only temporal, 

but also permanent changes in community composition and plant fitness (Gellesch et al., 2017; 

Ploughe et al., 2019). Studies in subalpine–mountain and in calcareous grasslands, however, 

have reported relatively high resilience in species and functional composition after short-term 

extreme droughts, but a marked decline in forage yields (Deléglise et al., 2015; Grime et al., 

2008). Similarly, artificial drought in species-poor Nardetalia grasslands did not lead to consid-

erable changes, either in dominant species or in above-ground biomass (Holub et al., 2013). 

Because of the given uncertainty and complexity of the impacts, the direction, and net effects 

of droughts on vegetation in terms of community diversity, composition changes, and species 

functional composition of semi-natural mountain grasslands are currently poorly predictable 

(Fischer et al., 2020). This might particularly be the case in infertile grasslands that have been 

shown to be inherently slow to change (Pakeman, 2004). 

Species-rich montane Nardus grasslands are typical semi-natural grasslands on oligotrophic, 

poorly buffered acidic soils in mountain areas (Peppler-Lisbach & Petersen, 2001). Despite 

their high conservation value and formerly wide distribution in Europe, different environ-

mental drivers have led to a strong and widespread decline (Schwabe et al., 2019). For exam-

ple, abandonment as well as later intensified land use led to a strong decline and degradation 

of remaining habitats, in which either nitrophilous plants or the dominance of Nardus stricta 

became problematic and reduced the habitat’s biodiversity (Kurtogullari et al., 2020). On the 

other hand, eutrophication by nitrogen and reduced soil acidity led to significant changes in 

soil conditions and species composition (Peppler-Lisbach et al., 2020). Despite this well-devel-

oped knowledge about past and current vegetation changes in Nardus grasslands, we know 

little about the future impacts of droughts (Streitberger et al., 2016), which are not only pro-

jected by climate change scenarios for central Europe (IPCC, 2014), but were also experienced 

recently in two consecutive drought years (2018 and 2019) (Hari et al., 2020). 
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Taking advantage of these extreme climate conditions in 2018/2019, we used an experimental 

setup installed in 2017 to investigate the effects of such drought conditions in spring and sum-

mer on montane Nardus grasslands. Originally, the experimental setup with rainout shelters 

aimed to investigate the effects of drought stress during the growing season, as projected by 

regional climate change scenarios (PIK / Potsdam Institute for Climate Impact Research, 2017). 

Ambient drought conditions in all years of the experiment, however, led to a natural water 

supply reduced to, or even beyond, that planned for the moderate drought treatment over the 

annual experimental term. Nonetheless, these circumstances gave us the opportunity to assess 

the common and partial effects of extreme droughts in combination with the designed further 

reduction in precipitation. 

We expected: (a) changes in the structural parameters of the community (e.g., a decline in total 

cover and vegetation height); (b) shifts in plant-community composition towards more 

drought-tolerant and more thermophilous species (e.g., indicated by a decrease in Ellenberg 

indicator score for moisture and an increase in the indicator score for temperature, respec-

tively) (Beierkuhnlein et al., 2014); and (c) a decline in Nardus grassland character species, es-

pecially those with a distinct montane distribution that have been shown to be sensitive to 

drought, like Arnica montana (Stanik et al., 2020), and that are expected to decline under climate 

change (Trivedi et al., 2008). Based on these expected changes, we would be able to evaluate 

whether the community shows signs of resilience to different drought levels. 

Methods 

Site description 

The study site is located in the Rhön Mountains, a lower mountain range in central Germany. 

The experimental field is situated on a lateral plateau built on Tertiary basalt on the northeast-

ern slope of the Wasserkuppe massif (50°30′25′′N, 9°57′22′′E; 813 m a.s.l.). The soil type at the 

site is a skeletal brown earth with 47.1% (SD 2.1) silt, 47.0% (SD 2.6) clay, and 5.9% (SD 1.1) 

sand. The mean topsoil pH (H2O) value is 4.06 (SD 0.09) and was not significantly different 

among treatment plots (ANOVA: F(2,9) = 0.817, p = 0.472). The study site and plot positions were 

selected to minimise environmental heterogeneity within and among plots and to be repre-

sentative of the plant species community of the grassland location. The dominant plant com-

munities are oligotrophic montane Nardus grasslands (Nardetalia strictae, Violion caninae) (Pep-

pler-Lisbach & Petersen, 2001). A mean of 22 ± 2.9 plant species per plot was observed in this 

grassland at the beginning of the experiment. Most dominant species were narrow-leaved 

grasses, such as Nardus stricta, that comprised on average 65% of the cover in the pretreatment 

vegetation. Small-growing forbs, like Potentilla erecta and Galium saxatile, were also frequently 

present in the sward. This threatened habitat type is classified as a priority natural habitat 

(H6230*) by the EU Habitats Directive (Council Directive 92/43/EEC; European Council, 1992), 
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thus conservation efforts by EU Member States aim to protect these grasslands in a favourable 

conservation state. Owing to the strict conservation requirements of the habitat at the study 

site, it was not possible for us to install measurement devices in or to make destructive sam-

pling of the soil. 

Experimental design 

In a fully randomised design with four replicates (n = 12), we simulated the effects of droughts 

on the grassland community between April and August over multiple years. The experimental 

site was set up in 2017, at which point we documented the pretreatment state of the vegetation. 

In that year, only the management of the grassland and not a reduction in precipitation was 

carried out. The intended drought simulation using rainout shelters was carried out in 2018, 

2019, and 2020. For the rainout shelters, we followed construction guidelines from Yahdjian 

and Sala (2002) and recommendations of Vogel et al. (2013) and Kundel et al. (2018); the shel-

ters have been shown to successfully reduce soil moisture (Carlyle et al., 2011). To minimise 

edge effects and lateral water input, the shelter (3 m × 3 m) was constructed with a buffer zone 

of 50 cm on each side of the vegetation plot (2 m × 2 m). Shelter roofs were made of 0.8-mm 

thick transparent trapezoid polycarbonate slats with 88% visible light transmission (Marlon 

CS Longlife; ThyssenKrupp Plastics). Greenhouse effects due to the rainout shelters were min-

imised by having an 80-cm space between the lower roof edge and the ground (Kreyling et al., 

2017). 

We installed drought treatments according to future monthly precipitation regimes for a pe-

riod in spring and summer, as projected for the second half of the 21st century by the region-

ally specified RCP 4.5 climate change scenario for the Rhön Mountains (PIK / Potsdam Insti-

tute for Climate Impact Research, 2017). To define our drought treatments, we derived a mod-

erate and a strong climate-change trajectory compared with the reference period (1961–1990). 

For the moderate (R30) and strong (R60) drought treatment, by arranging the roofing slats 

with wider and closer spacing, respectively, the rainout shelters reduced the ambient precipi-

tation between 1 April and 30 August of each experimental year (2018–2020) by 30% and 60%, 

respectively. Following the projections, we did not reduce precipitation in the potential rainfall 

surplus period in autumn and winter, during which the climatic water balance is expected to 

be positive, and which would allow a phase of vegetative recovery. Thus, rainout shelters were 

removed by the end of August. The controls (KOD) remained unroofed and received ambient 

precipitation amounts during that time. All plots were managed by once-a-year mowing on 

the date (15 July) used in traditional management of mountain grasslands in the study region. 

This regime had been applied to the whole grassland site as studied for at least 15 years before 

the current experiment. 
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Environmental conditions 

Climate parameters at the study site were recorded regularly. Temperature and humidity were 

logged hourly with EasyLog EL-USB-2 data loggers (Lascar Electronics Ltd, UK), which were 

shielded from sun exposure by thin white panels and were placed 40 cm above the ground in 

the experimental plots and, for the ambient climate of the study site, 2 m above the ground. 

To account for the combined effects of temperature and humidity (De Boeck et al., 2016), we 

used these measurements to calculate the vapour pressure deficit (VPD; Allen et al., 2018). 

Data on daily precipitation for the site were retrieved from the nearby weather station Was-

serkuppe (1.4 km from the experimental site on the same massif) because no more closely sit-

uated measurement facilities were available (DWD Climate Data Center, 2020). 

The experiment fell within a period of extreme climate conditions. Compared with the long-

term climate of the study area, conditions during the experimental period were hotter and 

dryer, with 2018 being the most extreme year (Hari et al., 2020). Thus, the climate conditions 

of the experimental plots were decisively influenced by the ambient climate of each experi-

ment year. Compared with precipitation during the annual experiment term (April to August) 

in the reference period (1961–1990), with a mean of 504.1 mm, and the pretreatment year 2017 

with 580.1 mm, all experiment years had lower amounts of precipitation (2018: 285.9 mm; 2019: 

366.0 mm; 2020: 378.9 mm) (Appendix S2.1). Thus, compared with the long-term mean for the 

reference period, the plots experienced a rainfall input reduced by −43%, −27%, and −24% in 

the experimental periods in 2018, 2019, and 2020, respectively. Moreover, drought notably co-

incided with high evapotranspiration. When compared with the reference period, temperature 

was significantly higher in the pretreatment year (2017) and all experimental years (2018–

2020), but humidity was lower and VPD higher only in the experiment years (Appendix S2.2–

S2.5). 

Comparing the years 2018–2020 with the pretreatment year (2017), only 2018 showed differ-

ences in all climatic parameters (Appendix S2.6). Comparing treatments, there were no differ-

ences in temperature (F(2,50) = 0.127, p = 0.881), humidity (F(2,50) = 0.776, p = 0.466) or VPD (F(2,50) 

= 0.486, p = 0.618) in the experimental years (2017–2020). To test the validity of the rainfall 

reduction induced by the rainout shelters and their additional drought effect under these nat-

urally extreme climate conditions, differences in the soil-water content of the topsoil were 

measured after all other measurements had been carried out and after a 5-day rainfall period 

totalling 82.7 mm in August 2020. The reduction in precipitation due to the rainout shelters 

resulted in a significantly reduced soil-water content in the strong drought treatment (R60), 

whereas the soil-water content in the moderate drought treatment (R30) was slightly, but not 

significantly, lower (Appendix S3). These climatic conditions, however, gave us the oppor-

tunity to evaluate the effects of the extreme ambient climate on Nardus grasslands compared 

with artificial drought as intended by the experimental design. 
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Data collection and analysis 

Vegetation and community structures were surveyed annually in mid-July by the same ob-

server prior to management of the plots, using phytosociological relevés with a percentage 

scale (Dierschke, 1994). As community structures, we surveyed herb layer cover and height, 

moss cover and height, and litter cover. Following Facelli and Pickett (1991), we defined litter 

as undecomposed, dead plant material either standing and still attached and/or detached lying 

loose on the ground. The nomenclature follows the German taxonomic reference list (Ger-

manSL, version 1.3; Jansen & Dengler, 2008). We assigned species to species groups according 

to two criteria (Appendix S1). First, we defined sociological groups based on their occurrence 

in certain syntaxa and, in the case of two groups, in combination with their nutrient demand: 

1. Character species (Nardetalia specialists in open habitats according to Peppler-Lisbach 

& Petersen, 2001) 

2. Low-productive grassland species (other species of anthropo-zoogenic heath-

lands/grasslands with an Ellenberg indicator score for nitrogen (N) of < 4, according to 

Ellenberg et al., 2001), 

3. Species of agricultural grasslands (species of anthropo-zoogenic heathlands/grasslands 

and with an Ellenberg indicator score for N of ≥ 4, according to Peppler-Lisbach et al., 

2020). 

Second, we assigned species to basic functional groups: graminoids (all Cyperaceae, Juncaceae 

and Poaceae) and forbs. All other species were assigned as indifferent. For each relevé, we 

calculated community-weighted means (CWM) of Ellenberg indicator scores (Ellenberg et al., 

2001) for temperature (T), moisture (F), and nitrogen (N), and the different sociological and 

functional groups by using the package weimea (version 0.1.18; Zelený, 2020). CWMs of these 

metrics proved to be informative not only for community properties, but also for ecosystem 

functioning (Garnier et al., 2004). 

All statistical analyses were conducted in R (version 4.1.0; R Core Team, R Foundation for 

Statistical Computing, Vienna, AT). Data exploration was carried out following the protocol 

described in Zuur et al. (2010). To evaluate the effects of experimental treatment and year on 

changes in plant community composition (in terms of changes in the richness and relative 

abundance of species), we employed redundancy analyses (RDA) on species abundance 

changes per experimental year (2018–2020) compared with their pretreatment cover values in 

2017 (Δsqrt[cover] of the vascular plant species as response data). We used differences in spe-

cies cover to account for repeated measurements and for the small-scale spatial species varia-

bility among the experimental units in our in situ replicated design (Kreyling et al., 2018). The 

significance of predictor variables and their interaction in the RDA was tested with Monte 

Carlo permutation tests (999 permutations), in which we considered plotID as strata to account 
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for spatial autocorrelation. To complement RDA, we employed variance partitioning to quan-

tify common and partial effects of treatment and year on changes in community composition. 

To compute the ordinations and their consecutive tests, we used the vegan: Community ecology 

package (version 2.5-6; Oksanen et al., 2019). 

To analyse effects of treatment and year and their interaction on community structures (herb 

layer height: log-transformed to improve normality), community diversity (evenness and spe-

cies richness; Pielou, 1966), Ellenberg indicator scores, and sociological and functional groups, 

we used the mixed-model approach (linear mixed-effects models for numeric data, and gen-

eralised linear mixed-effects models with Poisson error distribution for count data) and con-

ducted consecutive ANOVA comparisons. All mixed models contained a corresponding re-

sponse variable mentioned above as the dependent variable, treatment (three-level factor) and 

year (four-level factor) as independent variables and the plotID as random intercept to account 

for repeated measurements. Models were fitted with Restricted Maximum Likelihood using 

the package lme4 (Bates et al., 2015). 

Results 

Effects on plant community composition 

Community composition changed markedly over the course of the experiment, as manifest in 

changes in cover rather than occurrence. We found a significant relationship between changes 

in community composition, compared with 2017, and treatment and year (F = 9.676, p < 0.001), 

which explained 55.53% of the total compositional variance. Year proved to be the most influ-

ential factor (F = 15.243, p < 0.001), before treatment (F = 4.108, p < 0.001), although their inter-

action was not significant. Variance partitioning quantified the partial effect of treatment and 

year as 0.064 and 0.433 (adjusted R²), respectively. The R² value of the common effect was 

−0.03. The results of the RDA are summarised by the ordination diagram in Figure 1. Axis 1 

reflects mainly changes in community composition over the years (negative axis scores for 

2018 and 2019, and positive scores for 2020). Axis 2 separates 2018 from 2019 plots and is ad-

ditionally related to differences among treatments, with positive axis scores more associated 

with the control (KOD), and negative scores related to treatment R30. Unexpectedly, R60 plots 

showed an intermediate position. The relevés of 2018 had a positive association with temper-

ature and VPD, and a negative association with humidity. Contrary to our expectation, species 

that increased during strong drought years did not increase consistently with the concurrent 

experimentally intended drought treatments. 
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Figure 1. Ordination diagram of the redundancy analyses (RDA) for differences in species cover values compared 

with the pretreatment year (2017) as a function of year (yr.: 2018–2020) and drought treatment (treat.: KOD, control; 

R30, 30% reduction; R60, 60% reduction). Symbols: circles, 2018; triangles, 2019; squares, 2020. Large symbols indi-

cate the centroid of each group. Inclusion criteria for species being displayed in the diagram (black arrows) were 

an explained variance >15% on axis 1 or 2. Species’ codes: ACHIMIL, Achillea millefolium; AGRTCAP, Agrostis capil-

laris, ANTXODO, Anthoxanthum odoratum; CAREPIU, Carex pilulifera; DESCFLE, Deschampsia flexuosa; FEST.OV, 

Festuca ovina agg.; FEST.RU, Festuca rubra agg.; GALUSAX, Galium saxatile; HELTPRA, Helictotrichon pratense; 

KNAUARV, Knautia arvensis; LUZUCAM, Luzula campestris; LUZUMUL, Luzula multiflora; NARUSTR, Nardus 

stricta; PIMPSAX, Pimpinella saxifraga; POTEERE, Potentilla erecta; RANCNEM, Ranunculus nemorosus; RHINMIN, 

Rhinanthus minor; VACIMYR, Vaccinium myrtillus; VEROOFF, Veronica officinalis. HUM, annual experimental term 

mean humidity; TEMP, annual experimental term mean temperature; VPD: annual experimental term mean va-

pour pressure deficit. 

Changes in species cover were mostly associated with time, which corresponds to the identi-

fied role of year. Grasses, like Festuca rubra agg., Festuca ovina agg., Anthoxantum odoratum, and 

Agrostis capillaris, responded with a pronounced increase in cover in 2018, but declined mark-

edly during the following two years. By contrast, the dominant graminoid Nardus stricta de-

clined over the whole period. However, during 2018 and 2019 many species were stable in 

cover and first showed changes in 2020. For example, Vaccinium myrtillus, Veronica officinalis, 
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and Deschampsia flexuosa increased in 2020, and this was more pronounced in the control plots, 

whereas Knautia arvensis, Carex pilulifera, and Galium saxatile increased predominantly under 

the drought treatments (R30, R60). Hence, changes in species cover were mostly nonlinear and 

became clear after two consecutive years of extreme drought. 

Effects on community diversity, community structures, and Ellenberg indicator scores 

We found a significant influence of year on evenness (F(3,27) = 43.78, p < 0.001), which increased 

in 2018 (β = 0.12, p < 0.001), fell to the pretreatment level in 2019 and increased again in 2020 

(β = 0.13, p < 0.001). The effect of treatment (F(2,9) = 5.684, p = 0.025) on evenness was higher 

under the moderate drought treatment (R30) (β = 0.06, p = 0.041). The significant interaction 

between treatment and year (F(6,27) = 2.527, p = 0.045) reflected the greater increase in evenness 

in the strong drought treatment (R60) towards 2020. No significant effect of treatment, year or 

their interaction was detected on species richness, although slightly increasing means sug-

gested a positive trend (Appendix S4.1–S4.2). Most community structures of the grassland 

were influenced by both treatment and year (Figure 2; Appendix S4.3). The herb layer was 

influenced only by year (F(3,27) = 23.825, p < 0.001), with significantly lower herb cover only in 

2019 under all treatments. We could not detect any influence of treatment, or the interaction 

between treatment and year, on this parameter. We did find a significant influence of treat-

ment (F(2,9) = 5.571, p = 0.026) and the interaction between treatment and year (F(6,27) = 3.127, 

p = 0.019) on herb layer height, which in 2019 already identifies the earlier decrease in herb 

height in both drought treatments, whereas the influence of year (F(3,27) = 150.365, p < 0.001) first 

became significant in the control plots in 2020. Furthermore, moss layer cover was influenced 

by treatment (F(2,9) = 75.307, p < 0.001), year (F(3,27) = 144.768, p < 0.001) and the interaction be-

tween both factors (F(6,27) = 34.328, p < 0.001). Under both drought treatments, moss cover de-

clined earlier and markedly stronger than in the control and showed less recovery after 2018. 

A comparable pattern was observed for moss layer height, which was significantly influenced 

by treatment (F(2,9) = 26.123, p < 0.001), year (F(3,27) = 22.686, p < 0.001) and the interaction between 

treatment and year (F(6,27) = 4.827, p = 0.002). For the litter layer cover, we detected a significant 

influence of year in all plots (F(3,27) = 221.896, p < 0.001), mostly due to increasing values until 

2019, and a subsequent moderate decline in 2020. Moreover, a significant influence of treat-

ment (F(2,9) = 10.893, p = 0.004), and an interaction between treatment and year (F(6,27) = 6.355, 

p < 0.001), reflect higher litter accumulation in both drought treatments over the years com-

pared with the control, especially in 2018. Hence, community structures responded immedi-

ately to factors that relate to ambient and artificial drought in the experiment. 
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Figure 2. Changes in community structures in response to treatment and year (estimate and its standard error of 

the linear mixed effects model): (a) herb layer cover, (b) herb layer height, (c) moss layer cover, (d) moss layer 

height, and (e) litter layer cover. 
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Ellenberg indicator scores for temperature, moisture, and nitrogen changed according to 

changes in plant community composition (Figure 3; Appendix S4.4). We detected a significant 

difference in Ellenberg T score among drought treatments (F(2,9) = 18.836, p < 0.001), with higher 

scores in the moderate (R30) and strong (R60) drought treatments. Moreover, Ellenberg T score 

was influenced by year (F(3,27) = 111.724, p < 0.001), with significantly increased scores in 2018 

(β = 0.09, p = 0.032) and 2020 (β = 0.28, p < 0.001). A significant interaction between treatment 

and year (F(6,27) = 4.389, p = 0.003) reflected the gradually increasing difference in Ellenberg T 

score between the control and both drought treatments in 2019 and 2020. Ellenberg F score 

was influenced only by year (F(3,27) = 25.5, p < 0.001), and not by treatment or their interaction, 

with F scores being smaller in 2019 (β = −0.56, p < 0.001) and 2020 (β = −0.48, p < 0.001). Similarly, 

the Ellenberg N score was influenced by year (F(3,27) = 110.355, p < 0.001) but not by treatment. 

There was also no different development under the drought treatments over time. Ellenberg 

N score showed a marked increase in the final experiment year 2020 (β = 0.36, p < 0.001). Hence, 

the factor year, with its linked ambient dry conditions, proved to be the most influential factor 

on Ellenberg indicator scores. Moreover, Ellenberg T and N scores, in particular, indicated an 

increasing trend over the years.  
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Figure 3. Changes in community-weighted means of (a) Ellenberg indicator scores for temperature (T), (b) moisture 

(F), and (c) nitrogen (N) in response to treatment and year (estimate and its standard error of the linear mixed 

effects model). 

Effects on sociological and functional groups 

Sociological groups showed nonlinear responses to treatment and year (Figure 4; Appendix 

S4.5). Character species changed according to year (F(3,27) = 26.280, p < 0.001), with a short-term 

decrease in 2018 (β = −0.122, p = 0.008) and a subsequent increase in 2019 (β = 0.112, p = 0.015) 

that remained almost stable at the same level in 2020 (β = 0.087, p = 0.052). We found neither 

an effect of treatment nor a significant interaction between treatment and year on character 

species. For low-productive species, we found a significant difference among drought treat-

ments (F(2,9) = 4.791, p = 0.038), with a higher proportion in the moderate (R30) drought treat-

ment (β = 0.041, p = 0.04), and an effect of year (F(3,27) = 22.387, p < 0.001). The proportion of low-

productive species was higher in 2018 (β = 0.076, p < 0.001) and in 2020 (β = 0.071, p < 0.001). 

No interaction between drought treatment and year was detected. Agricultural grassland spe-

cies were influenced by year (F(3,27) = 16.679, p < 0.001), responding with an increase in 2018 
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(β = 0.046, p = 0.002) and subsequent reduction to the pretreatment level of 2017. Furthermore, 

we found no effect of drought treatment or the interaction between drought treatment and 

year. 

 

 

 

 

 

 

 

 

 

Figure 4. Changes in community-weighted means of sociological groups in response to treatment and year (esti-

mate and its standard error of the linear mixed effects model): (a) character species, (b) low-productive species, and 

(c) species of agricultural grasslands. 

Functional groups responded in different directions over the years (Figure 5; Appendix S4.6). 

The proportion of forbs showed a significant response to year (F(3,27) = 82.838, p < 0.001), with 

the CWM of forbs being significantly higher, especially in 2020 (β = 0.15, p < 0.001). There was 

an effect of treatment (F(2,9) = 10.075, p = 0.005), showing that the plots under the moderate 

drought treatment (R30) had a slightly higher proportion of forbs. No interaction between 

treatment and year was detected, which reflects a similar change in forbs for all treatments 

during the experiment. By contrast, the CWM of graminoids was influenced by treatment 

(F(2,9) = 4.639, p = 0.041) and year (F(3,27) = 47.201, p < 0.001). The proportion of grasses decreased 
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in all treatments, moderately in 2019 (β = −0.048, p = 0.043) and strongly in 2020 (β = −0.124, 

p < 0.001). A significant interaction between treatment and year (F(6,27) = 4.924, p = 0.002) re-

flected different developments among treatments over time: graminoids in both drought treat-

ments declined after a short-term increase in 2018, but to a lesser degree than in the control. 

 

Figure 5. Changes in community-weighted means of functional groups in response to year and treatment (estimate 

and its standard error of the in response to treatment and year (estimate and its standard error of the linear mixed 

effects model): (a) forbs and (b) graminoids. 

Discussion 

Our study of the effects of ambient and experimental drought in oligotrophic mountain Nardus 

grasslands showed that the species community responded to the multi-annual drought regime 

with significant changes in species cover and community characteristics during the observa-

tion period. Measured temperature, humidity, and VPD underpin the severity of these 

droughts, of which 2018 proved to be most extreme year, with significantly reduced precipi-

tation and increased temperature during the growing season. Hence, changes in community 

composition were most strongly related to the effect of year, reflecting the driving influence 

of these unintentional natural drought extremes during the experiment. Nonetheless, we were 

able to detect significant effects of the artificial drought treatments on community composi-

tion, structure, and Ellenberg indicator scores. These effects were, however, considerably 

weaker than the effect of year, were partly opposite and were not always as we initially ex-

pected. 

Regarding community composition, we expected that drought treatments would amplify the 

effects of ambient drought conditions over the years (or vice versa). However, the RDA results 

revealed no common effects of treatment and year on community composition, hence species 

responded differently and in an unrelated way to ambient drought compared with the 
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artificial drought caused by the rainout shelters. Variance partitioning showed a small nega-

tive adjusted R² value for the common effect, which can also be interpreted as zero (Legendre, 

2008). Moreover, compared with the control, changes were less pronounced in the strong 

drought treatment (R60) than in the moderate treatment (R30). The identified changes in com-

munity composition over the years were mostly undirected and largely driven by annual 

changes in climate conditions. Similarly to the study of Holub et al. (2013), which considered 

montane species-poor Nardetalia grasslands in the Czech Republic, total species richness re-

mained rather constant under drought. However, we detected significant community changes, 

which were not observed in the species-poor community by Holub et al. (2013). Our results 

showed a significant increase in evenness, which can be associated with increases in subdom-

inant species (e.g., Vaccinium myrtillus, Veronica officinalis) and decreases in dominant species 

(e.g., Nardus stricta, Deschampsia flexuosa). In our study, the observed species changes were 

likely induced by the more severe drought conditions (especially in 2018), which triggered the 

potentially critical response threshold of many species that was not reached in the other study 

(Hillebrand et al., 2020; Ratajczak & Ladwig, 2019). 

Compared with effects on community composition, the effects of drought on community 

structure were more consistent. For example, the decrease in the herb layer height was strongly 

related to year, indicating a gradual decrease, but this decrease was seen earlier under the 

drought treatments (2019) than in the control (2020). The strongest decreases in moss cover 

and height were observed in the drought treatments, whereas both parameters decreased less 

in the control. Hence, this treatment-specific trajectory suggests that structural characteristics 

of the moss layer are particularly sensitive to drought. Litter cover increased under the 

drought treatments and after the most severe drought conditions in 2018, when plant mortality 

and senescence were increased and decomposition hampered (Oddi et al., 2019; Sanaullah et 

al., 2012). 

Results from CWMs of Ellenberg indicator scores and species groups demonstrated the spe-

cific response pattern of Nardus grasslands. Ellenberg indicator scores increased for tempera-

ture (T) and decreased for moisture (F), as expected. The strong increase in the T indicator 

score in the drought treatments during the years suggests that the increase of thermophilous 

species in the Nardus grassland community was more pronounced and accelerated at higher 

drought levels (Ploughe et al., 2019). Moreover, the Ellenberg indicator score for nitrogen (N) 

increased consistently across treatments in the last year of the experiment due to the decline 

in dominant species with low N indicator scores (e.g., Nardus stricta), but not by increases of 

nutrient-demanding species. The response of sociological and functional groups showed an 

antagonistic pattern (i.e. character species vs low-productive species and species of agricul-

tural grassland as well as forbs vs graminoids). By accessing deeper water resources in the soil, 
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many perennial forbs with conservative growing strategies can persist better than grasses un-

der dry conditions (Nippert & Knapp, 2007). 

In sociological groups, character species decreased in 2018, when subdominant species (i.e. 

low-productive species) and species from agricultural grasslands increased, which changed to 

an increase in character species later in the experiment. This subsequent increase also included 

species with a clear montane distribution, like Arnica montana, for which negative functional 

trait responses to climate stress have been identified (Stanik et al., 2020). However, these low 

competitive species might have benefited from more suitable community structures, owing to 

the less dense and lower herb and moss layer in the years after the most severe drought in 

2018 (Hollmann et al., 2020). This positive community-based feedback may have overridden 

direct negative drought effects on these species. 

Our observations demonstrate that many changes in the vegetation community were rather 

time-lagged in the next or even two years after the extreme drought. For example, significant 

shifts in Ellenberg indicator scores or functional groups first became evident in 2019. Further-

more, because of the high number of slow-growing species in Nardus grasslands, many 

changes in species first became significant in 2020, whereas the year 2019 was not associated 

with any specific species change compared with the pretreatment state of 2017. These findings 

are similar to results from earlier studies that describe the year-to-year dynamics of species in 

response to weather patterns in perennial-dominated dry grasslands (Fischer et al., 2020) and 

annual-dominated grasslands (Dudney et al., 2017). Those studies identified weather fluctua-

tions within and across years as one factor creating time lags in species’ responses in oligo-

trophic grasslands (Herben et al., 1995). In these cases, the previous years’ climate led to cas-

cading changes in the community structure, to senescence in dominant species, and a delayed 

recovery in perennials, which favoured dynamic species. The latter species benefited from the 

decline in less drought-tolerant species and buffered drought impacts on the community level 

(Zhang et al., 2020). 

In addition to habitat filters, which select species at higher levels to constitute the habitat itself, 

community filters for niche differentiation are important for within-habitat species composi-

tion (Maire et al., 2012). Increasing drought due to climate change will act as a habitat filter 

and presumably lead to a long-term shift in species pools due to changed species’ beta niches, 

i.e. the range of physical environmental conditions under which species fitness is maintained 

(Peppler-Lisbach & Schröder, 2004). Conversely, community filters are more likely to control 

short-term effects on community composition and to affect species’ alpha niches, i.e. the niche 

differentiation that arises when plant species use resources differently and thus coexist and 

persist within a community (Wilson et al., 2019). 
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In Nardus grasslands, a regular reciprocal replacement of dominant species has been identi-

fied, even under normal environmental conditions (Herben et al., 1997). Our results indicate 

that the drought-related decline in the dominant graminoid, Nardus stricta, was at least partly 

compensated for by increases in other matrix graminoid species such as Deschampsia flexuosa 

and Festuca ovina agg., which share a similar (alpha) niche space. This suggests that under 

drought conditions, mechanisms underlying the internal structuring of dominant species in 

this habitat were largely maintained, even if total herb layer cover decreased. When disturb-

ances and environmental severity increase, the number of available niches for plants to coexist 

also increases (Harpole & Tilman, 2007). In the grassland system we studied, species that ben-

efited from this newly available alpha niche space were predominantly small-growing forbs 

with stolons (Veronica officinalis and Galium saxatile) or graminoids with rather high vegetative 

persistence (Carex pilulifera and Helictotrichon pratense) that are characteristic of this type of 

grassland. Other species from more productive grasslands were not able to develop domi-

nance after their short-term increase in the following years. The competitive ability and regen-

eration of these species proved to be strongly constrained by consecutive droughts in oligo-

trophic systems (van Daele et al., 2017). Therefore, the observed changes in abundance of low-

productive and character species, together with the relative stability of species richness, indi-

cate that community filters, which generate an altered set of alpha niches, may play an in-

creased role in recovery of the community after droughts. Interestingly, even species with less 

suitable beta niche requirements, for example species with relatively high Ellenberg F scores, 

could benefit from extreme drought in the short term, if they show suitable adaptations to 

altered alpha niche situations (e.g., Galium saxatile with its fast vegetative spread by stolons). 

Limitations in our experiment arise from strong year effects (Werner et al., 2020). Under the 

exceptionally dry ambient conditions during most of the annual experimental period in 2018 

and 2019, the additional rainfall exclusion did not develop its full treatment effect (Aguirre et 

al., 2021). However, by considering year effects together with the treatment effects in our anal-

yses, we were able to separate the relative importance of these natural and artificial factors for 

the observed community changes. Owing to the decreasing predictability and projected higher 

frequency of extreme climate events, results from in situ rainout shelter experiments become 

increasingly difficult to interpret. Thus, to better separate year and treatment effects, and better 

control for unintended soil-water differences resulting from natural droughts, future experi-

ments should include not only drought, but also wetting treatments, and collect observations 

over multiple years (Werner et al., 2020). Further limits to linking the community changes to 

our monitored climate variables may arise from drought periods prolonged into autumn and 

early winter, and thus beyond the considered growing season, which was particularly the case 

in 2018 (Appendix S2.1). Contrary to the underlying climate-change models for our experi-

ment, precipitation amounts in autumn 2018 were below the long-term mean, which could 
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have hampered or delayed recovery and partial regrowth of the vegetation (Deléglise et al., 

2015; Herben et al., 1995). In the case of repeatedly prolonged drought seasons, hampered 

species’ recoveries could promote species turnover in the long term, particularly by affecting 

slow-growing or short-lived species (Fischer et al., 2020), which we may not have observed 

within our limited experimental period. Furthermore, limitations arise from the small number 

of replicates per treatment, even if experiments to study climate change effects on grasslands 

have likewise been conducted with a small number of replicates (Bruelheide, 2003). With a 

small number of replicates, variation in the data analysed increases, which may lead to over-

/underestimated model results. However, most results of the assessed indicators for commu-

nity change were statistically significant and therefore a robust basis for result interpretation. 

In conclusion, despite the significant abundance-related community changes in response to 

multiple droughts, our findings indicate a short-term resilience of species-rich Nardus grass-

lands to drought in spring and summer (April to August). We could neither detect a significant 

shift of the community state nor a decline in species richness or erosion of sociological and 

functional groups. Changes were largely buffered by species already present in the commu-

nity that utilised newly available alpha niches. Therefore, our findings support modelled pro-

jections, as well as an expert-based habitat conservation assessment that assumed a moderate 

sensitivity of Nardus grasslands to climate change in Europe (Beierkuhnlein et al., 2014; Peter-

mann et al., 2007). However, possible long-term effects of climate change need to be consid-

ered, such as fitness decline, shifts in species pools and, finally, the exclusion of drought-intol-

erant montane species (Jung et al., 2020; Silvertown & Charlesworth, 2001). Implications for 

the future conservation of this threatened grassland type that arise in this context are: more 

frequent and more intense droughts may induce long-term effects and push the community 

beyond critical resilience thresholds. Increased efforts are thus required to reduce the pressure 

of other environmental change drivers and to improve the current quality of these grasslands. 

In parallel, long-term monitoring at the community and species levels is necessary to identify 

which plant traits mediate the coexistence of competing plants in oligotrophic grasslands un-

der altered climatic conditions (Tredennick et al., 2017). 
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Supporting Information to the paper 

Appendix S1: Assignment of species to species groups. 

Table S1. Assignment of species to species groups. 

Species name Species code Sociological group Functional group 

Achillea millefolium ACHIMIL    G F 

Agrostis capillaris AGRTCAP    G G 

Ajuga reptans AJUGREP    I F 

Alchemilla hybrida agg. ALCH#HY    G F 

Anemone nemorosa ANEONEM    I F 

Anthoxanthum odoratum ANTXODO    I G 

Arnica montana ARNIMON    C F 

Betonica officinalis BETOOFF    G F 

Bistorta officinalis BISTOFF    G F 

Calluna vulgaris CALQVUL    C x 

Campanula rotundifolia CAMPROT    D F 

Carex pilulifera CAREPIU    C G 

Crepis mollis CREPMOL    G F 

Danthonia decumbens DANTDEC    C G 

Deschampsia cespitosa DESCCES    I G 

Deschampsia flexuosa DESCFLE    C G 

Dicranum scoparium DICUSCO    I x 

Festuca ovina agg. FEST.OV    D G 

Festuca rubra agg. FEST.RU    G G 

Galium boreale GALUBOR    D F 

Galium pumilum GALUPUM    D F 

Galium saxatile GALUSAX    C F 

Helianthemum nummularium HELINUM    D F 

Helictotrichon pratense HELTPRA    D G 

Hieracium lachenalii HIERLAC    D F 

Hieracium pilosella HIERPIO    D F 

Holcus lanatus HOLCLAN    G G 

Hypericum maculatum HYPEMAC    D F 

Knautia arvensis KNAUARV    G F 

Lathyrus linifolius LATYLIN    C F 

Lathyrus pratensis LATYPRA    G F 

Leontodon hispidus LEONHIS    G F 

Leucanthemum vulgare agg. LEUN#VU    G F 

Lotus corniculatus LOTUCOR    D F 

Luzula campestris LUZUCAM    C G 

Luzula luzuloides LUZULUU    I G 

Luzula multiflora LUZUMUL    C G 

Nardus stricta NARUSTR    C G 

Phyteuma spicatum PHYESPI    I F 

Pimpinella saxifraga PIMPSAX    D F 
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Plantago lanceolata PLAJLAN    G F 

Platanthera chlorantha PLARCHL    D F 

Pleurozium schreberi PLEZSCH    C x 

Poa chaixii POACHA    I G 

Polygala vulgaris POLGVUL    C F 

Polytrichum formosum POLZFOR    I x 

Potentilla erecta POTEERE    D F 

Ranunculus nemorosus RANCNEM    I F 

Rhinanthus minor RHINMIN    D F 

Rhytidiadelphus squarrosus RHYISQU    I x 

Rumex acetosa RUMEACE    G F 

Sanguisorba officinalis SANGOFF    G F 

Serratula tinctoria SERRTIN    D F 

Stellaria graminea STELGRA    I F 

Thesium pyrenaicum THESPYR    D F 

Thymus pulegioides THYUPUL    D F 

Trifolium pratense TRIFPRA    G F 

Trifolium repens TRIFREP    G F 

Vaccinium myrtillus VACIMYR    C x 

Vaccinium vitis-idaea VACIVIT    C x 

Veronica chamaedrys VEROCHA    I F 

Veronica officinalis VEROOFF    C F 

Viola canina VIOLCAN    C F 

Abbreviations:  

Sociological groups: C – Character species; D – Low-productive species; G – Species of agricultural grasslands; I – 

Indifferent and therefore not assigned 

Functional groups: F – Forb; G – Graminoid; x – Species group not assigned 
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Appendix S2: Climate parameters among years and treatments. 

Table S2.1. Precipitation [mm]. 

 Reference period 

(1961-1990) 

Pretreatment 

year (2017) 

2018 2019 2020 

January 80.77 (39.94) 80.9 154 201 64.7 

February 64.33 (38.47) 56.8 21.9 39.2 177 

March 78.96 (42.34) 99.2 91.2 115.5 85.1 

April 83.57 (39.17) 28.8 78.8 42.9 13.5 

May 96.46 (45.61) 72 107.2 144.8 62.7 

June 114.55 (44.24) 91.4 16.4 51.2 130.1 

July 109.42 (53.55) 275 59.2 75.3 52.0 

August 100.05 (53.88) 112.9 24.3 51.8 120.6 

September 83.28 (40.92) 79.9 56 94.5 29.6 

October 79.39 (45.70) 156 49.7 129.6 160.2 

November 89.07 (38.08) 126.9 25.1 88.3 42.3 

December 103.94 (59.95) 123 146.4 97 104 

Sum experiment 

term (April-August) 504.1 580.1 285.9 366.0 378.9 

(multi-)annual  

precipitation sum 1,083.79 1,302.8 830.2 1,131.1 1,041.8 

Note: For the reference period, given are the multi-annual means of the monthly precipitation sum and the sd (in round brackets) for the multi-annual  

mean across years of the reference period. Precipitation values set in italics are from the time beyond the experiment period and only for informative  

reasons (September to December 2020).  
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Table S2.2. Temperature [°C]. 

 Reference 

period  

(1961-

1990) 

 Pretreatment year 

(2017) 

  2018   2019   2020 

 
AMB KOD R30 R60  AMB KOD R30 R60  AMB KOD R30 R60  AMB KOD R30 R60 

April 3.48 (1.61) 5.41 5.90  5.90  5.90   11.78 12.27  12.36  12.57   7.92 8.32  8.34  8.55   9.71 9.97  10.18  10.35  

May 8.28 (1.65) 12.78 13.27  13.27  13.27   13.84 14.13  14.27  14.47   8.79 9.29  9.23  9.37   10.14 10.66  10.86  10.89  

June 11.30 

(1.32) 

16.05 16.54  16.54  16.54   16.33 17.25  17.53  17.84   19.07 19.61  19.61  19.92   15.08 15.56  15.79  15.80  

July 13.08 

(1.87) 

16.33 16.82  16.82  16.82   19.78 20.63  20.69  21.11   17.52 18.25  18.26  18.43   16.58 17.02  17.16  17.26  

August 13.00 

(1.24) 

16.45 16.94  16.94  16.94   18.76 19.13  19.16  19.55   17.71 17.98  18.02  18.33   18.64 18.95  18.94  19.12  

Annual  

experiment 

term 

9.83 13.40 13.89  13.89  13.89   16.10 16.68  16.80  17.11   14.20 14.69  14.69  14.92   14.03 14.43  14.59  14.69  

Note: Because in 2017 no rainout shelter roofs have been installed, the single treatment plots had in that year the same temperature values. Given are the mean and sd (in round brackets). AMB: 

Ambient temperature at study site, KOD: control plots, R30: treatment with 30% reduction of precipitation, R60: treatment with 60% reduction of precipitation. Measurements of AMB were 

taken in 2 m aboveground and in the plots (KOD, R30, R60) below the rainout shelters in 40 cm aboveground.  
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Table S2.3. Humidity [%]. 

 Reference 

period  

(1961-

1990) 

 Pretreatment year 

(2017) 

  2018   2019   2020 

 
AMB KOD R30 R60  AMB KOD R30 R60  AMB KOD R30 R60  AMB KOD R30 R60 

April 80.36 

(6.23) 

72.63 72.56  72.56  72.56   66.15 66.08  64.48  63.63   68.83 68.26  67.26  66.29   56.60 56.19  54.56  53.37  

May 77.48 

(6.81) 

72.60 72.53  72.53  72.53   68.77 69.50  68.09  67.59   79.00 78.38  77.48  76.55   71.98 71.21  68.55  68.18  

June 79.96 

(5.46) 

71.82 71.75  71.75  71.75   72.84 71.50  70.50  69.67   66.48 67.24  65.89  64.34   77.42 77.39  73.66  74.11  

July 78.91 

(7.24) 

79.08 79.01  79.01  79.01   56.16 56.01  55.67  54.10   68.66 67.88  66.41  65.30   68.07 69.36  67.15  66.81  

August 79.79 

(5.69) 

77.40 77.33  77.33  77.33   64.37 63.80  63.09  61.59   72.14 72.78  70.43  69.62   69.51 70.39  68.71  68.10  

Annual  

experiment 

term 

79.30 74.71 74.64  74.64  74.64   65.66 65.38  64.36  63.32   71.03 70.90  69.49  68.42   68.72 68.91  66.53  66.12  

Note: Because in 2017 no rainout shelter roofs have been installed, the single treatment plots had in that year the same humidity values. Given are the mean and sd (in round brackets). AMB: 

Ambient humidity at study site, KOD: control plots, R30: treatment with 30% reduction of precipitation, R60: treatment with 60% reduction of precipitation. Measurements of AMB were taken 

in 2 m aboveground and in the plots (KOD, R30, R60) below the rainout shelters in 40 cm aboveground.  
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Table S2.4. Vapour Pressure Deficit (VPD) [kPa]. 

 Refer-

ence 

period  

(1961-

1990) 

 Pretreatment year 

(2017) 

  2018   2019   2020 

 

AMB KOD R30 R60  AMB KOD R30 R60  AMB KOD R30 R60  AMB KOD R30 R60 

April 0.1876 

(0.0692) 

0.2456 0.2720  0.2720  0.2720   0.46786 0.4665  0.4741  0.4887   0.3324 0.4171  0.4268  0.4464   0.5225 0.5720  0.6013  0.6246  

May 0.2869 

(0.1079) 

0.4046 0.4821  0.4821  0.4821   0.49425 0.5132  0.5480  0.5673   0.2376 0.2755  0.2865  0.3024   0.3473 0.4170  0.4576  0.4644  

June 0.3137 

(0.1099) 

0.5139 0.5753  0.5753  0.5753   0.50450 0.6073  0.6391  0.6701   0.7401 0.8337  0.8608  0.9138   0.3870 0.4532  0.5283  0.5211  

July 0.3763 

(0.1690) 

0.3886 0.4444  0.4444  0.4444   1.01092 1.1285  1.1396  1.2106   0.6277 0.7956  0.8240  0.8629   0.6024 0.6311  0.6801  0.6921  

August 0.3478 

(0.1215) 

0.4229 0.4571  0.4571  0.4571   0.77126 0.8889  0.9058  0.9646   0.5640 0.5927  0.6436  0.6772   0.6550 0.7338  0.7710  0.7961  

An-

nual 

experi-

ment 

term  

0.3025  0.3951 0.4462  0.4462  0.4462   0.6498 0.7209  0.7413  0.7803   0.5004 0.5829  0.6083  0.6406   0.5028 0.5614  0.6077  0.6197  

Note: Because in 2017 no rainout shelter roofs have been installed, the single treatment plots had in that year the same VPD values. Given are the mean and sd (in round brackets). AMB: Ambient 

VPD at study site, KOD: control plots, R30: treatment with 30% reduction of precipitation, R60: treatment with 60% reduction of precipitation. Measurements of AMB were taken in 2 m 

aboveground and in the plots (KOD, R30, R60) below the rainout shelters in 40 cm aboveground. 
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Table S2.5. Mixed effects model results for the test of differences in climate parameters of the ambient climate 

among periods. 

  Temperature [°C] Humidity [%] VPD [kPa] 

Predictors 
Esti-

mates 
CI p 

Esti-

mates 
CI p 

Esti-

mates 
CI p 

Climate reference  

period (1961-1990) at 

Wasserkuppe weather 

station (Intercept) 

9.83 6.02 – 

13.64 

<0.001 79.30 74.78 –

83.82 

<0.001 0.30 0.16 – 0.45 <0.001 

Ambient climate at  

study site 2017 

3.58 1.61 – 5.54 <0.001 -4.59 -10.99 

– 1.80 

0.159 0.09 -0.07 

– 0.25 

0.259 

Ambient climate at  

study site 2018 

6.27 4.31 – 8.23 <0.001 -

13.64 

-20.04 

– -7.25 

<0.001 0.35 0.18 – 0.51 <0.001 

Ambient climate at  

study site 2019 

4.37 2.41 – 6.34 <0.001 -8.28 -14.67 

– -1.88 

0.011 0.20 0.04 – 0.36 0.016 

Ambient climate at  

study site 2020 

4.20 2.24 – 6.17 <0.001 -

10.58 

-16.98 

– -4.19 

0.001 0.20 0.04 – 0.36 0.015 

Random Effects 

σ2 2.51 26.61 0.02 

τ00 16.36 month 0.00 month 0.01 month 

ICC 0.87   0.37 

N 5 month 5 month 5 month 

Observations 25 25 25 

Marginal R2 /  

Conditional R2 

0.188 / 0.892 0.468 / NA 0.345 / 0.586 
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Table S2.6. Posthoc test results for the comparison among the years of the experiment and the reference period 

(Multiple Comparisons of Means: Tukey Contrasts with Benjamini-Hochberg P value correction) 

 Estimate Std. Error z value P 

Temperature 

2017 - 1961-1990 == 0 3.576 1.002 3.568 < 0.001 *** 

2018 - 1961-1990 == 0 6.270 1.002 6.256 < 0.001 *** 

2019 - 1961-1990 == 0 4.374 1.002 4.364 < 0.001 *** 

2020 - 1961-1990 == 0 4.202 1.002 4.193 < 0.001 *** 

2018 - 2017 == 0 2.694 1.002 2.688 0.0144* 

2019 - 2017 == 0 0.798 1.002 0.796 0.5324 

2020 - 2017 == 0 0.626 1.002 0.625 0.5914 

2019 - 2018 == 0 -1.896 1.002 -1.892 0.0836 

2020 - 2018 == 0 -2.068 1.002 -2.063 0.0651 

2020 - 2019 == 0 -0.172 1.002 -0.172 0.8637 

Humidity 

2017 - 1961-1990 == 0 -4.594 3.263 -1.408 0.2273 

2018 - 1961-1990 == 0 -13.642 3.263 -4.181 0.0003*** 

2019 - 1961-1990 == 0 -8.278 3.263 -2.537 0.0279* 

2020 - 1961-1990 == 0 -10.584 3.263 -3.244 0.0059** 

2018 - 2017 == 0 -9.048 3.263 -2.773 0.0185* 

2019 - 2017 == 0 -3.684 3.263 -1.129 0.3236 

2020 - 2017 == 0 -5.990 3.263 -1.836 0.1328 

2019 - 2018 == 0 5.364 3.263 1.644 0.1669 

2020 - 2018 == 0 3.058 3.263 0.937 0.3874 

2020 - 2019 == 0 -2.306 3.263 -0.707 0.4797 

Vapour Pressure Deficit (VPD) 

2017 - 1961-1990 == 0 0.09266 0.08201 1.130 0.2872 

2018 - 1961-1990 == 0 0.34530 0.08201 4.211 0.0003*** 

2019 - 1961-1990 == 0 0.19790 0.08201 2.413 0.0395* 

2020 - 1961-1990 == 0 0.20038 0.08201 2.443 0.0395* 

2018 - 2017 == 0 0.25264 0.08201 3.081 0.0103* 

2019 - 2017 == 0 0.10524 0.08201 1.283 0.2492 

2020 - 2017 == 0 0.10772 0.08201 1.314 0.2492 

2019 - 2018 == 0 -0.14740 0.08201 -1.797 0.1287 

2020 - 2018 == 0 -0.14492 0.08201 -1.767 0.1286 

2020 - 2019 == 0 0.00248 0.08201 0.030 0.9759 
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Appendix S3: Differences of soil water content among treatments. 

Table S3. Differences of soil water content among treatments. 

  Soil water content [vol-%] 

Predictors Estimates CI p 

Unroofed control [KOD] (Intercept) 42.17 39.79 – 44.54 <0.001 

Moderate drought treatment [R30] -1.11 -4.46 – 2.25 0.518 

Strong drought treatment [R60] -7.30 -10.65 – -3.94 <0.001 

Random Effects 

σ2 9.15 

τ00 PlotID 2.80 

ICC 0.23 

N PlotID 12 

Observations 36 

Marginal R2 / Conditional R2 0.470 / 0.594 

Methodological statement: We took three soil samples per plot with soil core cutters (diameter = 57 mm, height = 40.5 mm). 

Fresh soil samples were weighted immediately after sampling, then dried for at least 72 h at 105°C until weight was constant 

and afterwards weighted again to determine volumetric soil water content [vol-%]. Differences in soil water content among 

treatments were analysed based on a linear mixed effects model with the following formula:  

lmer(Soil water content ~ Treatment + (1 | PlotID), data, REML = TRUE) 
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Appendix S4: Detailed results for changes in diversity indices, community structures, Ellenberg indicator scores, and for changes in sociological 

and functional groups. 

Table S4.1. Mixed model results for diversity indices (linear mixed effects model for Evenness and generalised linear mixed effects model for species richness). 

  Evenness Species richness 

Predictors Estimates CI p Incidence Rate Ratios CI p 

Control [KOD] / Year [2017] (Intercept) 0.46 0.42 – 0.51 <0.001 22.74 18.47 – 27.99 <0.001 

Treatment [R30] 0.06 0.00 – 0.12 0.041 0.99 0.74 – 1.33 0.942 

Treatment [R60] 0.03 -0.03 – 0.10 0.267 0.91 0.68 – 1.23 0.549 

Year [2018] 0.12 0.06 – 0.18 <0.001 1.12 0.84 – 1.49 0.429 

Year [2019] -0.04 -0.10 – 0.01 0.141 1.19 0.90 – 1.57 0.229 

Year [2020] 0.13 0.07 – 0.18 <0.001 1.20 0.91 – 1.58 0.204 

Treatment [R30] * Year [2018] -0.03 -0.11 – 0.05 0.477 1.05 0.71 – 1.57 0.808 

Treatment [R60] * Year [2018] -0.02 -0.10 – 0.06 0.587 1.03 0.69 – 1.55 0.880 

Treatment [R30] * Year [2019] 0.02 -0.06 – 0.10 0.648 0.95 0.64 – 1.41 0.783 

Treatment [R60] * Year [2019] 0.04 -0.04 – 0.12 0.362 1.04 0.69 – 1.55 0.865 

Treatment [R30] * Year [2020] -0.05 -0.13 – 0.03 0.244 1.11 0.75 – 1.64 0.590 

Treatment [R60] * Year [2020] 0.08 -0.00 – 0.16 0.055 1.01 0.67 – 1.50 0.977 

Random Effects 
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σ2 0.00 0.04 

τ00 0.00 PlotID 0.00 PlotID 

ICC 0.14 0.03 

N 12 12 PlotID 

Observations 48 48 

Marginal R2 / Conditional R2 0.752 / 0.786 0.185 / 0.207 
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Figure S4.2. Graphical results for mixed model results for diversity indices (linear mixed effects model for Evenness and generalised linear mixed effects model for species 

richness). 

  
Figure of S4.2. Changes in community diversity—(a) evenness and (b) species richness—in response to treatment and year (estimate and its standard error of the LMM and 

GLMM).  



 –   Chapter 3 

–   134   – 

Table S4.3. Mixed model results for community structures (linear mixed effects models). 

  Herb layer cover [%] 
Herb layer height 

[log(cm)] 
Moss layer cover [%] Moss layer height [mm] Litter layer cover [%] 

Predictors 
Esti-

mates 
CI p 

Esti-

mates 
CI p 

Esti-

mates 
CI p 

Esti-

mates 
CI p 

Esti-

mates 
CI p 

(Intercept) 85.75 81.01 –

90.49 

<0.001 3.26 3.18 – 

3.35 

<0.001 87.50 82.99 –

92.01 

<0.001 28.75 25.44 – 

32.06 

<0.001 13.00 6.57 – 19.43 <0.001 

Treatment [R30] -2.00 -8.70 – 

4.70 

0.558 -0.05 -0.17 – 

0.08 

0.462 -6.25 -12.63 – 

0.13 

0.055 -0.00 -4.68 – 

4.68 

1.000 5.75 -3.35 – 14.85 0.215 

Treatment [R60] -0.75 -7.45 – 

5.95 

0.826 0.05 -0.08 – 

0.17 

0.466 -2.50 -8.88 – 

3.88 

0.443 -1.25 -5.93 – 

3.43 

0.601 1.50 -7.60 – 10.60 0.747 

yr. [2018] 1.50 -4.96 – 

7.96 

0.649 0.09 -0.03 – 

0.21 

0.142 -8.75 -13.59 –  

-3.91 

<0.001 -1.75 -6.20 – 

2.70 

0.441 12.00 4.79 – 19.21 0.001 

yr. [2019] -9.25 -15.71 – 

-2.79 

0.005 -0.11 -0.23 – 

0.01 

0.081 -5.00 -9.84 – 

-0.16 

0.043 -5.00 -9.45 – 

-0.55 

0.028 52.00 44.79 – 59.21 <0.001 

yr. [2020] -5.50 -11.96 –

0.96 

0.095 -0.61 -0.73 – 

-0.49 

<0.001 0.75 -4.09 – 

5.59 

0.761 5.25 0.80 – 9.70 0.021 23.25 16.04 – 30.46 <0.001 

Treatment [R30] * 

yr. [2018] 

-1.50 -10.63 – 

7.63 

0.747 -0.03 -0.20 – 

0.14 

0.720 -22.50 -29.34 – 

-15.66 

<0.001 -7.50 -13.79 – 

-1.21 

0.019 16.75 6.56 – 26.94 0.001 

Treatment [R60] * 

yr. [2018] 

0.50 -8.63 – 

9.63 

0.915 -0.08 -0.25 – 

0.09 

0.362 -31.25 -38.09 – 

-24.41 

<0.001 -8.25 -14.54 – 

-1.96 

0.010 28.50 18.31 – 38.69 <0.001 

Treatment [R30] * 

yr. [2019] 

-8.50 -17.63 – 

0.63 

0.068 -0.19 -0.37 – 

-0.02 

0.028 -18.25 -25.09 – 

-11.41 

<0.001 -8.00 -14.29 – 

-1.71 

0.013 2.50 -7.69 – 12.69 0.631 

Treatment [R60] * 

yr. [2019] 

-3.25 -12.38 – 

5.88 

0.485 -0.34 -0.51 – 

-0.17 

<0.001 -40.00 -46.84 – 

-33.16 

<0.001 -8.25 -14.54 – 

-1.96 

0.010 4.75 -5.44 – 14.94 0.361 
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Treatment [R30] * 

yr. [2020] 

3.50 -5.63 – 

12.63 

0.452 -0.01 -0.18 – 

0.16 

0.923 -8.25 -15.09 – 

-1.41 

0.018 -11.75 -18.04 – 

-5.46 

<0.001 8.50 -1.69 – 18.69 0.102 

Treatment [R60] * 

yr. [2020] 

-4.50 -13.63 – 

4.63 

0.334 -0.03 -0.21 – 

0.14 

0.705 -38.25 -45.09 – 

-31.41 

<0.001 -16.50 -22.79 – 

-10.21 

<0.001 18.50 8.31 – 28.69 <0.001 

Random Effects 

σ2 21.70 0.01 12.19 10.30 27.04 

τ00 1.65 PlotID 0.00 PlotID 9.03 PlotID 1.10 PlotID 16.04 PlotID 

ICC 0.07 0.01 0.43 0.10 0.37 

N 12 PlotID 12 PlotID 12 PlotID 12 PlotID 12 PlotID 

Observations 48 48 48 48 48 

Marginal R2 /  

Conditional R2 

0.636 / 0.661 0.910 / 0.911 0.938 / 0.964 0.767 / 0.790 0.912 / 0.945 
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Table S4.4. Mixed effects model results for Ellenberg indicator scores for temperature (T), moisture (F), and nitrogen (N) (linear mixed effects models). 

  CWM Ellenberg T CWM Ellenberg F CWM Ellenberg N 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Control [KOD] / Year [2017] (Intercept) 3.07 3.01 – 3.13 <0.001 4.75 4.56 – 4.94 <0.001 2.11 2.04 – 2.18 <0.001 

Treatment [R30] 0.02 -0.07 – 0.10 0.722 -0.03 -0.31 – 0.24 0.811 0.05 -0.05 – 0.15 0.307 

Treatment [R60] -0.01 -0.10 – 0.08 0.824 -0.12 -0.40 – 0.15 0.381 0.02 -0.08 – 0.12 0.721 

Year [2018] 0.09 0.01 – 0.17 0.032 0.11 -0.15 – 0.36 0.411 -0.05 -0.13 – 0.03 0.206 

Year [2019] 0.03 -0.06 – 0.11 0.556 -0.56 -0.81 – -0.31 <0.001 0.02 -0.06 – 0.09 0.698 

Year [2020] 0.28 0.19 – 0.36 <0.001 -0.48 -0.73 – -0.22 <0.001 0.36 0.28 – 0.44 <0.001 

Treatment [R30] * Year [2018] 0.09 -0.03 – 0.21 0.130 -0.10 -0.46 – 0.25 0.574 0.03 -0.08 – 0.14 0.625 

Treatment [R60] * Year [2018] 0.02 -0.10 – 0.14 0.718 0.08 -0.27 – 0.44 0.646 -0.05 -0.17 – 0.06 0.340 

Treatment [R30] * Year [2019] 0.18 0.06 – 0.30 0.003 0.02 -0.34 – 0.38 0.910 0.05 -0.06 – 0.17 0.337 

Treatment [R60] * Year [2019] 0.15 0.03 – 0.26 0.015 0.25 -0.11 – 0.60 0.171 0.03 -0.08 – 0.14 0.620 

Treatment [R30] * Year [2020] 0.27 0.15 – 0.39 <0.001 0.19 -0.17 – 0.54 0.298 -0.05 -0.16 – 0.07 0.421 

Treatment [R60] * Year [2020] 0.20 0.08 – 0.32 0.001 0.33 -0.02 – 0.69 0.067 -0.05 -0.16 – 0.06 0.379 

Random Effects 

σ2 0.00 0.03 0.00 

τ00 0.00 PlotID 0.01 PlotID 0.00 PlotID 

ICC 0.08 0.16 0.36 
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N 12 PlotID 12 PlotID 12 PlotID 

Observations 48 48 48 

Marginal R2 / Conditional R2 0.890 / 0.899 0.597 / 0.662 0.827 / 0.889 
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Table S4.5. Mixed effects model results for sociological groups (linear mixed effects models). 

  CWM Character Species CWM Low-productive Species CWM Agricultural Grassland Species 

Predictors Estimates CI p Estimates CI p Estimates CI p 

Treatment [KOD] / Year [2017] (Intercept) 0.76 0.70 – 0.82 <0.001 0.03 0.00 – 0.06 0.036 0.01 -0.01 – 0.03 0.315 

Treatment [R30] -0.03 -0.12 – 0.05 0.465 0.04 0.00 – 0.08 0.033 0.02 -0.01 – 0.05 0.208 

Treatment [R60] 0.02 -0.07 – 0.10 0.700 0.01 -0.02 – 0.05 0.440 0.02 -0.01 – 0.05 0.285 

Year [2018] -0.12 -0.21 –  

-0.04 

0.004 0.08 0.04 – 0.11 <0.001 0.05 0.02 – 0.07 <0.001 

Year [2019] 0.11 0.03 – 0.20 0.009 0.03 -0.01 – 0.06 0.158 0.01 -0.02 – 0.03 0.695 

Year [2020] 0.09 0.00 – 0.17 0.043 0.07 0.04 – 0.11 <0.001 0.00 -0.02 – 0.03 0.764 

Treatment [R30] * Year [2018] 0.02 -0.10 – 0.14 0.788 -0.02 -0.07 – 0.03 0.442 0.01 -0.03 – 0.04 0.669 

Treatment [R60] * Year [2018] 0.01 -0.11 – 0.13 0.885 0.02 -0.03 – 0.07 0.479 -0.00 -0.04 – 0.03 0.890 

Treatment [R30] * Year [2019] 0.01 -0.10 – 0.13 0.819 -0.01 -0.06 – 0.04 0.717 -0.01 -0.04 – 0.03 0.752 

Treatment [R60] * Year [2019] -0.06 -0.17 – 0.06 0.354 0.03 -0.02 – 0.08 0.272 0.00 -0.03 – 0.04 0.871 

Treatment [R30] * Year [2020] -0.02 -0.14 – 0.10 0.782 -0.05 -0.10 – 0.00 0.067 0.01 -0.03 – 0.05 0.571 

Treatment [R60] * Year [2020] -0.12 -0.24 – 0.00 0.051 0.03 -0.02 – 0.08 0.175 0.00 -0.03 – 0.04 0.811 
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Random Effects 

σ2 0.00 0.00 0.00 

τ00 0.00 PlotID 0.00 PlotID 0.00 PlotID 

ICC 0.08 0.13 0.22 

N 12 PlotID 12 PlotID 12 PlotID 

Observations 48 48 48 

Marginal R2 / Conditional R2 0.633 / 0.660 0.632 / 0.682 0.514 / 0.622 
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Table S4.6. Mixed effects model results for functional groups (linear mixed effects models). 

  CWM Forbs CWM Graminoids 

Predictors Estimates CI p Estimates CI p 

Control [KOD] /  

Year [2017] (Intercept) 

0.04 0.02 – 0.07 0.001 0.43 0.38 – 0.48 <0.001 

Treatment [R30] 0.05 0.01 – 0.08 0.014 -0.03 -0.10 – 0.04 0.383 

Treatment [R60] 0.02 -0.02 – 0.05 0.356 -0.00 -0.07 – 0.07 0.928 

Year [2018] 0.04 0.00 – 0.07 0.041 0.01 -0.03 – 0.06 0.530 

Year [2019] 0.02 -0.01 – 0.06 0.205 -0.05 -0.09 – -0.00 0.034 

Year [2020] 0.15 0.11 – 0.18 <0.001 -0.12 -0.17 – -0.08 <0.001 

Treatment [R30] * Year [2018] -0.01 -0.06 – 0.04 0.638 0.11 0.04 – 0.17 0.001 

Treatment [R60] * Year [2018] -0.02 -0.07 – 0.03 0.544 0.13 0.07 – 0.20 <0.001 

Treatment [R30] * Year [2019] 0.01 -0.04 – 0.06 0.812 0.03 -0.04 – 0.09 0.392 

Treatment [R60] * Year [2019] 0.02 -0.03 – 0.07 0.457 0.12 0.06 – 0.19 <0.001 

Treatment [R30] * Year [2020] 0.00 -0.05 – 0.05 0.915 0.07 0.01 – 0.14 0.021 

Treatment [R60] * Year [2020] 0.01 -0.04 – 0.06 0.634 0.11 0.05 – 0.17 0.001 

Random Effects 

σ2 0.00 0.00 

τ00 0.00 PlotID 0.00 PlotID 

ICC 0.05 0.60 

N 12 PlotID 12 PlotID 

Observations 48 48 

Marginal R2 / Conditional R2 0.848 / 0.855 0.667 / 0.868 
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PART III 

 

 

 

General Discussion 

 

 

This thesis aimed to improve our understanding of (i) the intraspecific functional trait re-

sponses of the threatened mountain grassland species Arnica montana under climate-change-

related drought stress at two different life stages and in context of the management, (ii) the 

species’ adaptability to these drivers (Chapter 1 & 2), and (ii) drought-related community 

changes and the resilience of species-rich montane Nardus grasslands (Chapter 3). The follow-

ing section discusses and connects the key findings of the chapters and evaluates how the 

insights gained from the three studies can contribute to a better conservation of montane Nar-

dus grasslands and of Arnica montana as one of their species with high conservation value.  
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Fitness-related responses of Arnica montana : Trends, potentials, and limits for adaptation 

Arnica montana shows the ability to respond to altered climate conditions via intraspecific 

changes in different traits. The diverse traits examined from a set of different trait groups re-

sponded to increased climate stress, but responded with different sensitivity. By contrast, the 

link between the detected trait responses and the management of the grassland habitat and its 

site characteristics was rather weak. Results from Chapter 1 & 2 revealed that intraspecific 

trait responses occurred not only in above- and below-ground vegetative and generative traits, 

but also in physiological traits, and that these responses could be detected in the early (i.e., 

seedlings) and in the later (i.e., adults) life stage of the species. 

The species’ responses in fitness-related traits along the climate gradient studied in Chapter 1 

show a negative trend of declining performance across traits with increasing climate stress, 

which shows that plants under less suitable growing conditions developed a lower perfor-

mance level. This is congruent with the general trend that plant performance decreases with 

increasing environmental stress, which was previously observed for many common temperate 

grassland species (Jung, Gaviria, Sun, & Engelbrecht, 2020). Differences in Arnica’s basic mor-

phometric traits were also described from high elevations in the Alps (Aiello et al., 2012). In 

relation to that, the results of this thesis showed that some functional traits of A. montana re-

spond more sensitively to climate stress (in terms of summer aridity and drought) than others. 

At both life stages leaf and root traits responded highly significantly along the summer aridity 

gradient (Chapter 1) and even to the first level of the drought treatments (moderate drought, 

Chapter 2). Physiological traits, which are generally considered to be particularly functionally 

effective by shaping leaf structure and transpiration (e.g., SLA and LDMC), responded less 

sensitively, i.e. only at higher stress levels such as strong drought (Chapter 2). This indicates 

that the adaptive capacity of A. montana emerges from multi-level responses of trait combina-

tions. At first, the more-sensitive leaf and root traits respond with plastic changes in size and 

growth, which is followed at higher stress levels by changes in physiological traits that adapt 

on the structural basis of leaves and roots. Both allow the plant to buffer stress of different 

intensities. This delineates the overall functional trait plasticity and the potential for adapta-

tions of A. montana to increase performance and fitness in altered environments and to pro-

mote its competitive ability in the vegetation community (Pérez-Ramos, Matías, Gómez-Apa-

ricio, & Godoy, 2019). 

The detected trends and pattern in functional trait responses of A. montana, therefore, can be 

inferred as functional adaptations that increase the species fitness. As most traits responded 

in the same direction and no trade-offs between traits or maladaptations were apparent (Brady 

et al., 2019), the multiple responses of Arnica’s traits contribute synergistically to the adapta-

tion of the individual. For example, by co-adjusting different leaf traits (e.g., developing 
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shorter and narrower leaves, basically reducing transpiration area) the plant can better cope 

with climate stress, compared to adaptations that are induced by responses of a single trait. 

The outcome of the adaptations already became causal, as the direct measure for fitness (sur-

vival) was relatively high even for plants under strong drought (Chapter 2). Consequently, 

these findings suggest a high potential of A. montana for adaptations to climate stress. 

When investigating functional trait responses of a species at different life stages, the question 

arises whether there are ontogenetic differences in the responses between the life stages ob-

served, because this would have implications for population dynamics as well as for the over-

all establishment success of a species (Henn & Damschen, 2021). The results indicate that the 

response trends among traits are similarly directed in both juvenile and adult Arnica plants; 

no divergent trends within traits were observed. Furthermore, no potential trade-off responses 

of functional traits between life stages were apparent. This finding for A. montana is consistent 

with results from other plant species that are typical of European grasslands (Jung et al., 2020), 

but is not consistent with results from common perennial plants in Northern America, where 

especially forbs showed shifting trait values during early stages of development, suggesting a 

transition over time from fastgrowing, resource-acquisitional strategies towards more 

slowgrowing, conservative strategies (Havrilla, Munson, Yackulic, & Butterfield, 2021). Dif-

ferences in reaction norms (i.e., the magnitude of change, which would be an appropriate in-

dicator for such a specific shift), however, could not be compared directly between the studies 

of Chapter 1 and Chapter 2 due to differences in the chosen experimental setting and data 

analyses. Nonetheless, the fact that some traits of A. montana responded significantly only 

when tested in juvenile plants does not mean that their juveniles respond more plasticly and 

more sensitively than adult plants, following a different stress tolerance strategy (Cavender-

Bares & Bazzaz, 2000). This finding rather suggests that the necessary ecological response 

threshold had not been reached in the study observing only adult plants (Chapter 1). The cal-

culated summer aridity scores of the drought treatments in Chapter 2 (i.e. the strong and ex-

treme drought treatment) exceeded the scores of the observed gradient of Chapter 1. There-

fore, higher climate-stress levels need to be present in natural populations of A. montana to 

trigger functional responses of those traits (cf. Hillebrand et al., 2020).  

Considering the responses of Arnica montana to climate stress and data from the literature, the 

findings suggests that the species’ overall trait-fitness response pattern to environmental stress 

follows an unimodal curve, which has also been observed for other species, as well as habitats 

(Menge & Sutherland, 1987). In the unimodal response, the left half of high stress for A. mon-

tana at lower elevations (the dryer and warmer climate end of the response space to stress) up 

to the central optimum with low stress would correspond to the gradient of decreasing envi-

ronmental stress towards higher elevations at the montane level investigated here (Chapter 

1). The right half of the response space, however, would be from the central optimum towards 
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the wet and cold climatic distribution edge, as documented in the literature. Mardari et al. 

(2019) report from the high altitudes of the Carpathians that elevation was an important pre-

dictor for the density and structure of A. montana populations. In that study, total rosette num-

ber decreased and the proportion of vegetative rosettes without flowering increased with ele-

vation. This was interpreted as a shift from sexual reproduction to clonal growth with in-

creased abiotic stress, which was additionally supported by the fact that the inflorescence 

number decreased and the trait’s variability increased with elevation. Similarly, at the edge of 

the northern distribution range, A. montana showed reduced deterministic and stochastic 

growth rates (Vikane, Rydgren, Jongejans, & Vandvik, 2019). Therefore, the mostly positive 

relationship between functional traits and the considered climate gradient detected in Chapter 

1 supports the view that the A. montana populations studied are situated on the left half of the 

species’ climate range towards its fitness optimum. Growing conditions of A. montana became 

worse at the lower edge of the gradient, but climate stress was not high enough to inhibit the 

growth of the species towards a collapse in the species’ performance. Such a collapse could, 

for example, be indicated by increased senescence (Chapter 2) or markedly reduced or absent 

generative reproduction beyond factors that relate to less favourable habitat structures (Hau-

tier, Randin, Stocklin, & Guisan, 2009). 

Nevertheless, most of the observed functional trait responses of A. montana represent a decline 

in performance under increased climate stress. The reduced growth and size of fitness-related 

traits resulted in a lower total biomass, hence a lower viability of individuals compared to 

those in favourable growing conditions (Younginger, Sirová, Cruzan, & Ballhorn, 2017). For 

example, leaf area changed by about 21 % along the observed climate gradient of summer 

aridity (Chapter 1), and even by 66 % between the control and strong drought treatment 

(Chapter 2). In this context, the limits of functional trait adaptation become apparent. In the 

short term, plastic functional trait changes allow a species to maintain organismic develop-

ment and reproduction until the physiological limit of trait responses is reached (e.g., as ob-

served for the root:shoot ratio in Chapter 2). These responses, however, shape the long-term 

success of fitness-related adaptations (Kristensen, Ketola, & Kronholm, 2020). Multi-annual 

impacts of climate change and climate fluctuations markedly influence different aspects of 

growth (performance) and recruitment (reproduction) of plants (Doležal et al., 2022), which 

may then lead to carry-over effects that affect fitness (O'Connor, Norris, Crossin, & Cooke, 

2014).  

Due to methodological constraints from the limited timeframe of the studies (Chapter 1 and 

Chapter 2), however, it was not possible to study and infer the possible long-term success of 

the observed functional trait adaptations to climate stress. When climate-change events be-

come prolonged, or occur more frequently, it may be the case that the functional trait adapta-

tions detected are not sufficient, and that phases of favourable growing conditions are too 
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short to allow a sufficient performance recovery that compensates for negative climate-change 

effects at the individual level. The resulting carry-over effects of these negative impacts may 

then successively lead to a decline in the fitness of individuals, which would ultimately reduce 

the fitness of the whole population (Chevin, Gallet, Gomulkiewicz, Holt, & Fellous, 2013). 

These negative long-term effects on population dynamics—apart from their potential demo-

graphic compensation (Villellas, Doak, García, & Morris, 2015)—would require a long-term 

study, because A. montana and most plant species in the grassland system studied are peren-

nials, with complex and long life cycles (Peppler, 1992). Moreover, factors other than climate, 

such as competition or simultaneous changes in the intensity and frequency of grassland man-

agement (Berg et al., 2010), may also influence these effects. It would therefore be necessary to 

collect detailed demographic data and to consecutively employ demographic models in these 

investigations (Ehrlén, 2019; Lindell, Ehrlén, & Dahlgren, 2021). 

Intraspecific differences in functional traits are a source of genetic local adaptation in plants, 

which can in turn be the results of local adaptation (Leimu & Fischer, 2008). The effects of local 

adaptation in A. montana, as factors influencing intraspecific trait plasticity and variability, 

cannot be entirely excluded in the context of this thesis; because there are indications suggest-

ing the presence of local adaptation in A. montana to different climates by genetic differentia-

tion of populations, but that has not yet been causally related to the identified microsatellite 

markers (Maurice, Matthies, Muller, & Colling, 2016; Vera et al., 2020). To deal with the possi-

ble presence of local adaptations, the studied populations were, first, selected only within the 

same genetic group of A. montana, suggesting a similar genetic structure (Titze et al., 2020) and, 

second, the sampled populations were of approximately the same size, and a similar genetic 

diversity can be assumed. 

An association of leaf width with survival was identified; leaves of juvenile A. montana indi-

viduals with lower leaf width (i.e. by proxy a lower leaf transpiration area) were shown to 

have a higher survival (Chapter 2). This may mark an entry point for phenotypic selection in 

relation to drought. This trait can promote the development of local adaptations, should these 

individuals repeatedly survive and reproduce better under drought conditions. However, to 

separate the influence of intraspecific trait plasticity and possible local adaptations and to val-

idate the role of leaf width as a trait under selection, it would be necessary to conduct a com-

mon-garden experiment or the reciprocal transplantation with A. montana, preferably covering 

the entire climate gradient of the species into the study region (Johnson et al., 2021). 

Ecological resilience of the Nardus grassland community under climate change 

Ecological resilience is generally defined as the ability of an ecological system to resist a per-

turbation or disturbance via transitions in the ecosystem states (Ratajczak & Ladwig, 2019). 

Appropriate indicators are needed to define an ecosystem’s capacity to withstand 
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disturbances and to identify ecosystem regime shifts. In the ecosystem scale, a shift in ecosys-

tem state initiated by marked changes in habitat structures, in functional- and species diversity 

(i.e. a significant species turnover and decline in species diversity) can be seen as suitable in-

dicators to evaluate ecological resilience, as these metrics appropriately describe the state of a 

grassland ecosystem (Scheffer, Carpenter, Dakos, & van Nes, 2015). A non-resilient system 

would be indicated by irreversible and persistent changes, hence showing no signs of recovery 

after triggered changes (Folke et al., 2004). 

The results on the community-level response to drought have highlighted the marked impacts 

of severe droughts on the vegetation community of the oligotrophic grassland type studied. 

However, as most impacts were limited to changes in species’ abundances and community-

weighted means of informative species groups, and no decline in species richness or species 

turnover were indicated, the findings suggest a relatively high short-term resilience of the Nar-

dus grassland community to drought stress (Chapter 3). One factor that should have contrib-

uted to the relative stability of the community is the low presence of legumes in the species 

composition of Nardus grasslands, because legumes have a competitive advantage in N-lim-

ited systems, as they can independently add nitrogen to their internal physiological cycle 

(Faurie, Soussana, & Sinoquet, 1996) and would thus benefit from that in post-drought recov-

ery periods, when water is no longer limited. In the experimental plots of Chapter 3, only five 

legume species of 60 higher-plant species were recorded, and these legume species were either 

at least similarly affected by or not favoured after drought. They obviously could not gain 

dominance during and after the drought, and thus not trigger competition-driven community 

changes. The identified capacity of Nardus grasslands to buffer environmental pressure by cli-

mate change is particularly important in the context of the experimental conditions. The natu-

ral drought conditions in the study years 2018/2019 created a markedly higher total drought 

level than that produced by the experimental treatments originally intended. Hence, the se-

verity of the drought level exceeded the projections of the regional climate-change projections. 

The significant, but not critical, community changes seen support the robustness of the in-

ferred drought resilience of the community, which is also underlined by the later, albeit time-

lagged, recovery of the community under more favourable growing conditions like those in 

2020. 

The identified short-term resistance of the Nardus grasslands community to climate change 

corroborates findings from other semi-natural grassland types in mountain areas. For exam-

ple, for low-productive subalpine grasslands in the central French Alps, Benot et al. (2014) 

showed that two consecutive years of extreme summer weather had a smaller effect on com-

munity composition and biodiversity than mowing, and that these factors were not interactive 

in the short term. The authors, however, did not exclude a potential long-term interaction. 

Similarly, a study in subalpine grasslands of the northern Swiss Alps found no major climate-
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change-related changes in measures of community composition, and that any observed 

changes were limited to an increase or decrease in frequency and cover of some taxa (particu-

larly species with high ecological niche space and alpine and low-growing species) (Vittoz, 

Randin, Dutoit, Bonnet, & Hegg, 2009). In that study also, changes in community composition 

were mainly driven by land management. This emphasizes that the factor management should 

not be neglected in the context of climate change. 

A high level of uncertainty remains about the long-term response and related resilience of the 

community under climate-change impacts. For example, a long-term warming experiment in 

prairie grasslands revealed that community composition was resistant in the first seven years, 

but started to change afterwards (Shi et al., 2015). Essential vegetation changes, triggered by 

climate change, may develop when dominant species, such as Nardus stricta, decline perma-

nently to a lower level, or when the observed changes in community structures, such as a de-

crease in total vegetation cover, become long-lasting (Evans, Byrne, Lauenroth, & Burke, 2011). 

Community changes that were already observed in Nardus grasslands that point to a species 

change towards a community more shaped by drought-resistant and by thermophilous spe-

cies are the decrease in the Ellenberg indicator score for moisture and an increase of the Ellen-

berg indicator score for temperature, respectively (Chapter 3). In consequence, the changes 

initiated in interspecific competition would enable colonising species to occupy sparsely cov-

ered patches or when taller-growing species from more productive grasslands move into 

newly available niches in periods of favourable growing conditions after climate-change 

events (Staude et al., 2022). It has been shown that the functional trait composition of grass-

lands of colder climates lacks competitive traits by the dominance of small-growing species 

with smaller leaves, which leads to a less-effective exclusion of recruits and therefore reduces 

their resistance to new competitors under climate-change conditions (Meineri, Klanderud, 

Guittar, Goldberg, & Vandvik, 2020). In the case of the study region, an increased colonisation 

of Nardus grasslands by the invasive, highly competitive species Lupinus polyphyllus Lindl. 

(based on their whole life history trait set) may be the result, which would eminently reduce 

diversity of these grasslands after invasion (Hansen, Wollny, Otte, Eckstein, & Ludewig, 2021). 

A long-term development towards an altered species composition containing more nutrient-

demanding species would depend on complex mechanisms that could be initiated in recovery 

phases of the vegetation after severe climate-change events. For instance, studies have already 

shown that droughts can alter soil N cycling in mountain grasslands (Fuchslueger et al., 2016). 

During the drought event, nutrients will be immobilised because of limited soil-water supply 

and reduced mineralisation (Blume et al., 2016; van Meeteren, Tietema, van Loon, & Ver-

straten, 2008). In the post-drought period, however, soil nutrient retention can be promoted 

(Bloor & Bardgett, 2012). The increased availability of nitrogen and other nutrients, especially 

phosphorous (Schelfhout et al., 2021), will expectedly favour more competitive, nutrient-
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demanding species; this would suppress smaller-growing species that had initially been pro-

moted by more favourable community structures (Chapter 3). Moreover, the long-term effects 

of droughts were shown to affect not only the present vegetation but also the seed bank. In 

calcareous grasslands, summer drought periods in the long term, but not in the short term, 

severely reduced the size and richness of the soil seed bank, which was mediated only by soil 

depth and was independent of vegetational changes (Basto et al., 2018). However, these com-

plex cause-effect chains need to be more exactly tested in close-to-nature experimental set ups, 

like mesocosm experiments, to be better able to predict changes and interactions (Henry, 2019). 

On the other hand, arguments that would support the view of a high long-term stability of 

Nardus grasslands under climate change can be derived from other factors. Evidence from 

other ecosystems suggests that plant communities on infertile soils are less sensitive to climate 

change (Harrison, Damschen, Fernandez-Going, Eskelinen, & Copeland, 2015), because the 

vegetation, especially its functional trait composition, is already linked to a stressful environ-

ment (Grime et al., 2008), hence would also withstand climate stress. Similarly, species of in-

fertile grasslands that have shown to be inherently slow to change (e.g. against changes in 

grazing along a productivity gradient) (Pakeman, 2004). Moreover, montane vegetation on 

siliceous bedrock in the Alps under climate change responded in a less pronounced way com-

pared to those on calcareous bedrock, particularly with a slight decrease of vascular plant 

cover, which could be associated with a decrease in cold-adapted species and the limited col-

onisation of these siliceous sites (Nicklas et al., 2021). Therefore, these arguments would sug-

gest that there is a long-term resilience of the species community, without a significant species 

turnover. Nonetheless, long-term developments and the linked climate-change resilience of 

species-rich Nardus grasslands remain hard to predict, which makes long-term studies to fur-

ther investigate putative impacts of climate change very necessary. 

Relevant long-term studies should not only focus on the effects of major climate-change factors 

within the main vegetation growth period in summer, as investigated here, but should also 

consider climate-change events in autumn and earlier spring. The climatic context of the third 

study of this thesis (Chapter 3) highlighted the presence of prolonged drought periods (in the 

case of experimental year 2018) that were beyond the projections of climate-change models of 

the study region (cf. PIK / Potsdam Institute for Climate Impact Research, 2017). Prolonged 

drought periods, particularly those in early autumn, would shorten and effectively reduce the 

regeneration phase of the vegetation in the usual period of precipitation surplus, especially 

when they coincide with higher temperatures (e.g. Orians, Schweiger, Dukes, Scott, & Müller, 

2019). Moreover, by conducting long-term studies that take multiple drivers of change into 

account, it would be possible to detect and investigate interactions among their impacts and 

the natural site conditions that continuously alter the abiotic and biotic context, and therefore 

the direction and magnitude of global-change effects (Tylianakis, Didham, Bascompte, & 
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Wardle, 2008). For instance, interacting effects of drought and/or higher temperatures with 

ongoing eutrophication could be studied, since they alter plant-soil interactions and may coun-

teract any performance advantages of montane grassland species due to advanced phenology 

(Schuchardt, Berauer, Heßberg, Wilfahrt, & Jentsch, 2021). Of similar importance would be 

investigations of altered biotic interactions in the community, such as through herbivory 

(Scheidel, Röhl, & Bruelheide, 2003). For the latter, uncertainties also remain for A. montana, as 

long-term impacts of generalist and specialist herbivore and parasite species on A. montana 

may fluctuate considerably among years (Titze et al., 2020 and own field observations on the 

infestation of Arnica flower heads by Tephritis arnicae). 

From these findings it can be concluded that an improved state of knowledge about the com-

munity responses and resilience of Nardus grasslands, as a representative of oligotrophic 

mountain grasslands, under conditions of climate change does not allow giving a general all-

clear signal for this grassland type. Their current state and the unclear long-term development 

under altered climatic conditions make the current, and prospective future, conservation ef-

forts acutely necessary. 

The role of grassland management under climate change and implications for nature conservation 

The findings presented in this thesis have implications for the conservation and management 

of Arnica montana and oligotrophic mountain grasslands, specifically Nardus grasslands. They 

highlight future risks, which are predicted to additionally influence the current trend of grass-

land degradation (Bardgett et al., 2021), and open perspectives for relevant adaptations in re-

lated conservation and management of these grasslands. The management of human-influ-

enced ecosystems, like grasslands, can be seen as the main entry point for adaptations against 

global change drivers and to maintain essential ecosystem services (Lavorel et al., 2019). It has 

been shown that the grassland management can actively counteract any negative effects of 

several global change factors like eutrophication by nitrogen deposition (Jones et al., 2017). 

However, the results of Chapter 1 showed that the current grassland management played only 

a minor role in shaping Arnica’s functional trait performance and variability and had no miti-

gating effect on the documented performance decline under increased climate stress. Moreo-

ver, when testing the effects of the management on community structures and site character-

istics of the Arnica sites, no significant differences were found. This also suggests a rather weak 

relationship between the management and specific habitat structures of those investigated 

sites. Unfortunately, the influence of the factor management on community change could not 

be investigated in Chapter 3. It was thus concluded in the discussion section of Chapter 1 that 

the management will have limited power to aid Arnica’s fitness and to mitigate any negative 

effects of climate change when environmental conditions become less suitable, at least for A. 
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montana. Although management practices may have a low influence on A. montana, it is still 

pertinent to manage its habitat of semi-natural mountain grasslands. 

These results concur with findings that the grassland management can compensate for cli-

mate-change impacts (e.g. grazing that promotes grassland recovery after drought; Deléglise 

et al., 2015), but that this capacity is largely ecosystem-dependent (Ghahramani et al., 2019). It 

may therefore be necessary to identify effective management practices that maintain or, better, 

increase the resilience of mountain grasslands in the short-, but more importantly in the long 

term. For example, a modelling study in a mesotrophic montane grassland recently showed 

that dynamically adjusted earlier mowing dates, which adapt to earlier beginnings of the veg-

etation period, secured yields (Petersen et al., 2021); hence this would maintain an appropriate 

level of competition in the grassland community. 

Two key requirements for an adequate future management of montane Nardus grasslands un-

der climate change can be formulated: First, the management regime should create as many 

positive effects on the community’s character species, i.e. A. montana, and other species of con-

servation relevance, as possible. This could be achieved by practices that create a high hetero-

geneity in habitat structures, which, in turn, create diverse microstructures with different mi-

croclimatic conditions. For example, it has been shown that microstructures in swards with a 

low level of competition are important for Arnica’s germination (Hollmann et al., 2020). Under 

climate-change conditions, these microstructures and their associated edges become even 

more important, as they can provide a more humid and slightly shaded environment, which 

helps to balance out soil-moisture deficits and thus foster Arnica’s and other species’ seedling 

establishment under dry conditions (Sebastiá, 2004). That A. montana already occupies such 

climatically favoured patches is illustrated in Figure 1. In that case, Arnica occupied fringes 

around thorny shrubs, where grazing and trampling pressure are lower, and are characterised 

by a more balanced microclimate and probably deeper soils that allow a better water acquisi-

tion. These kinds of favourable microsites develop particularly in the habitat complex of low-

intensity grazed pastures (Rosenthal, Schrautzer, & Eichenberg, 2012). 

Second, an adequate future management should maintain the low nutrient level of the Nardus 

grassland habitat, to prevent the habitat sites from becoming more productive and to hamper 

the spread of nutrient-demanding species. This aspect is rather important at the ecosystem 

scale, as this maintains the level of competition in the community matrix and would reduce 

the risk of a significant species turnover. However, these two aspects might be of diverging 

interest when it comes to the implementation of related measures. An earlier management is 

often effective in suppressing colonising, highly competitive species and their dispersal 

(Klinger, Eckstein, Horlemann, Otte, & Ludewig, 2020), which would be opposing to later 

management strategies that allow slow-growing grassland species a longer development time. 
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Figure 1. In a common pasture near the Wasserkuppe in the Rhön Mountains, Arnica montana established at the 

basis of Rosa canina and other bushes such as juniper (Juniperus communis). These kinds of climatically favoured 

microsites within heterogeneous habitat sites become increasingly important under climate-change conditions, be-

cause these allow climate-change-sensitive species a shift in their spatial niche, and thus survival under less favour-

able growing conditions in their habitat. (Picture: N. Stanik, 2019) 

The formulation and implementation of an adequate grassland management under climate-

change conditions, as previously discussed, is one implication for nature conservation that 

arises from the findings of this thesis. In the broader conservation context, it is especially im-

portant to identify and to connect existing climate-change-exposed populations and sites of 

threatened species and habitats, respectively, in order to prioritise the efforts and resources of 

conservation actions (e.g., Ward et al., 2020). The findings highlight the different exposition 

and subsequent different vulnerability of A. montana populations in the study region against 

climate-change effects. Owing to the lower performance and higher variability of Arnica’s 

functional traits at lower-elevation sites with higher summer aridity (Chapter 1), these popu-

lations have a higher vulnerability against future climate change and need increased 
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conservation and management efforts to enhance their viability. On the other hand, the popu-

lations, and subsequently their habitat sites, at higher elevations represent those that will be 

longest in the most suitable climatic conditions within the study region; thus they have the 

greatest need to be protected as viable refuge and donator populations for local extinctions. 

However, a similar significance for biodiversity conservation can be attested for the lowland 

populations of A. montana, because these represent an important section of the species’ genetic 

diversity in the study region, which may contain potential expressions of local adaptation to 

climate change (Anderson & Song, 2020). Therefore, current and near-future conservation ef-

forts have to aim both to optimise the habitat quality for A. montana and other characteristic 

plant species in established Nardus grasslands, as well as to increase the area of existing and 

newly established oligotrophic grassland sites (Fartmann, 2017; Titze et al., 2020). The latter is 

particularly necessary, to reduce edge effects in small, often fragmented, grassland patches 

and to create grassland sites that are able to maintain viable, self-sustaining populations under 

the increased pressure of global-change drivers (Kuli-Révész et al., 2021; Menges, 2000). 

Finally, a landscape-scale implication of the thesis’ findings is that conservation and landscape 

planning need to work on achieving a better connection between mountain grassland sites to 

promote a more coherent habitat network. This will enable A. montana and other climate-

change-sensitive species in mountain grasslands an upslope movement towards the highest, 

climatically favoured elevations of the possible elevation range of the region to compensate 

for increased climate stress (Reich et al., 2012; Streitberger et al., 2016). In this context, it is the 

task of landscape and management planning to proactively identify potential refuge and res-

cue habitat sites on mountaintops, which are already being developed or need to be developed 

to a suitable condition. Particular attention should thereby be laid on candidate sites with high 

groundwater level or in the spatial setting of springs, i.e. typical sites for Juncetum squarrosi on 

oligotrophic soils. There, and on sites with humid microclimate like north-, west- and eastward 

slopes, precipitation deficits during droughts can be buffered by the higher soil-water level. 

The establishment and shared management of spatially and/or functionally connected grass-

land sites may, however, increase the risk of an accelerated, counterflow-like spread of inva-

sive species (e.g. Lupinus polyphyllus) or pests (e.g., Ferrari, Preisser, & Fitzpatrick, 2014). 

Hence, to reduce their colonisation pressure, an active management of invasive species is very 

necessary, which has to go together with a regular monitoring of the implemented manage-

ment and the quality of the habitat sites. Consequently, a climate-change-fit habitat network 

of semi-natural mountain grasslands within a specific region is essential to enable species with 

low functional trait variability or limited dispersal to adjust their distribution to changed en-

vironmental conditions. It is therefore necessary to establish these green infrastructures by 

using instruments of landscape and spatial planning, and to adapt existing protected areas in 

their spatial extend/shape and conservation targets (Heiland & Kowarik, 2008). 
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Transferability and generalisation of findings 

The findings of this thesis are not only relevant and applicable for the study region examined, 

but are also transferable to other regions that face comparable effects of climate change. For 

Central Europe, projected climate-change effects are largely consistent for different climate-

area types (e.g. the type on lower mountain ranges) in the continental biogeographic region, 

because major changes in climate factors will be of similar magnitude and periodic extent 

(Kahlenborn et al., 2021). Beyond the study region, relevant regions in Germany with repre-

sentative areas of Nardus grasslands and relevant occurrences of Arnica montana are, for in-

stance, the Black Forest (especially the southern part), the Rothaar Mountains and Eifel, the 

Bavarian- and Thuringian Forest and further north towards the Ore Mountains and Harz, as 

well as the German pre-alpine area (BfN / Federal Agency for Nature Conservation, 2019). On 

the European level, relevant regions with similar conditions are located in Poland, Slovakia, 

the Czech Republic, and northern parts of France (Galvánek & Janák, 2008). A transferability 

of the findings to representative areas of Nardus grasslands and A. montana in Eastern Europe 

(e.g. in Romania and the Ukraine) and high elevations of the Alps (e.g. in Austria) may be 

reduced, because climate-change effects are projected to differ significantly between the more 

continental and alpine climate of those regions compared to the climate of the study region 

(IPCC, 2014). 

On the ecosystem level, the results obtained from Nardus grasslands can be transferred to other 

types and subtypes of mountain grasslands with a comparable nutrient level. For example, 

nutrient-poor formations of mountain hay meadows (Polygono-Trisetion) are, especially in the 

study region, often spatially connected with species-rich Nardus grasslands and share many 

typical plant species. Similarly, the findings should also be of significance for mountain grass-

lands in the transition zone from Violion caninae to Nardion strictae in the montane zone be-

tween 1,000 and 1,500 m a.s.l. in different mountain areas of Central Europe (Peppler-Lisbach 

& Petersen, 2001). 

On the species level, A. montana as a model species for perennial forbs characteristic of semi-

natural, nutrient-poor grasslands allows transfering findings about their climate-change-re-

sponses and -sensitivity to functionally and taxonomically related species (see Pegoraro et al. 

(2020) for reproductive similarities in Asteraceae species). Another example would be Arnica 

dealbata, a rare species in mountain ranges of California, which also showed a significant re-

sponse in cover to climate-change effects (Hurteau & North, 2009). Thus, the findings for A. 

montana regarding their functional trait responses and climate stress adaptation may be of in-

formative value to predict the functional trait responses of A. dealbata and would contribute to 

possible meta-analyses about response and adaptation patterns of the whole Arnica genus. 

Finally, the improved understanding of A. montana’s responses to climate change will contrib-

ute to improved species-niche modelling approaches by better linking environmental 
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predictors and the species’ potential distribution, to identify the more and less suitable habitat 

areas under future environmental change, and to better link them to conservation aspects (see 

the specific attempts of Parolo, Rossi, and Ferrarini (2008) for A. montana). 

Final conclusions 

The key results of this thesis showed the diverse responses of Arnica montana and species-rich 

montane Nardus grasslands to some effects of climate change (drought in particular), and their 

links to management strategies. With these results, our understanding of the responses and 

fitness-related adaptations of A. montana has been improved with respect to the species’ iden-

tified functional trait plasticity and variability for both its juvenile and adult life stages. This 

is of particular importance, because the adaptive plasticity of functional traits is anticipated to 

influence community composition and, by extension, to affect ecosystem functions and asso-

ciated services (Funk et al., 2017). Moreover, the community responses of Nardus grasslands 

revealed the relative short-term resilience of this grassland type to climate-change-related 

drought. Overall, this ecological knowledge contributes to the conservation of semi-natural 

mountain grasslands by highlighting recent and future impacts of climate change and the need 

of conservation actions to promote the quantitative and qualitative state of this important con-

servation target species and grassland ecosystem. 
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Appendix 

During the preparation of this thesis, I had the ambition to immediately transfer and com-

municate new insights and knowledge into applied conservation. The obvious time lag be-

tween gaining new scientific knowledge and its implementation into conservation practice is 

often considerable, and contributes to delayed actions in conservation. For that reason, I as 

leading author and a few colleagues wrote, independently of this thesis, a contribution for the 

German-language Jahrbuch Naturschutz Hessen about our experience and preliminary results 

from conservation practice and science regarding the decline, supporting measures, and man-

agement perspectives of Arnica montana, and clarified remaining knowledge deficits. This non-

peer-reviewed contribution was published as:  

Stanik, N., Hollmann, V., Hoppe, A., Leyer, I., Rosenthal, G., Türk, W. & Weise, J. (2018):  

Die Arnika (Arnica montana L.): Erfahrungen und vorläufige Ergebnisse aus Praxis und Forschung 

zu Rückgang, Hilfsmaßnahmen und Managementperspektiven für eine Verantwortungsart unseres 

Berggrünlandes. In: Jahrbuch Naturschutz in Hessen, 17, cognitio Verlag, ISBN: 9783932583483, 

pp. 99–104. 

The contribution is included as an appendix to this thesis, to complement the picture of the 

efforts made in this field of research.  
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