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Possible responses to climatic alterations include adaptive phenotypic reactions and 
evolutionary change, or dispersal (see Box 1) and range shifts following clines of suitable 
habitat. Global climate change is thus not only a challenge, but can be seen as an open-ended 
natural experiment, making it feasible to study different types of biotic reactions to 
environmental alterations. Nevertheless, the understanding of actual response capacities and 
underlying mechanisms, as well as of interactions with other factors of global change (e.g. 
land-use change, eutrophication, species invasions, biotic interactions) is still on an early 
stage.  

This thesis aims to improve knowledge of relevant ecological and evolutionary processes 
related to climatic change and variation. Several types of organismal response to climatic 
changes are examined, and links between biological and geographical sciences are made. The 
thesis therefore takes special reference to the current (anthropogenic) climate change but 
additionally includes perspectives and studies from past climatic shifts and their 
biogeographic consequences. The work is focused on plants, as their individual immobility 
implements a special need for direct in-situ responses to environmental variation, making 
them very interesting and valuable objects for research on eco-evolutionary processes in the 
course of climatic change.  
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Structure of this thesis 
My thesis starts with shortly introducing eco-evolutionary response types to 

environmental variation that are subject to this work. After that, I give an overview of 
contemporary climate change patterns and their relevance for plant life to depict the 
underlying pressures that lead to responses in plants and to show how such pressures may 
develop in the future. Subsequently, the different response types of plants to climatic 
variation are discussed by summarising recent concepts and findings in the respective 
research fields. The response types are discussed in separate chapters; however, links and 
possible feedbacks between them are shown, respectively, to provide an integrative picture. 
In this chapter, the findings from the included six manuscripts are integrated and brought in 
context to the current scientific progress. I finish the introduction with an outlook, depicting 
how the made research adds to the scientific knowledge and how future research might close 
left uncertainties and gaps. The manuscripts are presented afterwards after a short overview 
of all of them and a statement of my own contributions. As the thesis addresses readers from 
different research fields, a box of explanations and definitions of specific terms which are not 
explained in the text, is provided separately (Box 1).  
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Changes in the amount and/or temporal distribution of precipitation (rain, snow, fog, hail) 
can lead to short-term but also to enduring situations of water stress for plants. Water 
deficiency drives non-adapted plants to decreased productivity and growth and can generally 
diminish their reproductive fitness and competitiveness (Goldstein & Suding 2014; Zeppel et 

al. 2014), as well as their resistance to antagonist species, i.e. herbivores (Fox et al. 1999; 
Franzke & Reinhold 2011), parasites and pathogens (Pautasso et al. 2010). Different 
responsiveness and induction of species-specific asynchronous phenological responses may 
disrupt interspecific interactions with effects on the community level (Walther 2010; Yang & 
Rudolf 2010). Similarly, for non-aquatic plant species, an excess of water (e.g. flooding, 
waterlogging) can cause oxidative stress or can generate conditions that facilitate 
antagonistic microbial activity (e.g. root rot or pathogen attacks) that decrease plant fitness 

(e.g. Jung et al. 2009; Muneepeerakul et al. 2011). In general, water regime shifts alter 
competitive processes and patterns in ecosystems, for example extraordinary water 
availability might favor mesic invaders over dry-adapted specialist species (e.g. Trueman & 

d'Ozouville 2010; Farrer et al. 2014). In the long run, the structure, chemistry and biota of soils 
may change (Young et al. 1998; Nielsen & Ball 2015). 

Extreme events 

Ecosystem transitions due to long-term climatic shifts are very likely to be promoted or 
even be dominated by increasing frequencies and magnitudes of extreme weather and climate 
events, i.e. droughts, heat waves, severe late frosts, hurricanes, or heavy rainfalls and flooding 
(IPCC 2012, 2014b). Such pulse events are projected to intensify in many regions of the world 
(Trenberth 2011; IPCC 2012; Fischer & Knutti 2015), and there is increasing evidence for 
extensive and long-lasting effects on plant species and ecosystems (Jentsch & Beierkuhnlein 
2008; Smith 2011; Reyer et al. 2013; Zeppel et al. 2014).  

While the affecting factors (e.g. increased temperature, drought) are generally the same as 
in gradual climatic changes, extreme events are temporally restricted but much more abrupt. 
This strongly limits the time for species to acclimatise or respond, and sometimes leads to 
exceedance of equilibria and survival thresholds of plants and ecosystems (Smith 2011; Reyer 
et al. 2013). Also, physical damages (e.g. from increased occurrence of storms, flooding or 
wildfire) might decrease fitness or even wipe out local populations if occurring too frequent, 
being too strong in magnitude or being accompanied by other detrimental disturbance 
factors (Thompson et al. 2007; Littell et al. 2009; Littell et al. 2010). If plant populations are not 
able to recover from, tolerate or adapt to such extreme event impacts, local species turnover 
and ecosystem changes will be a consequence (e.g. Jump & Peñuelas 2005; Thompson et al. 
2007; Kreyling et al. 2008; Johnstone et al. 2010). 
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groundwater salinisation (Ross et al. 1994; Ross et al. 2009) or indirectly from forced 
translocation of affected human settlements, agriculture and infrastructure to formerly 
unimpaired terrain (Wetzel et al. 2012; Manuscript 1). This can make sea level rise a very 
potent interaction partner of climatic alterations not only in low-lying coastal ecosystems. 

Besides changes in the spatial setting and availability of habitats, alterations in species 
pools contribute to new pressures on biodiversity and to evolutionary mechanisms as well. 
Increasingly, invasive species are affecting native plant species by acting as competitors, 
herbivores, predators, parasites, diseases, disease vectors, hybridising congeners, or indirectly 
due to habitat transformations (see e.g. Mack et al. 2000; Millenium Ecosystem Assessment 

2005; Chown et al. 2015). Invasions can be favoured by climatic alterations and in turn can 
amplify climate change impacts on native species and ecosystems (Walther et al. 2009; 
Mainka & Howard 2010). 

Biotic interactions in general are important factors for the response and response capacity 
of plants to climate change (e.g. Lavergne et al. 2010; Walther 2010). Stable species 
communities and mutualism may buffer disturbance impacts like deteriorating climatic 
conditions, e.g. by facilitation and ecological redundancy effects (Chapin, III et al. 1997; Yachi 

& Loreau 1999; Beierkuhnlein & Jentsch 2005; Hooper et al. 2005). However, changing and 
disrupting ecological interactions between species and asynchronous responses to climatic 
alterations are also among the major threat factors for many species (Parmesan 2006; 
Memmott et al. 2007). Trophic and competitive balances in ecosystems can be changed by 
climatic alterations, potentially leading to increased vulnerability of some species, but also to 
facilitation of others that cope better with the new conditions (e.g. Lavergne et al. 2010).  

Climate change-driven phenological mismatch between plants and their pollinators, 
diaspore dispersers and other ecological services may cause serious threats to species 
(Memmott et al. 2007; Yang & Rudolf 2010). Especially highly specialised taxa might suffer, 
e.g. from declining seed set and dispersal, or from missing herbivore predation (Memmott et al. 

2007; Lavergne et al. 2010; Aslan et al. 2013). 

Different responses of interaction partners also reduce the capacity of species to track 
their climatic niche by dispersal and range shifts, i.e. when interaction partners differ in their 

dispersal capacities or rates (Lavergne et al. 2010; Hsu et al. 2012; Gellesch et al. 2013). 
Mutualistic interactions may then be interrupted, with drastic consequences for the 
respective species if the ecological service cannot be substituted by another species. Further 
on, biotic interactions can efficiently restrict range shift attempts by competition and 
exclusion in the receiving communities along dispersal routes (Caplat et al. 2008; Lavergne et 

al. 2010; Norberg et al. 2012; Urban et al. 2012; Corlett & Westcott 2013). 
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periods, increased temperature and changed precipitation regimes, extreme weather events 
(heat spells, heavy rain events, droughts) and other direct or indirect impacts of global 
change. Further on, it may help plant populations at the leading front of range shifts to 
colonise and establish in new regions when habitats within their former range limits 
deteriorate or when formerly unsuitable regions become suitable by climatic changes (for 
overviews and examples of plastic responses of plants to climate change see Parmesan 2006; 
Matesanz et al. 2010; Nicotra et al. 2010). 

The fact that the responsiveness and magnitude of phenotypic plasticity can vary among 
populations within a species is subject of a dynamic research field (e.g. Ghalambor et al. 2007; 

Vitasse et al. 2013; Manuscript 3). Such variation has strong implications for specific response 
capacities of populations under different environmental alterations, for the development of 
species ranges, and for evolutionary impacts of plasticity (see below). One assumption for the 
origin of such variation are different evolutionary histories of populations, i.e. different 
selection patterns that integrate past advantages of plasticity relative to the costs (see e.g. 

Scheiner 1993; Ghalambor et al. 2007). However, the fact that a large fraction of observed 
plastic responses is either non-adaptive (neutral in terms of fitness parameters or even 
maladaptive) and/or non-heritable limits the generality of past selection differences as a 
reason for varying plasticity among populations (Ghalambor et al. 2007). 

Nicotra et al. (2010) also suggest an influence of standing (i.e. pre-existing) genetic 
variation within a population for its capability of reacting to environmental variability by 
phenotypic plasticity. Variation in genes encoding for compartments of the cellular 
machinery that enables plants to sense changes in the environment and to process these 
stimuli to a cellular and organismal response could help plant populations to rapidly adapt to 
changing conditions (Nicotra et al. 2010). This makes sense as the maintenance of 
environmental sensitivity and regulatory machineries is posing the highest ecological and 
evolutionary costs of phenotypic plasticity in organisms (Scheiner 1993; DeWitt et al. 1998). 

In fact, in Manuscript 3, we found a relationship between mean plastic responses of Fagus 

sylvatica populations under different experimental climatic conditions and genetic diversity 
values, which, in turn, reflected phylogeographic patterns in this species. Accordingly, 
Pleistocene species range contractions to glacial refugia (including the mixing of genotypes 
from different biogeographical origins and evolutionary histories) and subsequent re-
colonisations of northern regions in the Holocene (accompanied by genetic drift) shaped 
genetic compositions and diversity parameters of populations. Indeed, experimental groups 
from past refugial regions in Southeast Europe with high allelic diversity showed a higher 
mean plasticity of height increments under different treatments than proveniences of re-
colonised Central European regions (Manuscript 3).  
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By adapting phenotypes of individuals to shifting ecological optima, phenotypic plasticity 
enables populations to evade or attenuate losses of genetic variation due to strong selection 
in altered environmental conditions and extreme events (Ghalambor et al. 2007). It therefore 
helps to maintain genetic variation, which, in turn, is known to be necessary for evolutionary 
adaptation processes (e.g. Jump et al. 2009) and thus has a strong conservative aspect. 
However, if adaptive plasticity produces phenotypes that completely match the new 
ecological optimum (favoured by a new and enduring selection regime), the population is 
likely to persist but adaptive evolution is probably slowed down. Selection would then act 
not directional but stabilising on the phenotype and its actual induction (Ghalambor et al. 
2007).  

In contrast, phenotypic plasticity is also increasingly understood as a driver of evolution. If 
the adjusted phenotypes are close enough to what is favoured by the new selection regimes to 
persist but not completely matching this ecological optimum, selection will act directional 
and is likely to result in evolutionary progress (Ghalambor et al. 2007). Although plasticity is 
environmentally triggered, it relies on underlying genetic variation in the inducibility and 
expression of phenotypic variants (West-Eberhard 2005; Ghalambor et al. 2007). If natural 
selection continuously favours certain plastically generated phenotypes within a population, 
it can improve their form, regulation and phenotypic integration until the new phenotype 
finally becomes genetically encoded and constitutively expressed, a process known as genetic 
accommodation (West-Eberhard 2005). An extreme form of this, genetic assimilation, leads 
to reduction and even final loss of plasticity if selection favours reduced responsiveness of the 
new (accommodated) phenotype (i.e. canalisation; Pigliucci & Murren 2003; Schlichting & 
Wund 2014). 

Both mechanisms are described for natural populations and are increasingly supposed to 
be major factors for evolutionary change within and differentiation among populations (see 
reviews in Pfennig et al. 2010; Schlichting & Wund 2014). Environmentally initiated novelties 
may thus have greater evolutionary potential than those derived from (much slower) 
mutational processes, and genetic change seems to be more often a follower than an initiator 
of phenotypic change (West-Eberhard 2005; Pfennig et al. 2010). The role of phenotypic 
plasticity for plant responses to climate change impacts is thus not limited to short-term 
persistence effects but must be strongly considered for long-term evolutionary adaptation as 
well. 

Transgenerational plasticity 

Environmental variation can also lead to direct phenotypic responses in the (affected or 
unaffected) offspring generation(s) of plants, i.e. without the process of prior genetic 
accommodation, and without the necessity for cross-generational or re-occurring 
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Transgenerational environmental effects can directly influence traits, phenological 
patterns and demographic compositions in offspring generations (Rossiter 1996; Donohue 
2009). By increasing the generation of new phenotypes and their exposition to selection, 
transgenerational plasticity might thus amplify the evolutionary and ecological potential of 
phenotypic plasticity during global climate change. Manuscript 2 provides insight in species 
differences and an integrated perspective on transgenerational plasticity patterns by 
considering community effects. 

Evolutionary adaptation 

Evolutionary change is the shift of allele frequencies in functionally relevant genes driven 
by the forces of mutation, recombination, genetic drift and natural selection. Only selection 
has a purely non-random and directing effect and thus can cause adaptive evolutionary 
change. According to this, climate is a very important selective force for plants, which is 
reflected in the pervasiveness of climatic adaptations throughout the plant kingdom (see e.g. 
Donoghue & Sanderson 2015). Evolutionary differentiation among plant populations and 
species, functional trait evolution, the size and shape of species ranges, as well as patterns of 
biodiversity on various spatial scales are often influenced or driven by climate-related 
evolutionary processes and adaptive patterns. 

Processes of biodiversity pattern generation due to adaptive mechanisms in plants are 
particularly well observable on high elevation oceanic islands. Peculiar environments in 
climatically heterogeneous landscapes, geographical isolation and non-saturated niche space 
enhance adaptive processes, which has led to high proportions of endemic species in island 
floras (Whittaker & Fernández-Palacios 2007; Kier et al. 2009). In Manuscript 4, biodiversity 
and endemism richness on La Palma, Canary Islands, was shown to be highly influenced by 
climatic patterns. This island provides remarkable climatic heterogeneity, mainly due to two 
factors. First, strong precipitation differences exist between the humid north-eastern sectors 
that receive high amounts of rain and cloud drip due to their trade wind exposure, and the 
dry south-western sectors where a discernible rain shadow effect is present. Second, the 
geology of La Palma comprises steep elevational gradients. Besides temperature change with 
elevation, the highest zones of La Palma are also beyond the trade wind inversion line, 
meaning not only a cooler, but also a significantly drier and sunnier environment for their 
species than in lower zones. Reflecting these patterns, especially the percentage of endemics 
in local species pools could be well predicted by climatic factors like elevation, rainfall 
seasonality, solar radiation and mean annual temperature. Particularly in places where 
climatic conditions are harsh or uncommon (i.e. peculiar combinations of climatic 
conditions), the presence of specialised endemics was increased. As most endemics on 
oceanic islands have evolved in situ, such clear associations to climatic variables can indicate 
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cope with the evolutionary challenges of climate change (Chevin et al. 2010; Hoffmann & Sgrò 
2011). 

Many traits are genetically variable and evolutionary change has been shown for many 
species and populations. It is therefore likely that many populations will undergo adaptive 
processes during global climate change and that some threatened populations will be rescued 
if the initial effects of strong selective pressures (like decreases of population sizes and of 
genetic variation) can be overcome (see e.g. Kinnison & Hairston 2007; Lavergne et al. 2010; 
Hoffmann & Sgrò 2011). 

Dispersal and range shifts 

Successful dispersal (see Box 1) depends on the accessibility of suitable target areas, 
specific dispersal capacity and migrant establishment. If co-occurring with local extirpation 
at former range areas where conditions deteriorate, dispersal would result in range shifts and 
might rescue some populations and species from total extinction if toleration or adaptation 
to the changing conditions fails. However, species can also expand their ranges in response to 
environmental change if increases in the ecological suitability of formerly unoccupied but 
accessible regions or changing biogeographic dispersal routes or barriers would be the result. 

Dispersal is the most important response type of plants to climatic changes in the 
paleontological records for the Quaternary (e.g. Huntley 1991). Likewise, numerous 
phylogeographical studies suggest that many plant species showed high and recurrent 
capacities of shifting their ranges by dispersing or contracting into refugia and re-expanding 
when conditions ameliorated (e.g. Taberlet et al. 1998; Hewitt 2000; Petit et al. 2003; Hewitt 
2004; see also Manuscript 6). However, this prevalence of dispersal responses is probably, at 
least in parts, due to the fact that past plastic and small scale-evolutionary responses are far 
more difficult to detect and/or to relate to specific climatic changes. 

Range shift processes interact with the above-mentioned eco-evolutionary responses 
(Holt 2003; Lavergne et al. 2010), and the influences of such interactions in past climate 
change responses remain unclear. For example, it has been shown that if environmental 
conditions favour high dispersal capacities, traits relevant for dispersal, colonisation and 
establishment (e.g. propagule production, propagule traits, and germination timing control) 
can be rapidly modulated by plastic changes (e.g. Martínez-Berdeja et al. 2015; Ronce et al. 

2005) or evolutionary shifts (e.g. Huang et al. 2015; Shine et al. 2011). It is likely that such plastic 
and evolutionary processes have influenced the efficiency and rates of dispersal for many 
plant species during past climate changes and that they modify current and future dispersal 
responses to climatic variation. Additionally, prior ecotype variation and population-specific 
tolerances to expected climatic change should not be neglected in assessments and models of 
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future range shift capacities and range developments of species (Pearman et al. 2010; Benito 

Garzón et al. 2011; Oney et al. 2013; Valladares et al. 2014). 

The process of dispersal itself is strongly influenced by several other factors. First, general 
dispersal capacities and potential dispersal rates strongly differ between species (Malanson 
& Cairns 1997; Urban et al. 2012). Second, biotic interactions like competition or loss of 
positive species interactions (Norberg et al. 2012; Urban et al. 2012) and edaphic factors 

(Bertrand et al. 2012; Beauregard et al. 2014) can cause strong constraints for range shift success 
of plants, even though climatic and other factors might be suitable in a potential new habitat 
or along dispersal routes. Third, (accessible) space for range shifts is not given everywhere 
and for all species. Especially species living solely in Arctic or high elevation ecosystems or in 
areas that are limited by strong dispersal barriers towards the main directions of expectable 
range shifts are likely to become threatened by impossible dispersal responses to climate 
change (e.g. Parmesan 2006, Manuscript 1). Fourth, availability and quality of potential 
dispersal routes and stepping stone habitats is a crucial factor. Anthropogenic land use, 
habitat destruction and landscape fragmentation is new compared to past climate-induced 
range shift situations, probably causing difficulties for many species to track their climatic 
niche (Mantyka-Pringle et al. 2012; Corlett & Westcott 2013). Particularly species being 
specialised to rare natural or semi-natural habitats, having only small total areas of 
occurrence, and/or showing limited dispersal abilities might not be able to overcome 
unsuitable landscape compartments and regions in between their former and potential new 
habitats. However, some authors generally question if the potential dispersal velocities of 
plant species will be sufficient at all to track the predicted broad-scale climatic shifts (see 
Corlett & Westcott 2013). 

Beside Arctic and mountaintop species, a special vulnerability to the impacts and 
challenges of rapid climate change can be assumed for many species of oceanic islands. Here, 
a large fraction of global plant biodiversity can be found in the form of local endemics (Kreft 
et al. 2008; Kier et al. 2009). The small and restricted land surfaces of oceanic islands strongly 
limits range shift potentials for island biota during climatic changes, forcing negatively 
affected species to adapt to the new conditions or to retract to refugia in order to avoid 
extinction. Being highly heterogeneous in their physical and ecological nature (geology, 
topography, landscape structuring, microclimatic patterns, ecosystem configurations, 
anthropogenic impairments, etc.), oceanic islands can be expected to vary strongly in their 
provisioning of micro-climatic refugia, landscape permeability and general range shift 
potentials for their species. These differences and general patterns of climate change 
influences on oceanic islands are extensively discussed in Manuscript 1, a review paper 
which for the first time specifically targets the effects of climate change on oceanic island 
floras.   
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Outlook 
If ecological tolerance to changing climatic conditions is insufficient, plastic and 

evolutionary adaptation is missing or incomplete and/or dispersal to regions of environmental 
suitability is impossible or fails so that ecological niche cannot be maintained extinction will 
follow as a result. Projections indicate that biodiversity will significantly decline towards the 
end of the century if species will not be able to cope with climate change impacts and if it 
will not be possible to mitigate the effects of global change (e.g. Pereira et al. 2010; Bellard et al. 

2012; Selwood et al. 2015). However, although predicted to be a major driver of species 
extinctions in the future, the proximate causes of recent extinctions and threats from climate 
change are known only for a handful of species (Cahill et al. 2013). In the paleontological 
record, extinctions are also hard to relate to specific (proximate) causes, even when they 
occurred in periods of strong climatic change. Therefore, knowledge on the processes of 
species extinctions due to climatic changes are limited and mostly based on deductive 
reasoning. More research in this direction is necessary to infer process-based models to assess 
extinction risks and to develop possible mitigation measures. 

The probability of different taxa and populations to persist during climatic habitat 
alterations is mainly depending on i. the magnitudes, rates and variability (i.e. fluctuations of 

magnitudes and rates, see e.g. Bell & Collins 2008) of climatic changes and their direct and 
indirect impacts, and ii. the capacities of affected organisms to tolerate or respond to those 
changes by the means of the above discussed mechanisms. Both issues still show large 
knowledge gaps. For many regions of the world, only coarse climate data are available (low 
spatial and temporal resolution). This makes it hard to model sufficiently resolved regional 
climate change projections and to infer potential future conditions and developments for 
regional and local species and ecosystems. Particularly in regions of high biodiversity, 
biological uniqueness (e.g. endemism) and thus high threat potential from global change 
impacts, data on past and current climatic trends, as well as reliable projections are often 
missing (e.g. in many tropical and subtropical developing countries with coarse networks of 
climate stations and on small islands, see Manuscript 1). Often, the topographical 
complexity of a region and thus micro-climatic conditions and potential micro-refugia are 
underrepresented in spatial climate projections. 

Specific response capacities of most species and populations are also still largely unclear, 
and possible ecotype differences within species, phenotypic plasticity and evolutionary 
adaptation are only in the beginning of being integrated into models of organismal responses 
to climate change. Existing frameworks of potential climate change impacts on the 
persistence of organisms rely on observed trends (e.g. demographic and distributional data) or 
projected changes (e.g. niche distribution models) (Thomas et al. 2011; Selwood et al. 2015) or 
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Manuscript 2 is an experimental study of transgenerational effects of extreme weather 
events (drought and heavy rain) on two perennial plant species (Genista tinctoria and Calluna 
vulgaris), recurrently experienced by mother plants. Additionally, effects of different 

community compositions (resulting in different levels of intraspecific competition) of C. 
vulgaris mother plants were tested. We can show that drought stress on G. tinctoria and high 

competition for C. vulgaris mother plants cause earlier germination of seeds. Additionally, 
offspring of heavy rain-treated G. tinctoria mothers showed reduced overall germinability and 
delayed germination, higher growth rates in their second year and a lower leaf C:N ratio, 
indicating less structural, C-rich tissue and more metabolic, N-rich tissue. The found 
transgenerational plasticity is discussed regarding potential response strategies of mother 
plants to avoid stress and high competition for their offspring. Germination and growth are 
crucial factors for offspring establishment and competitiveness. The observed maternal 
effects can thus shape long-term population dynamics and community interactions in natural 
ecosystems. Our study is the first to show that maternal effects after extreme events or 
changes in community composition cannot be neglected when estimating ecological and 
evolutionary responses of species and populations to environmental change. It is also a rare 
case study of transgenerational plasticity in perennial species, revealing persistent maternal 
effects. 

 

Manuscript 3 investigates the influence of genetic diversity within populations of 
European Beech (Fagus sylvatica) on variation in phenotypic plasticity among populations to 
experimental extreme weather events (drought and/or warming). The manuscript thus 
directly tests an assumption made in recent synthesis papers on phenotypic plasticity. We 
show that genetic diversity differences related to the known phylogeographical history of the 
analysed populations from Bulgaria (glacial refuge region) and Germany (post-glacial re-
colonisation region) were partially correlated to phenotypic plasticity variation. Potential 
adaptive values of the measured plasticity variation and phylogeographic implications on 
plasticity on the population level are discussed. Thereby, the manuscript hints towards a 
further value of genetic diversity besides its evolutionary importance. As a parameter 
influencing plasticity in populations, genetic diversity might have relevance for assessments 
of response capacities of plant populations to climate change and in conservation planning. 

 

Manuscript 4 directly tests the (proposed) fundamental roles of climate and topography 
on distributions of plant diversity and its implications on eco-evolutionary processes. We 
take the island of La Palma as a model system for analysing distributions of plant biodiversity 
metrics (species richness, endemic richness and endemicity, i.e. percentage of endemics) on 
the landscape scale and relating those patterns to various climatic and topographic variables. 
By sampling and analysing data from 890 plots distributed over the entire island we were 
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able to reliably interpolate patterns to the very high spatial resolution of 100 m × 100 m. 
Spatial patterns of biodiversity measures showed up to be partially decoupled and to be 
related to different explanatory variables. A combination of topographic and climatic 
variables accounted for the overall species richness pattern, whereas endemic richness was 
mainly driven by topographic variables (mainly topographic complexity, slope, solar 
radiation), and climatic drivers (mainly elevation, rainfall seasonality, temperature) were 
dominant in explaining endemicity patterns. Provisioning of habitat diversity and micro-
refugia from past climatic variability and from human impairments (e.g. land use, introduced 
herbivores) are suggested as main explanations for the positive influence of topographic 
complexity and slope on endemic richness. In contrast, endemicity indicates floristic 
uniqueness and specialisation, and can thus be interpreted as a measure of in situ speciation in 
response to specific local selection pressures, supporting a strong relevance of climatic 
factors for adaptive evolutionary processes in plants. Besides these findings, the relevance of 
the study is the downscaling of (partially known) biogeographic patterns to the landscape 
level and depicting the geographical decoupling of the different biodiversity measures. Both 
aspects increase the general understanding of biodiversity patterns and have relevance for 
conservation management. 

 

Manuscript 5 is a landscape genetic study targeted at the vivid debate about drivers of 
species radiations on oceanic islands and about evolutionary processes on small spatial scales 
in general. We analyse population genetic patterns within two island-endemic species of 
Aeonium on La Palma to identify drivers of evolutionary processes on the island scale. 
Although the genus represents an iconic textbook example for species radiations on oceanic 
archipelagos, this study is the first that comprehensively examines population genetic 
patterns within species of this interesting group. Moderate levels of genetic differentiation 
within the two species are revealed, which can be related to different landscape structures, 
emphasizing the importance of topography for evolutionary processes on small oceanic 
islands. Further on, indications of divergent selection due to climatic factors (summer 
precipitation, temperature) point to ecological population differentiation. Topographical and 
ecological heterogeneity within single islands can thus be stated probable drivers for 
speciation in the radiation of Aeonium on the Canary Islands. Additionally, by comparing 
intraspecific range-wide patterns within a widespread ecological generalist vs. a specialist 
species on the same island, possible effects of ecological niche width on the potential of 
evolutionary divergence within species could be discussed. 

 

Manuscript 6 enhances the understanding of genetic diversity patterns within species 
ranges along the two gradients between glacial refugia to re-colonisation regions and 
between range centres to range margins. The study analyses large-scale population genetic 
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patterns within the grass Corynephorus canescens, which is an uncommon species due to the 
facts that i) it has an Atlantic distribution ranging from the Iberian Peninsula to Eastern 
Europe but without the two classical glacial refuge regions on the Appenine and Balkan 
peninsulas and ii) it is highly dependent on disturbance and thus can be assumed to have a 
very dynamic population ecology. We thus test the hypotheses that Corynephorus canescens 
shows genetic patterns of i) uniform re-colonization from the Iberian peninsula towards the 
Eastern parts of Europe, ii) decreasing diversity from the centres of its distribution range to 
the range boundaries, and iii) interacting effects of high gene flow and disturbance-driven 
genetic drift. The found re-colonisation patterns are more complex than hypothesised; 
however, we can show that phylogeographic patterns interact with centre-margin patterns 
but also with the special ecology of this species. This integrative approach is innovative, as in 
most other studies these patterns are studied separately, despite their high biogeographical 
interdependence. We also invent and test new indices to quantify marginality, which has 
relevance for future studies that need to account for marginality on a continuous scale and/or 
in scattered or discontinuous range shapes. 
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cause strong indirect impacts on island floras, making highly populated islands very vulnerable to 
secondary (derivative) effects. We provide an integrated overview of climate change-driven processes 
affecting oceanic island plants and depict knowledge gaps and uncertainties. The suitability of 
oceanic islands and their ecosystems for potential research on the field of climate change ecology is 
highlighted and implications for adequate research approaches are given. 

Key-words 
Global warming, island biogeography, island endemics, oceanic buffering, sea-level rise, 

susceptibility 
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birth and submarine formation of a seamount, (ii) further growth by lava eruption above the sea level, 
(iii) reaching of maximum elevational extent dependent on duration and intensity of volcanic activity 
and expiration of the (main) volcano, (iv) subsequent erosion and radial drainage channels, (v) 
ongoing flattening and reduction to a low-altitude plain and (vi) terminal decline and subsidence 
beneath sea level to shape a guyot (Menard, 1986; Nunn, 1994; Fernández-Palacios et al., 2011). In 
tropical regions, coral accretion is likely to occur in the island periphery during the last stages and 
even after submergence, and atolls or reef islands will originate as secondary islands (Menard, 1986; 
Nunn, 1994; Forbes et al., 2013). With the exception of tectonically raised atolls (e.g. Makatea, 
Tuamotus; Aldabra, Seychelles or Henderson Island, Pitcairn Islands) and emergent limestone islands 
(e.g. Bahamas), atolls and most reef islands exhibit little topographical structures and are less 
heterogeneous in terms of habitat types. However, structural heterogeneity, depending on the 
geological composition, elevation, topography, soil characteristics and zonation along different 
geographic and ecological gradients of an island increases the diversity of micro- and mesoclimatic 
opportunities, habitats and ecosystems (Fernández-Palacios and Andersson, 2000; Whittaker and 
Fernández-Palacios, 2007). In turn, structural heterogeneity on elevated islands will likely decrease 
the vulnerability to climate change impacts by providing micro-refugia for endangered plant 
populations (Fig. 3). For example, mesic plants may evade increases of temperature and/or decreasing 
moisture conditions by finding sheltering habitats in gorges or at cloud-affected locations in higher 
elevations as indicated for droughts during the Quaternary on Santa Cruz, Galápagos (Collins et al., 
2013). Additionally, specific geomorphological and micro-climatic conditions have generated different 
ecological and evolutionary histories among islands types (Stuessy et al., 2006; Stuessy, 2007; 
Whittaker et al., 2008), implying very different species adaptations and variable (but unknown) 
ecological tolerances and response capacities towards climatic shifts. 

 

 
Fig. 3: Effects of island elevation, topography and habitat diversity on range shift potentials of plant species. Habitat types 
are symbolised by different colours; arrows indicate migration into new habitats in response to climatic alterations. Red 
crosses symbolise impossibility of an indicated migration into a certain target habitat due to ecological or spatial constraints 
(e.g. predominant competitor species, lacking interaction partners, absence of specific soil properties, etc.). On highly 
elevated and topographically structured islands with greater habitat diversity (A), plant species have different options to 
find adequate micro-refugia (note movements into different types of habitat). On flat and less structured islands (B) many 
species will face limited possibilities to find adequate and accessible micro-refugia. Insuperable dispersal or establishment 
filters in a certain direction, or lacking higher elevations might cause problems to species if they fail to adapt to the novel 
climatic conditions in their original habitats. 

 

The role of elevation 
Sea level rise during the 21st century results in increased coastal erosion and temporal or 

permanent inundations of flat coastal zones or even entire islands and facilitates salt water intrusion 
into island groundwater (Wong et al., 2005; Woodroffe, 2008; IPCC, 2012; Terry and Chui, 2012; 
Nurse and McLean, 2014). Degradation and subsidence of whole islands and substantial habitat loss 
in low-elevated areas can be expected, potentially resulting in extinctions of endemics if upward 
shifts of species are not possible (Heywood, 2011; IPCC, 2012; Bellard et al., 2014).  
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phenology shifts (Memmott et al., 2007) or species declines (for mutualism disruptions on oceanic 
islands see Caujapé-Castells et al., 2010, Kaiser-Bunbury et al., 2010; Aslan et al., 2013), expiration of 
control of herbivore or parasite populations by particular predators (Wilmers et al., 2006; Spiller and 
Schoener, 2007; Thomson et al., 2010), alteration of plant community structures essential for 
microclimate (Roux et al., 2005; Royer et al., 2011), lack of maintenance of substrate characteristic by 
soil organisms, bioturbation or nutrient decomposers (Smith and Steenkamp, 1990; Blankinship et al., 
2011) and pest and disease facilitation induced by climatic alterations (Pautasso et al., 2010; van der 
Putten et al., 2010). 

Depending on the differences in species richness, ecological complexity and functional redundancy 
of plant interaction partners, impacts of climatic alterations on native floras will differ among oceanic 
islands. Islands of higher numbers of ecologically closely related species will undergo less climate 
change-induced extinction cascades than species-poor islands of low functional redundancy. 
Trøjelsgaard et al., (2013a) showed that plant specialisation on particular pollinator species increases 
with island age, potentially indicating a higher vulnerability to co-modification. However, rescue from 
lacking functional redundancy can come from alien species. Neobiota may integrate themselves into 
local ecosystems and build up novel interactions. This may lead to dependable performances of 
mutualistic interaction services or even prevent species from co-extinctions (Kaiser-Bunbury et al., 
2010; Traveset et al., 2013).  

Species richness and migration within islands 
Species have to bear up against challenges of new habitats during migratory shifts. Often this 

means lacking ecological interaction partners that did not follow, for example, adequate tree hosts for 
epiphytes (Hsu et al., 2012). Another challenge is an altered competitive setting for the shifting species 
as well as for the species in the receiving community (Caplat et al., 2008; Lavergne et al., 2010). This can 
be a deleterious or at least strongly filtering factor (Norberg et al., 2012; Urban et al., 2012; Corlett and 
Westcott, 2013). Species under climatic range shift pressure and potentially resulting new ecological 
interactions along migration routes, including competition and exclusion, can be assumed to increase 
with species number on an island. This means that islands rich in species may hold more biotic filters 
for potential climate change-induced migrations into new habitats than species-poor islands. 
However, filtering functions of biodiversity in target areas of shifting species are widely unclear (see 
Corlett and Westcott, 2013 and references therein). Further on, invasibility of ecosystems by 
migrating plant species could change due to changing disturbance regimes like wildfire frequency 
(Wong et al., 2005; James, 2008, see also Angelo and Daehler, 2013) or new forest gap dynamics due to 
more frequent and/or severe tropical storms (e.g. Arozena Concepción et al., 2008; Graff and LaCasce, 
2012). In rare cases, asynchronous range shifts also might offer chances for newly co-occurring species 
to benefit from each other by being driven into new ecological interactions and micro-evolutionary 
trajectories (Corlett and Westcott, 2013). For example, novel pollinator interactions (see e.g. Hembry 
et al., 2013) or new mycorrhiza alliances could evolve. In the long run, trait adaptations to the new 
environmental conditions might occur (Lavergne et al., 2010; Hoffmann and Sgrò, 2011; Franks and 
Hoffmann, 2012).  

So far, empirical evidence for novel species interactions induced by climate change-driven range 
shifts, including establishment rates, the development of novel ecosystems or novel evolutionary 
pathways of affected species, has not been provided for oceanic islands. Nevertheless, novel 
community compositions according to species-specific variation in temperature rise-mediated 
upward range shifts are evidenced by le Roux and McGeoch (2008) on Marion Island.  

Interactions between ecosystems 
Ecosystems interact with each other especially via matter and energy flows and organismic 

exchanges (Gauthier et al., 2011 and references therein). On some oceanic islands, the integrity of high 
elevation forests is an important factor for the hydrologic budget and discharge to lower elevational 
zones (Izquierdo et al., 2011; Pryet et al., 2012). These ecosystems are especially vulnerable to climate 
change (e.g. by shifting precipitation regimes, see above; Loope and Giambelluca, 1998; Foster, 2001; 



















Manuscripts of this thesis 

 
78 

 
Fig. 4: Flowchart depicting the influences of the most important factors and interaction pathways on species susceptibilities 
to climatic changes on oceanic islands. Arrows symbolise the direction of influence. Roughly, higher order factors 
(independent parameters) are positioned at the top, whereas factors of lower order (dependent on others) are positioned 
towards the bottom. Modifications and co-modifications mean all potential changes in population sizes, structures and 
viabilities of species and ecosystems, including extinctions and co-extinctions. 

  

Suitability and potential of oceanic islands for climate change research 
Albeit following logical considerations and being supported by island case studies as well as 

research on continental systems, various assumptions on climate change vulnerability of island floras 
are hypothetical and need validation. On oceanic islands, research on ecological consequences of 
climate change is lagging far behind continental systems, making empirical inference on patterns and 
processes difficult. However, the disproportionate importance of oceanic islands for global 
phytodiversity in combination with their special sensitivity calls for comprehensive risk assessments. 
These are urgently needed for adequate decision-making on counteraction and conservation 
programmes.  

Oceanic islands stimulated the development of fundamental and seminal theories in the fields of 
ecology, evolution and biogeography that have significantly improved our understanding of natural 
systems (Whittaker and Fernández-Palacios, 2007). It is therefore surprising that the opportunities 
of studying oceanic islands to gain general insights and understanding of climate change outcomes on 
natural systems have been largely unexploited so far. Many aspects of oceanic islands make them best 
suited model systems for constitutive research on climate change ecology with potential relevance 
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and applicability for the understanding and conservation of non-island systems as well (see e.g. Küffer 
et al., 2014):  

i)  The clear spatial and ecological delimitation combined with the large number and variability of 
oceanic islands provides possibilities for replications and comparisons in multi-island data sets. 
Setting up sound hypotheses and controlling for island idiosyncrasies would make it possible 
to generate knowledge on basic processes and mechanisms of climate change impacts on plant 
communities and ecosystems. 

ii)  Oceanic islands host relatively species-poor and simple ecosystems compared to most 
continental regions (Whittaker and Fernández-Palacios, 2007; Kreft et al., 2008). As it is 
difficult to disentangle influencing factors and interactions in more complex systems, this 
brings great advantages. Straightforward interpretation of ecological processes in field study 
data as well as target-oriented experimental designs and modelling approaches can be 
implemented. 

iii)  Volcanic islands often exhibit high elevations with steep and fissured slopes. This causes 
outstanding ecological heterogeneity and sequences of different ecosystems within small 
spatial scales (elevational zonation, island side differences, topographical structure, etc.). Steep 
ecological gradients and small-scale heterogeneity provide excellent natural experiments to 
researchers, for example by translating these gradients into potential climatic alteration series 
(Crausbay and Hotchkiss, 2010).  

iv) Considerable portions of plants on oceanic islands are endemic, meaning that the area of their 
island represents their entire global distribution. This might benefit analyses and inferences on 
potential evolutionary and biogeographic responses during past climatic changes. Species 
distribution (or ecological niche) modelling, species and population viability analyses, 
population genetic and phylogeographic studies, as well as combinations of these, can yield 
more meaningful results compared to continental species of wider distribution. 

v) In contrast to most continental systems, oceanic islands are ecologically sharply delimited 
without significant natural biotic exchange to other regions, simplifying hypotheses and their 
testing in many possible scientific approaches.  

vi) A wide array of open questions exists concerning mechanisms, processes and consequences of 
the upcoming climatic alterations (Tab. 1), calling for extensive use of oceanic islands and their 
research opportunities by global change ecologists. 

Knowledge gaps and suggestions for research approaches 
Besides differences in ecological settings, types and magnitudes of climatic impacts and socio-

economic structures, the availability of scientific knowledge and necessary data, as well as of 
resources for potential research is very heterogeneously distributed among islands and island regions. 
Based on these differences and capabilities, varying research efforts are necessary to set the scientific 
base for robust assessments of ecological climate change impacts and to enable knowledge-based 
prioritisation of conservation and mitigation measures. The interdisciplinary work of field biologists, 
climatologists, social scientists and human geographers, ecological experimenters and modellers, 
palaeontologists and island biogeographers is needed. Here, we provide a brief summary of research 
options and data required to advance the understanding of ecological outcomes of climate change on 
islands (see also Tab. 1 for conceptual summarisation):  

i)  Botanical surveys and species threats: The floras of many oceanic islands are still largely 
unexplored and need fundamental botanical surveys (species distributions, individual 
abundances, population structures, etc.). For those islands with explored floras, long-term 
monitoring studies may identify changes in species assemblages and abundances. Species and 
populations at risk need to be identified and prioritisation regarding needs of research and 
conservation measures must be done. For selected taxa, demographic and population genetic 
analyses or viability assessments should be carried out. 
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Supporting  information  
 

  
Fig.S1. Course of soil moisture in the years before seed 
harvest (2010) in the mother plant experiment. 

Fig.S2. Weekly precipitation sums during the years of 
offspring growth 2011-2012. Note that in addition to natural 
precipitation, all pots received the same amount of irrigation 
when outside conditions were very dry in 2011. In 2012, some 
irrigation mistakes led to high mortality of C. vulgaris during 
summer. 

 

 

 

 

Fig. S3 Overall biomass [gm-2] of Calluna vulgaris mother plants 
in two- vs. four-species communities during the years of the 
mother plant experiment. Means and standard errors are given. 
Note that twice as much individuals were planted initially in 
two-species as compared to four-species communities. 
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Fig. S4 Progress of germination of Calluna vulgaris seeds 
stemming from mothers treated with different experimental 
extreme weather events (a; black = control, light gray=heavy 
rain, dark gray = drought) or cultivated in different species 
communities (b; black = two-species communities, 
open=four-species communities). Number of germinated 
seeds is shown from first germinations until no more 
germination occurred. 

 

Fig. S5 C:N ratio of Calluna vulgaris offspring after one 
growing season under the same control conditions. Plants 
stem from mothers treated with different experimental 
extreme weather events (a; black = control, light gray = 
heavy rain, dark gray = drought) or cultivated in different 
species communities (b; black = two-species communities, 
open = four-species communities). Different letters show 
significant differences in TukeyHSD post-hoc tests (P < 
0.05) and asterisk shows marginal significant difference (P 
< 0.1) between communities. 
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genetic diversity might thus be an important property of plant populations for their short-term 
response capability against adverse effects of climate change. 

Key-words 

Genotype diversity, isozymes, phenotypic buffering, phylogeography, provenance trial, 
reaction norm 

Introduction  
Climatic extreme events are expected to increase in frequency and magnitude as a consequence of 

global warming and changing precipitation patterns (Min  et al. 2011; IPCC 2012). Growing conditions 
for plants will therefore become more variable with an increased risk of extreme events, such as 
drought periods,  which result in increased mortality in plant communities such as forests (Allen et al. 
2010) and are further exacerbated by the general warming trend (Parmesan and Yohe 2003; Root et al. 
2003). Thus, increasing attention is directed at the ability of long-lived species to cope with 
environmental variability in the face of climate change. An important way for organisms to respond to 
unstable conditions is phenotypic plasticity, i.e. the capacity of a genotype to render different 
phenotypes under diverse environmental conditions (Garland and Kelly 2006). When plasticity of 
traits correlates with fitness advantages in the face of variable environmental conditions, this is 
termed adaptive phenotypic plasticity (Ghalambor et al. 2007). In particular for immobile organisms 
such as plants, adaptive plasticity allows for direct and rapid responses to environmental changes or 
climatic extremes and may lead to a decreased risk of species loss due to climate change (Nicotra et al. 
2010; Thomas 2011; Richter et al. 2012).  

Available genetic diversity within a population increases the possibility of possessing alleles or 
allele combinations that are advantageous or even more capable in terms of response capability to 
environmental change (Jump et al. 2009; Nicotra et al. 2010). Thus, a high mean response capability 
towards environmental alterations can be assumed for a genetically diverse population (averaged over 
its individuals) compared to populations of lower genetic diversity, or at least a higher within-
population variation in individual response strength. Some studies suggest that diversity of alleles and 
genotypes can facilitate plasticity and response capacity cumulatively at the scale of species or 
populations (Ehlers et al. 2008; Hughes et al. 2008; Jump et al. 2009; Doi et al. 2010 but see also Arnaud-
Haond et al. 2010). Nonetheless, it is not yet clear whether genotypic and genomic diversity directly 
correspond to phenotypic plasticity and different response patterns among populations (e.g. Meier 
and Leuschner 2008; Nicotra et al. 2010; Wortemann et al. 2011). Such interrelations between genetic 
diversity and response capacity on the population scale, however, would be of high relevance for 
conservation and forest management in the face of climate change and their study can improve the 
understanding of phenotypic plasticity and adaptive potential of populations. Here, we tested the 
potential relationship between genetic diversity and phenotypic plasticity for a set of populations of 
Fagus sylvatica (European beech), based on their natural differences in genetic diversity according to 
the phylogeographic history of this species in Europe.  

In Central Europe, F. sylvatica is the dominant native forest tree species. Like in many other 
European tree species, regional differences in genetic diversity within the current natural distribution 
range of F. sylvatica are mainly caused by its biogeographical history during and after the Pleistocene 
climate oscillations (Magri et al. 2006). Genetic diversity is higher in areas that have likely acted as 
glacial refuges than in later re-colonized peripheral regions (e.g. Comps et al. 2001; Magri et al. 2006). 
This is due to the fact that in refugia lineages from different regions merged and combined their 
genetic make-ups (including their potentially differentiated genes that control for phenotypic 
responses to environmental variability). During post-glacial re-colonization originating from these 
refugia, genetic variation decreases due to fixation and loss of alleles by sequential genetic drift events 
along dispersal routes (e.g. Hewitt 1996). Nevertheless, in some re-colonized regions genotypes of 
different refugia admixed during their spread, leading to a regional increase of genetic diversity (Petit 
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The potted individuals were exposed to the fully crossed threefold factorial combination: (1) A 
drought manipulation and (2) a continuous warming manipulation (resulting in four different climate 
treatments: control, drought, warming, drought × warming) were each applied on (3) three Bulgarian 
and three German populations, respectively (the population factor).  

Each climate treatment was replicated three times, which resulted in 12 experimental units in 
total, randomly arranged within separated rows, respectively. Per experimental unit each population 
was represented by three plants (nested replicates) which resulted in 9 individuals per population-
treatment-combination, 36 individuals per population, and 216 seedlings in total. Individual plants of 
each population were randomly assigned to the experimental units. Spatial arrangements within the 
single experimental units were also random and a minimum distance of 1.5 m to the edge of the units 
minimized potential edge effects of the climate treatments. Each experimental unit was covered by a 
single rain-out shelter constructed from a steel frame and covered with a greenhouse plastic sheet (0.2 
mm transparent polyethylene, SPR5, Hermann Meyer GmbH) with the lower edges of the rain-out 
shelters being 80 cm from the ground to allow for air circulation. The film permitted nearly 90% 
penetration of photosynthetically active radiation. Shading nets reduced radiation by another 30% for 
all experimental units as F. sylvatica seedlings usually occurs below the tree canopy.  

The warming manipulation was achieved by a combination of passive warming (wind-shelters 
reducing wind speed by 70%, and black floor covers versus white floor covers) and active warming 
(IR-radiation  from April 1st to the end of the experiment with approximately 30 W per m² (Elstein 
IOT/90 à 250W)), which increased the average air temperature at plant height by 1.6 °C (Fig. 2). The 
pots were watered after planting on 23rd, 25th and on 29th of March until they were saturated. 
Afterwards the irrigation simulated the local daily 30-year average precipitation applied twice a week 
with collected rain water (Tab. A1). Plants subjected to the drought manipulation received no water 
from 17th of May until 15th of July 2010 (60 days, days of year 137 to 196): Drought manipulation was 
ceased when 20% of the plants showed strong damage (76-100% of the leaves wilted) in order to 
ensure an effect of the drought on plant performance, which is an essential part in the definition of an 
extreme climatic event in ecology (Smith 2011). After the drought, the plants were initi ally watered 
with 600 ml per pot on 16th, 19th and 23rd of July and afterwards treated like those in the non-drought 
treatments. Air temperature at plant height (2 thermistores B57863-S302-F40, EPCOS, per 
experimental unit connected to a dl2 datalogger, Delta) and soil moisture (3 ECH20 EC-5 moisture 
sensors, Decagon Devices, Inc.) per climate treatment were logged hourly throughout the experiment. 

 

 
Fig. 2. Air temperature and soil moisture over the course of the experiment. Permanent 
wilting point (pF = 4.2 means 7 % soil moisture) is indicated by the dashed grey line in the 
lower panel. Time of drought is highlighted with a grey background in the lower panel. 
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conditions but earlier leaf unfolding dates under warming, while the other populations showed no 
effect (i.e. kept their early leaf unfolding more or less constant; population × warming F = 5.11, P < 
0.001; Tab. 1 and Fig. 4A). There were no differences in warming response between the regions 
(region × warming F = 0.06, P = 0.813). 

 

 
Fig. 4. Dates of leaf unfolding (A) and leaf senescence (B) for different Fagus 
sylvatica populations in response to the climate manipulations. Note that the 
drought manipulation started after leaf unfolding and therefore cannot be 
considered for (A). Displayed are mean values and standard deviations per 
group. DOY: day of year. 

 

Leaf senescence date was neither affected by drought manipulation (F = 0.04, P = 0. 843) nor by 
warming (F = 0.75, P = 0.412; Tab. 1 and Fig. 4B) or by the interaction of drought and warming (F = 0.15, 
P = 0.705). However, populations responded differently to warming (population × warming F = 2.31, P = 
0.046; Tab. 1), with population DE3 senescing later than other populations (Fig. 4B). No population 
effect was found for the responses to drought or the interaction of drought and warming (Tab. 1). The 
two regions showed no significant response differences to the drought treatment, however, the 
warming treatment generated different responses (region × warming F = 3.95, P = 0.048), with DE3 
senescing very late and all Bulgarian populations senescing at earlier dates. Also, regional responses 
on the interaction of drought and warming differed significantly (region × drought × warming F = 5.67, 
P = 0.018; Tab. 1), with the German populations senescing earlier than the Bulgarian populations (Fig. 
4B).  
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Fig. 5. Relationship between allelic diversity (mean number of alleles over all loci) and plasticity index for height increments 
(A), the leaf unfolding plasticity index (B) and the plasticity index for leaf senescence date (C) of the analyzed populations. 
Spearman's rank correlation coefficient and significances based on Monte-Carlo permutations are depicted. 

Discussion 

Regional and population phenotypic variation 

We found variation in height increment and leaf unfolding among the tested populations of Fagus 
sylvatica, but not between the two regions. Nielsen and Jorgensen (2003) also showed general 
differences in absolute height increment, leaf flushing and cessation of growth in autumn among 14 
European F. sylvatica populations. In their study, however, clear regional differences were visible in 
both leaf flushing and cessation of growth (the associated trait leaf senescence showed no difference 
among populations in our study at all). These differences followed the latitudinal gradient but were 
not related to temperature of the original sites (which supports the missing correlations to 
temperature in our analyses). This indicates that latitudinal variation in photoperiod is an important 
factor for leaf phenology differences within European beech (at least for leaf unfolding, see also 
Körner and Basler 2010; Vitasse and Basler 2013), which, however, could not be detected in our study 
for the analyzed mean traits, probably because of the high intraregional variation. Accordingly, 
Robson et al. (2013) analyzed 32 F. sylvatica populations from across Europe in a common garden in 
Spain and found regional differences in spring phenology and growth performance, but also strong 
variation among geographically close populations. In line with our results on phenotypic traits, 
genotypic data (AMOVA results) showed only minor regional differentiation between South-
Germany and Bulgaria compared to intraregional differentiation. Taken together, these findings 
emphasize the need to consider small to medium geographical scales (regions and below) with the 
same attention as this is done with larger (continental) scales when exploring within-species 
variation of F. sylvatica.  

Population differences in response to warming and drought 
The analyzed traits, in particular height increment, integrate various processes such as efficiencies 

of the root system or numerous physiological processes, mainly photosynthesis. Thus, plasticity in the 
analyzed traits represents response capabilities of various important life processes (and their 
interactions) in trees and therefore provides information on general performance variability, which is 
essential for assessments of upcoming climate change outcomes on forest ecosystems. 

Apart from an advancement of leaf unfolding dates, no direct general effect of warming was found 
for the tested F. sylvatica populations. The relative small temperature increase of 1.6 °C and short 
treatment duration (only one vegetation period) in our experiment might have been too mild to result 
in significant effects on growth height increment. Accordingly, the missing effects in leaf senescence 
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and BG2), supporting our assumption of higher phenotypic plasticity in the Bulgarian region for this 
trait.  

According to the overall lack of leaf senescence response to drought, no population effect in the 
response could be detected in this trait. The regional difference in response to the combination of 
drought and warming seemed to be more an effect of warming, as warming alone generated 
differences in leaf senescence response among regions and single populations whereas drought did 
not. This lack of drought effect might indicate a general tolerance of leaf senescence to drought in 
F. sylvatica but it is more likely that drought did not affect leaf senescence because of the long time 
span between the treatment (which ceased in July) and the measurement in autumn.  

Unexpectedly, seedlings treated with warming and drought showed bigger height increments than 
seedlings treated with drought only, or even exceeded growth under control conditions in BG3 and 
DE1. This might indicate that the height increment plasticity in our study is not just a simple response 
to a limited resource (water) but is more complex in its functioning and control. Plasticity in response 
to a given environmental factor can be decreased by further (varying) factors influencing a plant 
(Valladares et al. 2007). This might explain the reduced and potentially non-adaptive or even 
maladaptive growth plasticity (Ghalambor et al. 2007) of our beech seedlings in response to the 
combination of drought and warming treatments. One could also speculate that the combination of 
drought and warming induced compensatory growth after the drought period, resulting in 
overcompensation for BG3 and DE1. The measurements were made three months after the drought 
treatments have ceased, precluding us from resolving the timing of the growth. However, 
compensatory growth as a delayed response to abiotic stressors such as drought has also been 
reported for Macadamia trees (Stephenson et al. 2003) and rice cultivars (Siopongco et al. 2006).   

Trait plasticity appeared more consistent in some populations than in others, implying general 
differences in plasticity which is in line with our first hypotheses. Several traits of BG1 and BG2 
showed strong responses to the applied treatments, whereas BG3 was only plastic in leaf unfolding 
and invariable in the other traits. Kreyling et al. (2012) used the same populations for a late frost 
experiment and also found BG1 and BG2 populations to have the highest plasticity in height 
increment in response to late frost. This suggests that plasticity might be a general trait which is 
unevenly distributed among populations, potentially causing differences in short-term adaptability to 
climate variability. Populations exhibiting a higher general plasticity can be expected to outperform 
less plastic populations in variable environments (Nicotra et al. 2010; Richter et al. 2012). However, a 
general pattern of different response capabilities to the treatments among the analyzed regions 
(according to our second hypothesis) could not be verified. It should be noted, though, that the lack of 
strong regional effects in plasticity in our study might result from the limited number of only two 
regions tested against each other.  

Relation between genetic diversity and phenotypic plasticity of populations  
Bulgarian populations exhibited a slightly higher genetic diversity than the German populations 

when looking at the regional mean number of private alleles, total percentage of polymorphic loci 
(Ptot) and number of alleles (A). This is in line with our second hypothesis on regional differences in 
genetic diversity and corresponds well with the phylogeographic history of European beech (e.g. 
Comps et al. 2001; Konnert and Ruetz 2001; Magri et al. 2006).  

The lack of correlation at the population level between observed heterozygosity Ho and phenotypic 
plasticity in our analysis is in line with findings in the literature. Although the overdominance model 
states that heterozygosity facilitates genetic homeostasis of traits (Dobzhansky 1947; Lerner 1954; 
Gillespie and Turelli 1989), empirical evidence for an effect of heterozygosity on phenotypic plasticity 
is missing, as reviewed by Scheiner (1993). Instead, pleiotropy (differential expression of the same 
gene in different environments) and epistasis (interaction of different genes for character expression 
and genes that determine the magnitude of expression) are major mechanisms controlling phenotypic 
plasticity (Scheiner 1993).  

Being an allele frequency-based measure of genetic diversity, expected heterozygosity (gene 
diversity) He is maximized when many alleles of equal (and thus medium to relatively high) 
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Appendix 

 
Table A1: Irrigation dates and amounts for the non-drought-treatment plants 
according to a simulated 30-year average precipitation 

Date Amount 30 y 
average  Date Amount 30 y 

average 
01.04.2010 0.49 l 6.83 mm  05.08.2010 0.34 l 4.78 mm 

05.04.2010 0.51 l 7.11 mm  09.08.2010 0.62 l 8.70 mm 
08.04.2010 0.40 l 5.55 mm  12.08.2010 0.64 l 9.00 mm 

12.04.2010 0.49 l 6.90 mm  16.08.2010 0.32 l 4.51 mm 
15.04.2010 0.28 l 3.90 mm  19.08.2010 0.35 l 4.86 mm 

19.04.2010 0.38 l 5.36 mm  23.08.2010 0.58 l 8.05 mm 
22.04.2010 0.16 l 2.28 mm  26.08.2010 0.42 l 5.90 mm 

26.04.2010 0.35 l 4.84 mm  30.08.2010 0.44 l 6.17 mm 
29.04.2010 0.36 l 5.07 mm  02.09.2010 0.37 l 5.13 mm 

03.05.2010 0.56 l 7.85 mm  06.09.2010 0.70 l 9.82 mm 
06.05.2010 0.25 l 3.43 mm  09.09.2010 0.41 l 5.69 mm 

10.05.2010 0.55 l 7.69 mm  13.09.2010 0.61 l 8.54 mm 
13.05.2010 0.44 l 6.15 mm  16.09.2010 0.50 l 7.02 mm 

17.05.2010 0.43 l 5.99 mm  20.09.2010 0.29 l 4.02 mm 
20.05.2010 0.32 l 4.53 mm  23.09.2010 0.44 l 6.20 mm 

24.05.2010 0.60 l 8.46 mm  27.09.2010 0.38 l 5.38 mm 
27.05.2009 0.43 l 6.03 mm  30.09.2010 0.39 l 5.50 mm 

31.05.2010 0.58 l 8.14 mm  04.10.2010 0.44 l 6.12 mm 
03.06.2010 0.51 l 7.19 mm  07.10.2010 0.46 l 6.45 mm 

07.06.2010 0.83 l 11.67 mm  11.10.2010 0.44 l 6.10 mm 
10.06.2010 0.61 l 8.49 mm  14.10.2010 0.35 l 4.91 mm 

14.06.2010 0.89 l 12.46 mm  18.10.2010 0.41 l 5.67 mm 
17.06.2010 0.54 l 7.52 mm  21.10.2010 0.42 l 5.94 mm 

21.06.2010 0.78 l 10.91 mm  25.10.2010 0.65 l 9.04 mm 
24.06.2010 0.54 l 7.50 mm  28.10.2010 0.41 l 5.77 mm 

28.06.2010 0.61 l 8.57 mm  01.11.2010 0.54 l 7.49 mm 
01.07.2010 0.53 l 7.45 mm  04.11.2010 0.38 l 5.32 mm 

05.07.2010 0.67 l 9.31 mm  08.11.2010 0.45 l 6.32 mm 
08.07.2010 0.62 l 8.71 mm  11.11.2010 0.30 l 4.26 mm 

12.07.2010 0.71 l 9.99 mm  15.11.2010 0.73 l 10.17 mm 
15.07.2010 0.72 l 10.06 mm  18.11.2010 0.57 l 8.02 mm 

19.07.2010 0.82 l 11.48 mm  22.11.2010 0.59 l 8.28 mm 
22.07.2010 0.69 l 9.63 mm  25.11.2010 0.28 l 3.92 mm 

26.07.2010 0.92 l 12.82 mm  29.11.2010 0.51 l 7.07 mm 
29.07.2010 0.58 l 8.12 mm  02.12.2010 0.31 l 4.30 mm 

02.08.2010 0.45 l 6.31 mm     
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Table A3: Allele frequencies of the 16 analyzed enzyme loci and analysed sample size per locus by populations. 

Locus Allele/n BG1 Gotze 
Delchev 

BG2 
Petrochan 

BG3 
Strumjani 

D1 
Hengstberg D2 Elchingen D3 Weildorf  

PGIB N 62 63 64 63 62 64 

 1 0.000 0.008 0.000 0.000 0.000 0.000 

 2 0.992 0.976 0.984 0.976 1.000 0.992 

 3 0.008 0.016 0.016 0.024 0.000 0.008 
MNRA  N 62 63 63 63 62 64 

 1 0.024 0.056 0.278 0.000 0.000 0.000 

 2 0.000 0.024 0.000 0.000 0.000 0.000 

 3 0.927 0.857 0.706 0.976 0.903 0.961 

 4 0.000 0.008 0.000 0.000 0.000 0.000 

 5 0.048 0.056 0.016 0.024 0.097 0.039 
GOTA N 60 46 64 63 59 60 

 1 0.075 0.098 0.039 0.032 0.025 0.025 

 2 0.925 0.902 0.961 0.968 0.975 0.975 
GOTB N 61 59 63 61 62 63 

 1 0.262 0.347 0.127 0.344 0.290 0.325 

 2 0.738 0.653 0.873 0.656 0.710 0.675 
PGMA N 62 61 64 63 62 64 

 1 0.000 0.008 0.000 0.008 0.000 0.000 

 2 0.024 0.189 0.023 0.421 0.258 0.461 

 3 0.976 0.803 0.977 0.571 0.742 0.539 
IDHA  N 62 61 64 63 62 64 

 1 0.161 0.221 0.172 0.365 0.347 0.195 

 2 0.782 0.779 0.828 0.627 0.637 0.805 

 3 0.056 0.000 0.000 0.008 0.016 0.000 
ACOA N 62 36 58 63 61 64 

 1 0.960 0.944 0.983 0.976 0.984 1.000 

 2 0.040 0.056 0.017 0.024 0.016 0.000 
ACOB N 62 49 55 62 60 64 

 1 0.258 0.378 0.282 0.145 0.342 0.086 

 2 0.742 0.602 0.718 0.855 0.642 0.906 

 3 0.000 0.020 0.000 0.000 0.017 0.008 
SDHA N 49 40 64 62 61 64 

 1 0.010 0.000 0.000 0.000 0.000 0.000 

 2 0.949 0.938 1.000 0.976 0.959 1.000 

 3 0.041 0.063 0.000 0.024 0.041 0.000 
P6A N 62 60 63 62 62 64 

 1 0.024 0.000 0.000 0.000 0.000 0.000 

 2 0.944 0.967 0.841 0.871 0.968 0.828 

 3 0.016 0.000 0.000 0.000 0.000 0.000 

 4 0.016 0.033 0.159 0.129 0.032 0.172 
P6B N 61 60 64 61 62 64 

 1 0.123 0.083 0.023 0.074 0.266 0.094 

 2 0.877 0.917 0.977 0.926 0.734 0.906 
P6C N 61 60 64 61 62 64 

 1 0.959 0.892 0.961 0.779 0.750 0.734 

 2 0.016 0.042 0.016 0.016 0.000 0.023 

 3 0.025 0.050 0.016 0.090 0.234 0.195 

 4 0.000 0.017 0.008 0.115 0.016 0.047 
MDHA  N 62 59 62 63 62 64 

 1 1.000 1.000 1.000 1.000 1.000 1.000 
MDHB N 61 57 62 63 62 64 

 1 0.205 0.035 0.218 0.071 0.065 0.063 

 2 0.000 0.018 0.008 0.024 0.024 0.039 

 3 0.705 0.842 0.613 0.762 0.742 0.805 

 4 0.082 0.105 0.161 0.143 0.169 0.094 

 5 0.008 0.000 0.000 0.000 0.000 0.000 
MDHC  N 59 53 63 61 62 64 

 1 0.034 0.123 0.040 0.320 0.298 0.242 

 2 0.966 0.877 0.960 0.680 0.702 0.758 
PexB N 62 53 60 63 62 63 

 1 0.153 0.132 0.292 0.135 0.266 0.206 

 2 0.847 0.849 0.700 0.722 0.726 0.794 

 3 0.000 0.019 0.008 0.143 0.008 0.000 
 
Note. Locus MDHA was monomorphic.  
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neo-endemism tend to form in moderately variable conditions on the continent, indicating the 
importance of variability for speciation (Fjeldså et al. 1997).Climatic conditions often show 
pronounced spatial patterns in the distribution of specific climatic features within a single island 
(Giambelluca et al. 2011, Garzón-Machado, Otto & del Arco Aguilar 2014). The commonness or rarity 
of these climatic conditions (i.e. their isolation in a spatial context) might affect the pattern of 
diversity and endemism by restricting immigration and enabling speciation under specific climatic 
conditions (Steinbauer et al. 2012). The concept of climatic rarity suggests that in a specific area 
certain climatic conditions are less common than others (Ohlemüller et al. 2008). High climatic rarity 
is likely connected to spatially restricted selection pressure, which promotes adaptive differentiation 
processes (Nosil 2012). In this study, we transferred, for the first time, this concept to the landscape 
scale within a single island to take advantage of the continental-scale environmental gradients found 
on the landscape scale of a high elevation island. This enabled us to relate these large-scale gradients 
to patterns of diversity and endemism of the complete species assemblage of this island at resolutions 
not feasible for continental systems.  

Topographic complexity positively influences species richness patterns and speciation processes 
(Whittaker , Triantis & Ladle 2008; Hortal et al. 2009; Trigas, Panitsa & Tsiftsis 2013). Increasing 
topographic complexity (e.g. variation in slope inclination and aspect) increases habitat diversity, 
niche space available for niche partitioning and speciation, and thus enables species coexistence 
(Hortal et al. 2009). Therefore, topographic complexity likely results in increased species richness 
(Hortal et al. 2009). In addition, complex topography offers micro-refugia during periods of 
environmental alterations (e.g. during past climatic fluctuations, or even during rare extreme weather 
events; Ashcroft et al. 2012). This can decrease extinction risks, consequently maintaining species 
richness and endemic richness over time (Mee & Moore 2014), which is crucial on isolated oceanic 
islands with low colonization rates. Thirdly, topographic complexity may cause gene-flow barriers 
among diverging populations, supporting reproductive isolation and hence local differentiation 
(Gillespie & Roderick 2014).  

Our research aims were to assess, how climatic and topographic variables individually contribute 
to explaining species richness, endemic richness and endemicity at the landscape scale. Within this 
framework, we specifically focused on precipitation variability, climatic rarity and topographic 
complexity. We used the island of La Palma (Canary Islands) as a study system due to its strong 
elevational and ecological gradients (Garzón-Machado, Otto & del Arco Aguilar 2014), very complex 
topography (Carracedo et al. 2002, Irl & Beierkuhnlein 2011) and large array of endemic plant species 
(Acebes Ginovés et al. 2010).  

Materials and methods 

Study area 
La Palma is the north-westernmost island of the Canary Islands, located in the Atlantic Ocean off 

the coast of north-western Africa (Fig. 1). La Palma covers an area of 706 km2; its highest peak is 
Roque de los Muchachos (2426 m; Carracedo et al. 2002). La Palma has a subtropical-Mediterranean 
climate with humid winters and dry summers (Garzón-Machado, Otto & del Arco Aguilar 2014). 
However, climatic conditions differ considerably within the island. Annual precipitation ranges from 
about 170 mm to almost 1400 mm (excluding fog drip), annual temperature from about 9 °C on the 
island summit to around 22 °C at the leeward south-western coast (Irl & Beierkuhnlein 2011). Fog 
drip can locally lead to an increase of precipitation particularly relevant in summer (Marzol, Sanchez 
& Yanes 2011) but likely does not change the overall spatial pattern of precipitation because both, fog 
drip and rainfall are largely linked to topography (Walmsley, Schemenauer & Bridgman 1996). The 
north-eastern trade winds create an elevation-associated climatic divide of the island in a humid 
windward and a dry leeward side. Above the trade wind-induced cloud zone exists a thermal 
inversion layer, generally exhibiting dry conditions with the possibility of snow and ice in winter 
(Garzón-Machado, Otto & del Arco Aguilar 2014).  
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Figure 1. Maps of La Palma within the Canary Islands showing the spatial distribution of 
a) elevation (including the location of the sampled plots), b) the rainfall seasonality index, 
c) the climatic rarity index and d) topographic complexity. The large number of sampled 
plots (n = 890) enabled to cover the whole island and all relevant environmental 
conditions. 

 

La Palma is geologically divided into two parts. The northern older part is morphologically 
complex with steep valleys (so-called barrancos), coastal cliffs and the massive Caldera de Taburiente 
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Figure 2. Variance partitioning of the influence of climate and topography (a-d) and relative importance of 
explanatory variables (f-j) on species richness (SR), endemic richness (nSIE = number of single-island endemics, nAE 
= number of archipelago endemics) and endemicity (pSIE = percentage of single-island endemics, pAE = percentage of 
archipelago endemics). Figures a-d show the independent and overlapping explained variation of climate and 
topography as portion of the total adjusted R2 values. For values see S5. Figures f-j display the relative importance of 
each explanatory variable calculated by the multimodel inference approach as per cent contribution to the R2 for the 
respective response variable. Gaps indicate that these variables were removed due to collinearity or during the 
variable reduction process. Both variance partitioning and relative importance result from multiple linear 
regressions. For details on both methods please see the Material and methods section. Abbreviations of explanatory 
variables: Age: Geologic age; ASR: Annual solar radiation; CR_CAN: Climatic rarity for the Canary Islands; CR_LP: 
Climatic rarity for La Palma; Elev: Elevation; INTER_VAR: Inter-annual precipitation variability; INTRA_VAR = 
Intra-annual precipitation variability; MAT = Mean annual temperature; RSI = Rainfall seasonality index; TCI = 
Topographic complexity index. 
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Spatial distribution of species richness, endemic richness and endemicity 
A complex pattern of species richness, endemic richness and endemicity is visible for La Palma 

(Fig. 3). Species richness decreased with elevation and from northeast to southwest (Fig. 3a). The 
highest values of species richness, however, reached values of around 60 species and were located in 
the steep barrancos and in the coastal cliffs on the northern part of the island, independent of island 
aspect. Endemic richness for both nSIE and nAE was highest in the steep barrancos of the north but 
also reached very high values in the inner cliffs of the Caldera de Taburiente complex (around 8 for 
nSIE and 24 for nAE; Fig. 3b,c). In general, endemic richness decreased with elevation but without the 
island aspect-driven asymmetry displayed by species richness. Endemicity for both pSIE and pAE 
strongly increases with elevation reaching values of 71% and around 100% at the highest elevations for 
pSIE and pAE, respectively (Fig. 3d,e). While strongly decreasing with elevation in eastern aspects, 
endemicity can reach quite high values (around 25% for pSIE and 75% for pAE) in barrancos at lower 
elevations and coastal cliffs of the north, lowland areas of the south and western slopes at mid-
elevations (esp. for pAE with values between 50% and 70%). 

 

 
Figure 3. Spatial interpolation maps of a) species richness, b) number of single-island endemics (nSIE), c) 
number of archipelago endemics (nAE), percentage of single-island endemics (pSIE) and percentage of 
archipelago endemics (pAE). 
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Supporting Information  
Supporting information of this manuscript can be found in the electronic version of the publication 

Table S1. List of all species identified in this study. 

Figure S1 Map of meteorological stations used for interpolating climate data. 

Table S2. Bivariate correlation matrix of environmental variables. 

Table S3. Table of best fitting transformations for MLR. 

Table S4. Table of AICc values of transformations. 

Table S5. Table of absolute values of variance partitioning.   
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Introduction  
Species radiations on oceanic archipelagos provide illustrative showcases of evolutionary patterns 

(see e.g. Baldwin et al. 1999; Losos and Ricklefs 2009 and references therein), which have been 
motivating fundamental phylogenetic, biogeographical and ecological research (e.g. Lösch 1990; 
Baldwin and Sanderson 1998; Gillespie 2004; Grant and Grant 2006). However, there are still open 
questions regarding processes and drivers. It is unclear in many cases if and how often species have 
diverged in allopatry among islands (isolated evolution after colonisation) or if within-island 
speciation processes have contributed to such radiations (e.g. Whittaker and Fernández-Palacios 
2007; Losos and Ricklefs 2009; Thiv et al. 2010). While past allopatric speciation among islands is 
relatively straightforward to infer from phylogenetic and biogeographic patterns, detections of intra-
island evolutionary divergence additionally requires the demonstration of evolutionary divergent 
forces on the comparably small scales of an island (see e.g. Savolainen et al. 2006; Mallet et al. 2014; 
Papadopulos et al. 2014; Suárez et al. 2014).  

Speciation can be initiated by spatial or ecological isolation among populations. Spatial isolation 
limits gene flow, so that genetic drift and divergent natural selection can subsequently lead to gene 
pool divergence (Wright 1943; Slatkin 1993; Hutchison and Templeton 1999). In ecological speciation, 
strong divergent selection drives populations to differential adaptations, resulting in reciprocal 
maladaptation and gradual built-up of reproductive isolation by selection against migrants (Nosil 
2012; Wang and Bradburd 2014). Further on, interactions between spatial and ecological mechanisms 
can easily affect the formation of reproductive barriers between populations and subsequent species 
divergence (Rundell and Price 2009; Nosil 2012; Orsini et al. 2013; Wang et al. 2013).  

Differences in selection regimes among populations due to environmental gradients and 
heterogeneity are potent and common drivers of evolutionary divergence and speciation (Doebeli and 
Dieckmann 2003; Nosil 2012; Stein and Kreft 2015). In island biogeographical theory, strong 
environmental heterogeneity of an island (e.g. climatic, geological or edaphic structuring) and also 
spatial factors such as area and topographical dissection are often postulated to facilitate speciation 
(Stuessy 2007; Whittaker et al. 2008; Losos and Ricklefs 2009; Vitales et al. 2014). However, 
comparably few studies directly assessed and quantified these evolutionary effects on the population 
level within single islands (but see Mallet et al. 2014; Papadopulos et al. 2014; Stacy et al. 2014; Suárez et 
al. 2014). 

The Crassulacean genus Aeonium is an iconic example of plant species radiations on islands. On the 
Canarian archipelago, it comprises about 28 species plus a series of distinct subspecies (Liu 1989; 
Arechavaleta Hernández et al. 2010, numbers vary between authors and taxonomic treatments). The 
genus was shown to have evolved on the Canaries (Mes et al. 1996; Mort et al. 2002), with a relatively 
young phylogenetic origin in the late Miocene (Kim et al. 2008) or even later (Thiv et al. 2010). A large 
variety of ecological niches, morphological forms and eco-physiological characteristics (Liu 1989; 
Lösch 1990; Mort et al. 2007) suggest adaptive speciation processes in the history of Aeonium (Lems 
1960; Jorgensen and Frydenberg 1999; Jorgensen 2002; Thiv et al. 2010). However, the spatial scales of 
these processes, i.e. if species divergences occurred within single islands or only between islands, and 
the evolutionary drivers of differentiation have not been resolved. 

Probably, inter-island allopatric speciation has played a major role for the radiation of Aeonium 
(Mes and Hart 1996; Thiv et al. 2010). Nevertheless, intra-island events cannot be ignored and are 
suggested e.g. for the closely related Tenerife endemics Ae. haworthii, Ae. urbicum and Ae. pseudourbicum 
(Liu 1989; Jorgensen 2002; Mort et al. 2002), and are also possible for Ae. canariense, Ae. tabuliforme and 
Ae. cuneatum on the same island (Liu 1989). Nevertheless, the long and vivid geological history of 
Tenerife that integrated three former distinct islands into one (Carracedo et al. 2002) makes it difficult 
to separate between- and within-island speciation processes on this major island.  

In contrast, La Palma is much younger (maximum age: 1.77 Ma) than Tenerife and its three 
precursors (between 3.9 Ma and ~12 Ma, fusion of the paleo islands ~3.5 Ma) and has a less complex 
geological history (Carracedo et al. 2002). However, equal to Tenerife, La Palma exhibits a high 
potential for the formation of reproductive isolation between plant populations, due to spatial 
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Fig. 2: Genetic clustering results for Aeonium davidbramwellii. (A) STRUCTURE results for K = 2 to 4. Vertical bars depict 
colour-coded proportions of genetic cluster assignments for single individuals with populations being separated by 
vertical black lines. (B) Map of La Palma showing the occurrences of the species (green points) and the genetic 
structuring from the STRUCTURE results for K = 3 as pie charts per analysed population. (C) Discriminant analysis of 
principal components ordination plot with each point representing one individual, distributed along the two first linear 
discriminants. Individuals of the same population are connected to its centroid and share the same colouring. Five 
principal components were retained (representing 31.6% of the total variation) to obtain adequate discrimination of 
clusters, based on cross validation. Populations are named by their clockwise position around the island, starting from 
the north. 

 

Highest genetic diversity values for A, PLP and He were found in populations J_d and H_d, both 
located within or near the Caldera de Taburiente and Barranco de las Angustias, followed by the two 
differentiated populations outside this region, A_d and C_d, and by I_d, also from the Barranco de las 
Angustias (Tab. 1). We found comparatively high numbers of private alleles in this region, with seven 
alleles unique to H_d, the highest value among all populations, and two alleles unique to G_d and I_d, 
respectively. However, J_d had no private allele at all, and A_d from the northern sector of La Palma 
had six private alleles. In contrast to the lacking private alleles, J_d had the highest value of overall 
rarity of alleles (DW), followed by H_d, A_d, C_d and I_d. G_d from the lower Barranco de las 
Angustias revealed low amounts of rare alleles (Tab. 1). 
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Fig. 1. Distribution range of C. canescens across Europe (dark grey shading) and sampled populations. Bars represent the 
portions of individual assignments to the five clusters found in the k-means cluster analysis implemented in the DAPC. 
Colours of the clusters correspond with colouring of points in the DAPC ordination plots (Fig. 2) and with the other cluster 
analyses (Fig. S2-S4). Dashed lines represent the assumed climatic borders off the coast following Hegi & Conert (1998). 

Data analysis 
To analyse gene pool differentiation we applied three methods of non-hierarchical genetic cluster 

analysis. First, we used the Bayesian clustering approach implemented in Structure v. 2.3.3 (Falush et al., 
2003, 2007; Pritchard et al., 2000), which accounts for admixture of gene pools within individuals and 
dominant markers. Accordingly, the admixture model with correlated allele frequencies was 
calculated with K ranging from 1 to 20. For each K twenty runs were performed with 100000 
replicates after a burn-in period of 100000 runs. The outputs were processed and analysed using 
Structure Harvester (Earl & vonHoldt, 2012) implementing the method of Evanno et al. (2005). The 
results were averaged for a particular K using Clumpp (Jakobsson & Rosenberg, 2007) and visualised 
using Distruct (Rosenberg, 2004). 

Second, we conducted a Discriminant Analysis of Principal Components (DAPC; Jombart et al., 
2010) implemented in the R-package adegenet (v. 1.3-5; Jombart, 2008) which allows to assess the 
genetic relationships among gene pools. DAPC uses a k-means clustering approach to identify 
individual assignments to genetic clusters which are then analysed in a two-step way. First the 
genetic data is transformed and summarised in a principal component analysis (PCA), and then a 
discriminant analysis (DA) uses the PCA-variables to maximise group differentiation based on k-
means clustering. Cluster numbers from 1 to 50 were tested with the k-means analysis and the most 
likely number of clusters was inferred by comparing the Bayesian Information Criterion. The optimal 
number of principal components (n = 13) was detected using the a-score optimisation (5000 
iterations) to avoid over-fitted discrimination of clusters.  
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narrow habitat requirements (like C. canescens) and for species capable of long distance dispersal 
(Schmitt, 2007). Decreasing genetic diversity along colonisation routes was accordingly found in 
plant species like Fagus sylvatica (Comps et al., 2001), Fraxinus excelsior (Heuertz et al., 2004), Corrigiola 
litoralis (Durka, 1999) and Ceratocapnos claviculata (Voss et al., 2012).  

Third, the differentiation into regional gene pools found in C. canescens potentially reflects 
sequential founder effects and genetic drift along the re-colonisation routes (Hewitt, 1996; Ibrahim et 
al., 1996). The range of C. canescens is structured into larger areas due to physical barriers (e.g. Pyrenean 
mountains) and geological conditions like the absences of suitable sandy habitats. Thus, gene flow 
will likely be restricted across such barriers, facilitating the build-up of regional gene pools. 
Potentially also mutations arising in the leading edge of advancing populations may contribute to the 
generation of new lineages during range expansions by effects of gene surfing, due to their preferential 
contribution in subsequently colonised areas (Excoffier et al., 2009; Hallatschek & Nelson, 2008; 
Klopfstein et al., 2005). In addition to neutral processes, different selection pressures in different 
biogeographic and phylogeographic areas are expected to lead to regional genetic adaptation which 
eventually will be detectable using molecular markers (Frei et al., 2012). Although gene pools form 
rather coherent areas across the range of C. canescens, some populations, notably in Northern Germany 
(#28, #32) are assigned to geographically more distant clusters which might indicate possible long 
distance dispersal.  

Marginality 

Populations of C. canescens in marginal areas showed reduced genetic diversity (Br), generally 
confirming our hypothesis of genetic drift and founder effects in marginal populations. This result is 
in accordance with the large majority of other studied species (see Eckert et al., 2008). However, 
although a consensus emerged that continuous measures of marginality are preferable to categorical 
definitions (Abeli et al., 2014; Eckert et al., 2008), various parameters have been used. In many studies, 
marginality is measured as distance to the range centre (e.g. Dixon et al., 2013; Holliday et al., 2012; Lira-
Noriega & Manthey, 2014; Pfeifer et al., 2009). However, for species with discontinuous and scattered 
ranges, like C. canescens, centrality-related measures may be misleading. We used three marginality 
indices taking into account distance to, or area outside, the range border. The marginality indices 
were highly correlated with each other and with genetic diversity, suggesting that they are useful for 
marginality analyses in discontinuous range distributions. Nevertheless, the different marginality 
measures may fit to specific cases depending on the shape and size of the distributional range. 
Distance to next range border (equivalent to Mmin) has also been used in other studies (e.g. Hoban et al., 
2010; Schwartz et al., 2003) and was preferred here due to its simple calculation without any 
assumptions. However, Mmin may overestimate marginality when small unoccupied enclaves or 
narrow range gaps in the proximity of a study site represent unsuitable azonal or extrazonal 
environments rather than large scale, i.e. mainly climatic range limits. In such cases the unoccupied 
area in the vicinity of a site (Mr) may represent a suitable estimate of marginality for discontinuous 
distributions. However, there is no straightforward value of the buffer radius around a sampling site 
used to calculate Mr without prior analyses of specific gene flow distances. Lastly we employed the 
standardised mean distance to the range edges in multiple geographical directions (Mav) to avoid 
potential biases of the other marginality measures. It includes unbiased distances without any pre-
assumptions and should account well for complex range shapes. Nevertheless, Mav showed a weaker 
association to genetic diversity than Mmin and Mr100. This may be caused by a dominating effect of the 
size of the hinterland resulting in different Mav values for sites at the same distance to the edge.  

Marginality, however, had only a moderate effect on genetic diversity in univariate analyses 
compared to a model including marginality, longitude, latitude and their interactions. This model 
accounts for both, marginality and the direction and distance of range expansion. Including historic, 
e.g. post-glacial colonisation patterns into studies of genetic diversity patterns along marginality 
gradients has been suggested previously (e.g. Eckert et al., 2008; Guo, 2012; Hoban et al., 2010; Pfeifer et 
al., 2009). Thus, a more realistic model of genetic diversity along the core-periphery-gradient is 
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obtained by integrating effects of large scale, long-term re-colonisation and of locally acting processes 
among spatially structured populations.  

The proposed effect of continentality on genetic diversity within populations of C. canescens was 
not found. Probably, large scale colonisation histories and local availability of open sandy substrate 
override potential gradual effects of continentality on environmental suitability.  

Gene flow and disturbance 
We found moderate genetic differentiation and a significant pattern of isolation-by-distance 

among populations of C. canescens, which reflects a gene flow-drift -equilibrium. This is in contrast to 
other outcrossing grass species with more common and continuous habitat types, in which isolation-
by-distance is weak (e.g. Elymus athericus Bockelmann et al., 2003, Arrhenaterum elatius Michalski et al., 
2010) or lacking (e.g. Festuca arundinacea subsp. arundinacea Sharifi Tehrani et al., 2009, Alopecurus 
myosuroides Menchari et al., 2007; but see also Larson et al., 2004). Gene flow is expected to be high 
within and among populations of C. canescens as it is wind-pollinated and outcrossing with non-
specialised seed dispersal. However, its life history and habitat requirements make it susceptible to 
genetic drift. First, its populations are spatially isolated from each other due to scattered distribution 
of sandy habitat. This limits gene flow and facilitates differentiation between populations as has been 
found for other habitat specialist grasses in Central Europe (Durka et al., 2013; Wagner et al., 2011). 
Second, due to the dynamic character of its habitats, C. canescens may undergo metapopulation 
dynamics with disturbance-driven opening of sandy substrate sites, colonisation by founder 
propagules, followed by vegetation succession, competition-driven declines and population 
bottlenecks or local extinctions (Jentsch et al., 2002; Tschöpe & Tielbörger, 2010) resulting in drift 
effects (Banks et al., 2013). Moreover, the species is a short-lived perennial having a short-lived soil 
seed bank (Jentsch, 2001) both contributing to high temporal population dynamics potentially 
resulting in reduction of effective population size. However, any such drift effects had only minor 
effects as despite a West-East decline of genetic variation high genetic variation was maintained in at 
least some populations throughout the species range. 

A few shortcomings of our analysis must not be neglected. First, the geographic sample did not 
include Central and southern France and parts of NE Europe. While additional sampling would not 
fundamentally change the overall pattern, such additions would e.g. allow drawing a more detailed 
picture of the relationships of the south German gene pool to France. Second, we used AFLP as 
marker system, which typically have error rates of about 3% (Bonin et al., 2004). Genotyping errors 
partly may account for both, observed levels of genetic variation within and between populations. 
Third, homoplasy cannot be totally excluded in AFLP (Mechanda et al., 2004) which likely would lead 
to an underestimation of genetic differentiation between populations. Thus, additional analyses with 
alternative marker systems like chloroplast DNA and/or co-dominant nuclear SNPs (McCormack et 
al., 2013; Senn et al., 2014) will improve our understanding of the phylogeography of Corynephorus 
canescens. 
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Figure S3. Geographical map showing the results of the Structure analysis. The populations are represented 
by vertical bars depicting the average cluster assignment probabilities Q over 20 runs with K = 4, respectively. 
Colouring of the cluster assignments corresponds to Fig. 1 and 2, Fig. S2 and Fig. S4. 

 

 
Figure S4. Results of the Geneland analysis. (A) Histogram showing the posterior density distribution of the 
number of clusters estimated using the spatial model. (B) The estimated cluster memberships of the 
populations according to the five clusters. Colours correspond to those of Fig. 1 and 2, and Fig. S2 and S3. 
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Summary 
Spatial and temporal variation of climate determines ecological and evolutionary 

trajectories of plants. This can be seen e.g. in arrangements of plant species and functional 
traits along climate gradients, in palynological records, phylogeographic patterns or in plant 
responses to contemporary climate change. Current and expected future climatic alterations 
are special in their potential to influence plant life, due to particularly high rates of change 
but also to co-occurring and synergistic anthropogenic stressors to species and ecosystems. 

This thesis aims to enhance the understanding of past, present and future response 
capacities of plants. It is based on six manuscripts that study different aspects of plant 
responses to climatic variation in space and time and combines conceptual literature 
reviewing, experimental studies, population and landscape genetic analyses, phylogeographic 
approaches, as well as field studies and biogeographic pattern analyses. Studies include 
continental systems on different scales, as well as oceanic islands on a global perspective and 
in case studies from La Palma, Canary Islands. 

Oceanic islands are important contributors to global biodiversity and have played pivotal 
roles in biogeographical, ecological and evolutionary research. However, knowledge about 
the outcomes of climate change on oceanic islands is very scarce. Within this thesis, a 
conceptual overview depicts the wide range of impacts and reveals a large threat potential of 
anthropogenic climate change to island floras. Research needs and potentials are identified. 

On La Palma, population structures in two species of the evolutionarily significant genus 
Aeonium, as well as patterns of endemic species distributions are shown to be determined by 
climatic and topographic landscape heterogeneity . This highlights the importance of climatic 
variation in shaping evolutionary pathways and generating biodiversity patterns. 
Heterogeneous selection and divergent adaptation interact with various effects of landscape 
structures. These range from sheltering local species and gene pools from climatic variability 
or human-induced influences (introduced herbivores, fire, land use) in (micro-)refugia over 
provisioning of habitat diversity to acting as gene flow barriers and increasing reproductive 
isolation between divergent populations. 

Phenotypic plasticity is a direct and rapid response of organisms to environmental change 
and is known to vary intraspecifically in many species. Potential links of such variation to the 
history of populations and their resultant genetic make-up are experimentally studied and 
discussed. In Fagus sylvatica, genetically diverse populations from regions that acted as glacial 
refugia tend to show higher plasticity towards extreme weather conditions than populations 
from re-colonised regions. This hints to the importance of phylogeographical histories for the 
capacity of populations to respond to climate change and to a role of genetic diversity besides 
promoting adaptability. 
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klimatischem Wandel und für eine Rolle von genetischer Diversität neben der Förderung 
genetischer Anpassung. 

In einer Studie zu Corynephorus canescens wird gezeigt dass phylogeographisch bedingte 
Muster genetischer Diversität durch Peripherie-Effekte im Verbreitungsgebiet modifiziert 
werden. Zusätzlich beeinflusst die ungewöhnliche Ökologie der Art ihre genetischen 
Strukturen. In Modellen genetischer Diversität müssen diese Faktoren bedacht werden, z.B. 
um öko-evolutionäre Reaktionsvermögen abzuschätzen. 

Weiterhin werden transgenerationale Effekte von Extremwetterereignissen auf 
perennierende Arten betrachtet. Veränderungen in Keimungszeiten und -erfolgen und 
Modifikationen im Wachstum und der Blatt-Stöchiometrie von Nachkommen Dürre- und 
Starkregen-exponierter  Genista tinctoria- und Calluna vulgaris-Mutterpflanzen werden gezeigt. 
Perennierende Arten sind im Klimawandel auf Grund langer Generationszeiten und geringer 
Raten möglicher genetischer Anpassung und/oder Ausbreitung auf plastische Reaktionen 
angewiesen. Dies macht (adaptive) transgenerationelle Plastizität zu einem wichtigen 
Mechanismus für den Populations-Fortbestand, indem sie individuelle Fitness schon ab dem 
Sämlingsstadium erhöhen kann und neue selektionsrelevante Varianten erschaffen und 
evolutiven Wandel einleiten kann. 

Diese Dissertation erarbeitet einen konzeptionellen Überblick über pflanzliche 
Reaktionen auf klimatische Änderungen auf verschiedenen räumlichen und zeitlichen Skalen. 
Sie konzentriert sich auf Prozesse und deren Treiber und die Einflüsse biogeographischer, 
evolutionärer, natürlicher und menschlicher Faktoren auf heutige und zukünftige 
Reaktionsvermögen und erhöht das mechanistische Verständnis von 
Klimawandelauswirkungen auf Pflanzen. Aus dieser Arbeit resultieren neue 
wissenschaftliche Fragen in der Klimawandelökologie und Inselbiologie, insbesondere zur 
Bedeutung und treibenden Kraft von Plastizität in Populationen und Arten in einer sich 
ändernden Umwelt, zu Landschaftseffekten auf evolutive Prozesse innerhalb einzelner Inseln 
und zu Klimawandelauswirkungen auf ozeanische Inseln. 

  










