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Background and motivation

Background and notivation

Climate-related resources (water and energghd their distribution and availabilityin
space and time arerucial determinants of biogeographic and evolutionary histories of
organisms.Organismal associatioand adaptation(see Box 1j)o climatic parameters and
their variationemergeovervarious spatiakcales andrganisational levels, from single genes
and individuals, over populations, species and ecosystems to global biodiversity patterns, as
well as from ecologicale(gwithin single seasus) to longterm macreevolutionary time
scales (geological ages).

Current organisms and their traits, as well as their spatial distributions and assemblages
are the result of environmental pressures and opportunities in dynamic biogeographical
settings fom the past topresent. Within the limits of specific phylogenetic constraints,
populations evolve by numerous eewolutionary steps that potentially sum up to the
formation of new species and phylogenetic lineages. While the entirety of processes like
SSHFLDWLRQ LV KDUGO\ GLVFHUQLEOH ZLWKLQ D UHVHDUFK
of the ecoHYROXWLRQDU\ FRQWLQXXP 7KH VWXG\ RI VSHFLFE
evolutionary and biogeographical responses to changmgronments is onef the most
exciting topics in biology as it deals with an essential sign of life itself. Swagshos of eco
evolutiorary shifts thus provide invaluable insight into general processes in evolution and
ecology.

It is also crucial for the needed foresasf global climate changritcomesThe current
climatic changes increasingly affeag ecological and evolutionary developments of species
and ecosystem®armesan 2006; Lavergeteal2010) Consequences for biodiversity patterns
and for humarwellbeing are already observable and will intensify in the futaesidering
climate projections for the coming decad@ereiraet al2010; IPCC 2014a; Selwosdal.
2015). Currently, this has generataa unprecedentedocietalinterest in modes, capdies
and magnitudes of organismal responses to environmental change.

In general, knowledge on adaptive variation to climatic parameters among populations
and species ordifferent spatial and temporal scalean bringvaluable insights into their
responsecapacities. Furthermorealrastic climatic changes are not exceptional but rather a
reoccurring phenomenaoim earthhistory. Taking references to past climate change outcomes
can therefore be helpful in order to understand current processes when keepiidithat
the current anthropogenic climate change may not entirely be comparable to past climate
shifts. The very rapid curremqace of changdemand for veryfast responsesand many
species may not be able to react with sufficient rapidity and effiGgJump & Pefuelas
2005; Urbaret alk012Manuscript 1).



Background and motivation

Possible responses to climatic alterations include adaptive phenotypic reactions and
evolutionary change, atispersal (see Box 1) and range shifts following clines of suitable
habitat. Global climate change thusnot only a challengébut canbe seen as an opended
natural experiment, making ifeasible to study different types odbiotic reactions to
environmental alterationg\Neverthelesstheunderstanding of actuaksponsecapaciies and
underlying mechanism, as well as of interactions with other factors of global chaege (
land-use change, eutrophication, species invasions, biotic interactions) is still on an early
stage.

This thesis aims to improve knowledge of relevaniaggoal and evolutionary processes
related to climatic change and variation. Several types of organismal response to climatic
changes are examined, and links between biologicagamtaphicalsciencesre made. The
thesis therefore takes special refererio 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 forratt in-situresponses to environmental variation, making
them very interesting and valuable objects for research om\aslationary processes in the
course of climatic change.



Structure of this thesis

Structure of this thesis

My thesis starts with shortly introducing eeevdutionary response types to
environmental variation that are subject to this work. After that, | give an overview of
contemporary climate change patterns and their relevance for plant life to depict the
underlying pressures that lead to responses in plant$ to show how such pressures may
develop in the future. Subsequentihe 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 disclisn 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 gentific progress. | 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 ofthem and a statement of my own contributions.tAs 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).



Box 1:Definitions and explanations of terms as used in this dissertation.

Adaptation: Any internal process that increases or maintains fithess of organisms in
environment by bringing phenotypes closer to th@inifted) ecological fithess optima. Thes
processes include evolutionary (genetid)angesdue toselectve pressuresbut dso plastic
changes such as (reversible) modulation and acclimatisation or (irreversible) modificati
overall phenotypes and single trait¥his procesdased and combined definition put
emphasis on the integrative understanding of ecological stesgmonse and evolution that i
basic for this thesis.

Alleles: Alternate variants of the same gene (or same genetic locus). This variation ba|
accounts for phenotypic heterogeneity within and among populations.

Allele frequency:The proportion of a articular allele among all considered alleles of a given |
within a gene pook.ga population.

Dispersal: Successful (net gene flow) movemeris propagules diasporesand pollen) or
individuals to a new area (leading to range shifts and expansiosigecies or populations) o
between populations (leading to an exchange of genetic material, also teligration).

Effective population size:The number of individuals in a real population that exhibits the sa
amount of dispersion of allele frequencies under random genetic drift or the same amg
inbreeding (heterozygosity loss over time) as an idealised (randomly mating and with an
VH[ UDWLR SRSXODWLRQ ZRXOG VKRZ 7KLV FDQ EH
population, and is highly influenced by the number of individuals actually contributing
reproduction and by sex ratios within the population.

Epigenetic variation: Variation in gene expression that is not basedtloem DNA (nucleotide)
sequence of genes but on various mechanisms that modify the configuration and
readability of DNA like methylation of nucleotides, chromatirmmedelling €.gregulation of
DNA region compaction and gene accessibility by its wrapping around histone protein
attachments of repressor proteins to the DNA straedy{o silencer or promotor regions g
genes).These modifications caregulategenes, leading to functiondrait variation. They can
be passed on in cell lines améy or may not be heritabteser generations. In a wider usage
the term, epigenetic modification also includes other factors and processes that influen
development of an organism without DNA sieqce change,.gRNA transcript processing ang
translational controls by various mechanisms.

Genetic drift: The change in allele frequencies in a population over time due to the eff
random sampling of individuals. These result from stochasticityeproductive mating, but
also during dispersal processes (founder effects), or frorsal@ttive random environmenta
events and resulting bottleneck effeces.dpopulation declines due to a volcanic outbrea
Genetic drift may lead to complete lossfization (dominance) of alleles and depends stron
on effective population sizes.

Genotype: The genetic constitution of an individual organism, resulting from the set of g
and/or alleles in its genome.




Box 1 (continued).

Indirect effects of climate change:Secondary (derivative) effects resulting from changeg
climatic conditions to organisms or other systems under consideration. For exa
facilitation of parasites or pests by climatic alterations might cause even higher pressu
plant populations than direct physiological effects from climatic habitat changeexfinoction
by interruptions of mutualistic species interactiorsgdue to differential phenology shifts ar
also an illustrative example of indirect effects.

Oceanic islandsislands that originated on oceanic crust, mainly by volcanism, but occasio
also by tectonic uplift. In warm regions, coral accretion in island peripheries and on sean
additionally contributes to the buileup and maintenance of oceanic islandse&hic islands
are thus characterised by thgermanent isolation from other landmasgkat haveshaped
peculiar biogeogphic, ecological and evolutionary settings.

Phenotype: 7KH FRPSRVLWH RI DQ RUJDQLVP:-V PRUSKR
dewlopmental and phenological traits and characteristics. These result from the genoty
the organism i(e.from expression of available genes), from environmental factors and
interactions between the two.

Phylogeography:The study of principles angrocesses for evolutionary relationships of gene
lineages within or among closely related species to their geographical locationg
biogeographical historiesn Ithis thesis the term is used ordgcording tantraspecific lineage
differentiation pro@ssesnd patterns.

Population: A group of organisms of the same species that form a reproductive and
evolutionary entity. That is, such organisms occupy a more or less well defined and cont
geographic area and have the capability of interbregdiEcological and reproductiv
interactions are thus more frequent among individuals of this group than with membe
other populations. Populations are the biological units on which evolutionary processes
place.

Synergistic interactions of climae change effectsinteractions of direct or indirect climats
change effects with effects of other (disconnected) factors and processes of relevance
overall effects that are greater than the simple additive effects of the single factors.
numerous other examples, such interactions might occur if climatic stress on a
population is amplified by anthropogenic habitat destruction. Resultant population
decrease facilitates the risks of environmenéagiglimatic) and demographic stocktcity and
lowers the capability to adaptively respond, which causes amplifying feedbacks
potentially, extinction vortices.







Overview of ecaevolutionary responses to environmental variation

Overview of ecaevolutionary responses to environmental
variation

A population (see Box 1) can only persist when environmental conditions lie within the
range of ecological tolerance of its individuals, so that population growth is equal to or
greater than zero. Thisterplay of environmental factors (dimensions) atig ability to
make use of or tolerate these fact@slefined bythe ecological nichef a given organism
(Hutchinson 1957; Holt 2009). Ecological niches of species have been assumed to remain
relatively unchanged over time, as described in the hypotbésishe conservatism (Wiens
& Graham 2005; Pearmaet al2008). This conception, howevdras beermore and more
challenged by numerowesxamplesof past and contemporary rapid niche shifts of species or
single populations (see Lavergeeal2010 and ferences therein)in the research field of
climate change biologysuch niche lability has particular relevance. If environmental
conditions change toor even beyondWKH OLPLWV RI DQ RUJDQLVP-V DFW
(either bycolonisation of a new lmgtat, or by environmental change), several responses are
possible to reestablish or maintain niche realisatiome(accordance between ecological
tolerance and environmental conditions).

A very extensive response is genetic adaptation to the noveltiomsdi.ethe change of
phenotypes in a population due to, or accompanied by, allele frequency shifts of relevant
genes. However, genetic adaptation requires selective pressures staying within the ecological
tolerance of at least some individuals foresal’generations as well as population sizes large
enough to cover the demographic costs of selection (Jump & Pefiuelas 2005; Kinnison &
Hairston 2007) If environmental change proceeds faster than this or generally exceeds
ecological tolerance and capaegiof a population, genetic adaptation processes would not
suffice to permit ongoing niche realisation and persistence (Jump & Pefiuelas 2005;
Hoffmann & Sgro 2011).

A faster and more direct mechanism of adaptation to environmental fluctuation and to
modulate ecological tolerance is (adaptive) phenotypic plasticity (Cheatial2010; Nicotra
et al2010),i.ethe capacity of a given organism (genotype) to express different phenotypes
under different environmentadonditions (Sultan 2000). Inducely envionmental triggers,
a variety of cellular and molecular mechanisms control for plasticity in phenotypic traits or in
developmental pathways in organisms, with epigenetic modifications (see Box 1) probably
being among the most important regulators (Nicataal2010). By changing the substrate for
selection (the phenotypes), phenotypic plasticity may induce or precede genetic adaptations
(Lande 2009; Chevint al2010; Schlichting & Wund 2014)Also,phenotypic plasticityis
itself under genetic controlScheiner 1993; Nicotet al2010; Des Maraest al2013); and
plastic phenotype modification as well as epigenetic variation can be transmitted to
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Overview of ecaoevolutionary responses to environmental variation

following generations Rossiter 1996; Youngson & Whitelaw 2008; Herman & Sultan;2011
Manuscript 2). Therefore, phenotypic plasticity is not only a shtatm factor for adaptive
responses to environmental change, but plays a key role in evolutionary processes (West
Eberhard 2005; Pfenngg al2010).

If changes in environmental conditions are beyondoggcal and physiological tolerances
and cannot be encountered by adaptive responses, populations will decline, eventually
leading to local extirpation or even global extinction of the species (Seletc®015). Some
taxa and gene pools manage to esadgteriorating conditions by dispersal to new habitats
or by retreating into (micrgrefugia (Parmesan 2006; Corlett & Westcott 201Bpwever
HQYLURQPHQWDO FKDQJH FDQ DOVR IRVWHU WiiaHeH[SDQV
habitats increase imumber or areaincluding the decline of formerly exclusive biotic
interactions Likewise, adaptations to new (beneficial) resources or spontaneous hiche
HISDQVLRQV WR LQFOXGH IRUPHUO\ XQH[SORLWHG UHVRX
ecology withait detrimental environmental chandielolt 2003; Sextoret al2009).

In general, present species and their distributions integrate past and contemporary
ecological and evolutionary responses to environmental variation (including anthropogenic
factors) inspace and timee(gWebb Il & Bartlein 1992; Holt 2003). A main driver of such
response processes is climate and climate change, influencing resource availability- and eco
evolutionary processes on various scales, by several mechanisms and in numerous
interactions with other factorseg(docal site conditions and species pools).



Temperature increase

Contemporary climatic changes and their impacts on
plants

Temperature increase

Global dimate warming is now unequivocaland is clearly associated atmospheric
concentrations ofjreenhouse gasthat increasingly have been emitted since the industrial
revolution in the 19 century(Diffenbaugh & Field 2013; IPCC 201B3pecially fom 1950 to
2012, global temperatures increased by 0.12 °C per decade, with higher raté§.(G 1%
per decadegfter 1979, indicating an acceleration of the trend (IPCC 2013). Climate warming
has been more pronounced on the Northern hemisphere and over land areas (IPCC 2013).

Increasing mean annual temperatures can have several implications for plants. Warmer
growth conditions increase evapotranspiration and may exceed temperature optima for
diverse physiological processes, including photosynthesis and respiration §Sati008;
Gundersoret al2010; Way & Yamori 2014)his can lead to modified habitat suitéity and
altered competitivenest®r many plantspecies (Walther 2003; Gundersehal2010).Also,
climatic changes can enable range shifts of herbivores, microbial diseases, and parasites to
formerly unaffected regions, thus creating new selective presn plants. This can result
in extensive pest outbreaks with deep ecological changes, as can be seen in the current forest
dieback in Western NortPAmerica due to a continuing outbreak and spread of the mountain
pine beetle é.gkurz et al2008; Bert et al2010).

Additionally, longer vegetation periods (earli@nset and/or later cessation) cause
phenological changes. Thatters ontogenetic developmerproductivity and fitnesgpatterns
(Walther 2003; Yang & Rudolf 201®lanuscript 3), but mayalso result in modifications or
disintegration of community interactions due to mismatches of differently affected temporal
ecological processes in or among species (Walther 2003; Meratrad®007; Walther 2010;
Urbanet ak012)

For mid to high latude ecosystems, higher winter temperatures can decrease shelter from
long-lasting snow cover and may change soil frebagv patterns (Kreyling 2010; Kreylirgg
al. 2010). Increased frost injuries of roots and shoots, altered nutrient cycling, plant
productivity and phenology, or increased insect pest risks are possible effects (Kreyling
2010).

For the 21 century, temperature increases are projected to proceed ¢Kal2015), with
varying strength and velocity depending on the presupposed antheopogreenhouse gas
emission scenario. Recent climate chapggections €.gIPCC 2013) includéur scenarios
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(Representative Concentration Pathways RCPs; Vuurenet al.2011): One stringent
mitigation scenario (RCP2.6), two intermediate scenarios (RG6Pand RCP6.0) and one

very high emission scenario (RCP8.5). For the period 2Q085, global mean temperature
increase will reach 0.3 to 0.7 °C relative to the period312865 without strong differences
among the four RCPs (IPCC 2013). In later per@fdbe century, climate change projections
substantially diverge for the different RCPs: In the period 202665, projected mean global
changes range from 1.0 (RCP2.6) to 2.0 °C (RCP8.5), and for the periéd2208%rom 1.0
(RCP2.6) to 3.7 °C (RCP8.9). strong regional variation is indicated with the highest
increase in Arctic regions (up to > 11 °C) and large areas of the northern hemispheric
continental regions (5 to 7 °C), whereas the Southern Hemisphere and most ocean regions
receive lower temperate increases (0.5 to 7 °C, for 202100 under RCP8.5, respectively;
IPCC 2013).

Changes in precipitation patterns

Precipitation changes are less significant and far more heterogeneous in their direction,
magnitude and regionglattern (Trenberth 2011; GC 2013, 2014b). There islight overall
trend of precipitation increase over land for the rattudes of the Northern hemisphere
since 1901, while for other latitudinal zones no significant-teng overall trend could be
guantified (IPCC 2013). Hower, some regional patterns emerge: Western Africa and the
Sahel zone, the Mediterranean region, eastern Asia and eastern Australia have undergone
precipitation decreases between 1951 and 2010 with @@ mm/a per decade, while other
regions have reoad increasing precipitation up to 100 mm/a per decadmorthern and
eastern parts of Europe, some regions of South America, central parts of North America and
north-western Australia (IPCC 2013).

Projections of mean precipitation change show stroegional differences as well. In
general, an intensification of the global hydrological cycle is indicated. This results in trends
of increasing mean annual precipitation in tropical and nadhigh latitudes (up to 60% in
20813 2100 compared to 198@005for RCP8.5) while in subtropical regions precipitation
tends to decrease (up t#@0%; IPCC 2013).

Observations and projections also indicate changes in seasonal patterns of precipitation
for many regions ahe world (IPCC 2012, 2013;dtial2013; Lee &V ang 2014; Zeppet al.
2014). Alteredseasonalitycan result from temporal redistributions of constant annual
amounts but also from disproportional changeg.LQ RQH VHDVRQ:V SUHFLSLW
compared to other seasons in a region. Both would sdiérvater contents, which may pose
strong ecological change for plant species and communities, depending onsddcal
properties, microclimate, plant functional typeand the nature of the change in timing
(Zeppelet ak014 and references therein).
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Extreme events

Changes in the amount and/or temporal distributiminprecipitation (rain, snow, fog, hail)
can lead to shofterm but also to enduringituations of water stress for plants. Water
deficiency drives noadapted plants to decreased productivity and growtid @an generally
diminish theirreproductivefitnessand competitivenesgGoldstein & Suding 2014; Zeppel
al.2014), as well as theresistance to antagonist specie®.herbivores(Fox et al1999;
Franzke & Reinhold 2011)parasites and pathogendautassoet al.2010) Different
responsiveness aridduction of speciesspecificasynchromus phenological responses may
disrupt interspecific interactions with effects on the community lg¥&hklther 2010; Yang &
Rudolf 2010) Similarly, for noraquatic plant speciesan excess of watereg. flooding,
waterlogging) can cause oxidative stress or can generate conditions that facilitate
antagonistic microbial activity€.groot rot or pathogen attacks) that decrease plant fitness
(e.g.Jung et al.2009; Muneepeerakulet al.2011). In general, water regime shifts alter
competitive processes and patterns in ecosystems, for example extraordinary water
availability might favor mesic invaders over -dgapted specialist species.gTrueman &
d'Ozouville 2010Farreret al2014).In the long runthe structure, chemistry and biota of soils
may change (Yourgg all998; Nielsen & Ball 2015).

Extreme events

Ecosystentransitions due to longerm climatic shifts are very likely to be promoted or
even be dominad by increasing frequencies and magnitudes of extreme weather and climate
eventsj.edroughts, heat waves, severe late frosts, hurricanes, or heavy rainfdltsodnty
(IPCC 2012, 2014b). Suphlse events are projected to intensify in many regiémiseoworld
(Trenberth 2011; IPCC 2012; Fischer & Knutti 20H5)d there is increasing evidence for
extensive and lordpsting effects oplant species and ecosystefdsntsch & Beierkuhnlein
2008; Smith 2011; Regerml2013; Zeppat al2014)

While the affecting factorsg.gincreased temperature, drought) are generally the same as
in gradual climatic changes, extreme eventsamgporally restricted butmuch more abrupt.
This stronglylimits the time for species to acclimatise or respond, sorietimes leads to
exceedance of equilibria and survival thresholds of planteaadystems (Smith 2011; Reyer
et al2013). Alspphysical damages.gfrom increased occurrence of storms, flooding or
wildfire) might decrease fithess or even wipe addl populations if occurring too frequent,
being too strong in magnitude or being accompanied by other detrimental disturbance
factors (Thompsort al2007; Littellet al2009; Littellet al2010). If plant populations are not
able to recover from, ®fate or adapt to such extreme event impacts, local species turnover
and ecosystem changes will be a consequengdump & Pefiuelas 2005; Thompseial.
2007; Kreylinget al2008; Johnstonet al2010.
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Interactions of climate change impdutsieiéima biotic factors

Global change drivers often act simultaneously and may have very effective amplifying
feedbacks and synergistic interactions (Brostkal2008; Bellarcet al2014). This makes
climate change outcomes very hard to predict foccgseand ecosystems and calls for more
integrated research.

A known phenomenon of global change relevant for plant life is the incraamedpheric
concentration of CQ (Leakeyet al2009; Loehle 2011). Compared to 278 ppm in 1750, the
atmospheric abunaihce ofCO, in 2011 has increased by 40% to 390.5 ppm (IPCC 2013), and
might reach levels of 490 ppm (RCP2.6) to 1370 ppm (RCP8.5) in 2100 (¢uale011).

CO, enrichment has been shown to increase growth and wadgerwefficiency in plants
(Leakeyet al2009) and to mitigate drought stress.¢de Graafet al2006; Wertinet al2010).

This can significantly reduce climate change effects on plants coming from temperature
increase and altered precipitatigratterns (Loehle 2011hlowever, increses in atmospheric

CO, are also known to change plant species compositions in ecosystegasmensbyet al.
1999; Pollegt al2012) and to facilitate invasions of neophyte spe@egB(adleyet al2010

and references therein). Nevertheless, theceedfects of elevated G@n plants and its
interactions with other drivers of global change are not fully understood yet (Leuzhgér
2011).

Habitat destructions by land use change, overexploitation, pollution, soil erosion and the
effects of invase species set up environmental alterations that interact with and can amplify
climate change effects on natural systems (Millenium Ecosystem Assessment 200%t Brook
al. 2008; MantykaPringle et al.2012) Declining habitats and census sizes decrease th
evolutionary adaptability of populations (Jump & Pefuelas 2005) and increase risks of
demographic and environmental stochasticity (Gilpin & Soulé 1986; Parmesan 2006eBrook
al.2008)as well as the genetic risks of diminishing population sizes (Bhstr& Elam 1993;
Schaal & Leverich 2005; Aguilar al2008). Fragmentationf habitats and possible dispersal
routes due to anthropogenic land conversaggravates these problems by hampering gene
flow (Honnay & Jacquemyn 2007; Aguilar al2008) and necessary range shifts to track
climatic nichegHonnayet al2002).

Habitat loss can also come from sea level rise due to thermal extension of oceanic water
volumes and melting of glaciers and polar ice caps. Between 1901 and 2010, a global mean sea
levd rise of 0.19 m has been obse@€C 2013)Until the end of the Zicentury, sea level
rises upto 0.82 mcompared to theperiod 19836 1999%are projected (IPCC 2013), and other
estimates and new data suggest significantly higher values (reviewed and discussed in
Manuscript 1). Temporal or permanent inundations of coastal plains and marshland and of
entire islands like atolls and low reef istemare very likely in the coming decades (IPCC
2014b). Habitat loss and deterioratiomight not only result from inundation, but also from
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groundwater salinisation (Rosst al.1994; Rosst al.2009) or indirectly from forced
translocation of affected humm settlements, agriculture and infrastructure to formerly
unimpaired terrain (Vetzel et al2012 Manuscript 1). This can make sea level rise a very
potent interaction partner of climatic alterations not only in ldying coastal ecosystems

Besides chams 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, nvasivespecies are affecting native plant species by acting as coarpetit
herbivores, predators, parasites, diseases, disease vigloidising congeners, or indirectly
due to habitat transformations (seegMack et al2000; Millenium Ecosystem Assessment
2005; Chownret al2019y. Invasions can be favoured by climatiterations and in turn can
amplify climate change impacts on native species and ecosystems (Weitlz¢2009;
Mainka & Howard 2010).

Biotic interactions in general are important factors for the response and response capacity
of plants to climate chamg (e.g.Lavergneet al.2010; Walther 2030 Stable species
communitiesand mutualism may buffer disturbanempacts like deteriorating climatic
conditions,e.gby facilitation and ecological redundaneffects(Chapin, lllet al1997; Yachi
& Loreau1999; Beierkuhnlein & Jentsch 2005; Hoogieal2005). However changing and
disrupting ecological interactions between species asgnchronous responsés climatic
alterations are also among the major threat factors for many species (Parmesan 2006;
Memmott et al2007) 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 nesenditions .gLavergneet al2010).

Climate changedriven phenological mismatch between plants and their pollinators,
diaspore dispersers and other ecological services may cause serious threats to species
(Memmott et al2007; Yang & Rudolf 2010). Especially highly spesad taxa might suffer,
e.girom declining seed set and dispersal, or from missing herbivore predation (Meetrabtt
2007; Lavergnet al2010; Aslart al2013).

Different responses of interaction partners also reduce the capacity of specieskto tra
their climatic niche by dispersal and range shifesywhen interaction partners differ in their
dispersal capacities or rates (Lavergeteal.2010; Hsuet al.2012; Gellesclet al.2013).
Mutualistic interactions may then be interrupted, with drasticonsequences 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 @isgal routes (Caplatt al2008; Lavergnet
al.2010; Norbergt al2012; Urbamet al2012; Corlett & Westcott 2013).
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General aspects of environmental tolerance

Plants responding to climatic variation andchange

Climatic changeslter environmental conditions for plant populatio@d may cause
various ecological pressures. Many changes will lie withineiim@ronmental tolerance of
individuals. However, persistere of individuals populations and species will also require
direct biotic responses.,eby phenotypic plasticity of individuals, by evolutionary adaptation
within and among populations, or by dispersal to more suitable habitats. In this chapter, |
will summarise concepts and recent findings concerning the different response types of
plants to climatic variation.

General aspects of environmental tolerance

If a population is forced to adapt (by changing its genotypic and/or phenotypic
composition) to clinatic changes or to abandon a deteriorating habit&tl¢cal extirpation
or relocation to more suitable habitat) depends on the exposure to ¢beaige and on the
specific sensitivityj.eif the new conditions lie within the boundaries of the ecolagitiche
and are tolerated by the affectedganisms or not (Williamst al2008). Ecological optima
and the ranges of tolerance to climatic habitat changes of plants are shaped by their
genetically determined physiological, anatomical and morphologiziés and life history €.9.
Williams et al2008; Munson 2013).

Depending on the environmental and phylogenetic context, some plant characteristics
have been shownot correlate with high tolerancdo climatic change For example,
Soudzilovskaiaet al.(2013) found that traits promoting conservative leaf water economy
(higher leaf mass per area, thicker leaves) and large investments in belowground reserves

URRW FDUERQ FRQWHQW ZHUH JRRG SUHGLFWRUV RI VSHF
temperatire increase among Caucasian alpine plants. Likewise, summer dormaney,
status maintenance in basal tissues during drought, and root biomass were shown to be
correlated with drought survival (Volaire 2008). Especially for woody plants resistance to
cavitation (air emboli in the xylem under water stress) is also an important physiological
trait shaping drought tolerance (Maherai al2004; Anderegg 2013 contrast, differences
between plants of €and G, photosynthetic pathways, concerning their responsiveness and
tolerance to the interacting effects of increased,Grreased temperature and water stress,
have mixed and ambiguous findings in the literature @e®Vand et al1999; Whiteet al.
2000;Drake 2014).

On the population level, biotic interactions atatal abiotic conditiongLiancourtet al.
2013; Munson 20138y well agrior local genetic adaptation.é.ecotypic variation, see.g.
Liancourtet al2013) shape and modify the rangescolfagical tolerance. Further on, earlier
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Walter et al2013; Backhawt al2014)are very important for tolerance to climatbangeln
general, it must beated thatintraspecific variation in tolerances to climatic changes can be
as high as tolerance differences among species (Anderegg 2015).

Phenotypic plasticity

Phenotypic plasticity is defined as environmentally induced shifts in phenotypes and is
among he primary means by which plants react to climate change impadahliCotraet al.
2010). It is thus an active mechanism of ecological tolerance to environmental variation and
can dilate the ecological niche width of populations and species beyondntite bOf
genetically inherited trait values (van Valen 1965; Richatdd2006). Adaptive plasticity
can efficiently maintain (or increase) fithess parameters under new conditions and shields
genotypes from selective pressures or might even generatsubstvate for selection to act
on (Ghalamboret al.2007). It comprises changes in the morphology, phenology and
physiology, as well as in life histories and reproductive patterns in plardBdrmesan 2006;
Matesanzt al2010; Nicotrat al2010).

Phenotypic plasticity is controlledby differential expression of alternative genes, gene
activation and inhibition,or by up- or downregulation of transcripts and other relevant
cellular components. This is realised by physiological, genetic and/or epm&ontrol
mechanisms on single genes associated to the ecologically relevant trait(s), but more often on
multiple independent or interacting genes. The following cellular processes are known to
control gene expression changes subsequent to the recegpitithie external stimulus (an
environmental signal) and initiation of a signalling cascés#® Nicotraet al2010): i. Post
translational modification of the components of signalling pathwagg.by protein
phosphorylation; ii. Regulatory gene trangtion by changes in transcription factor
provision or activity; iii. Changes in chromatire.g.chromatin remodelling, histone
modification or DNA methylation; iv. Activation and jumping of transposable elements; v.
Demethylation of transposable elementsl aipregulation of adjacent genes; vi. Expansion of
short repeat sequences, affecting gene expression; vii. Changes in the population of small
RNAs with effects on postranscriptional control of gene transcripts (RNA interference) as
well as on chromatimodifications. However, although these mechanisms were shown to be
involved in plastic responses to environmental variability, many open questions are still not
solved €.gon the contributions of the different mechanisms and on how they evolve). Also,
only few normodel species were part of the underlying studies (Chinnusamy & Zhu 2009;
Nicotraet al2010).

For plant population persistence during climatic changes, adapinenotypic plasticity
may provide the possibility to rapidly respond to earlier springs and prolonged vegetation
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periods, increased temperature and changed precipitation regimes, extreme weather events
(heat spells, heavy rain events, droughts) and othierct 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 regs become suitable by climatic changes (for
overviews and examples of plastic responses of plants to climate change see Parmesan 2006;
Matesanzt al2010; Nicotrat al2010).

The fact that the responsiveness and magnitude of phenotypic plasticityacgramong
populations within a species is subject of a dynamic research égj@lialamboret al2007
Vitasseet al2013Manuscript 3). Such variation has strong implications for specific response
capacities of populatiamunder different environmdal 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 populatioesdifferent
selection patterns that irggrate past advantages of plasticity relative to the costsgsge
Scheiner 1993; Ghalambeir al2007). However, the fact that a large fraction of observed
plastic responses is either nadaptive (neutral in terms of fitness parameters or even
maladapive) and/or nonrheritable limits the generality of past selection differences as a
reason for varying plasticity among populations (Ghalangd@i2007).

Nicotra et al.(2010) also suggest an influence of standing.fre-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 (Nicotraet al.2010). This makes sense as the maintenance of
environmental sensitivity and regulatory machineries is posing the highest eablagid
evolutionary costs of phenotypic plasticity in organisms (Scheiner 1993; DelVdiit998).

In fact, inManuscript 3, wefound a relationship between mean plastic responséagiis
sylvaticgopulations under different experimental climatic catiwhs 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 andokuionary 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 Southe&surope with high allelic diversity showed a higher
mean plasticity of height increments under different treatments than proveniences of re
colonised Central European regiomdgnuscript 3).
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By adapting phenotypes of individuals to shifting ecologicéihtay phenotypic plasticity
enables populations to evade or attenuate losses of genetic variation due to strong selection
in altered environmental conditions and extreme events (Ghalamtbal2007). It therefore
helps to maintain genetic variation, whicin turn, is known to be necessary for evolutionary
adaptation processesegJump et al.2009) and thus has a strong conservative aspect.
However, if adaptive plasticity produces phenotypes thabmpletely match the new
ecological optimum (favoured by new and enduring selection regime), the population is
likely to persist but adaptive evolution gobablyslowed down Selection would then act
not directional butstabilising on the phenotype and its actual induction (Ghalaméioal.

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, selectionagilldirectional
and is likely to result in evolutionary progress (Ghalamétoal2007). Although plasticity is
environmentally triggered, it relies on underlyiggnetic variation in the inducibility and
expression of phenotypic variants (WeBberhard P05; Ghalamboet al2007). 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 geneticalgncoded and constitutively expressed, a process known as genetic
accommodation (WesEberhard 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.€.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 anpapylations (see
reviews in Pfennigt al2010; 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 nasra détllower than an initiator
of phenotypic change (Wedtberhard 2005; Pfennigt al2010). The role of phenotypic
plasticity for plant responses to climate change impacts is thus not limited to-tdront
persistence effects but must be strongly cdased for longerm evolutionary adaptation as
well.

Transgenerational plasticity

Environmental variation can also lead to direct phenotypic responses in the (affected or
unaffected) offspring generation(s) of plantse.without the process of prior getie
accommodation, and without the necessity for crgsserational or r@ccurring
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environmental stimuli. Suctransgenerationaénvironmental effects have been known for a
long time; however, only in the last years has their adaptive potential gaineaksint
(Herman & Sultan 2011; Salinas & Munch 20&nuscript 2).

The most obviousnechanisms behintransgenerational plasticity are modifications in
nutrient provisioning to seeds by affected mother plants, which changes the initial resource
availability for seedlings (Bloednet al2007; Donohue 2009; Germain & Gilbert 2014). More
recent findings identified changes in the quantity and composition of maternally derived
MRNAs and/or microRNAs, primary and secondary metabolites or plant hormones provided
to the seeds, as well as inheritable epigenetic marking as mechanisms behind phenotypic
variation in offspring plants (Chinnusamy & Zhu 2009; Herman & Sultan 2011).

Many observed transgenerational effects are-adaptive or even maldaptive (Rossiter
196; Youngson & Whitelaw 2008e.gsmallerseeds of stressed mother plants leading to
decreased germination success or seedling growth. However, there is increasing evidence for
specific phenotypicadjustmentsin offspring that are functionally adaptive tthe parental
conditions that induced therntseeHerman & Sultan 20%br a literature overview)

Yet, most investigations on adaptive transgenerational plasticity in plants have been
concentrating on herbaceous species and not many studies exist tikatigate such effects
in connection with climatic variatio(Herman & Sultan 2011However, perennial species
play an important role for the structure and dynamics in ecosystems and might be even more
reliable on norgenetic adaptation to climatic alteians than shorlived species, as long
generation times could hamper rapid evolutionary adaptation and fast range shifts.

In Manuscript 2, long-term transgenerational effects of precipitation extreme events
(drought, heavy rain) on two woody heathland species were shown. Drought stress on
mother plants ofGenist tinctorilmdvancedgermination timing in their offspring and heavy
rain decreasi germination success. Further on, a reduced leaf carbon / nitrogen ratio (C/N)
and increased relative growth rates were detected for offspring plants of heauyeeded
mothers. The second specigSalluna vulgarishowed no significant transgeneratal
plasticity in response to drought or heavy rain treatments. However, transgenerational effects
of different experimental plant communities of the mother plants were obvious for this
species. Mothers that grew in communitiesnsisting of two speciesi.e.with higher
intraspecific competition) produced more rapidly germinating seeds and lower seedling leaf
C/N compared to mothers that grew in communit@msisting of four specie¥hese results
may indicate an adaptive response, that is, steeg®sue of mother plants leads to earlier
germination as an avoidance strategy of possibly recurrent stress. Lower C/N in offspring of
heavy rairtreated mothers could indicate an adaptive increase of metag®btructural
WLVVXH WR WDNH XVddolrde avhjl8iify Wit Gameé<dad be assumed for lower
competition for resources as a result of lower intraspecific neighbourhoodi@eescript
2).
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Transgenerational environmental effects can directly influence traits, phenological
patterns and demagphic compositions in offspring generations (Rossiter 1996; Donohue
2009). Byincreasing the generation of new phenotypes and their exposition to selection,
transgenerational plasticity might thus amplify the evolutionary and ecological potential of
phendypic plasticity during global climate changdanuscript 2 provides insight in species
differences and an integrateperspective on transgenerational plasticity patterns by
considering community effects.

Evolutionandapation

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 nomandom and directing effect and thus can cause adaptvolutionary
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 kingdore.(see
Donoghue & Sanderson 2015). Evolutionary differelmtmiamong 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 cliglated
evolutionary processes and adaptiaterns.

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 arsidmated niche space
enhance adaptive processes, which has led to high proportions of endemic species in island
floras(Whittaker & FernandezPalacios 2007; Kiet al2009). In Manuscript 4, biodiversity
and endemism richness on La Palma, Canary Islarmdsshown 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 reaitern sectors
that receive high amounts ofimaand cloud drip due to their trade wind exposure, and the
dry southwestern 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 ighest 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 ofsendemic
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.e(peculiar combinations of ichatic
conditions), the presence of specialised endemics was increased. As most endemics on
oceanic islands have evolvedsity such clear associations to climatic variables can indicate
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the island (se#anuscript 4).

The prevalence of evolutionary adaptations on oceanic islands is also apparent in the
commonness of adaptive species radiations. These are defined as diversifications of an
ancestor organism into meforms within relatively short time by the means of evolutionary
adaptation and concomitant speciation processes, particularhen a change in the
environment makes new resources availalereates new challenges (Schluter 2000; Nosil
2012). The spediadbiogeographical settings and ecological peculiarity of oceanic island
environments have enhanced numerous of such radiations (Whittaker & FerndPalazios
2007).

An iconic example for adaptive plant species radiations is the g&easiunvEBB&
BERTHEL. (Crassulaceae). It has evolved on the Canaries archipelagce{M8996; Moret
al.2002), where it comprises about 28 species plus a series of distinct subspecies (Liu 1989;
Arechavaleta Hernandeet al.2010). Strong differences their ecologtal niches, their
morphology and ecophysiology (Liu 1989; Lésch 1990; Btoml.2007) suggest that
speciation events were driven or at least supported by adaptation to different {micro
climatic environments (Lems 1960; Losch 1990; Jorgensen & Frygdeh®@9; Jorgensen
2002; Thivet al2010) However, intraspecifizaridion as apossibleresponse to differential
environmental conditions, and thus processes of adaptive evolution in spéties genus,
has not been studied yet.

To test the hypothesised importance of climatic variation for island evolution and to check
if environmental heterogeneity on the small scale of an oceanic island can drive evolutionary
divergence in plants, we tested two islaaddemicAeoniurspecies of.a Palma for genetic
population differentiation related to potential spatial and climatic determinants
(Manuscript 5). Although differentiation was generally low within both species, clear
topographic effects could be shown in the population genetic pagteasis well as signatures
of adaptive variation related to temperature and precipitation variables in one of the tested
species. Although it is not possible to make definite statements about the future evolutionary
outcome of such variatione(gif it depicts incipient speciation), the study showed the
potential of climatic heterogeneity to drive evolutionary processes, even on the small scales of
La Palma (sellanuscript 5).

The mentioned patterns, nevertheless, are the results of evolutionary and béqdece
long-term processes over time scales from centuries to millions of years. The actual presence
of these organisms tells us that they coped with past climatic pressures and changes by
different means of ecological and evolutionary resporidesever, in contrast to past
environments, the currentanthropogenic global change is setting up conditions and
dynamics that raise questions about the adaptability of many species and local populations.
Climatic conditions are globally changing with paces highan those of many past climatic
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changes(Diffenbaugh & Field 2013; IPCC 2013dditionally, climatic alterations are
accompanied by other (new) drivers of environmental chaegganthropogenic habitat
destruction and fragmentation, pollution, overdapation and introduced invasives
(Millenium Ecosystem Assessment 2005; Breb&l2008; MantykaPringleet al2012). These
factors result in demanding novel environmental conditions and selective pressures on many
organisms. Most likely, the new comidns initiate adaptive processes within and among
SRSXODWLRQV "'LQ DWWHPSWpu WR PDLQWDLQ RU HQKDQFH
vivid debate going on about the capacity of evolutionary adaptations to ensure local
persistence of species and pigtions undercurrentandfuture climatic changesg.gJump &
Pefiuelas 2005; Parmesan 2006; Kinnison & Hairston 2007; Bell & Collins 2008; €thavin
2010; Lavergret aR010; Hoffmann & Sgro 2011

With respect to oceanic island floralanuscript 1provides the first global overview of
expectable climatic alterations on oceanic islands for tffecftury and potential impacts
on their floras. Here, the need for evolutionary adaptations of plants to changing
environments is particularly high beese island ecosystems often do not provide the
necessary space for range shifts. On the other hand, many oceanic island species are
characterised by small overall population sizes, limited genetic variation, long generation and
reproduction times, and highulnerability to novel disturbance type.ginvasive species)
due to their evolution in oceanic isolation, factors that are likely to hamper rapid evolutionary
adaptations (se®anuscript 1and references therein).

The uncertainty in evolutionary adagion being able to rescue threatened plant species
from recent climate change is, however, not limited to oceanic island floras. In general,
evolutionaryadaptability of a given populatioor speciess influenced by a numbef biotic
and abiotic factorsThese factors differ between species, populations, individuals and traits,
which in turn suggests strong differences in specific capacities for evolutionary change and
adaptation.

Basic to all evolutionary responses within a population is the underlyirength and
continuity of the local selective pressure.da sufficient rate and intensity of climatic
changes) in combination with some trait maladaptation(s) to the new environmental
conditions {.ethe difference between the initial mean trait valand the new optimum value
of the trait). Given this, one of the most important biotic factors for evolutionary adaptation
is the genetic variation in functionally relevant traits that is present in the affected
population (Hoffmann & Sgro 2011). It isettbasic variation on which the neselection can
act on (Jumpet al2009; Hoffmann & Sgro 2011). However, heritabilitytbie contribution of
genetic variation to trait variation in contrast to environmental/plastic effects and random
chance) needs tde high to enable selection responses (Chetiral.2010; Franks &
Hoffmann 2012)Furtheron, genetic interactions between traigsnd different directions of
selection across multiple traitsan strongly constrain their evolutionary adaptation to
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changing environments (Walsh & Blows 2009; Hoffmann & Sgro 201y} is, if genetically
determined trait correlations are antagonistic to the direction of selection on these traits,

such interdependenciesan significantly slow down climate change adaipta (e.gEtterson

& Shaw 2001; Walsh & Blows 2009). Additionallyleiotropy (the common case of one gene
influencing multiple traits) can hinder evolutionary adaptation. Allele shifts in pleiotropic
JHQHV WKDW DUH EHQHILFLDE a Re eR@dhmaéhthDcomditivh imay) FW LR ¢
simultaneously decrease fitness due to their effects on other functional waitd) might

receive different selective pressures (Walsh & Blows 2009; Hoffmann & Sgro 2011).

Selection does not only act on standing dgeneariation, but also on newly introduced
alleles. These might confimm gene flowfrom other populations orfrom mutation. High
mutation rates and the evolution of new (adaptive) genetic variants can therefore be a
beneficial factor for rapid climate ahge adaptation (Bell & Collins 2008). Both, standing
genetic variation and mutational variation gne@portional to (effective) population size (see
Box 1), makindarge populations more likely to undergo evolutionary adaptation (Lynch &
Lande 1993; Hoffamn & Sgro 2011)n turn, populationsize itself has tremendous effects on
persistence under environmental change. Large population sizes can buffer impacts of
environmental stochasticity and the demographic costs of adaptdtlamp & Pefiuelas
2005; Kinnson & Hairston 2007) However, common species with large population sizes
(especially obligate outcrossers) can be even more vulnerable to sudden population declines.
Often, their mating systems and life histories are not adapted to small population sizes
decreased connectivity and/or low individual density (segHonnay & Jacquemyn 2007;

Aguilar et al.2008), which might decrease their capacity to overcome demographic
depressions during phases of strong selection (Kinnison & Hairston 2007).

Gene flowfrom other populations into a population under strong selective pressure can
maintain the necessary genetic variation or may even introduce new beneficial genetic
variants (Kinnison & Hairston 2007). Habitat fragmentation and anthropogenic gene flow
barriers are thus assumed to decrease persistence potentials and adaptability of natural
populations e.gJump & Pefiuelas 2005). On the other hand, gene flow can introduce
maladapted genotypes and alleles, which might result in fithess costs and prevent eadaptiv
responses to locaklection (Kirkpatrick & Barton 1997; Hoffmann & Sgro 2011). Such-trade
offs are particularly important in range periphery populations, where selection pressures
often are stronger than in the range centre of a species and whichftbusepresent sinks
for migrants (Kirkpatrick & Barton 1997). Further on, it is a widespread pattern that
populations in range peripheries bear lower genetic varigtitokertet al2008 Manuscript
6).

Another characteristic of plants relevant for theswolutionary adaptability is their
generation time and life history. Short life cycles are advantageous for evolutionary responses
to changing environments, making annuals and other dhatl plant species more likely to
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cope with the evolutionary chahges of climate change (Cheetral2010; Hoffmann & Sgro
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
processesuting 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 (gegKinnison & Hairston 2007; Lavergret al2010;
Hoffmann & Sgro 2011).

Dispersal and range shifts

Successful dispersal (see Box 1) depends on the accessibility of suitable target areas,
specific dispersal capacity and migrant establishment. dbaxrring with local extirpation
at formerrange 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 imnggsonse 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 @atd climatic changes in the
paleontological records for the Quaternarg.d.Huntley 1991). Likewise, numerous
phylogeographical studies suggest that many plant species showed high and recurrent
capacities of shifting their ranges by dispersing or comitngdnto refugia and rexpanding
when conditions amelioratede(gTaberletet al1998; Hewitt 2000; Peti#t al2003; Hewitt
2004, see alsManuscript 6). However, this prevalence of dispersal responses is probably, at
least in parts, due to the fatliat past plastic and small scag&olutionary responses are far
more difficult to detect and/or to relate to specific climatic changes.

Range shift processes interact with the abaowentioned eceevolutionary responses
(Holt 2003; Lavergnet al2010) and the influencesof 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 €.gpropagule production, propagule traits, agdrmination timing control)
can be rapidly modulated by plastic changeggiartinez-Berdejaet al201% Ronceet al.
2005 or evolutionaryshifts (e.gHuanget al2015 Shineet al2011). It is likely thatush 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 ecotypeiation and populatiorspecific
tolerances to expected climatic change should not be neglectede@ssments and models of
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future range shift capacitiesnd range developments of species (Peamhai2010; Benito
Garzoénet al2011; Onest al2013Valladare®t al2014).

The process of dispersal itself is strongly influenced by several other factors. First, general
dispersal capacities and potential dispersates strongly differ between species (Malanson
& Cairns 1997; Urbaet al2012). Secondiotic interactionslike competition or loss of
positive species interactions (Norbery al2012; Urbaret al2012) and edaphic factors

(Bertrandet al2012; Beauregaetl al2014) can cause strong constraints for range shift success
of plants, evethough 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 elevaigystms 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 ¢.gParmesan 2008ylanuscript 1). Fourth, avambility 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 clintateed

range shift situations, probably causing difiities for many species to track their climatic
niche (MantykaPringle et al2012; Corlett & Westcott 2013). Particularly species being
specialised to rare natural or sematural habitats, having only small total areas of
occurrence, and/or showing litad 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 besufficient at all to track the predicted broatale 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 speciesiofisieads. Here,
a large fraction of global plabtodiversity can be found in the form of local endemics (Kreft
et al2008; Kieret al2009). Thesmall and restricted land surfaces of oceanic islands strongly
limits range shift potentials for islantiiota 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 stturing, microclimatic patterns, ecosystem configurations,
anthropogenic impairmentstc, oceanic islands can be expected to vary strongly in their
provisioning of micreclimatic refugia, landscape permeability and general range shift
potentials for thé& species. These differences and general patterns of climate change
influences on oceanic islands are extensively discussédiaiuscript 1, a review paper
which for the first time specifically targets the effects of climate change on oceanic island
floras.
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Dispersal can also be a driver of evolutionary differentiation. Colonisation of new areas,
subsequent limitation or loss of gene flow between source and founder populations and
differing selective pressures can initiate evolutionary divergence. Ingégtbgeographical
studies show that intraspecific isolation after range shifts or retraction to disjunct refugia
have often resulted in genetic lineaty#erentiation (Hewitt 1999, 2000, see aldanuscript
6). Suchpast refugium disjunctions can havédfeets on present regional variation in
(adaptive)phenotypic populatiorcharacteristics, as showagfor Populus nig(BeWoodyet
al.2015),Geum montan(8cheepenst al2015), oilCampanula thyrso{8ebeepenst al2013)
Further on, posiglacid re-colonisation historiesi(ethe successional spread of species from
their refugia to deglaciated areas) have also shaped intraspecific genetic patterns (Hewitt
1999; Petiet al2003). Genetic variation within species has mostly diminished alotig nex
colonisation advances by the processes of genetic drift, but also by possible selection
pressuresand primer effects ¢competitive exclusion of succeeding genotype establishment
after colonisation of new terrain by founder individuals¥ront edge populations.

Both, adaptive variation among phylogeographic lineages and differences in genetic
diversity among populations due to different glacial and jgbatial histories are likely to
affect population responses to current and futurkmatic changes. Persisting (and
potentially cryptic) adaptations to different refugial conditions may include climatic
adaptations or adaptiveness relevant for future conditions €sgige\WWoodyet al2015). And
although phylogeographic studies mostlgly on (presumably) neutral genetic markers
(intergenic regionsnot subject to selection), differences in genetic diversity among
populations of different Quaternary histories are likely to at least partially correlate with
functional genetic variation (M#@&a & Crnokrak 2001; Corre & Kremer 2003; Nostl al.

2009; Orsinket al2013; see alddanuscript 3). During species range contractions in cooling

periods in the Pleistocene diverse lineages probably have convergedtirern refuge

regions. Refugigbopulations persisted in relatively stable climationditions during glacial

periods, which enabled them to maintain large portions of their genetic variation or even
evolve new variants. The resulting variatiaithin populations is beneficial for future
FOLPDWH FKDQJH UHVSRQVHV QRW RQO\ E\ SURYLVLRQLQ.
stressors and for evolutionary adaptatiosefisdumpet al2009), but also as facilitator of

(adaptive) phenotypic plasticity, as indicated and discussedViemuscript 3 (see also

Nicotraet al2010 and discussions in previous chapters).

Genetic diversity patterns due to phylogeographic histories often coincide with diversity
patterns of range centrperiphery gradients (Guo 201@anuscript 6). In range periphees,
several possible factors can lead to decreased genetic diversity in and higher genetic
differentiation among populations. These include lower environmental suitability and higher
selection pressures, smaller effective population sizes, higher gerititidug to increased
environmental and demographic stochasticity, as well as greater geographical isolation and
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lower gene flow among peripheral populations compared to populations in more central
regions of agiveW SHFLHYV - UdD&R00b; EckR@2d|2008; Sextort al2009; Gerset
al.2011; LirdNoriega & Manthey 2014). Additionalljjower genetic diversity in peripheral
populations might also be due to late colonisatitom more central regionsemore or less
recent founder effecidHampe & Petit 2005)

However, combined considerations of range cep&gaphery patterns and past largeale
dispersal processes are still uncommon, although shown as meaningful in models of genetic
diversity differences among populations (see Guo 2M3ahuscript 6 introduces novel
metrics to quantify marginality in complex and discontinuous range shapes using the
example ofCorynephorus canest@ndespread but highly specialised European grass species.
We found that genetic diversity was significinbetter explained when range marginality of
populations was combined witklirections of posiglacial recolonisation (the longitudinal
and latitudinal gradients)as predictor variables, compared to models including only re
colonisation directions or onlgnarginality. The shown intraspecific variation reflected a past
climate-associated reolonisation process but additionally hints towards possible
differences in adaptive capacities among populations. In many species, populations in past
glacial refugian southern regions now represent the potential rear edge of northward range
shifts in response to climate warming. For example, Mediterranean regions are projected to
receive considerable environmental pressures from increasing summer temperatures,
decreamg precipitation and more frequent extreme weather events like droughteavy
rain (IPCC 2013, 2014b). Howevégediterraneanpopulations often also possess high
standing genetic variation, probably beneficial for-ewolutionary response capacity and
their persistence in changing environments (Hampe & Petit 2005lse®&anuscript 3 and
6).
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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 wiitmate change impacts and if it
will not be possible to mitigate the effects of global chamggPereiraet al2010; Bellardt al.

2012; Selwooe@t al2015). However, although predicted to be a major driver of species
extinctions in the future, th@roximate causes of recent extinctions and threats from climate
change are known only for a handful of species (Cahidl2013). In the paleontological
record, extinctions are also hard to relate to specific (proximate) causes, even when they
occurredin 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 prbassd models to ssss
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 variabgifiu¢tuations of
magnitudes andates, see.gBell & Collins 2008) of cliratic 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 mseisanBoth 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 infgotential future conditions and developments for
regional and local species and ecosystems. Particularly in regions of high biodiversity,
biological uniquenesse(gendemism) and thus high threat potential from global change
impacts, data on past and rcant climatic trends, as well as reliable projections are often
missing €.gin many tropical and subtropical developing countries with coarse networks of
climate stations and on small islands, d&lanuscript 1). Often, the topographical
complexity of aregion and thus micralimatic conditions and potential microefugia are
underrepresented in spatial climate projections.

Specific response capacities of most species and populations are also still largely unclear,
and possible ecotype differences withépecies, 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 a@oserved trendse(gdemographic and distributional data) or
projected changese(gniche distribution models) (Thomast al2011; Selwocet al2015) or
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are purely conceptual with rather qualitative considerations on relevant factor interactions
(e.gWilliams et al.2008; Manuscript 1). More empirical data on organismal response
capacities and integrated assessment tools to forecast risks (and benefits) of climate change
on species and ecosystems are needed.

In this thesis, several advancements in thederstanding of biological responses to
climatic variation are made and new research options are opened.

x First, an initial global and integrative framework for scientific and conservational
treatments of climate change impacts on oceanic islands isdeayWanuscript 1).

This fills a research gap on these very peculiar ecosystems, considering their
evolutionary and ecological significance and their importance for global biodiversity.
The suitability of oceanic islands for research in climate changegscisl depicted and
options for needed scientific efforts are identified.

X Second, lasting transgenerational effects of extreme weather events have been shown
for perennial species, including germination and offspring performadeay(script
2). This emphaises the relevance of extreme events in shaping sustainable changes in
population processes and phenotypic variation that may contribute teegotutionary
processes. Further research is needed to test later developmental steps in offspring
individuals oreven in the following generations. Transgenerational plasticity should be
more considered as a mediienm response of organisms to climate change impact,
additional to direct phenotypic plasticity and lortgrm evolutionary adaptation.

x Third, a relationbetween phenotypic plasticity patterns and genetic diversity in
populations were suggested, indirectly including phylogeographic gradients into
considerations of phenotypic plasticity@anuscript 3). More studies with additional
species and greater geognagal sampling are needed to elucidate the found effects and
to investigate their relevance for intraspecific variation in response capacity towards
climatic change.

x Fourth, the importance of climatic and topographical landscape heterogeneity on eco
evolutonary processes was shown by analyses of biodiversity pattietasuscript 4)
and intraspecific genetic structuringlanuscript 5) of endemic species on an oceanic
island. Although ecological heterogeneity is known to drive evolution and species
diversity patterns on islands this has rarely been quantified on the -isteend scale
and within species. Additional research should further focus on the underlying
processes of niche divergence, speciation and biogeographic differentiation within and
among speels on the scale of single oceanic islands. For exampligpin
phylogeographic analyses and genomic studies could unravel evolutionary trajectories
and traits and genes involved in species evolution of island endemics in order to test
island biogeograpbal and species radiation theory.
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x Fifth, an enhancement in thenalyses of largecale population genetic patterns was
made by integrating the effects of range cenperiphery gradients into
phylogeographical patterns in a widespread European speciestadi@uaternary
climate fluctuation Manuscript 6). To do so, new metrics of range marginality were
invented and tested, which may have general relevance for studies on range centre
periphery gradients.

The presented findings contribute to the knowledgepteint responses to climate change
and their eceevolutionary capabilities in various spatial and temporal scales of climate
variation. In a broader perspective, the challenge for future studies of species responses to
climatic variation will be to integra the interacting processes of phenotypic plasticity and
evolution into models and projection®.gin species distribution models). Intraspecific
variation in response capabilities must find better consideration and we should refrain from
looking at ecabgical response and evolution as discrete processes. Likewise, climate change
impacts cannot be seen isolated from other pressures of global change. The interactive nature
of and feedbacksetweendifferent drivers of change must be considered when stgdsgks
and response capabilities of species and ecosystems. Although this is not a trivial task, it will
help to understand the constant interplay of evolution and ecology and to assess the future of
biodiversity and organismal distributions under chargyriimates.
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Overview

Manuscripts of this thesis

Overview

In the following I will provide short summarieof the manuscriptspresented inthis
thesis, highlighting their relevance for thacientific landscapegontributions to answering
open questionxyr achieved methodological conceptuabhdvancesvianuscripts are ordered
according to their appearance in the introductiohable 1 provides an overview on
conferencecontributions during my PhD periodelated to this thesisAfter a declaration of
my personal contributions tohem, themanuscriptsare presentech their latest formA list
of publicationsand manuscriptso which | contributed but which are not included ithis
thesisis given in Appendix.1

Manuscript 1 compilesand analyseslimate data and literature knowledge #o global
overviewand conceptual vulnerability analysis fdimate change patternandimpacts on
oceanic islandand their florasThe role ofanthropogenicclimate change for oceanic island
biodiversity has been largely neglected probably due to presumed climatic buffering from
surrounding water masses, supposed dominating effects of habitat destruction, and a
previous focus oflimate change research on continental systéie. show by projecting
most recent global climate projections to oceanic islands anexpgnsivelyreviewing
existing literature from climatology, biology and other research fields that thereyrisaa
potertial of risks resulting from current and future climatic changes &mn specific
attributes of oceanic islands and their speclamited space fodisperal responses, small
population sizes and high ecological specialisation of many island endemiss]opi
functional redundancy in oceanic island ecosystems are factors for high vulnerability against
climatic alterationsWe further argue thatinteractions of local impairment&.gfrom habitat
destruction and neobiota invasiongjith climatic habitat change and potential indirect
effects of forced human activity shifts.gtranslocation of settlements due to sea level rise)
might cause the most severe probleimsisland biota Differences in impact potentials and
possible responses among island etiypand species are discussétthough the paper
compilesa growing body of evidence for climate change risks on oceanic island dless,
uncertaintiesstill exist, largely resulting from missing high resolution climate models for
most oceanic islandsnd from insufficient knowledge onVSHFLHV:- UHVSRAN2VH SRWI
identify knowledge gapsprovide ideas for potential research adeépict the general
suitability of oceanic islands for research in global change ecology.
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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 specenitta tinctoad Calluna
vulgaris recurrently experienced bymother plants Additionally, effects of different
community compositions (resulting in different levels of intraspecific competition}Cof
vulgarisnother plants were tested. We can show that drought stres&otinctoriand high
competition for C. vulgarisother plantscause earlier germinatioof seds. Additionally,
offspringof heavy rairtreatedG. tinctorianothers showed reducealerallgerminability and
delayed germination, highgrowth ratesin their second year and lowerleaf C:Nratio,
indicating less structural, @ich tissue and more nabolic, Nrich tissue The found
transgenerational plasticity is discussed regarding potential respstiateges of mother
plants to avoid stress and high competition for their offspri@grmination and growthare
crucial factors foroffspring establisment and competitiveness. The observed maternal
effects carthus shape longerm population dynamics and community interactions in natural
ecosystemsOur study is the first to showhat maternal effects after extreme events or
changes in communitgomposition cannot be neglected when estimating ecological and
evolutionary responses of species and populations to environmental cliaisgalso a rare
case study of transgenerational plasticity in perennial species, revealing persistent maternal
effeds.

Manuscript 3 investigates the influence of genetic diversity within populations of
European Beech-égus sylvaliaan variationin phenotypic plasticityamong populationgo
experimental extreme weather ews (drought and/or warming)The manuscriptthus
directly tests an assumption made in recent synthesis papers on phenotypic plagteity.
show thatgeneticdiversity differences relatetd the known phylogeographical histoof the
analysed populations from Bulgaria (glacial refuge region) andh&wsr (postglacial re
colonisation region) were partially correlated to phenotypic plasticigriation. Potential
adaptive valug of the measured plasticity variation and phylogeographic implications on
plasticity on the population level are discussé&tiereby, the manuscript hints towards
further value of genetic diversity besides its evolutionary importance. As a parameter
influencing plasticity in populations, genetic diversity might have relevémcassessments
of responseapacities oplant populations to climate changend in conservation planning

Manuscript 4 directly tests the (proposed) fundamental roles of climate and topography
on distributions of plant diversity and its implications on eewolutionary processes. We
take the island of LRalma aa model system fa@nalysingdistributions of plant biodiversity
metrics (species richness, endemic richness and endemiieipgercentage of endemiceh
the landscape scadnd relating those patterns taariousclimatic and topographivariables
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 x 100 m.
Spatial patterns of biodiversity measurglsowed up tobe partially decoupled ando 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 variable@nainly topographic complexity slope, solar
radiation), and climatic drivers(mainly elevation, rainfall seasonality, temperatuvegre
dominant in explaning endemicity patterns Provisioning of habitat diversity and micro
refugia from past climatic variability and fronuman impairments€.gland use, introduced
herbivores) are suggested as main explanations fompdsitive influence of topographic
complexity and slopeon endemic richnesslin contrast, endemicityindicates floristic
uniqueness and specialisation, azah thusbeinterpreted as a measureiofsituspeciationin
responseto specific local selection pressuresupporting a strong relevance of climatic
factors for adaptive evolutionary processes in plaBésides 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 meda3aties.
aspectsincreasethe general understanding of biodiversity patterns dnaverelevancefor
conservation management.

Manuscript 5 is alandscape genetic studgprgeted at the vivid debate about drivers of
species radiations on oceanic islands and about evolutionary processes on small spatial scales
in generalWe analyse populatiomgenetic patterns within two islanéndemic species of
Aeoniumon La Palma to identify drivers of evolutionary processes on the island scale.
Although the genus represeras iconic textbook example for species radiations on oceanic
archipelagos, this stydis 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,
emphaizing 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. Topograpland
ecological heterogeneity within single islands can thus be stated probable drivers for
speciation in the radiation ofeoniunon the Canary Island#Additionally, by comparing
intraspecificrangewide patterns within a widespread ecological genetalis.a specialist
species on the same islamubssible effect®f ecological niche widthon the potential of
evolutionary divergenceithin speciescould bediscussed.

Manuscript 6 enhanceghe understanding ofgenetic diversity patterns within species
ranges along the two gradientsetween glacial refugia to rkeolonisation regions and
betweenrange centres to range margii$ie studyanalyss largescalepopulation genetic
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patterns within the grass Corynephaicanescens/hich isanuncommorspeciesiue 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 idighly dependent on disturbance and thus can be assumed to have a
very dynamic population ecology. We thus test the hypothesesGbatnephorus canescens
shows genetic patterns of i) uniform-o®lonization from the Iberian peninsula towards the
Easternparts 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 disturdaea
genetic drift. The found recolonisation patternsare more complex than hypbesised;
however, we @n show that phylogeographic patterns interact with centreargin patterns

but also with the special ecology of this species. This integrative approach is innovative, as in
most other studies these patterns are studied separatedpitdetheir high biogeographical
interdependence. We also invent and test new indices to quantify marginatiigh has
relevance for future studies that need to account for marginality on a continuoususdaie

in scattered or discontinuous range skap
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Table 1:Presentation of researctelated to this thesisat scientific conferenceOnly

presentations where | was presenting authoe listed.

Conference and

Date Organisation location Title Type
) Holocene recolonisation,
. 7" International centraltmarginatdistribution
International . N
. Conference, and habitat specialisation
01 /205 g:?gg?y%gg;‘ y University of shape population genetic Poster
Bayreuth Germany patterns within an Atlantic
European grass species
n . Island-scale spatial and
International éoLr}ﬁg'ﬁéfnal ecological differentiation
01 /2015 Biogeography Uni L within two species of a Poster
. niversity of y
Society(IBS) radiating genus on the
Bayreuth Germany : ;
Canarian archipelago
University of Hawaii Island Biology 2014, The impacts of global climate
07 /2014 y Honolulu, Oahu, change on the floras of ocean Oral
at Manoa - )
Hawaii, USA islands 2a general framework
Bayreuth Center of BayCEER Spatial elmc_j ecg]fofglcal _effects
Ecology and Workshop on population differentiations
10/ 2012 . ; S of two island endemic species Oral
Environmental University of of a radiating plant genus on
ResearchBayCEER Bayreuth, Germany the Canary Islands
: . The biogeography of
(E;ce?:ﬁglﬁal ES;'E;V of 420 Annual population differentiations in
09/2012 W, Meeting, LUneburg, a radiating genus of the Oral
and Switzerland I _ ial
(GFO) Germany Canary Is an_ds. Spatial or
ecological drivers?
Genetic diferentiations
Society for Trovical A | Conf within island endemics: A
02/2012 Egg:g y ((thé)roplca Eﬂgzaen Og:rrrig%e’ biogeographical evolution Oral
gy g gen, y assay in selecteeonium
species
AK Biogeographie inr
Verband der Genetic differentiations
Geographen an Jahrestreffen, within selectedAeonium
05/2011 . . Oral
Deutschen Hamburg, Germany species?processes of adaptiv
Hochschulen radiation?
(VGDH)
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Declarations of own contributions to each manuscript

Manuscript 1:
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Abstract

Recent climate projections indicate substantial environmental alterations in oceanic island regions
during the 21st century, setting up profound threats to insular floras. Inherent characteristics of island
species and ecosystenmesgsmall ppulation sizes, low habitat availability, isolated evolution, low
functional redundancy) cause a particular vulnerability. Strong local anthropogenic pressures interact
with climate change impacts and increase threats. Owing to the high degree of enderttiin
floras, a disproportionally high potential for global biodiversity loss originates from climate change
impacts on oceanic islands. We reviewed a growing body of research, finding evidence of emerging
climate change influences as well as high pidés of future impacts on insular species and
HFRV\VWHPYVY 7KUHDWYV IURP JOREDO FOLPDWH FKDQJH DUH QRW
islands but rather vary with intrinsicd.gisland area, structure, age and ecological complexity) and
extrinsic factors (regional character, magnitude and rate of climatic alterations, local human
influences). The greatest flora vulnerabilities to climate change impacts can be expected on islands of
small area, low elevation and homogeneous topography. Istnde functional redundancies will
particularly suffer from high rates of -toodifications and c@xtinctions due to climatehange
driven disruptions of ecological interactions. High threat potentials come from synergistic
interactions between differerflactors, especially between climatic changes and local anthropogenic
encroachments on native species and ecosystems. In addition, human responses to climate change can
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cause strong indirect impacts on island floras, making highly populated islands veeyable to
secondary (derivative) effects. We provide an integrated overview of climate ethaveye processes
affecting oceanic island plants and depict knowledge gaps and uncertainties. The suitability of
oceanic islands and their ecosystems for paamesearch 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 bufferindevekearise,
susceptibility
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Introduction

Oceanic islands have always been stimulating to scientists as natural showcases of ecology,
evolution and biogeographicarocessesg.gDarwin, 1859; Wallace, 1880; MacArthur and Wilson,
1967; Carlquist, 1974; Whittaker and FerndnBeiacios, 2007). Their origin from oceanic crust and
final erosion beneath sea level has been persistent and characteristic traits dutimgslbf earth
history, defining special conditions and time scales for evolution and extinction. Isolation from
continental landmasses sets up an efficient filter for the immigration of terrestrial organisms to
oceanic islands. Successful colonisers amfranted with novel environments and evolutionary
opportunities, leading to unique species and species assemblages (MacArthur and Wilson, 1967,
Gillespie and Roderick, 2002; Whittaker and FernandRsdacios, 2007). Thus, oceanic islands
generally have loar overall species numbers per unit area (Whittaker and FernaRaéacios, 2007)
but show higher percentages of endemism than mainland areasetkae€2009). As a consequence,
the extremely limited insular areas host a disproportional high fractigiotifal biodiversity (Krefiet
al, 2008; Kieet aJ.2009).

Although most climate change research is focused on continental ecosystems, ocean regions, too,
will be affected by global climate change. For many oceanic islands, changing temperatures and
precipitation patterns, shifting frequencies and intensities of extreme weather evegtirqughts,
storm surges, hurricanes), as well as altered patterns of seasonal atefrmigdeather systems (El
Nifio Southern Oscillation, monsoon, etc.) and sea leselcan be expected (IPCC, 2012, 2013b).
These changes can pose profound and challenging environmental alterations to terrestrial biota in
general é.gJump and Pefiuelas, 2005; Parmesan, 2006; €ahjl2013), but have specific relevance
for islandbiota (Loope, 1995; Mimumt al.2007; Caujap€astellset al.2010; Fordham and Brook,

2010; Bramwell, 2011).

This specific relevance is due to several aspects of oceanic islands: First, as a consequence of their
isolated evolution, oceanic islandegjes are often insufficiently prepared to changing environments
(Cronk, 1997; Gillespiet al.2008; Fordham and Brook, 2010). For plants on oceanic islands, Carlquist

LQWURGXFHG WKH "LVODQG VI\QGURPHu PHDBAIitR@EeeL D WH

also Cody and Overton, 1996; Fresnillo and Ehlers, 2008; Giktsgi€012), (ii) a tendency to be
poor competitors in the face of introduced species and (iii) a lack of defensive mechanisms against
(non-native) herbivores (see also Baowand van Vuren, 1997; Vouréh al. 2001). Second, the
restricted areas of oceanic islands and the surrounding ocean limit the options of island species to
migrate and escape potentially deteriorating conditions via range shifts. This requires affemtizxs
to either retreat to potential refuge habitats within their island (if available and within reach), adapt
rapidly to changing conditions or to become extinct (Gillespieal. 2008; Levinet al.2008). Third,
due to the restricted size of oceaislands, the total range of endemics is also comparably small. This
is usually connected to a low overall population size, leading to higher vulnerability to stochastic (but
also deterministic) threats (Kruckeberg and Rabinowitz, 1985; Gilpin and Sb&88; Frankham,
1998; Gillespiet al. 2008). Especially very narrow endemics, which represent a high percentage of
RFHDQLF LVODQ @.ySakaietRaz2092), Lake Liikély to exhibit low tolerances and a high
vulnerability to extrinsic disturbances (Kruckeberg and Rabinowitz, 1985; Lavesgrad. 2004;
Hermantet aJ.2013). Also, oceanic isolation acts as a very efficient dispersal filter, dralatiditiy
WKH SRWHQWLDO RI VSHFLHVY UHVSRQVHVY WR HFRORJLFDO VKL
landmasses.

The imminent sensitivity of many island endemics to rapid environmental changes and
extraordinary encroachments is reflected in thisproportionally high numbers of extinctions after
human arrival on remote islands (Cronk, 1997; Sadler, 1999; Steadman, 2006; zetgdisét al.

2010; Fordham and Brook, 2010). Although this pattern is more obvious for animals than for plant
speces e.gSaxet al. 2002; Whittaker and FerndndeRalacios, 2007), numerous examples prove
novel anthropogenic stressors (introduction of neobiota, selective use or exploitation, land use and
habitat destruction) have caused past and current lossesamidissndemic plant species.¢gBouchet

et al.1995; Jaffret al.1998; Sadler, 1999; de la ¢tual.2003; Fall, 2005; Schafer, 2005; Prebble and
Dowe, 2008; Meyer and Butaud, 2009; Baétea]. 2010; Connoet al. 2012; Restrepet al. 2012).
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Besides already irreversible losses, extinction debts and cases of imminent extinctions are also
common in oceanic island floras (Sa&hg|.2002; Sax and Gaines, 2008; Ka&anburyet al.2010;
Heywood, 2011) and other island organisms (Triagited 2010; Hallegt al.2014).

Compared to local human encroachments, global climate change alters environmental conditions
beyond the island scale. Despite some climatic buffering effects by the surrounding oceans, climate
change thus has the potential significantly affect island biota. Evidence from Quaternary climatic
alterations suggests substantial ecological shifts on oceanic islands, including losses of plant species
(e.gLoope and Giambelluca, 1998; Rdual. 2012; Boeet al. 2013; Noguétal, 2013). Current
observations of vegetation changes due to climate alterations suggest even stronger climate effects on
plant life when climatic changes proceed into the futgegRoux and McGeoch, 2008; Kapfral.

2012; Krushelnyckgt al. 20B). Species vulnerability modelling according té' 2&ntury climate
change scenarios showed that considerable proportions of island plants are threatened by future
conditions,e.gay strong shifts or even complete losses of climatic niches of somesspegiortini et

al, 2013 for Hawaiian plants, or MarreB®dmezet al. 2007; Lloret and Gonzaldtancebo, 2011;
Patifioet a].2013 for the Canary Islands). Taken together, insights from past climatic changes, current
trends and projections of futurgonditions show that oceanic islands and their floras are affected by
climatic alterations and that oceanic buffering, although undoubtedly existent, cannot be generally
expected to shelter those systems.

Extinctions of oceanic island plants by climate rmha would contribute disproportionally to
global biodiversity decline (Mimurat al.2007; Fordham and Brook, 2010). This is particularly true
considering that about one quarter of all vascular plant species are endemic to islands (sharing only 5
% ofthe(DUWK-V ODQG DUHD QRW FRQVLGHULQJ *Udi#&.Quad).Q G PDC
However, specific literature on climate change impacts on oceanic island floras is scarce. Apart from
case studies of potential local climatic alterations andultiey environmental consequences on
selected specieg gRoux et al.2005; MarrergGomezet al.2007; Levinet al.2008; McEacheret al.
2009; Shapcotet al. 2012; Krushelnyckgt al. 2013) or on particular ecosystems, single islands or
oceanicregions €.gSperlinget al.2004; Gillespiet al. 2008; Wetzekt al.2012; Fortinet al. 2013;
Scott and Kirkpatrick, 2013; Bellamt al. 2014), general examinations of impacts and potential
influences of global climatic change on island plamesyet missing. Thus, the aims of this study are
(i) to evaluate current climate change effects on oceanic island floras and discuss possible scenarios of
climate-change driven impacts on island plant diversity, (ii) to assess how iséantbspeciespecific
characteristics may either intensify or attenuate impacts of climate change, and (iii) to identify
knowledge gaps and research challenges.

Climate change patterns among island regions

Global temperature and precipitation change on oceanic islands

Ocanic islands are defined in this study as islands that have never had contact to other
landmasses, including islands of volcanic or coralline origin, as well as raised coral or limestone
islands and all intermediate forms. We compiled and analysed datean annual temperature and
mean annual precipitation changes on such islands worldwide, based on median climate simulation
outputs by recent CMIP5 model ensembles (Coupled Model Intercomparison Project Phase 5, Taylor
et a].2012) for three future timeedods and four greenhouse gas scenarios, respectively.

For this purpose, a dataset of globally distributed islands were obtained from the -Uhied
Island Directory Website (Dahl, 1991; http://islands.unep.ch/isldir.ntm), which includes nearly 2000
islands with important island variables, including geological origin. Starting from this dataset we
extracted all oceanic islands. Missing geological information on some islands was added if available in
the literature and internet sources and all records vedrecked carefully. Coordinates were corrected
(if necessary) and permanent isolation from other landmasses (surrounding sea depth of min. 160 m)
was assured by visual assessment of bathymetry in Googl&Eamthsion 7.1.2.2041 (Google Inc.
2013), resuliig in a final data set of 787 oceanic islands.
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CMIP5-based, multimodel ensemble projections for global mean temperature above surface and
precipitation were downloaded from the IPCC AR5 (Intergovernmental Panel on Climate Change
fifth assessment report, IPCC, 2013b) publication and data download homepage
(http://www.climatechange2013.org/report/fuleport/). These data are presented and described in
Annex | of the WGI report (IPCC, 2013a) and includey2ar average changes for the near term
(201622035) midterm (20462065) and the long term (20&1100), relative to a reference period of
19862005. For each period, data for four Representative Concentration Pathway scenarios (RCP 2.6,
RCP 4.5, RCP 6.0 and RCP 8.5; van Vuetex.2011) were obtaineBrom the 42 CMIP5 climate
models in total, RCP 2.6 projections are based on an ensemble of 32, RCP 4.5 on the full 42, RCP 6.0
on 25, and RCP 8.5 on 39 model experiments, respectively (IPCC, 2013b). Spatial data was given on a
2.5° grid, consisting of regal median, 25%and 75%quantile responses of the respective model
ensemble. The conversions of the original netCDF files to raster grids, the extraction of the raster
values and their subsequent analyses were carried out with R 2.15.2 (R Core T@amsigglthe
SDFNDJHV fUDVWHU:- +LMPDQV DQG 51HW&'): OLFKQD

To compare climate change projections for oceanic islands with the expected worldwide changes ,
we additionally analysed projection values from continental grid cells, andcomiracfor putatively
differing coastal climates, from grid cells of coastal areas, including large continental islands. In
obtaining continental climate change data, we identified cells that were entirely covering landmasses,
i.e.purely inland pixels withQR FRQWDFW WR VHDVKRUHY KHUHDIWHU WHU
climate change expectations, we selected cells that contained shorelines of landmasses bigger than
100,000 krh (to illustrate, the North Island of New Zealand has an area of 11<3r§)29The
latitudinal range of oceanic islands in our data set ranged f@8f S to 71° N. To assure a reasonable
comparison, we restricted the latitudinal range of our coastal and continental grid cell selection to the
latitudinal range of 75° S to 75°,Nielding 1331 coastal and 1885 continental pixels in total. Values
were extracted from all pixels, respectively, and analysed in the same way as the oceanic island values.

Mean annual temperature is projected to increase appreciably for our set dbiAég, isndicated
by consistently positive directions in average change values among greenhouse gas scenarios (Fig. 1A).
Model uncertainty for temperature (represented by the vertical extension of boxes in Fig 1A, showing
the upper and lower average quat) is moderate. According to average median values, RCP 2.6
would likely result in average temperature increases below 1 °C even at the end of the century,
whereas this is true in the other scenarios only for the near term future (period®2086). Foithe
mid-term (2046 22065) future, increases between ~1 °C (RCP 4.5 and RCP 6.0) and 1.5 °C (RCP 8.5)
are possible, and for the lotgrm future (208122100) temperature increases range from 1.3 °C (RCP
4.5)to0 1.6 °C (RCP 6.0) and even 2.8 °C (RCP 8.5).

However, there is a large geographic variation (indicated by the error bars in Fig. 1, showing the
standard deviation among islands for the given median model response), which increaseseinriong
projections. Likewise, the overall uncertainty amongnate models (the interquartile distance) is
higher for the longerm simulation ensembles. For mean annual precipitation, the pattern is less
distinctive (Fig. 1B). The average median model response indicates slightly more precipitation for the
majority d islands in the future and an increasing trend towards the end of the century (from below
1% in all neaterm projections to 1.8 3.2% for the period 20822100, the latter value being the
average median for RCP 8.5). Nevertheless, there is a huggowaaiaong islands (standard
deviations ranging from 3.4% to 18.1%) and among climate model outputs within simulation
ensembles. Both types of variability are indicated to increase from moderate to high greenhouse gas
scenario and from ned&erm to longterm projections. This means strong uncertainties in projecting
even the direction of precipitation change for many oceanic islands, considerably depreciating the
robustness of assessments of future climatic conditions. Limited predictability of precipitatio
developments is a known source of uncertainty in climate projections (see below and discussion of
precipitation projections and model variance in IPCC, 2013b and Lee and Wang, 2014). Lack of direct
observations, methodological uncertainties and high gggdcal trend variation as well as high
variability of major climate drivers like the ElI N#®buthern Oscillation (ENSO) and climate
oscillations of longer duratione(gPacific Decadal Oscillation) may account for this uncertainty
(Mote et a].2011; &eneret al.2012; IPCC, 2013b).
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Fig. 1: Average absolute temperature change (A) and percentage precipitation change (B) projections over 787 oceanic
islands in the course of the 21st century according to four different greenhouse gas concentraitosSgeCPs). Single

island values were based on regional median model outputs of CMIP5 simulation ensembles (32/42/25/39 out of 42 scenario
experiments for RCP 2.6/4.5/6.0/8.5, respectively). Reference period is? 2086. Boxes show the averaged meslia

(central horizontal bar) and averaged upper and lower quartiles (upper and lower horizontal bars, respectively) of the
climate model ensembles over the whole set of islands to indicate the model variability. The vertical lines depict tide standa
deviaions of averaged medians to show the large differences among islands. Projections of temperature and precipitation
changes for coastal (C, D) and continental regions (E, F) are depicted in the same way, respectively.

It should also be noted that largeale precipitation projections might disregard influences of
island topographies on precipitation patterns on smaller scales.-elgyfated islands often possess a
diversity of mesoclimates due to orographic cloud formation, lwefiexets and other topogphically
determined climatic patterns resulting in heterogeneous distributions of precipitation patterns
among island regions and/or elevational zones (Whittaker and FerndPdkxios, 2007). Further on,
many oceanic islands have highly structured langes of valleys and ridges with broad and steep
slopes, which can generate numerous midnmatic conditions. Both, regional differences within
islands and smabcale landscape structures potentially constitute climatic migfugia for species
during dimate change (see.gHannah et al. 2014 for general considerations of mi@fugia).
Additionally, it is possible that climate change impacts will vary among different areas within islands,
e.gincreasing humidity in windward slopes but drying condits in leeward island areas due to
disparate changes in cloud formation or cloud layer elevation leading to changing rain shadow effects
(Schollet a].2007; Chet al.2010). While largscale projections can show regional trends important
for generakhange perspectives, fine resolution islaodle climate models and downscaled climate
projections will be necessary to account for geographical variation within-dliglated oceanic
islands and to provide better resolved scenarios.

Likewise, largescale temperature projections in general only refer to air temperatures close to the
water surface and thus do not entirely represent the potential changes on small oceanic islands with
extents much smaller than the climate model resolufigimura et al.2007; Heywood, 2011; Nurse
and McLean, 2014). Air temperature increases above land surfaces on islands might exceed
projections for the surrounding open sea surfaces (Mimairal. 2007) due to the lower specific
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thermal capacity of langurface. This could lead to a possible underestimation of temperature
changes in current climate models.

The projections for oceanic islands differ from those for coastal and continental regions. Although
of appreciable magnitude, temperature increasespanjected to be lower on islands (Fig. 1A, C and
E). This indicates an oceanic buffering effect that attenuates air temperature increases, probably by
the relatively high heat capacity of large water masses surrounding the islands (Kutzbach and Webb
I, 1993). While for the near future differences lie within a 1 °C range for all RCP scenarios, mid and
long term projections show that average temperature increases in coastal and continental regions may
exceed those of oceanic islands by more than 2 °C &&)PInterestingly, temperature increase in
continental regions is projected to become only very slightly higher than in coastal regions, showing a
strong influence of large landmasses to climate conditions even in marginal regions, compared to the
pecuiar situation of oceanic climates. This difference between oceanic ardceanic regions is also
true for precipitation change projections (Fig. 1B, D and F). While no qualitative difference is
observable between coastal and continental regions, avepgggttions for oceanic islands show
lower average increases of precipitation and more drying trends in some climate models. Also, the
increase of precipitation during the course of th& @&intury seems to be smaller for oceanic islands
than for otherlandmasses. This shows that climate change on oceanic islands may differ in some
aspects compared to other terrestrial regions of the world.

Regional variation of change and drivers of variability

Observed and projected changes in climate are known fer adégionally (IPCC, 2013b). For our
dataset of 787 islands, projected changes in temperature and precipitation for the periéG®22081
under the medium to high greenhouse gas scenario RCP 6.0 are given in Fig. 2.

Temperature increase is indicated lie highest on arctic and starctic islands €.gJan Mayen,
Aleutian Islands, Kuril Islands 2.54.9 °C) and in equatorial regions.gGalapagos, Gulf of Guinea
islands 222.5 °C; Fig. 2A). Also, the southernmost Antarctic oceanic islands show bighses€.g.
Peterl-Island 222.5 °C). However, contrasting to northelnemispheric regions it is observable that
most islands in southern ocean regions seem to expect comparably moderate temperature increases
(0.8 215 °C). According to this, an insely humpshaped relationship between the simple
latitudinal gradient from the Antarctic oceans to Arctic oceans and projected temperature change
explains considerable portions of the spatial variari®e=(0.49; Fig. A.1A, see Online Appendix for a
descrption of regression models).

As already indicated in Fig. 1, coastal and continental regions are projected to receive higher
temperature increases in general (Fig. A.1A). However, especially in low (equatorial) latitudes
temperature increase projectionsr fislands and coastal regions overlap while continental regions
seem to exceed oceanic values more continuously, confirming the oceanic buffering effect. Supporting
this, the increase in temperature on islands is slightly negatively related with distaribe nhext
continent (R = 0.18; Fig. A.1B), which indicates an increasing influence of oceanic buffering and a
decreasing influence of continents on climate conditions and climatic changes on islands.

Besides latitude, the position in ocean currents ajanclimate systems is crucial for the macro
and mesoclimatic conditions of an island or archipelago, which is especially important for
precipitation patterns. In our analysis, strong increases of precipitation are indicated in equatorial
islands (espeaily Pacific: southern Line Islands up to 55%, Gilbert Islands up to 50%, Galapagos 30
40%; but also Gulf of Guinea islands or Maldives up to 20%) and in polar islergdarf Mayen,
Aleutian Islands, Petdr-Island up to 20%; Fig. 2B). Projectionsyvatrongly among regions in mid
latitudes. Slight increases (up to 10%) are mainly projected for large parts of the western Pacific and
for southern oceanic regions in general. In contrast, projections for central and eastern parts of the
Pacific, centraparts of the Indian Ocean and most Atlantic Ocean regions, including the Caribbean,
indicate decreases in mean annual precipitation. Strongest decredfe® (15.6%) are predicted for
southeastern French Polynesia, Pitcairn Islands, Easter Island Féuaéndez and Desventuradas
Islands, some of the Lesser Antilles, Trindade and Martim Vaz, Ascension, Madeira and Aeolian
Islands. A moderately distinct overall geographic pattern can thus again be described by an inversely
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hump-shaped relationship betweeprecipitation change and absolute values of latituBfe=( 0.48:

Fig. A.1C). This pattern is far more distinct for oceanic islands than for coastal and continental regions
due to the exceedingly high precipitation increases in cir@guatorial ocean regions contrasting to
declines or constancy in precipitatia@mounts in subtropical high pressure belt regions (Fig. A.1C),
and seems to be a likely future phenomenon (see also Ketesle?2012; IPCC, 2014; Lee and Wang,
2014; Nurse and McLean, 2014). Additionally, for many regions, trends indicate above average
precipitation in regions of originally high precipitation and a further decline in regions of low
precipitation (IPCC, 2014), but this pattern is less prominent in the recent CMIP5 results compared
to older projections (Lee and Wang, 2014). It has to dtechthat increasing precipitation can also
have negative effects, especially on originally dry ecosysteghy {acilitation of invasive species and
outcompeting of dryadapted endemics), as stated for the Galapagos archipelago by Trueman and
d'Ozouvile (2010).

However, some differences between outputs of different climate models and their versions account
for uncertainties and limited regional predictability, particularly for precipitation. Difficulties in
simulating future alterations of precipitatioin mid and low latitudes are due to their dependence on
rather unpredictable largscale climate systems. On tropical and subtropical islands, climate changes
are often associated with dynamics of El Nifio occurrene@€@oet al.2007. The El NifiGouthern
Oscillation (ENSO) interacts with a variety of largeale atmospheric and oceanic circulation
systems and is thus related to int@nnual variability in temperature and precipitation. ENSO
variability is naturally very high and its sensitivity tumartinduced climate change is still not
proven (Collinset al.2010). However, there is evidence for an increase in ENSO variability during the
twentieth-century (Cobb et al. 2013). Higher ENSO activity is associated with larger climate
variability andfluctuations of the IntefTropical Convergence Zone (ITCZ) and thus trade wind
regimes, which are major determinants of climatic conditions on low and mid latitude islands
(Crausbayet a].2014b).

Alterations of seasonal patterns may have high impactseoosystems, especially when
precipitation patterns in the seasonal cyatbange (IPCC, 2013b). Global monsoon activity is
expected to rise with an increase in global surface temperature. For global oceanic regions this means
an 6.3 % spread of the ovénmalonsoon domain, a longer monsoon period duration and increased
monsoon rainfall, especially for the northern hemisphere (NH; Lee and Wang, 2014). In large parts of
the southern hemispheric (SH) oceanic regions, significant decreases are projectedrradugttto
the higher temperature and thus higher humidity increase in the NH, compared to the SH (Lee and
Wang, 2014).

Alterations in temperature seasonality will especially affect islands at higher latitudes, where
projected temperature increases argh@r and more pronounced for winter periods (IPCC, 2013b).
This can extend vegetation periods (Parmesan, 2007) but also may increase the associated potential
risks of late frost events (Kreyling, 2010).

Extreme weather eventse(gdroughts, heavy precigition events, heat waves, storms with
increased wind speeds, tropical cyclones) can cause very effective pulse disturbances to ecosystems
and species, additional to impacts from changes in-teng average conditions (Jentsch and
Beierkuhnlein, 2008; IPGQR012). This might have particular relevance for oceanic islands due to their
VPDOO HFRV\VWHPVY DQG HQGHPLF VSHFLHV:- UDQJHV DOORZLQ
to larger continental systems. However, only little information is availableliorate and weather
extreme shifts in oceanic island regions, which is due to a lack otéomgobservational data and
high uncertainties in projecting the frequency or strength of such anomalies in oceanic regions (IPCC,
2012).
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Fig. 2: Maps of (A) mjected temperature change and (B) projected precipitation change on 787 oceanic islands for the end
of this century (20822 2100) under the medium to high greenhouse gas concentration scenario RCP 6.0, based on regional
median response projections over@Bnate models. Note that the scale subdivision for temperature change is not linear
anymore beyond the 2 °C increase. Data were compiled from the IPCC AR5 publication and data download homepage
(http://www.climatechange2013.org/report/fuiéport/).

Heavy precipitation events have showed a decrease in frequency since the 1950s in many Pacific
regions,e.gHawaii (Chu et aJ. 2010; Eliseifimm et aJ. 2011), Guam (Lander and Guard, 2003) or
Pohnpei Island, Micronesia (Lander and Khosrowpanah, 2004)erNeless, large scale projections
for the 21 century indicate regionally highly variable trends for frequencies and intensities of heavy
rain days as well as for drought events for large parts of the-smsgtern Pacific (Australian Bureau
of Meteorolgy and CSIRO, 2014). While there is high confidence for increasing frequencies of daily
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temperature extremes in almost any analysed region, considerable uncertainties remain in projections
of precipitation extremes. Depending on the region and model, aloge stable and increasing
extreme event frequencies and intensities have been projected, with very variable confidence
statements (Australian Bureau of Meteorology and CSIRO, 2014). For the Indian OceanhalCai
(2014) found that anomalously dry afition events due to decadal occurrences of wind and oceanic
current reversals (positive Indian Ocean Dipole events) will appear nearly three times more often in
the 2% compared to the 20century. This will probably result in higher frequencies of ertely high
precipitation events in northwestern parts of the Indian Ocean but negative rainfall anomalies
especially in equatorial western and in tropical and-tnapical regions of the southern hemispheric
Indian Ocean.

Tropical cyclone activity and tansity especially in the Pacific is influenced by the ENSO (Chand
et al. 2013). Generally, surface temperatures and the resulting availability of more energy directly
affect tropical cyclones. There is remaining uncertainty about the future frequencyatget
consensus that these storm systems (also known as hurricanes or typhoons) will increase in intensity
(2211 % by 2100; Knutsenal.2010) and shift polewards (Graff and LaCasce, 2012; see also Arozena
Concepcioret al.2008 for effects of a stosuarge on laurel forests on Tenerife and Whiretra].2014
for damage on the Macquarie Island endeAuorella macquariehgishanging wind conditions).
Besides tsunamis (which occur much less often), tropical cyclones are associated with the most
extreme temporal sea level rises (Wattha].2012) and can strongly affect species composition and
ecosystem dynamics on oceanic islands (Terry and Chui, 2012;aakb2014).

Most of the overall biodiversity of oceanic islands is located on higttieleislands in the tropics
and subtropics. On many of those islands, trade vifrtliced orographic uplift of humid air masses
and orographic cloud formation provide considerable direct or indirect (fog drip) precipitation
(Schollet a].2007) and thus aount for (elevational) zonation of ecosystems, each with own species
assemblages. However, cloud layer elevations and orographic cloud formation (and thus rainfall, solar
radiation, temperature and humidity patterns on islands) depend on the trade wirgdsion layer,
which shows increasing variability in its occurrence and elevatemgGao et al. 2007; Laueet al.
2013). Concomitant changes of precipitation distributions on these islands pose the most significant
uncertainty for ecosystems and cdule main drivers of biodiversity change on high oceanic islands
(Loope and Giambelluca, 1998; D&zal. 2011). Especially windward cloud forests with their high
endemism do strongly depend on constant humid or wet conditions (Crausbay and Hotchki8%, 20
Locally there are contrasting projections about whether the thermal inversion layer and the associated
cloud formation is shifting upward (Stikt al. 1999) or downward (Sperlingt al.2004; Laueet al.
2013), both of which would endanger highly adapted ecosystems. Again, the ENSO and fluctuations of
the ITCZ have a large influence on the occurrence and height of trade wind inversions and have been
shown to strongly affect regional climate variation dodal plant life (Trueman and d'Ozouville,
2010; Crausbast al.2014b).

Sea level rise

Rising sea levels due to thermal extension of oceanic water volumes and melting glaciers and polar
ice caps probably pose the most apparent threats for flat isldkedatolls but also for coastal plains
of higher elevated islands. IPCC projections range from 0.26 m to 0.82 m with regional differences
until the end of this century compared to the 1980999 period (IPCC, 2013b). Other estimates
indicate sea level sés between 0.7 1.2 m (Hortonet al. 2014) and 0.73 1.9 m (Vermeer and
Rahmstorf, 2009; Jevrejesiaal.2014) in high warming scenarios. Assuming a rapid melt of global ice
sheets, which is also reported for past global warming periods in the delens, even up to more
than 6 m to the end of the century can be possible (Overgieak2006). Also, recent satelliteased
actual ice loss detections (McMillagt al.2014), updates of glacier retreat and ice drainage velocity in
Antarctica (Rignotd al, 2014) as well as new data on glacial valley depth and subaqueous glacier

melting in Greenland (Morligherat aJ.2014) suggest that sea level rise projections might have to be
corrected upwards.
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Landward shifts of shorelines and concomitant los&aidjitat area would have consequences for
coastal island ecosystems (Meneiral.2010; Wetzett a].2012; Bellaret al.2014). Sea level rises will
most likely lead to the total and permanent inundation of low elevation islands and island states
(such as Kiribati, Maldives, Marshall Islands, Tuvalu; Woeg al. 2005). Wetzelet al.(2013)
calculated for islands the Southeast Asian Pacific region that a sea level rise of 1 m leads to complete
inundation losses of 14.7 % (61.7 % with 6 m sea le)ebfithe considered islands, and that 18.9 %
(20.5 %) of all islands would lose 3®9 % of their terrestrial area. For Oceania (with major Pacific
island regions, including Hawaii) this would mean a 3.9 % (14.5 %) loss of island area in total (Wetzel
etal, 2013). It has to be noted though that the most affected low islands and atolls host comparably
low numbers of endemics, which might limit direct effects of sea level rise to global biodiversity
changes. However, affected islanders might have tolteate their settlements and langse to
higher regions (Wetzekt al. 2012) or congregate on other (higher elevated) islands, potentially
causing secondary effects to primarily unaffected regions.

Factors contributing to oceanic island plant vulnerabilites to global climate change

Oceanic islands vary in geographical, ecological and anthropogenic settings, which determine the
specific risks and vulnerabilities towards different climate change impacts. In the following
subchapters we discuss the most imfamt factors and their interactions with climate change
impacts regarding oceanic island floras. Tab. 1 gives a summary of the introduced concepts.

Vulnerability is defined here as the degree to which climatic changes are capable to result in
significant (mostly negative) responses and modifications of a system, applying for individuals,
SRSXODWLRQV VSHFLHV HFRV\VWHPV RU HQWLUH LVODQGV DQ¢
exposure to climate change impacts, its sensitivity to these impatsits capacity to respona(g.
tolerate, adapt, migrate).

Table 1: Concepts of climate change vulnerability of island floras and species. Main factors, their potential influence on or
interaction with climate change impacts, as well as the underlymeghanisms are depicted, respectively. In the second
column the potential effects of the respective factor are shown, either lowering climate change impacts on ecosystems and
species (+) or increasing vulnerability and risk9. (Additionally, important réerences and research potential on the
different issues are given. SDMs: species distribution models; VAs: viability analyses (populations and/or species).

Potential . Research potential for
. Effect on climate change Framework references / . .
Factor influence or . species vulnerability
. : impacts on plants Consultable research o
interaction estimation
. Palaeoecological and
Habitat area and I'i:zoalljrfé)sp glrilcésraéjll. ?s?;r}ds palynological comparisons of
diversit Potential refuge habitats and Biber 2002: extinction ar’1d past climatic change effects
+ Y habitat space for range shifts threat’enin : atterns of bird among islands of different
Species 9p sizes, phylogeographic
P analyses, SDMs
Island area VAs of oceanic islands

Carrying capacity
+

Large populations less
vulnerable to stochastic
events and inbreeding; more
resilient/adaptive to
environmental changes

Frankham, 1998; Ditto and
Frey, 2007; Gillespit al.
2008

endemic species and
populations (including
genetic characterisatior,g.
bottleneck detections)
comparative for different
island types

Island age and
geology

Less inundation and coastal

Woodroffe, 2008; Rost al.

Combination of comparative

Elevation erosion, less impacts from 2009; Mandal and Zhang, geomorphological and
+ saltwater intrusion into 2012; Rotzoll and Fletcher,  geohydrological analyses
groundwater 2012; Forbest a|.2013 with species distributions
. . ... Biber, 2002: extirtion and
Elevation tlz(:teer:tzleggward range shift threatening patterns of bird  SDMs
9 species
Geological Comparative finescale SDMs,
heterogeneity, . . Ashcroftet a].2009: general  micro-refugia identification,
topographical Amount of potential micre micro-refugia identification;  palaeoecological and

structuring
+

refugia

Fortini et a].2013 for Hawaii

palynological comparisons of
past climatic change effects
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Species richness,

Cushman, 1995; van der
Puttenet aJ.2010; no researcl

Species removal/addition

functional on climate change experiments, use of "natural
redundancy and  Stable ecosystem processes vulnerability of island experiments" €.gextreme
ecosystem less extinctions ecosystems according to events), understanding of
resilience ecosystem complexity yet ecosystem processes and
+ (but see Smith and potential resilience
Steenkamp, 1990)
o Polis and Hurd, 1996: _Understandln_g of oceanic
) Ecosystem Negative influences from Anderson and Polis. 1999: island ecological systems an
Ecological interactions proximate ecosystems, Gauthieret a.2011 f’or '’ potential effects of ecotones
complexity potential cedegradations h " crossing climate change
continental islands :
impacts
-2 Community interaction Caplatet al.2008; Roux and .
challenges for shifting McGeoch, 2008; Hset al. Comparative SDMs of
P species 2012; Norbergt a.2012 and Interaction partner species,
Species richness ) ' . ’ ) experimental approaches on
/4 dispersal/establishment Urbanet a).2012 for general | oo ow species
filters models of competition effects P P P
+ Functional redundancy for bet ident and = combinations, understand
- runct ¢ Y etween resident and range  qtfacts of recent species rang
species interactions shifting species; Gilmaet &, gpifts
2010; Aslaet a].2013
. . Low tolerance against Frankham, 1997; Jansson, . . )
habita specialis  evronmental change, low 2003 Roux and MeGeoch, - SR SXPRITERE Feld
P range shift capability, high 2008; Fortiniet a].2013; com arativeSDng '
risk of extinction Krushelnyckyet aJ.2013 P
Data on dispersal capabilities
ioh di | . are needed (fruit set
Dispersal High dispersal capacity analyses, gene flow analyses
i enables species to rapidly Fordham and Brook, 2010; . o U
capability track climatic alterationsto  Fortini et al.2013 inclusion of dispersal
+ new habitats ’ capability estimates or of
different dispersal capability
Species scenarios into SDMs

characteristics

Short life cycles,
genetic variation
+

High dispersal rates,
adaptational potential, lower
genetic risks (inbreeding,
genetic drift)

Diaz and Cabido, 1997; Jum
and Pefiuelas, 2005; Juetp
al, 2009; Buckley and
Kingsolver, 2012; Shapcett
al, 2012

Population genetic studies,
evolutionary studiesd.g.
screening for climateelevant
genes and tests for
adaptability)

Dependence on
mutualistic
interactions

Dependence on persistence
co-migration of interaction
partners

Memmottet a].2007;
Tylianakiset al.2008; Kaiser
Bunburyet a).2010; Aslaet
al, 2013

Understanding of species
interactions and their
susceptibility to cimatic
change effects; incorporation
of interaction partners and
their threats in SDMs

Prior and parallel
human
impairments on
ecosystems and
species

Higher prior vulnerability
towards climatic changes;
interactions between climate
change impacts and
additional stressors

Brooket al.2008; Caujapé
Castellset a].2010; Fordham
and Brook, 2010; Fortiet al.
2013; Vorsinet al.2014

VAs; understanding of
interactions of human
disturbance and climate
change impacts; assessment
of future human land use; link
of SDMs for invasive neobiot
and endemic species SDMs

Human climate
refugees and

Combinations of SDMs,

Human . : . p

influences Icél\maltgleng? e Eirther habitat destruction,  Fordham and Brook, 2010; g‘ggﬁ;’g r?fakrlllélnr:: 4 use
subsistence fragmentation, degradation  Wetzel et al.2012 forecasts and scenarios in ris
changes studies

Understanding of

Conservation Kufferet al.2007; Caujapé conservation potential and
measures Decreased extinction risk Castellset a|.2010; Fordham possibilities in the face of
+ and Brook, 2010 global climate change on

small islands

Island area

The role of area and habitat spacadianititrange shifts

6SHFLHV:- GLVWULEXWLRQV DQG DEXQGDQFHYV tGthskHIRIE RQ FOL
climatic demands by range shifts during periods of climate changes (Parmesan, 2006; Thomas, 2010).
The most fundamental prerequisite for successful dispersal is the availability of suitable habitats
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including adequate substrate or biotictémactions €.gpollinators), and without anthropogenic
restrictions .gfragmentation, settlements, land use). Referring to the faogde climatic changes

and the comparably small spatial extent of islands, the opportunities for island specieft theshi
ranges in climateelevant latitudinal (or longitudinal) extents and to maintain population size and
genetic variability are very restricted. Nevertheless, the existence of oléPlgistocenic) relict
species €.gLaurus novocanarieasg\Woodwardia radicams the Macaronesian Islands) and neo
endemic lineages document the letegm persistence of island populations (see also Fernandez
Palacioset al. 2011). Larger islands often contain more habitat space and diversity, likely providing
more spatial and ecological opportunities for species to escape unfavourable conditions than small
islands (see Triantiget al. 2003 and Kisett al. 2011 for general consideration of area and habitat
diversity).

Large islands also tend to have highewations than small islands (Weiget a.2013). Referring
to rising temperatures, upward shift on mountainous elevations can provide compensation of lost
habitats. However, area declines with elevation, wind speed may increase, and precipitatiamspatter
may differ from original habitats, which makes the finding of suitable conditions in high elevations
uncertain for species from lower zones. It has been shown that water stress is an important
determinant of high elevation species distributions on oetands €.gBrito et aJ.2014; Crausbay
et al. 2014b). Considering strong temperature increases in high elevations (Giamie¢lalc2008;
Keeneret aJ.2012), stable or decreasing moisture conditions in the future thus can powerfully restrict
upslope migration, generating great vulnerabilities of high elevation island species to climate change
(Crausbayet al. 2014b). Also, on many islands in the tropics and subtropics, trade wind inversion
layers create a strong elevational zonation in préaijein, including a sharp transition on the
windward sectors from very humid conditions in cloud contact elevations to dry conditions above
WKRVH FORXG EDQNV 7KHVH HFRWRQHV SRWHQWLDOO\ DFW DV I

Island area shapwgulation sizes

$Q LVODQG:V FDUU\LQJ FDSDFLWitsl Raxinbm SbpulstianF3(z@)Did) VSHFL
determined, among other factors, by habitat availability, which in turn is a function of the area of the
island. Therefore, island area controigerall population sizes and, thus, the response or adaptation
capacity of populations (Hanski, 2010). Small populations are more exposed to risks of decline or
extinction than larger populations, mainly due to demographic and environmental stochasticity
(Gilpin and Soulé, 1986; MarreBdmezet al.2007; Caujap€astellset al.2010). Also, low genetic
variability and an associated limitation of adaptational potential (Wétlial.2006), higher inbreeding
rates (homozygosity, genetic erosion) and higimepacts of genetic drift may cause instability in
small populations (Ellstrand and Elam, 1993; Frankham, 1997; Schaal and Leverich, 2005). In
consequence, rare or spatially very restricted species are expected to be more vulnerable to climate
change impets (Ditto and Frey, 2007; Williamet al. 2008; Thomast al.2011; Fortinét al. 2013).
This suggests that the area of an island correlates negatively with vulnerabilities of inhabiting plant
species to climate change, especially for single isladdngins. However, small islands host few
endemic plants (often none at all, but see Junak and Philbrick, 1999; Florens and Baider, 2006),
limiting their general contribution to potential global biodiversity loss. It should also be mentioned
that rarity (i.esmall population sizes) does not necessarily imply proneness to extinction (Gaston,
1994; Mace and Kershaw, 1997). Some naturally rare species have evolved resistance to inbreeding and
mutational load and show traits that can be seen as adaptations riditioms and processes
associated with their raritye.gincreased selfompatibility or asexuality, reduced dispersal or
specialised floral traits (Karron, 1997; Orians, 1997).

Island origin and topography

Geological, topographic and edaphic structuring

Although originally based on volcanism, oceanic islands embrace diverse island types with
different geological origination. Generally, the following formation histories are shared: (i) volcanic
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birth and submarine formation of a seamount, (ii) further gitowy lava eruption above the sea level,

(i) reaching of maximum elevational extent dependent on duration and intensity of volcanic activity
and expiration of the (main) volcano, (isibsequent erosion and radial drainage channels, (v)
ongoing flattenig and reduction to a lowaltitude plain and (vi) terminal decline and subsidence
beneath sea level to shape a guyot (Menard, 1986; Nunn, 1994; Fefeladewet al. 2011). In
tropical regions, coral accretion is likely to occur in the island peripbering the last stages and
even after submergence, and atolls or reef islands will originate as secondary islands (Menard, 1986;
Nunn, 1994; Forbest al. 2013). With the exception of tectonically raised atoksg(Makatea,
Tuamotus; Aldabra, Seychaller Henderson Island, Pitcairn Islands) and emergent limestone islands
(e.gBahamas), atolls and most reef islands exhibit little topographical structures and are less
heterogeneous in terms of habitat types. However, structural heterogeneity, deperditige
geological composition, elevation, topography, soil characteristics and zonation along different
geographic and ecological gradients of an island increases the diversity of anitnmesoclimatic
opportunities, habitats and ecosystems (Fernan@aacios and Andersson, 2000; Whittaker and
FernandezPalacios, 2007). In turn, structural heterogeneity on elevated islands will likely decrease
the vulnerability to climate change impacts by providing miefugia 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 chftetted locations in higher
elevations as indicated for droughts during the Quaternary on Santa Galapagos (Collingt al.
2013). Additionally, specific geomorphological and maimatic conditions have generated different
ecological and evolutionary histories among islands types (Stustss). 2006; Stuessy, 2007,
Whittaker et al. 2008), impling 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 ldpbdigstypes

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 spitaEhton
(e.gpredominant 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 microefugia (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-reftrgia. 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 *2tentury 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 (Wonget al. 2005; Woodroffe, 2008; IPCC, 2012; Terry and CKli2;2
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;,IPTC2; Bellaret al.2014).
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Steep coastlines built of firm rock are less affected by rising sea levels or substantial wave erosion
(Forbeset al. 2013). However, higher elevated oceanic islands can also suffer from sea level rise if
coastal plains oterraces lie within the elevational range of rise. Accordingly, it has been shown for
2:-DKX DQG 0ODXL +DzDLL WKDW FRQVLGHUDEOH DUHDV LQ FRDV\
flooding, and even more from groundwater inundatiomlocalisedflooding due to sea levdtiven
uplift of groundwater tables (Rotzoll and Fletcher, 2012; Coeteal.2013). Although indicated for
urban regions, the risk is also apparent for natural areas, including critical habitats and protection
areas (Kanet al submitted for publication). However, if affected urban areas cannot be adaptively
protected from inundation, secondary effects on hinterland ecosystems are possible due to potential
habitat destruction by settlement relocations.§Wetzel et al.2012

Increases in sea levels, solely and in combination with storm surges, are projected to affect
freshwater lenses on islands (Kundzewicz and Ddll, 2009; Terry and Chui, 2012). This will have
serious effects on flat atolls and reef islands or on coasial gtosystems where saltwater intrusion
can affect upper soil water quality for root water uptalkegSpennemann, 2006; Rossal. 2009;
Greaver and Sternberg, 2010). Consequently, ecosystem degradation and plant population declines
due to climate chagedriven changes of water supply and quality are less likely on elevated volcanic
oceanic islands where freshwater aquifers are more salt \ivatependent and a larger and more
resistant groundwater body is present (Menard, 1986; Kundzewicz and D68).2dowever, high
elevation islands may also be threatened by saltwater intrusions if precipitation patterns change and
groundwater recharge decreases. This can result in upward shifts of the fresh groursiliair
water boundaries as indicated for Righisland, Japan as a consequence of changing snow fall
amounts and altered temporal snowmelt patterns (Mandal and Zhang, 2012).

High elevation islands (like most Hawaiian islands, the Marquesas, some Macaronesian Islands,
Society Islands, Samoa, Fijira@itic Seychelles, etc.) can induce barrier effects on rain clouds and
orographic cloud formation and hence often generate higher precipitation and more freshwater for
their ecosystems than low islands (Basi$tal. 1994; Schokt al. 2007). In the aarse of climate
change, potential shifts of cloud layer altitudes might result in modified elevational zonation of
vegetation types and species assemblaggsf cloud forests, including species losses (Loope and
Giambelluca, 1998; Stidt al. 1999; |gerling et al. 2004; Scholet al. 2007; James, 2008; Lloret and
GonzalezMancebo, 2011). It is yet unclear if and how cloud layer altitudes will respond to climate
change and how this could differ regionally. Gaoal.(2007) found only weak and inceistent
(slightly increasing to slightly decreasing) trends of altitudinal change of the trade wind inversion in
Hawaiian Islands in observational data for the period 22093. Nevertheless, recent downscaling of
10 CMIP5 models for the two warming sceéoarRCP4.5 and RCP8.5 done by Laeierl.(2013)
indicates a significant and robust downward shift of the trade wind inversion in the Hawaiian region
until the end of the century (20999 compared to 19999). In RCP4.5 experiments, elevational
changes fothe trade wind inversion ranged between 12 ah6i7 m (multimodel mearb2 m), while
in RCP8.5 experiments a decrease betwethand 355 m (multimodel meanl57 m) was projected
(Laueret a).2013). Increased occurrence of-lewel clouds in the pasind future downward trends
of cloud layer altitudes are also indicated for the Canary Islands with modelled cloud base level shifts
of 15 to 58 m(Sperlinget al.2004). Crausbagt al(2014a) suggested a subsidence of the trade wind
inversion duringperiods of increased ENSO frequencies in the past three millennia for Maui, Hawaii.
Decreases in cloud base altitudes may suggest that hadaigted ecosystems can extend their range
downslope where more area is available, resulting in a beneficial situblbwever, on islands with
elevations above the cloud layer, observations of drying conditions across the trade wind inversion
(Sperlinget al.2004) and projected trade wind inversion subsidence (Latiaf.2013) imply a future
loss of suitable hatst in the upper ranges of cloud contad#pendent species and ecosystems and
may reduce the possibility of elevational movements to keep within thermal limits of species ranges.
Also, potential soil characteristics constraints or competing human landnigtg hinder downslope
migration, meaning that lower cloud layers do not necessarily mean a benefit for species of humid
adapted ecosystems (Sperlisgal. 2004). However, for drgdapted high elevation endemics living
beyond the trade wind inversion, Issidence of cloud layers might increase potential habitat ranges.
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In contrast to downward shift projections, indications for cloud layer upward shifts under
warming conditions and associated drastic changes in precipitation are reported for past glacial
cycles (Suchodoletet al.2010). Higher cloud layers (upward shifts of up to over 200 m) were also
projected for some tropical montane cloud forest sites on continents under increasgd CO
concentrations and climate change conditions (Stllal. 1999).In such scenarios, humiadapted
species might profit from the provision of valuable habitat and temperature conditions for upward
shifts in a warming climate. Concomitantly, this would cause risks foradigpted high elevation
ecosystems above the priparioud contact elevatiore(gabove trade wind inversion layers) due to
increasing humidity and invasion of upwastiifting humidadapted species and ecosystems, as
indicated in climate change scenarios for Madeira (Grual.2010). It is also imagible that some
islands could completely lose humid elevational zones that depend on cloud contact if cloud layer
VKLIWY DERYH WKH LVODQG:V PD[LPXP HOHYDWLR@evatorFr XUUHG
islands,e.gPohnpei, Kosrae Rapa lti, Lordtte and others).

Ecological complexity

Lacking functional redundancy

Generally, biotic interactions, niche overlap, resource competition and facilitation effects between
sympatric species, which are more probable to occur with high species numbersiaeetfat can
facilitate ecosystem resilience to perturbations and increasing environmental variability (Chapin, 11l
et al.1997; Yachi and Loreau, 1999; Beierkuhnlein and Jentsch, 2005;eHapp@05).

Compared to continental ecosystems, oceaslands have relatively low species numbers, simple
ELRWLF FRPPXQLW\ VWUXFWXUHY DQG FDQ EH FKDUDFWHULVHC
exchange (Whittaker and Fernandd2alacios, 2007; Gilmaet al. 2010). Thus, changes in the
abundance osingle members of functional groups.dpollinators, diaspore dispersers, herbivore
FRQWURO FDQ DIIHFW WKH VWUXFWXUH DQG IXQFWLRQDO LQWH
is the case in more specidgsh continental systems. According tiois lack of functional redundancy,
the ecological integrity of island ecosystems is relatively fragile. Concomitant to that, a higher
SURSRUWLRQ RI VSHFLHVY DFWV DV YfNH\VWRQH- RU {XPEUHOOD-
or functional peformance will have dramatic effects for island species (Cushman, 1995gialan
2013; Boyer and Jetz, 2014).

Several examples are documented where extinctions of single bird species indectidatons
of a number of endemic plant taxa on oceaslends due to lost mutualismre(gCox and Elmqvist,
2001; Fall, 2005; Kingston and Waldren, 2005). Regarding the great role of birds on oceanic islands as
pollinators and disperseragkercio+tu et al(2004) projected that by 2100, 2866 % of all néve bird
species on oceanic islands worldwide might be functionally exting.ithout appreciable
contribution to ecosystem processes, see also Boyer and Jetz, 2014). One specific risk from climate
change comes from the facilitation of spread andstrassion of introduced avian malaria for which
endemic birds of oceanic islands often lack adaptation (Garamszegi, 2011). With rising temperatures,
spread of the avian malaria mosquito vector to the high elevation thermal refugia of affected birds, as
indiFDWHG IRU .DXD-L +DZD Lé&tRJQOL¥OcArQiGther diMminish GhsirRr€maining
diversity and ecological functions (pollination, diaspore dispersal, herbivore predation, etc.). At least
in such high elevation refuge regions, which ofteso &larbour endangered plant endemics, the loss of
ecological services from birds might cause indirect climate change impacts for depending plant
species.

It is likely that abundances, spatial distributions, behaviour and competitive capacities of species
that interact with plants will be altered by climate change impacts, including potential extirpations
(Aslan et al. 2013). Trophic and competitive balances or demographic proportions in mutualistic
interactions might be changed, thus affecting communitydtres, ecosystem functioning and
therefore, single plant species (Jump and Pefuelas, 2005gRalu005; Gilmart al.2010; Cahikt
al, 2013). Various ecological interactions have been shown to be vulnerable to climatic changes, which
likely can be transferred to oceanic island ecosystems: Dependence on single pollinator species and
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phenology shifts (Memmotet al. 2007) or species declines (for mutualism disruptions on oceanic
islands see Caujafigastellset al.2010, KaiseBunburyet al.2010; Aslaret al.2013), expiration of
control of herbivore or parasite populations by particular predators (Wilnetral.2006; Spiller and
Schoener, 2007; Thomsat al. 2010), alteration of plant community structures essential for
microclimate (Rou et al.2005; Royeet aJ.2011), lack of maintenance of substrate characteristic by
soil organisms, bioturbation or nutrient decomposers (Smith and Steenkamp, 1990; Blan&iredhip
2011) and pest and disease facilitation induced by climatic adtesafPautasset al.2010; van der
Puttenet 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 anweanc
islands. Islands of higher numbers of ecologically closely related species will undergo less climate
changeinduced extinction cascades than spegwe®r islands of low functional redundancy.
Trgjelsgaarcet al(2013a) showed that plant speciatism on particular pollinator species increases
with island age, potentially indicating a higher vulnerability teroodification. 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 fromxtoctions (KaiserBunbury et al.
2010; Traveset a].2013).

Species richness and migratioisharttis

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 (Hswet al.2012). Another challenggan altered competitive setting for the shifting species
as well as for the species in the receiving community (Capkt2008; Lavergret al.2010). This can
be a deleterious or at least strongly filtering factor (Norketrgl.2012; Urbaetal, 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 isld. This means that islands rich in species may hold more biotic filters
for potential climate changmduced migrations into new habitats than speepsor islands.
However, filtering functions of biodiversity in target areas of shifting species areywidelear (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 Angel®aehler, 2013) or new forest gap dynamics due to
more frequent and/or severe tropical storraggfirozena Concepcibnt al.2008; Graff and LaCasce,
2012). In rare cases, asynchronous range shifts also might offer chances for-oealyrotg specie
to benefit from each other by being driven into new ecological interactions and-evichationary
trajectories (Corlett and Westcott, 2013). For example, novel pollinator interaction® (gdembry
et al.2013) or new mycorrhiza alliances could e¥oln the long run, trait adaptations to the new
environmental conditions might occur (Lavergaeal.2010; Hoffmann and Sgro, 2011; Franks and
Hoffmann, 2012).

So far, empirical evidence for novel species interactions induced by climate-dhnargeange
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 speeggecific variatbn in temperature risenediated
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 (Gauthieat 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 (lzquierdcet al.2011; Pryedt al.2012). These ecosysteane especially vulnerable to climate
change €.gby shifting precipitation regimes, see above; Loope and Giambelluca, 1998; Foster, 2001;
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Sperlinget al.2004). Erosion control by vegetation cover in mountainous zones is also an essential
ecotonecrossing service for lowland ecosystems. On some islands mangrove belts protect shorelines
and coastal plains from coastal erosion and interact with coral reefs and other marine ecosystems,
which in turn deliver their own suite of services to an island’s eadbnd human socieconomic)
processes (Field, 1995; Barlgital.2011).

Interactions between ecosystems are of relevance for the persistence of their species. However,
resource flows and trophic connections across ecotones are themselves vulherahbteatic
alterations. For example, nutrient allocation by piscivorous sea birds affects coastal plant
communities (Polis and Hurd, 1996; Anderson and Polis, 1999). Such communities are dependent on
the abundance of bird prey, which can be affected lmgatic alterations é.gRoessiget al. 2004;
Harleyet al.2006). Decomposition of hurricaitkeposited seaweed also increases nutrient availability
for coastal plants (Spilleet al.2010), indicating a potential effect of increasing hurricane fregquenc
spreading across ecosystems. Therefore, ecosystem interdependencies must be included when
considering possible climate change impaetgGauthieret al.2011). Especially floras of islands rich
in ecological gradients and ecotones, such as hightielewalcanic islands, might receive ecosystem
co-madifications. Species living in primarily unimpaired ecosystems thus can be at risk from climate
change impacts on interacting ecosystems.

Species characteristics

The risk to sustain negative impacts or lecome extinct from climate change is not equally
distributed among species (Diaz and Cabido, 1997; Buckley and Kingsolver, 201 2etFair@6i13).
It rather varies with specific externaé (gaffiliation to specific island types, regional type atikngth
of climatic alterations, ecosystem and biotic interaction dynamics) and inherent faetgspécies
traits, ecephysiological tolerance, plasticity, dispersal capability). Island endemics are especially
affected due to their limited opportunés to escape unfavourable conditions.

Spatial distribution and environmental niche

Endemic plant species are not only geographically isolated but are often also strongly bound to
certain environmental conditions (Kruckeberg and Rabinowitz, 1985; Hermaait 2013). At the
global scale, high levels of endemism are associated to stable climatic conditions since the last glacial
maximum (Jansson, 2003). Many island endemics have a small distribution and are confined to
specific climatic and edaphic conditis and realise narrow ecological niches (Bramwell, 2011), which
generally increases their risk of extinction under changing climatic conditions. For example,
Cheirolophus junonjaausingle island endemic of La Palma (Canary lIslands), is restricted to a
particular rocky outcrop and counts only about a hundred individuals (Gareat 1998). Its area of
distribution was minimised to its present extent by recent volcanic activity changing the surrounding
soil conditions and geologic properties and sharohibiting a recuperation of its range to its previous
extent (Garnatjeet al. 1998). However this also prohibits suchlike species from migrating to track
changing climates within their islands, making them highly dependent on more or less consistent
habitat conditions, high ecphysiological tolerances, or on rapid evolutionary adaptation. Also, cloud
forest species on island mountain tops probably are threatened by their ecological restrictions to very
specific, stable and spatially restricted clintationditions. Even if some adaptive potential is existent,
changes in precipitation (or cloud contact) and temperature could alter growing conditions beyond
the tolerances of these species @@Shapcottet al.2012 for the palm speciespidorrhacim®oreana
endemic to one single mountain top on Lord Howe Island).

Endemic species are not necessarily specialists on their respective islands. Rather, they can
UHSUHVHQW fNH\VWRQH:- VSHFLHV LQ WKHLU LQKDE In#ih§G LQV XO|
vegetation composition and structure. On all Hawaiian islands, the enddetiosideros polymoigpha
the predominant tree species, being distributed from sea level to the tree line at around 2500 m asl.,
and along a mean annual precipitation gesdiranging from less than 400 to more than 6000 mm
(Cordell et al. 1998)M. polymorplsa capable of morphologically and physiologically adapting to a
large variety of environments (Cordedt al. 1998). Similarly, the endemic Canary PiReys
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canaensisis in large parts of the Canary Islands virtually the only occurring tree species. Potentially
it occupies about 15 % of the total archipelagic area (del Arco Agtiildr2010). The species can
tolerate fire and in addition, its long needles camb out water from passing clouds, improving the
water supply for the ecosystem (del Arco Agugaral.2010). Generalist species are less likely to be
threatened by climatic alterations, as indicated in several studies of continental plant spmegcies (
Thuiller et al.2005; Broennimanet al. EXW DOVR LQ FRPSDUDWLYH PRGHOO
niche projections (Fortiniet al. 2013). Supporting this, le Roux and McGeoch (2008) have found
higher rates of upward shift in generalists relatedising temperatures since 1966 on Marion Island,
contrasting to specialist species with lower opportunities of finding appropriate habitats. However, it
is not clear yet, if generalist species might even be facilitated by climatic alterations orc cstends
(e.grange extractions or increases in abundance)

The relative contribution of endemic species increases with elevation (Steinbaagr2012),
owing to geographical and environmental isolation to areas with comparable conditions (Steinbauer
et al. 2013). High elevation ecosystems on oceanic islands are small, rare and isolated, yet they
significantly contribute to the endemic species richness of a given island and are often still
undisturbed. However, these ecosystems are also particulargatened by climate change. An
example from Maui on the Hawaiian archipelago shows that the abundance decline of the iconic
silverswordArgyroxyphium sandwisspsaacrocephalumhich is restricted to the highest parts of the
Haleakala crater, is asdated with decreasing precipitation (Krushelnycket al. 2013).
Consequently, the future outlook for this species is bleak as drought conditions in the associated
alpine ecosystem are projected to increase. Similarly, theelgghtion single island enthic
Helianthemum juliaend on Tenerife, Canary Islands is highly at risk of extinction if precipitation
decreases as predicted (Marre®mezet al. 2007). Marrere&Gémezet al.(2007) even suggest
translocating this species to more humid areas ofdla@d to ensure its survival.

Indeed, alpine insular ecosystems and their specialised species are especially endangered by
climate change due to changes in precipitation patterns (Speelireg. 2004; Caet al.2007; Diazt
al, 2011), disproporti@l high temperature increase (Giambellwtaa].2008; Diazt al.2011) and the
fact that further upward shift is not possible for species already at the highest elevations.
Furthermore, a study from Taiwan (Junap al.2012) suggests that potentidintate changeelated
upward shifts of plant species from lower elevational zones into summit ecosystems might threaten
high elevation endemics on islands. However, for oceanic islands, indications for substantial changes
in elevational zonation of ecosgsis in summit areas are still lacking.

Life history effects on migration and adaptation abilities to climatic changes

Several speciespecific life history traits are likely to influence a given species predisposition to
cope with climatic changes. One thie striking trends in island endemics is the tendency towards
decreased dispersal capabilities.d.Carlquist, 1974; Whittaker and FernandPalacios, 2007;
Bellemain and Ricklefs, 2008, but see also Wazand Minzbergow, 2014). However, theapability
to quickly reach adequate new growing sites when the original habitat conditions change to
unsuitability is of fundamental importance for climate chaiggduced range shift of endemics
(Fordham and Brook, 2010). Species with poor dispersal diypatill have trouble tracking rapidly
increasing temperatures or changes in precipitation patterns (Roux and McGeoch, 2008; Bramwell,
2011). Consequently, endemics will have to migrate upward within an island following the
temperature isocline at an aglgate speed, diminish to refugia.gsheltering gorges), or, if possible,
move to smalkcale microUH I XJLD "D UR X &8dh&rter &ld Qi@gr, 2009; see also Fig. 3).
Indeed, le Roux and McGeoch (2008) demonstrated spagiesific responses ithe flora of a sub
Antarctic island to increased temperatures during the last 50 years. They found novel communities
with non-analogue species assembly at mid and high elevations due to different range expansion rates
among species. Species abundancee@ses and compositional changes over the last 80 years have
also been demonstrated by Kapé¢al(2012 on the subArctic island of Jan Mayen.

JXUWKHUPRUH LW LV SODXVLEOH WKDW VSHFLHV:- OLIH F\FOH
changes regarding both range shifts and local persistence. Generation times vary considerably in
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island floras. Many island floras are characterised by the longevity of endemic woody species
belonging to genera or families that are dominated by herbaceousssf@aitquist, 1974), which

often correlates with prolonged individual generation times (Bramwell, 2011). Carlquist (1974) argues
that the increased longevity resulting in island woodiness is driven by the adaptation to comparably
stable past island climaseand low seasonal fluctuations. Increasing extreme events and climatic
variation on islands (Mimuraet al. 2007; IPCC, 2012; Nurse and McLean, 2014) thus may select
negatively for island endemics adapted to stable environments (Bramwell, 2011). Istcehtm life

cycles, mediated by higher reproductive rates, are advantageous according to dispersal capacities and
for evolutionary adaptations to altering environmental conditions (Jump and Pefiuelas, 2005;
Donnellyet al.2012). However, the proportiai annual species in island floras is relatively sraajl,

only roughly 7% of the endemics of the Canary Islands are annuals (Shmida and Werger, 1992).

Adaptation to changing climatic conditions is more difficult to assess than range shifts, although
not less important (Jump and Pefiuelas, 2005). Climatic alterations have repeatedly taken place on
most oceanic islands and the majority of existing species have endured these environmental changes.
According to the special nature of isolated oceanic islahigsevidently shows that adaptational
processes must have occurred. However, in comparison to Tertiary and Quaternary climatic shifts and
oscillations, which have resulted from geological and geophysical processes, the recent anthropogenic
changes are RFHHGLQJ PXFK PRUH UDSLGO\ 'LIIHQEDXJK DQG )L
adaptations in necessary rates difficult if not impossible (Huntley, 1991; Jump and Pefuelas, 2005).
This is especially true for oceanic island plants due to two main reasonsn#irgrous cenccurring
(anthropogenic) stressors and impairments are causing additional pressure. Second, island species
tend to have low genetic variability (Frankham, 1997; Johmesaa. 2000; Crawfordet al. 2001;
Stuessy, 2007; Stuessy al. 2013) potentially contributing to low adaptive capacities by lacking
TR SWLR QenélumpeHal(2009). In combination with reduced dispersal capability, those two
aspects are likely to disproportionally increase threats and extinction risk of manyn@wdéacing
global climate change. However, some endemics on very isolated and highly dynamic islands show
surprisingly large intraspecific ecological variation and/or phenotypic plasticity as a consequence of
niche breadth and frequent disturbancesgMetrosideros polymonphaawaii; Cordellet al. 1998).

Such species can be expected to cope with climatic changes (Jump and Pefiuelas, 2005).

Mutualistic species interactions

Many island endemics, too, have developed mutualistic species interactiode@artiencies and
will only be able to perform range shifts or adapt to a changing environment if their mutualistic
partners are able to do the same (Memnatth).2007; Tylianakist al.2008; Aslaet al.2013, but see
also Hembryet al.2013). Dueotthe relatively low species richness of islands the probability is low
that if one mutualistic partner is lost, another species will be able to take over its function, possibly
resulting in indirect impacts on island plant communities. However, somedigademics have been
GHVFULEHG DV TV XSH et d/H2Q08; UrtaGekedtVi|\V20132 Drijalsga@et al. 2013b),
meaning species that have very high linkage levels (Oéts8r2002). At least for some island plants,
certain ecological teractions with other species thus are not as important as in more obligate species
interdependencies.

Local human influences

Since human arrival (especially since colonisation by Europeans), many oceanic island species and
ecosystems have suffered fronthmopogenic influence, drastically changing environmental settings
and ecological integritiese(gWhittaker and Fernande#alacios, 2007; Caujaastellset al.2010;
Triantis et aJ. 2010; Heywood, 2011; Walker and Bellingham, 2011). Besidesdughardirprimary
impacts on island systems and island species extinctions, it is likely that past and present human
impacts can amplify vulnerabilities towards additional disturbances, and that human activity can
synergistically intensify impacts of climathange on species and ecosysteengBrook et al. 2008;
CaujapéCastellset al.2010). Among the most affecting human activities on oceanic islands are non
sustainable land use, overexploitation, pollution and introduction of invasive neobiota (Mitken
Ecosystem Assessment, 2005; Weng).2005; Caujap€astellset a].2010).

72



Manuscript 1

Landuse, overexploitation and habitat degradation

Landuse (settlements, infrastructure, agriculture, etc.) often leads to habitat destruction or
alteration, fragmentationand pollution by eutrophication, pesticides or waste. These factors can
ORZHU QDWXUDO VSHFLHV:- SRSXODWLRQ VL]JHV DIIHFW WKHLU F
to additional stressors (Gilpin and Soulé, 1986; Gillespial. 2008; CajapéCastellset al. 2010).
Humaninduced increases of fire frequency or intensity lead tomadoral disturbance regimes and
can cause ecosystem impoverishments and the decline and weakening of native species and
populations on oceanic islands (WalkeméBellingham, 2011; Conrmatral.2012; GarzéMachadoet
al, 2012). Oveexploitation of freshwater resources for agriculture, settlements and tourism demands
can lower groundwater tables, deteriorate groundwater quality, and facilitate saltwatersiatru
(Gdssling, 2001; Praveena and Aris, 2009; Abdetlath. 2010), leading to habitat degradation and
decreased stress tolerance and resilience of species and ecosystems. The same is true for the effects of
nornsustainable exploitation of economicaillluable taxa. In species with limited population sizes
and restricted habitats (like many island species), reduction of population sizes can diminish genetic
variation and adaptive potential (Crawfoet al.2001; Williet al.2006; James, 2008; Juetgl, 2009;
Stuessyet al.2013). Fragmentation often leads to subsequent Allee effects and higher inbreeding (see
Frankham, 1998; Gigosd al.1999; Ricci, 2006; Caujapéstellset al.2008; James, 2008; Fingtal.

2012; Morrisoret al. 2012 foisland plants). As a consequence, the vulnerability to genetic erosion,
but also to stochastic extinction events is raised (Gilpin and Soulé, 1986; Kingston and Waldren,
2005; Gillespieet a].2008). Furthermore, potential range shift pathways or taageas for species are
often obstructed by human presence or activity, lowering their prospects to escape deteriorating
conditions .gJames, 2008). Disproportionally high proportions of island endemic plants show
outcrossing reproduction behaviour andnlied dispersal capabilities, which intensifies the impacts

of fragmentation (Carlquist, 1974; Francisodegaet al.2000; Bramwell, 2011).

Reductions of island species populations thus decrease their viability, adaptability and resistance
potential aginst additional threats such as climatic alterations (Frankham, 1997; CaDggtéllset
al, 2010; Heywood, 2011). Supporting this, Sedkicak2012) experimentally showed that shifting
precipitation regimes (drought stress) interact with inbreadidue to small population sizes towards
higher extinction risks in the case of a rare and threatened endemic species on Tenerife, Canary
Islands. Fortiniet al.(2013) projected that rare and threatened plant species in the Hawaiian
archipelagoshow the highest vulnerability to climate change threats. However, common species
(especially obligate outcrossers) might suffer even more from potential population size reductions,
habitat fragmentation and resultant genetic erosion (Honnay and Jacquemyn, 2Q0ar Agal.
2008). Mating systems and life histories of such species often are not adapted to small population
sizes, decreased connectivity and/or low individual density, which can cause extreme endangerment
when their numbers are suddenly reduced (Aagiuet al.2008). Contrastingly, naturally rare species
might be adapted to genetic disadvantages of small population sizes (Karron, 1997; Orians, 1997; see
above). Therefore, population histories have to be considered when assessing ecological or
consenational consequences of rarity in species or populations (naturally small or fragmented
populations vs. originally common but recently declined or fragmented species/populations;
Huenneke, 1991; Aguiketral.2008).

Only little is known about relationsips between population sizes and extinction risks for oceanic
island species, mostly due to lacking knowledge on breeding systems and the histories of species and
populations, making direct inferences difficult (Caujapéstellset al.2010). Neverthelesdeclines of
common species (by local human action, but prospectively also by climate change impacts) should be
taken more into consideration for conservation plans as those species can be inherently prone to
genetic erosion (Aguilaet al. 2008). Consagential reductions of their biological fitness, resistance
capability, viability and thereby population sizes might result in losses of their ecological functions
and cause structural risks for ecosystems (Chapiretl#].1997; Hoopeat al.2005). Itis thus crucial
for considerations of climate change impacts on islands to include preceding human detrimental
impacts and the degree of human presence and/or influence. Regarding prior degradation of species
and ecosystems and the potential of amplifmas of climate change threats by local human
perturbation (Brooket al. 2008; Fordham and Brook, 2010), densely populated islands with high
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human impacts on ecosystems are presumably more prone to plant species loss due to climate change
influences thammore pristine islands.

Invasive neobiota

Invasive neobiota (plants, animals, fungi and microbes) constitute one of the greatest threats to
island floras and ecosystenesdCushman, 1995; Millenium Ecosystem Assessment, 2005; Giéspie
al, 2008; Saand Gaines, 2008; Caujafastellset al.2010; Kiffeet al.2010; Iret al.2014). Many
invasive neobiota can directly or indirectly affect island tareg.as competitors, herbivores,
predators, parasites, hybridising congeners, diseases or disedses). Climate change impacts are
expected to interact with species invasions (Walthetral. 2009; Mainka and Howard, 2010) which
will likely intensify impacts on island ecosystems and the challenges of management and control of
invasives (Hellmanrdg al, 2008; Vorsineet al. 2014). In a simple example, moderate changes in
temperature or precipitation may only lead to mild modifications of a particular ecosystem and may
lie within the capabilities of response of its speciegiolerance, plastity, slight range shifts of
populations or even adaptation). However, additional stressors, such as a newly facilitated alien
species é.ca plant competitor) that is now able to establish in the already affected ecosystem can set
up profound synergisticffects on climatically weakened native plant species. Such effects are likely
to be greater than simple additive effects of single stressors (Rrbek 2008) and can cause
important ecological consequences of climatic changes to oceanic islands.

In cortrast to many island endemics, invasive species often show higher rates of dispersal and
reproduction, or possess high phenotypic plasticity and climatic tolerance, resulting in comparably
high adaptive potentials and relative performance advantages peeiaksed endemics, especially
when confronted with environmental alteration like climatic disturbances and change (Helletann
al, 2008; Mainka and Howard, 2010; Wilés al. 2010; Chuinet al.2012). Specialisation in oceanic
island endemics and #ir reduced competitiveness against alien species due to their evolution in
isolation raises a particularly high threat potential from interactions and synergies between climate
change and species invasion to oceanic islands.

Climatic changes in habitatsr higher intensity and/or frequency of extreme events can facilitate
the introduction and colonisation of alien species by increased transport of propagules, opening of
new areas and increased growth or survival of colonising neobiota (Loope and Giamb&d88;
Walther et al.2009; Huan@t al.2011; Chuinet al.2012). Further on, reproduction, competitiveness
relative to natives, and thus establishment rates of alien species after colonisation in ecosystems might
be enhanced (Chowet al.2008; 8x and Gaines, 2008; Walthet al. 2009), and finally, climate
change impacts might extend suitable areas for alien colonisers, enabling spread and invasion into
larger areas of an island (Loope and Giambelluca, 1998; Waelttagr2009; Vorsineet al. 2014).
However, some invasive species on oceanic islands might also experience range contractions due to
climatic alterations (Taylor and Kumar, 2014; Vorsitoal. 2014). Nevertheless, the presence of
invasive neobiota or neobiota that have poterttidbecome invasive is one of the most important co
factors for the climate change vulnerability of an island flergSax and Gaines, 2008; Bramwell,
2011; Vorsinet al.2014). Regarding this particular relevance for oceanic islands, it isuhurssing
that only few studies exist on neobietdimate change interactions in such systems.

Humarmediated secondary effects of climate change

Feedbacks can also come from interacting stressors related to the presence and climate change
response of huan populations. Climatic alterations and sea level rise may force human islanders to
relocate lowlying coastal dwellings, agriculture or infrastructure upwards into the hinterland or to
other, e.glarger, higheselevated or less degraded islands (Nurg1,3). Islands have high portions of
their human populations living in coastal areas, bearing large potential for climate change migration
(McGranaharet al.2007; Nunn, 2013).

Wetzel et al.(2012; 2013) stated for islands of Southeast Asia and thé Pagibn that under
different sedevel rise scenarios (1 m, 3 m, or 6 m) considerable portions of the coastal zones and their
ecosystems could be lost (inundation and erosion). This would cad8 &nillion people to become
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climate change migrants aridrce them to reclaim formerly unaffected area in the interior of their
LVODQG LPSDLULQJ ORFDO HFRV\VWHPV DQG VSHFLHV:- DFWXDO
et al.2012). These investigations are based solely on land loss and humacclgrahcy. Potential

side-effects that might affect adjacent areas, such as increased exploitation of resources, pollution,
eutrophication and spread of neobiota are likely to encroach plant species and biodiversity as well
(Gillespieet a).2008; Fordharand Brook, 2010; Heywood, 2011).

Climatic alterations may force (or enable) island societies to drastically rearrange their economies.
Besides tourism and fishery, agriculture is the main economic sector. Water availability, soil fertility,
salinisation,temperature, length of growing season, extreme events, increase,-cb@ntration,
weeds, pest and disease risks are factors potentially affected bypocwoing with, climate change.
Performances of crop species and livestock can change (Fub@&;, Qhartzoulakis and Psarras,
2005). Adaptations in agricultural systems are then required, concerning the selection of crop species
and cultivars, demands and distributions of farmland, use of fertilisers and pesticides or freshwater
withdrawal (Wong etal, 2005; Mimuraet al. 2007; Nurse and McLean, 2014). Additionally, on
formerly unsuitable islands or in previously unfavourable elevational zones, climatic changes can
improve the conditions for farming or livestock breeding (Mimata|.2007). Ths would especially
affect highlatitude islands with warming climates or originally dry islands that receive more
precipitation in the course of climate change. However, it is also imaginable that climate change
impacts force islanders to abandon agrictdisites or even settlements, potentially resulting in local
recoveries of natural processes and conditions.

Another effect of climate change impacts on island societies might be a reduction of conservation
efforts due to changing soeaonomic prioritis. Currently, a lot of threatened species on oceanic
island persist only in refugial habitats under continued conservation efi@t§,FR Q V Hitghalt W L R Q
V S H Fe.gWhittaker and Fernande®alacios, 2007). If island societies find themselves faitkd
climate change impacts, the viability of these loaign conservation efforts is doubtful (Heywood,

2011). Resource allocations to afford climate change mitigation measures may lead in turn to severe
reductions or even complete cessation of consienvatxpenditures and therefore could indirectly
result in species extinctions.

Conservation and adaptation measures to climate change impacts

On islands with greater possibilities and political will to continuously allocate secmnomic
resources to pra@ction and management efforts, some climate change impacts on species and
ecosystems may be mitigated or even forestalled. -Wésigned (in the best case mmptive)
conservation measures could lessen the vulnerability of species to climate change.

Strategies might include recovery from preceding anthropogenic encroachments in order to
increase resistance potentials of threatened species or ecosystems against disturbances, for example
by habitat rehabilitation and establishment of protected areas (Wkétaand FernandePalacios,

2007; Caujap€astells et al. 2010). Regional modelling (downscaled climate projections and
ecological niche modelling) as well as identification of emerging threats must be included in planning
and area prioritisation for sucheservebased measures to adapt conservation strategies to the
challenges and dynamic nature of climate change impacts (Haginah2002; Kifferet al. 2007;
Heywood, 2011). For oceanic islands, it might be particularly reasonable to establishedrateets

and managed dispersal corridors along relevant environmental gradients to enable species range shifts
(e.gelevational or rainfall gradients). In contrast to large continental systems, gradients on oceanic
islands are often very steep, potentgidibwering efforts in establishment and management, and less
likely to exceed natural dispersal capabilities of species trying to track their climatic habitats.
However, it might be needed to control potential negative effects of such corridors, likati@ciof

invasive species spread (seg-Haddadet al.2014). Alagadat al(2014) also suggested dynamically
shifting conservation areas, including sequential scheduling of conservation area designation,
followed by the release of areas thatpgted contributing to longterm conservation goals. Such
approaches would account for the expectable dynamics in niche shifts during climatic changes and
might be especially adequate for oceanic islands, where budgets and available area for conservation
areoften very limited.
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On a larger scale, management of the matrix (areas outside and between protected areas) and
improved regional coordination are important to improve range shift potentials and species
persistence during climatic changes (Hannah al. 2002). On oceanic islands, this particularly
includes the control of invasive speciesgcompetitive alien plants or herbivores; de la laizal.

2003; Kingston and Waldren, 2005; Whittaker and FernanBefacios, 2007; Cole and Litton, 2014).

Also, agmenting population connectivity and gene floe.gby decreasing habitat fragmentation),
DFWLYH JHQHWLF PDQDJHPHQW TJHQHWLF UH)nEoddctionDoQ G SR S X (
plant individuals into natural habitats fronex situoreeding pRJUDPPHY 9YGHPRJUDSKLF
would benefit from regional coordination and may help to increase adaptive potential and resistance
against disturbances in natural populatioresgKifferet al.2007; Caujap€astellset al.2008).

However, for speciesf particularly narrow ecological niches, climate change impacts might
exceed physiological tolerances or include overwhelming pulse disturbaaagsre frequency),
precluding sustainablén situconservation (Cahilet al. 2013; Fortinét al. 2013 Krushelnyckyet al.

2013). If affected species cannot escape by natural migration to refugia,-tmeatiabted relocations

could save them from being decoupled from their climatic niche (seestvdl 2010 for a general
consideration). Also, permanehabitat loss é.goy sea level rise) might call for relocation strategies,
including translocations to other islands (for general considerations and case studies from the Florida
Keys see Maschinskt al.2011). Generally, establishments of seed barkstherex sitwollections

in time would avert total loss of species (Caujdpestellset al.2010). Some efforts in the past were
successful in preventing island species from extinctegstmmarised in Whittaker and Fernandez
Palacios, 2007). From global perspective, however, it is likely that in the face of climatic
deteriorations and limited resources for human subsistence on oceanic islands, sustainability and
conservation will be sacrificed in many places (see above; Bramwell, 2011; He§ivbod, 2

It is imaginable, however, that some native species could profit from human adaptation measures.
Agricultural land, settlements or infrastructure can be abandoned or transformed to restore or
conserve ecosystems and their services. These aumullede coastal preservatione.g.through
restoration of mangrove belts), slope reinforcement against landslide and soil erosion (reforestation of
hill slope forests), preservation of water accumulation, retention and filtering in watershed areas
(groundwater recharge effects;gby forest restoratione.gPerkinset al.2014), and general services
like the supply of wood, food or mediciregby agroforestry (Hillset al. 2013). Conservation of
biodiversity also contributes to maintain or restobetnatural attractiveness of an island for lucrative
tourism. Here, particular species or ecosystems are likely to be favoured due to their rarity, popularity
or iconic and charismatic value (Duamé al. 2008; Hambler and Canney, 2013; Krushelngthly
2013).

Outlook

General patterns

Global climate change will most likely have direct and dramatic consequences for oceanic island
plants and ecosystems. In many cases climate change will also affect island biota indirectly or interact
with other drivers leading to habitat degradation, population decrease and extinction of endemic
species. However, oceanic islands are not homogenous in terms of climatic changes and vulnerability.
They differ in abiotic, biotic and anthropogenic aspects. Oceanic islardsphlso differ in their
vulnerability and threats due to specific ecological interactions, traits, population viability and
response capability. Some patterns can thus be assumed to have general relevance for impacts of
global climate change on islandrfis, although large uncertainties and knowledge gaps are present
that preclude more distinct statements about their vulnerabilities. In the following paragraphs, the
most important considerations are given, and a conceptual summary of processes reigiget to
characteristics is provided in Tab. 1, including research challenges.

1. The estimated change in climate is not evenly distributed but depends on geographic location
and the associated atmospheric circulation patterns of an island. While temperature
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generally increasing (although with variable magnitude), strong differences are assumed for
trends in precipitation. There is also a tendency towards intensifying and more frequent
extreme events for some island regions.

2. We expect the greatest floraunerabilities on oceanic islands of small area, low elevation and
simple topographic structuring (with flat atolls and reef islarmsingthreatenedmost, due to
high inundation risks and saltwater intrusions). Nevertheless, these island types possess
relatively low numbers of native plant species and only few endemics (&tredf. 2008),
limiting their role for potential terrestrial plant biodiversity loss in the face of global climate
change. In addition, low functional redundancy and strong interastibetween ecosystems
are likely to increase risks of-coodifications on different organisational levels.

3. In contrast, we presume islands of high topographic and ecological heterogeneity to provide
potential refugial habitats. Also, specigsh island ommunities are probably more resistant or
resilient to climatic disturbances and the loss of single species functions.

4. Probably the greatest challenges for island species from climatic alterations are to be expected
from interactions and synergies with dal anthropogenic pressures. Previous ecosystem
alterations, as well as current human impacts parallel to or, as a consequence of, climatic
DOWHUDWLRQV FDQ EH IDWDO IRU DQ LVODQG:-V IORUD DQG
detrimental effets are likely to intensify with climate change. Human encroachments in
general can be assumed to play major roles in threatening oceanic island floras and may even
supersede effects of climatic alterations in some ecosystems or entire istag@aujapé
Castellset al.2010).

5. Besides local anthropogenic impacts and synergistic facteractions, we suggest that
secondary (indirect) effectse(g.trophic cascades, eextinctions, problems arising from
climateinduced human migration) are major thredts oceanic island floras facing climatic
alterations.

6. On the species level, low dispersal capacity and high ecological specialisation (narrow
ecological niches, including strict dependencies on single interacting species) amplify the risks
of decline angkxtinction. The potentials of rapid evolutionary adaptation to novel climates are
not clear, but likely to be negligible.

Main drivers and their interactions are summarised in a flowchart (Fig. 4), providing an overview
on the interrelatedness of facterand mechanisms. Salnplifying mutual intefrelationships
between different factors will probably have more impact than additive singular effects. Moderate
primary effects of a single threat factor can turn into harsh encroachments if further intgractin
stressors come into play.
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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, dnigrefactors
(independent parameters) are positioned at the top, whereas factors of lower order (dependent on others) are positioned
towards the bottom. Modifications and emodifications mean all potential changes in population sizes, structures and
viabilities of species and ecosystems, including extinctions amekiiactions.

Suitability and potential of oceanic islands for climate change research

Albeit following logical considerations and being supported by island case studies as well as
researclon 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, makapgical 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 neededdr adequate decisiemaking 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 undergjasfdnatural
systems (Whittaker and FernandeRalacios, 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 uneitpt 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-istend systems as well (seaKuffer
et a.2014):

i) The clear spatial and ecological delimitation combined with the large number and variability of
oceanic islands provides possibilities for replications and comparisons irtisialid data sets.
Setting up sound hypotheses and coliing 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 speemsr and simple ecosystems compared to tmos
continental regions (Whittaker and Fernandézalacios, 2007; Kre#t al. 2008). As it is
difficult to disentangle influencing factors and interactions in more complex systems, this
brings great advantages. Straightforward interpretation of ecologieadesses in field study
data as well as targetriented experimental designs and modelling approaches can be
implemented.

i) Volcanic islands often exhibit high elevations with steep and fissured slopes. This causes
outstanding ecological heterogeneity andjsences of different ecosystems within small
spatial scales (elevational zonation, island side differences, topographical structure, etc.). Steep
ecological gradients and smaltale heterogeneity provide excellent natural experiments to
researchers, foxample 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 distribati. 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 phytgeographic 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 opequestions 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 suggeséisaarfir 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 veryehegieneously 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 krmsstxtige
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 rekelere, 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 thredtbe floras ofmany oceanic islands are still largely
unexplored and need fundamental botanical surveys (species distributions, individual
abundances, population structures, etc.). For those islands with explored florastetomg
monitoring studies may identify changisspecies 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 viabilitpssessments should be carried out.
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i)

More detailed climatic dataBaseline data on current and future climatic conditions are
certainly needed for almost any study on potential climate change impacts. The amount and
spatial distribution of weather stationis not satisfactory on many islands, making consistent

and spatially weHlarranged longerm data hardly available. Additionally, most oceanic islands

are rather small and existing spatial climate data and projections offer insufficient resolutions
(grid sde lengths of one to several hundreds of kilome&ggyorldClim: Hijmanset al.2005)

with some islands even completely slipping through the grid of climate models and being

I XQVHHQ- E\ WKHP +H\ZRRG & RQ VLG HldteQetod@dalW LD O F¢
processes within topographically structured islands.gby elevational differences, luviee
effects, seasonality differences) is often not yet possible. Thus, there is a need for more and
better climate data and models on the islandesca

iii) Anthropogenic factord-uture scenarios for human demographics, land use and&o@mmic

changes and settings on islands are needed. These will allow for ecological assessments and
modelling approaches on interacting effects between climatic aiterst and local
anthropogenic disturbances on species and ecosystems (Btoak 2008; Heywood, 2011).
Combinations of species distribution models with scenarios of human population,- socio
economic structure, tourism, and potential adaptation stratetpeslimate change will yield

more realistic vulnerability assessments of oceanic island floras. For example, Wettel

(2012) assessed land loss and forced human migration on islands dudewekeise. Beck

(2013) modelled ecological suitabilitgrfagriculture under future climate conditions, which

could be adapted to island scales. Such approaches can identify potential conflicts between
human responses to climate change and range developments of island plant species.

iv) Experiments and field studs: Response capacities towards disturbances from climatic

alterations is widely lacking for oceanic island species and their ecological interactions,
impeding the mechanistic understanding of climate change outcomes on island ecosystems
(Fordham and Brogk2010; Heywood, 2011). Different experimental approaches are conceivable

to gain knowledge about the susceptibility of species and ecosystems to climate change impacts

and their potential responsel situexperiments might profit from different islandtsings,

VLPSOH HFRV\VWHPY DQG VWHHS HFROR JXJRouWetldlIM@GBL HQWYV
Rosset a].2008; Levinet al.2010; Andersoet a).2011 for consultable research on continental

islands). Experimental manipulations of climatparameters and/or adding or removal of
potentially important species and invasibility experiments would provide important insights

into biodiversity effects under climate change and general response potentials. Field studies

and molecular data can bringnowledge on basic ecological demands, demographical
dynamics, dispersal capacities, gene flow patterns and adaptability of insular plant species and
populations (se@.d.evineet al.2008; Roux and McGeoch, 2008; Sedlatel.2012; Shapcott

et al. 2012; Krushelnyckyet al. 2013). Specific studies are most important for rare and
presumably threatened species or ecosystenghigh elevation ecosystems, ecosystems under
LOQXQGDWLRQ ULVN UDUH VSHFLDOLVW VSHFLHV EXW WKH [
might also be of great interest. Potential impacts of climate change on species interactions and
ecosystem processe FRXOG EH DQDO\VHG E\ EHQHILWWLQJ IURP WKH
HI[SHULPHQWYV:- ([WUHPH ZHDWKHU HYHQWY VXFK DV DEQRUP
hurricanes, storm surges, inundations and saltwater intrusions might be seen as freguen

even constant future conditions for particular islands or archipelagos. Moreover, adaptabilities

of neobiota and their potential to affect island endemic plants can be investigated in
experimental settings, enabling adequate decision making for a@igar approaches.

Modelling approachedne of the most powerful tools for analysing susceptibilities and range

shift prospects of species and ecosystems towards environmental changes is niche distribution

and viability modelling (for island studies segKingston and Waldren, 2005; Attorret aJ.

2007; Fordham and Brook, 2010; Forteti al. 2013). However, biotic, landscape and
anthropogenic factors have to be included in such models to cover the whole complexity of
potential ecological and distriliional changes of species and ecosystems in the future (see
Fortini et al. 2013 for a straightforward and comprehensive approach to quantify Hawaiian
SODQW VSHFLHVY:- FOLPDWH FKDQJH YXOQHUDELOLW\ $PRQJ
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data) but very important factors are dispersal capacitiesgCorlett and Westcott, 2013;

Fortini et a].2013), ecological interactions (dependencies on particular ecosystem processes and
structures, availability or conigration potentials of interacting partnespecies, competition;

e.gWisz et al.2013), migration path suitabilitye(gFortini et al.2013), and availability of miero

refugia €.gAshcroftet al.2009; Fortiniet aJ.2013). Furthermore, island populations, economies

and land use can be exged to change during global change. Thus we have to include current
patterns and future scenarios of human impa&glfabitat degradation and fragmentation,

resource exploitation, effects of invasive species, pollution) into species models to gestthe b
SRVVLEOH SURMHFWLRQV RI VSHFLHV- VX&dHdr8A&m BhdO L W\ D Q
Brook, 2010; Vorsinet al.2014).

vi) Island biogeographic analys€3omparative studies between islandsdwithin archipelagos)
on past ecological respons&s climatic changes can reveal potential influences of island
biogeographical parameters (area, topography, elevational range, species richness, etc.). Linking
vegetation histories to past climatic changes could help to assess future impacts of climate
alterations on species and ecosystems. Pollen records can be used to document past extinctions
and rates of species turnover.@Nascimentoet al.2008; Connoet al.2012; Boest al. 2013;
Collinset al.2013; Noguet al.2013). Additionally, phyl@epgraphic analyses can detect species
histories and responses to past climatic shifts (Davison and Chiba, 2008; RoeRighiezet
al, 2010; Biscontt al.2013 for studies on island animals). Palynological and phylogeographic
results can then be relad to the characteristics of specific islands. However, time scales and
island histories must be considered to adequately take the dynamics of island areas,
topographies and geographical settings (isolation, fusions, fissions etc., see Rijsdlif0#)
into account in order to relate species dynamics to past climatic alterations.

Betweenisland comparisons of (modelled) intisland species range shift potentials may

reveal benefitting or impeding island features for species responses to climat@eshkslands

that are geographically close to each other and share similar 4tlametic conditions, but

differ in an island feature of hypothesised relevaregi¢pographical structure), would

provide suitable study systems. This would be possiblé wpecies that realistically occur on

the islands under comparison. However, meaningful insights into the role of island features
would also be possible with species that occur only on one island but whose climatic niche is

also existent on anothere.ZLWK FRPSDKISRWKBWLFDOW VSHFLHV GLVWUI

In conclusion, oceanic islands and their unique and diverse flora are at particular risk from global
climate change, which poses a high potential for global biodiversity loss. Thus, ctihzatge
impacts on islands deserve more scientific interest, not least because of the special suitability of
oceanic islands for diverse climate charglated scientific approaches, and their potential to extend
WKHLU HVWDEOLVKHG KX eblogy BrQ elolitidhWoHnvodel Bystdenid Yor Hasic and
applied climate change research.

Climate change impacts on oceanic island ecology have not been comprehensively examined
before. This review offers an initial conceptual framework by (i) providingsidemnations to
generalise the findings of case studies and single aspects of island ecology for the climate change
vulnerability of oceanic island floras, (ii) categorising relevant known and presumable factors and
interactions, and (iii) depicting unceriaties and research potentials. The paper may thus help to
identify specific research needs for different islands, which is important considering the complex and
variable risks from climatic alterations, the lack of necessary data for adequate consetaatnimg
and prioritisation, as well as the limited resources for research and conservation in most islands. We
hope to stimulate an integrative and mutlisciplinary scientific discussion aiming to better
understand and protect the unique biodiversity oceanic islands with respect to climate change.
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Appendix

Spatial pattern analysis

For describing the humghaped relations between latitude and changes of temperature and
precipitation, we implemented illustrative regression models. In other words, we intended not to
predict climate change but to deribe the relations. We opted for Generalized Least Squares (GLS)
framework due to heteroskedasticity of dependent variables against latitudinal gradients found by
BreuschPagan testfvalue < 0.001).

For temperature change, we modelled the potenti@ti@ships to simple latitude to account for
the full south to northgradient (Fig. A.1A). Precipitation change projections showed a more
consistent trend among both hemispheres, thus absolute latitude (equivalent to distance to the
equator) was used agedictor. For better comparability with the 787 island values and to maintain
clarity in the regression plots, we randomly sampled the same number of coastal and continental grid
cells, respectively. The overall patterns and regressiegffioients did no change qualitatively by
that approach, compared to the use of full data sets. Additionally, we fitted a temperature change
UHJUHVVLRQ WR WKH LVODQGV: GLVWDQFH WR WKH QH[W FRQ
buffering on temperature changes islands. For all the models, an exponential function was used to
ZHLJKW GHSHQGHQW YDULDEOHV )XQFWLRQV CESWHVW:- RI WKH
used on the R base system (version 3.0.2).

Fig. A.1: Relationship of latitude (Anhd distance to the next continent (B) to the projected change of temperature and of
absolute values of latitude (equivalent to distance to the equator) to changes of precipitation (C). Figures and calculations
are based on 787 oceanic islands (largepuirgs) worldwide for the period 20842100 according to scenario RCP 6.0 and

the same numbers of coastal (orange) and continental (green) values, respectively. Regression lines represent the fitted GLS
models, respectively.
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Summary

1.Climate change is predicted to increase the frequency and magnitudeehextlimatic events.
These changes will directly affect plant individuals and populations and thus modify plant
community composition. Little is known, however, about transgenerational effeet8MKH LQAXHQFH
of the parental environment on offspring efotype and performance beyond the effects of
transmitted genes) of climate extremes and community composition. Perennial plants have been
particularly neglected. This impedes projections on species adaptations and population dynamics
under climatechange.

2. Maternal plants of two widespread dwashrub speciesGenista tinctordand Calluna vulgaris
recurrently experienced extreme weather event manipulations each year (drought and heavy rain). To
test for transgenerational effects of community compaosijti@ vulgamsaternal plants were grown in
communities differing in the number of neighbouring species. After 6 years, seeds of maternal plants
ZHUH FROOHFWHG DW OHDVW PRQWKYV DIWHU WKH AQDO ZHDW
effects of lhe extreme events and of altered community compaosition on germination and monitored
the development of offspring over 2 years.

3.:H VKRZ WKDW H[WUHPH HYHQWYVY H[SHULHQFHG E\ PDWHUQDC
and growth beyond the seedling staggeeds produced by maternal plants experiencing stress,
indicated by increased tissue dieback, germinated earlier in both observed species. We observed
differences in leaf stoichiometry and growth rates@ortinctoridlR 1 IVSULQJ WKURXJKRXW WK
Offspring from heavy raitreated mothers showed reduced leaf C:N ratio and higher growth rates.

Results further indicate that not only community density, as investigated in prior studies, but also
community composition trigger transgeneratiordiects.

4. Synthesis 2XU AQGLQJV VKRZ WKDW YDULDWLRQ LQ WKH PDWHU!
number, but also the performance of offspring. Extreme climatic events, terminated before seed set,
induce transgenerational effects. Species richness of mathenunities can affect the stress level of
target species and thereby germination regardless of community density. In contrast to prior studies,
which revealed direct effects of chronic stress on plant individuals, this study emphasizes the

97



Manuscripts of this thesis

importance of ddressing transgenerational effects of extreme weather events when projecting future
ecological responses and adaptation to climgtange.

Key words

Disturbance, dwarkshrub, environmental maternal effects, germination, heath, microevolution,
plant Zlimate interactions, precipitation change, transgenerational plasticity

Introduction

7UDQVJHQHUDWLRQDO HIIHFWV DUH GHAQHG DV WKH LQAXHC
environment on offspring phenotype and performance beyond the effects of transmitted genes
(Herman & Sultan 2011; Salinas & Munch 2012). Besides phenotypic pyastiml genetic
adaptation, they might be one important, but less investigated mechanism to cope with rapidly
changing environmental conditions. Transgenerational effects can be adaptive: in this case, offspring
which experience a similar environment to thé) SDUHQWY UHYHDO KLJKHU OLIHWLE
Etterson 2007; Herman & Sultan 2011). Transgenerational effects, however, can also decrease
RIIVSULQJ RU PDWHUQDO OLIHWLPH AWQHVV DV D UHVXOW RI Ul
Uller 2007). Irrespective of their adaptive potential, could transgenerational effects be crucial for
community and population dynamics under a changing climate (Hoveeteh2008; Germain &
Gilbert 2014). These effects drive germination, recruitment, seedtidgpeobably later life stage
SHUIRUPDQFH DQG DV VXFK LQAXHQFH WKH JHQHWLF DQG SKHC
(seege.gWalck et al2011 and references therein).

Global climate change not only causes warming, but also changes in ptemipitatterns (IPCC
2013). Little is known on the transgenerational effects of altered precipitation. Germain and Gilbert
(2014) found maternal effects of a chronically dry environment in 40% of 29 tested annual species.
Thus, in many cases no effects ledirgged soil moisture on offspring performance could be shown

5LJLQRV +HVFKHO 6FKPLWW &KURQLFDOO\ GU\ FRQGLWL
offspring by increasing seed resource provisioning (Sultan 1996) or increasing offspring germination,
JURZWK DQG AWQHVYV *HUPDLQ &DUXVR ODKHUDOL ) XUWK

species after maternal drought, which was adaptive for one of these species (Sultan, Barton &
Wilczek 2009).

In the future, many ecosystems will have to cejfith an increased frequency and magnitude of
extreme, pulsed precipitation events, including prolonged drought periods and heavy rain spells
(IPCC 2012). All studies on transgenerational effects of soil moisture regimes, except for Riginos,
Heschel & Schntt (2007), to our knowledge focused on chronically changed precipitation or soll
moisture regimes and not on discrete, pulsed events. Transgenerational effertsreaked
precipitation have only been investigated byetial(2011), who found higher skeroduction rate
when mothers received 30% more rain during summer, with no effects on seed mass or germination
success.

7ZR DVSHFWV RI WUDQVJHQHUDWLRQDO HIIHFWV Rl FOLPI
transgenerational effects of extreme precipitatioeregs and particularly of extreme rain spells are
largely unstudied. Secondly, the role of transgenerational effects of precipitation for perennial species,
in contrast to annuals, is still unclear. Perennial species with their long life cycles mightiaatlyic
rely on transgenerational effects, as genetic adaptation by natural selection could be too slow to keep
pace with rapid climate change (Herman & Sultan 2011; Salinas & Munch 2012).

Global change not only alters climatic conditions that are affectapgcies population
performance, but also shifts community composition towards new species assemblies and
interactions, respectively. In consequence, such community shifts result in changes in the competitive
environment of species, which might affect pfisg performance. Offspring originating from dense
and productive communities with high competition intensity revealed reduced germination
(Tielbdrger & Petru 2010) and growth (Heger al2014), but higher phenotypic plasticity (Heger
al. 2014). Granmoids have been shown to become more dominant in dsfacfb-dominated
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heathland, for instance after nitrogen deposition (Aerts & Heil 1993) and after nutrient addition
combined with warming (Klanderund & Totland 2005). Further to this, grasses expahdathland
after soil disturbance (Ransijet al2015). However, the contribution of community composition and
species richness, rather than vegetation density or productivity (Tielbdrger & Petru 2010;etlater
2014), has until now been neglected wistudying transgenerational effects in plants.

The objective of our study was to study transgenerational effecextoedme weather easats
community compositiercontrast to existing studies, we focus on bdtioughaind heavy rajpulses
applied toperenniapecies on maternal plantefore seed setdamweringBesides seed parameters and
germination rate, the main response reported in other studies on transgenerational effects of climate
change ¢.gsummarized in Hovendeet al2008 or Latzel al.2014), we also monitored progress of
JHUPLQDWLRQ VHHGOLQJ HVWDEOLVKPHQW JURZWK ARZHULQJ
of offspring from preexposed maternal plants. These responses can be informative about growth and
tolerance stra@gies under recurrent disturbance regimes in the offspring generation. A higher C:N
ratio indicates a higher proportion of more structural and defensive tissue, which can be seen as an
adaptation towards drought and as defence mechanisms (Herms & Ma@8@) $ardanet al2008).
Using the two widespread European dwatirub speciealluna vulgaasd Genista tinctoriave
addressed the following researghestions:

1. How do extreme precipitation events (drought and heavy rain) experienced by matemis pla
before seed set affect germination, seedling growth and juvenile development in the next
generation of woodgpecies?

2. How does the community composition (species richness) in the maternal environment affect
the performance of offspring?

Material and Methods

Study organisms and experimental treaiteamdbibhms

We chose the two common European dwsahfub specie€. vulgarls (HuLL) (common heather;
Ericaceae) and. tinctorig G\HU:-V JUHHQZHHG )DEDBehi3td tinbiMigVdw X G\ VSt
insectpollinated, deciduous legume (Floraweb, 2015) and prefers fresh to moist soils. Within the
(9(27 , HISHULPHQW -HQWVFK .UH\OLQJ WHLHUNXKQOHLQ
summer (Jentsclet al2009). Seeds were collectedlate summer, to ensure to have seeds from the
ODWH ARZHULQJ SHULRG 6HHGY GLVSHUVH EDOORFKRU ZLW
Informationsknoten Bayern, 201%)alluna vulgarswers in late summer and autumn, is wirahd
insectpollinated and grows on acidic and nitrogdimited sites. It is indifferent towards moisture
supply and can be dominant in bogs, heathland and moorland vegetation across Europe. It is also
found in sandyforests(Ellenberg& Leuschner2010).The light seeds are dispersed by wind, often
over long distances (Floraweb, 2015). Both species therefore differ in traits that might be relevant for
the transmission of transgenerational effects (Galloway 2005; Kuijper & Hoyle 2015; Leimar &
McNamara 2015): Hert-distance dispersal is predicted to favour transgenerational effects, as
offspring are likely to experience the same conditions as maternal plants. Additionally, constant
moisture supply is relevant t@. tinctoriabut not toC. vulgatigand therefag, extreme events should
cause transgenerational effects@rtinctorilr Q O\ DV WKH\ DUH QRW OC.NigarisWR DOV
and should thus not be a strong selective force.

Maternal plants from which seeds were collected grew in the EVENXpéranent, which
investigated the effects of extreme weather events on ecosystem functioning (Bayreuth, Germany,
Certral Europe;49°5519 N, 113455 -E; 365m a.s.l.;seeJentst, Kreyling & Beierkuhnlein 2007). The
maternal plants grew under three different, annually recurrent weather treatments (drought, heavy
rain and control). Calluna vulgareaternal plants were additionally grown in different plant
communities with differing speciesctiness (twe vsfour-species communities) and either including
or excluding grasses, to test for effects of community compos@ialiuna vulgavies accompanied
by the dwarfshrub Vaccinium myrtiliasthe two-species community, and b myrtilluand the two
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graminoids Deschampsi@xuosand Agrostis stoloniferathe fourspecies community. The latter
FRPSRVLWLRQ WKXV UHAHFWYVY SUHGLFWHG IXWXUH VFHQDULRYV
graminoids (Aerts & Heil 1993; Klanderund & Tatkh 2005).Genista tinctoraas grown in the four

species community with. myrtilly®. AxuosandA. stolonifera

The experimental plant communities consisted of 100 planted individuals pe® 2 m, initially
arranged in a regular grid with 20 cmtisce between neighbouring individuals. Plots were installed
in April 2005. Dwarfshrubs were planted as 2ygarold individuals obtained from a nearby nursery
and were randomly assigned to the different experimental plots. The soil texture of the phgviou
homogenized soil was loamy sand (82% sand, 13% silt and 5% clay). Each community was planted
equally dense, resulting in 50 individuals per species in-dperies communities and in 25
individuals per species in fopecies communities. The two croddactors weather treatment and
community composition were applied in a sphilot design, with community diversity nested within
ZHDWKHU WUHDWPHQWY (DFK IDFWRULDO FRPELQDWLRQ ZDV UH
tinctorianaternal plamts and 30 plots withC. vulgansaternalplants.

As increased drought frequency and intensity, and more extreme heavy rain spells are expected
under climate change (IPCC, 2012), we simulated both of these events. Extreme maternal drought
was induced usingransparent foil rainout shelters, starting from a height of 80 cm to avoid strong
greenhouse effects. This resulted in a drought period with a length of 32 days from 2005 to 2007
(event with a probability of occurring once in 100 years, see Gumbel $&%8).2008, a drought
period with a length of 42 days was applied (probability of occurring once in 1000 years). Drought
started in midJune in 2005 and at the end of May since 2006. Heavy rain was applied using portable
irrigation systems with standardrdp size simulating natural rain events. In the years 2005 to 2007,
170 mm of rain was applied within 2 weeks (twice per dayg 100year recurrence probability).

Since 2008, 260 mm of rain was applied within 3 weeks (¥680recurrence probability). The heavy

rain treatment was started at the end of June each year. The control treatment remained under natural
conditions withou any manipulation. Figure S1 in Supporting information shows the level of soll
moisture assessed betweéh and 27 cm using frequency domain sensors (ECH20, Decagon devices,
Pullman, WA, USA) in plots adjacent to the study plots and treated with the segagher extremes.
Extreme weather treatments resulted in marked changes in soil moisture during the treatment
periods, but recovered quickly to control values afterwards.

Offspring generation

To test for effects of the maternal environment on germinatrahoffspring development, seeds of
maternal plants growing in different communities and treated with extreme weather events were
collected. Seeds (. tinctorieere collected in September 2010 and see@s wiilgarigere collected
in October 2010. Rif mature seeds per plot from at least 10 plants were collected and combined to
produce a single sample per plot. Seeds were dried, stored at room temperature in paper bags and
WKHQ VWUDWLAHG DW f& TURP -DQXDU\ X QomaidngOdguhFdarts 6HHC
of sand, turf and a prepared cultivation soil mixture (Frux; Einheitserde Werkverband e.V., Sinntal
Altengronau, Germany¥alluna vulgasiseds of each parental plot were sown together in seed bowls,
while G. tinctoriaeeds were tgeenough to place them individually in Quickl@irays(Herkuplast
Kubern GmbH, Ering/Inn, GermanyjRll seeds germinated in the greenhouse in March and were
transferred to hotbeds in early spring. Ten wedtablished and healthy saplings per sourcée wire
carefully removed from seed bowls or Quickl@ﬂed plantednto single pots (18.7 cm diameter) on
15th of JuneQ. tinctorjaand 15th of JulyQ. vulgajisFor C. vulgatifieathland soil substrate (black
peat, white peat and sand in equal partas longterm fertilizer Osmocote (N 15, P 9, K 12, Mg 2);
Everris GmbH, Nordhorn, Germany) and fGr. tinctorijasandy loam was used for the leegn
cultivation. This resulted in 150 pots containi@g tinctoriplants and 300 pots witlC. vulgari®ds
were overwintered in hotbeds from November 2011 until April 2012 and then again placed outside at
WKH H[SHULPHQWDO AHOG LQ VSULQJ "XULQJ WKH RIIV
HQVXUH VXIAFLHQW DQG HTXDO POR2, WilyaXidhHnidlakes D@ urredQwhickPPHU F
led to very dry conditions, especially f©r vulgaridNevertheless, conditions were equal for all plant

100



Manuscript 2

individuals, as they received always the same amount of irrigation and precipitation. Figure S2 shows
the daly rain sums over the 2 years of the offspistgdy.

Response parameters

Performance atemnaplants prior to the offspring experime0{2)06

The performance of maternal plants and maternal plant communities was assessed each year after
annually pulsed extreme weather treatments (202010) using the poirguadrat method to
estimate the dead and living covers of all species (Goodall 1952). Biomass of individuals and
communities was estimated using ndestructive biometric measures that were bedted by
multiple regression analysis against harvested individuals before the experiment, as described in
detail by Kreyling, Beierkuhnlein & Jentsch (2010).

Performance of offspring 22Q2})

Offspring of seeds collected in 2010 stemmed from mothemsing within the EVENT |
experiment under recurrent pulsed drought, heavy rain and ambient conditions since 2005. Offspring
grew in potscontaining one individual, respectively, and all pots received the same amwfount
precipitation or irrigation. Weight of 50 seedsof G.tinctoriafrom each plot was assessed. Seeds. of
vulgarigvere too small and lighior reasonablassessindifferencesn weightsdueto treatments.

Germination started 28 days and 10 days after sowin@ faulgarend G. tinctoriaespectively.
Germination was monitored every 2 days until no further germination occurred. Maximum height and
number of branches largtran ten centimetres were measured @rtinctoriaffspring in June and
October in 2011 and in September in 201Zirvlan shoot length and maximum and minimum plant
width were measured fdE. vulgar® August 23rd and October 21st in 2011 only, as many plants died
between May and August 2012, due to dry and hot weather condition. We calculated relative rates for
the gowth parameters, including branching, using the following formula (Crag@g9):

BEJOEVA

AVAL Zy—m——
) E J E REE\HA

Analyses of carbon to nitrogen ratios in leaf tissues (C:N analysei® Max C:N Analyser,
EVISA, Germany) wereonducted inOctober 2011 (see Data S1).

The day when first flowers opened was monitored and recoesdtedy second day for each plant in
2012. Aboveand belowgroundbiomass of G. tinctoria was assessed by cutting the whole plants on
September 2012 and taashing the roots. All plant parts were driedl 70 °C until constant weight
and weighed. Formation and openiofiflowers were recorded during 2012. As the lifetime of the two
speciesis much longer than the 6 years running time of the experin@amt, asthere was little
establishment of new individuals after the staftthe experiment, we are confident that no genetic
adaptation hasccurred within communities yet.

Statistical analyses

Data on maternal plants for the years 2006 until 2010 were anaigsedmixedmodel ANOVAS,
with maternal weather treatment and, fa. vulgaris FRPPXQLW\ FRPSRVLWLRQ DV A[HG
of the experiment as random factor. To analyse tissue dieback, we used generalized linear (mixed
effects) models with a binomiakror distribution. The response was created as an odds ratio of dead
and alive covers (Crawley 2009).

ForG. tinctoriaffspring, we used oréDFWRULDO $129%V ZLWK PDWHUQDO ZHD\V
factor and means of offspring derived out of one dlotaternal plants as a response variable to avoid
pseudereplication. Response variables fGr vulgarisffspring were analysed by a mixaetbdel
$129% ZLWK ZHDWKHU WUHDWPHQW DQG FRPPXQLW\ RI PDWHUQD
treatment block in which plots of different community composition were nested as random effect to
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account for the spliplot design. Againwe took means for offspring originating from mothers out of
the same plot to avoid pseudeplication.

The progress of germinatiomas assessed using generalized linear meféetts models with a
Poisson error distribution (count data) and with weather and community treatments and time as

A[HG HIIHFWV 7KH QXPEHU RI GD\V IURP AUVW WR Odth&/ JHUPLC
QXPEHU RI VHHGOLQJV WKDW JHUPLQDWHG ZLWKLQ WKLV WLP

interaction between weather extremes or community composition and time shows that treatments
differed in the progress of germination. Overg#irmination poportion was analysed using
generalized linear (mixed effectshodels with binomial error distribution €. vulgajisand quasi
binomial error distribution (G. tinctorjaas described for the analyses of tissue dieliaeklues for

generalized linear modelwere obtained by stepwisEDFNZDUGYV PRGHO VLP$OLAFD\
OLNHOLKRRG UDWLR WHVWYV EHWZHHQ IXOO DQG VLPSOLAHG PRC

Response variables were transformed accordingly, to ensure homoscedasticity and normality of
residuals, which was asssed graphically (see Table 1 for transformations of the response variable).
C:N ratios ofG. tinctoriaffspring were analysed using a Krusk#Vallis test, as assumptions for an
ANOVA could not be met with transformations. All statistical analyses weréopmed using R 3.0.2
(R Core Team, 2013). For mixeflects models, we used the software packages Ime4 @a2913)

DQG OPHU7HVW . X]QHWVRYD %URFNKRII &KULVWHQVHQ
comparisons to evaluate differences betwegtreme weather events the package multcomp was
used (Hothorn, Bretz & Westfall 2008). Package sciplot was used for graphs (Morales 2012).

Results

Effects of extreme weather evenisténd®ria aernaplants

Genistéinctoriamaternalplants E H Q H ArbvriWedGrain and yieldedconsistently more biomass
WKDQ FRQWURO SODRFWY12;7iMaHedtmerBect over years 2005 unfi009
P=0.014). In 2009, the year preceding the study, maternal biomass under the extreme raimtreatme
was increasedy 44% comparedwith the control mothers.Drought, on the other hand, did not
VLIQLAFDQWO\ FXURG KFBWLRRD VI:NHE), \but-dpparently stressed maternal
plants asndicatedby increased tissue dieback under drouglgattmentcomparedo control overall
yeargFig. 1ajikelihood ratio test, $; 4;= 12022<0.001).

Fig. 1. Dead cover of maternal plant§&ehista tinctofiar different weather treatments (a; black = control, light grey =
heavy rain, dark grey = drought) andCafluna vulganigternal plants growing in communities including two (blaeks-:

four-species (open) (b) in the years before collecting seedslfoVN&ULQJ 'LITHUHQW OHWWHUV RU VWDU

differences between the groups over all years. Means + SE are given.
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Effects of maternal extreme weathezressirist@ia offspring performance

Maternal weather treatments did not affect dageights of G. tinctoria (statistical details in Table
EXW GLG DIIHFW SURJUHVYV RI JHUPLQDWLRQ VLJQLAFDQW ZH
and germination rate (P = 0.027). Seeds of drewghted mothers germinated earlier than seefis
control and heavy raitreated mothers (Fig. 2). Furthermore, less seeds germinated overall from
heavy rairtreated mothers (52 + 14% SD) compared to seeds from mothers growing under control (69
*+ 7% SD) or drought (68 + 5% SD; Fig. 2). Offspringadyh&intreated mothers revealed a lower
C:N ratio than offspring of control plants in October 2011 (Fig. 3a; P = 0.026). Additionally, juveniles
from heavy ainWUHDWHG PRWKHUV JUHZ VLIQLAFDQWO\ IDVWHU EHWZ
(P = 0.043Fig. 3b) and also developed branches faster during the time assessed in the second year (P =
)LJ F 7KHUH ZHUH QR VLJQLAFDQW GLIIHUHQFHYV LQ RYH!
branches (P = 0.9), shoot biomass (P = 0.7) or root bigfhas$.4). Maternal treatments did not
DIIHFW WKH ARZHULQJ RQVHW RI RIIVSULQJ 3

Table 1. ANOVA results for the effects of maternal weather treatments on
Genista tinctos&eds, germination and offspring. Transformations to ensure
homogeneity ofariances and normally distributed residuals are given for the

UHVSRQVH YDULDEOHYV [FlvadésFare\Vskavk in beIlPI QLAFD QW
values are given in the text.

Genista tinctoria For §
Seed weigth F21,= 0.008
No. of germinated seedseatherx time interaction »=16.8
Germination rate F14=4.9
CIN ratio $§=7.28
Relative growth rate®lyear F12=4.12
Branching rate " year F1,=3.88
Height Fs40=0.46
No. of branches F21.= 0.07
Root mass F.,12= 0.93
Shoot mass F>1,= 0.32
Flowering onset F1,= 0.15
Fig. 2. Progress of germination G&nista tinctori Fig. 3. Longasting transgenerational effects on Crétio after

seeds stemming from mothers treated with differe one growing season (a), relative growth rate in height during
experimental extreme weather events (black AUVW \HDU E DQG UHODWLYH EUD!
control, light grey = heavy rain, dark grey = droug second year ofGenista tinctoriaffspring. Plants stem fron

Number RI JHUPLQDWHG VHHGV mothers treated with different experimental extremesather

germinations until no more germination occurre events (black = control, light grey = heavy rain, dark gr

"LITHUHQW OHWWHUV VKRZP¥Y GURXJKW 'LITHUHQW OHWWHUV VI
LQ WKH AQDO JHUPLQDWI 7XNH\-V +6' SRVRKK®BF WHVWYV

given.
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Effects of extreme weather events and of community cipasitagarie@t@nalplants

Extreme weather events did not affect C. vulgaris tissue dieback (Fig. 1b; likelihood ratio between
models with and without weather treatmerfi22 = 3.2; P = 0.2) or biomass production (F3.35 = 0.54; P
= 0.66). As expected, C. vulgaris yieldggher biomass in the twepecies communities from 2006
until 2009, as twice as much individuals were planted compared tedjpecies communities (Fig.

S3). However, differences between communities got smaller over the years, and in 2010, there was no
difference between the two communities, indicating smaller individuals or higher mortality in two
species communities (although biomass of individual plants was not asye@sdule 2; main
interaction effect between year and community: P < 0.001). Concbmiifinthe decrease in
differences of C. vulgaris biomass between the two communities, indicating a higher stress level on
individuals in two-species communities, tissue dieback in tagecies communities was higher in the

two years preceding the offsprimgperiment compared to fotgpecies communities (likelihood ratio

test between model with and without community composition over all ye&24d: = 3.3; P = 0.07; Fig.

1b).

Table 2. Overall biomass [gfhand biomass per initially planted individual [g] 6alluna vulganisternal plants in twe
vs.fou-rVSHFLHY FRPPXQLWLHV GXULQJ WKH \HDUV RI WKH PRWKHU SODQW HJS
GLITHUHQFHYVY LQ WKH 7XNH\-V SRVWsi&-speEiesRc8ntihiNeR iQ the Heddik/ el yeqr PR X U

0.05). Means and standard errors are given. Note that twice as much individuals were planted initialyspeties as

compared to fouspecies communities. Individual biomass values were simply derived by dividing &evalgaris

biomass within the four square metre of the experimental plots by the number of individuals that were initially planted

within these plots and thus only shown here without further statistical analysis. Alternatively, shrinking difference

between the two conmunities over the years could have been caused by higher mortality-spgeges communities.

Year C. Vu/gar/'sbiqmass C. Vu/garllsbiqmass Per individl_JaI Per individl_JaI
Two-species Four-species Two-species Four-species
2006 229.9+16.9 741+6.5 18.4 11.9
2007 382.5+22.6 243.2+21.3 30.6 38.9
2008 933.8 + 52.2 562.1 + 43.6 4.7 89.9
2009 9754 + 57.7 673.5+61.6 78.0 107.8
2010 1134.8 £ 94.9 1176.3 £ 64.9 90.8 188.2

Effects of maternal extreme weather events and of mateo@ipomitiow o#ynhavulgaris
offspring performance

Maternal community composition affected the progress of germinatio@.ofulgarisffspring
VLJQLAFDQW xRiR®iRtdrartion: P < 0.001), but not germination rate £ 0.45; Fig. 4;
statistical details in Table 3). Maternaleather treatments did not affect the progress of germination
(non-V LJQ L AF D Q WiinZeHridevedtiehtP = 0.63). Germination rate, however, was affected by
maternal weather experiencd® & 0.001) with less seeds germimgtivhen mothers grew under
ambient conditions (2& 9% SD) compared to seeds from heavy-saell (33t 22% SD) or drought
treated mothers (33 15%) (Fig.S4).

Both maternal weather treatment and maternal community composition only marginally affected
C:N ratio in offspring tissueR= 0.062 an® = 0.077, respectively), with no interaction between the
two factors: Offspring of heavy ratreated mothers revealed a lower C:N ratio (#0097 SD) than
offspring of droughtreated mothers (18.8 1.11SD7 X NH\ -V P+60.01). Offspring of mothers
growing in two-species communities revealed a marginally lower C:N ratio than offspring of mothers
of fourspecies communities (1&3.25S¥s17.80.93; Fig. S5).

The maternal environment did not affegitowth rates ofC. vulgareffspring = 0.67 for weather
treatments andP = 0.15 for community composition). Neither maternal weather treatment nor
FRPPXQLW\ FRPSRVLWLRQ DIIHPW0EZ aABRXMO3,Rddpeitkly Mateinal J K W

treaWPHQWY GLG QRW DIIHFW ARZMI2 foQwedh@r\rebitsheRts aRd I0/53 bt Q J
community composition).
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Table 3. ANOVA results for the effects of maternal weai
treatment and maternal community composition Galluna
vulgarisgerminDWLRQ DQG RI1I1VSURWQldes
below 0.05 are shown in bold.

Calluna vulgaris For $
No. of germinated seeds:
W eather x time $,=0.93
Community xtime $.=19.3
Germination rate
W eather $,=15.1
Community $,=0.58
W eatherx community $,=4.7
CIN ratio
W eather F;,12=3.69
Community F174=3.13
W eatherx comnunity F274=0.74
Relative growth rate first year
Fig. 4. Progress of germination G&lluna vulgaseeds Weather F212=0.41
stemming from mothers grown in different specie: Community Fi2=2.4
communities (black = twspecies communities, open = W eather<comnunity F212=1.76
four-species communities). Number of germinated see: Height
LV VKRZQ IURP AUVW JHUPw®D W eather F.12=0.14
germination occurred. Means + SE are given. Asteri Community F10=0.006
VKRZV VLJQLAFDQW GLIIHUHQFH W eatherx comnunity Fr0=1.6
communities in the progress gérmination. Flowering onset
W eather F2,10~0.67
Community F1107=0.32
W eatherx community F210~0.38

Discussion

Our study shows that extreme events experienced by maternal plants and eventually calsing
minor effects on maternab KHQRW\SHV GUDPDWLFDOO\ FDQ LQAXHQFH RIIV
EH\RQG WKH VHHGOLQJ VWDJH :H VKRZ IRU WKH AUVW WLPH
experienced by maternal plants long before seed set causeddnanational effects. Seeds produced
by maternal plants experiencing stress, indicated by increased tissue dieback, germinated earlier in
both of the observed speci€enista tinctoridoe more moisturgsensitive of two investigated species,
generally shwed stronger and longer term transgenerational effects comparedGuithulgarisVe
could even observe differences in leaf stoichiometry and growth rate§.fdinctoriaffspring
WKURXJKRXW WKH AUVW \HDU 2XU U H V X O WodgitidrX bnd/ Bplddiess LQ GL FD
richness trigger transgenerational effects, which adds on previous studies showing effects of
community density or productivity on afpring germinationand performancgTielbdrger& Petru
2010; Hegest al.2014).

Effects of extrewemes and community composition on maternal plants

Genista tinctoRRWKHUV SURAWHG PRUH IURP UDLQ PRUH ELRPDVV ¢
under drought (higher senescence), which is in line with their preference for fresh to moist soils.
Higherdensity ofC. vulgarisdividuals (with overall planting density kept constant) possibly caused
KLIJKHU LQWUDVSHFLAF F R®AGHWINWNitR ThisQis hHicald BB iddrdased
tissue dieback in maternal plants of the t®pecies commurnigs as well as by thdecreasing
difference inC. vulgarisiomass between the two communities over the years, despite doubled
planting density in the low diversity tw@pecies communities. This indicates higher mortality or
smaller individuals and thustagherstress level in twespecies communitie€alluna vulgansthers
ZHUH ODUJHO\ XQDIIHFWHG E\ ZHDWKHU H[WUHPHYVY SRVVLEO\ Ul
preferences (Ellenberg & Leuschner 2010).
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Transgenerational effects on gamminati

The results obtained for germination Gf tinctoria offspring are in accordance with studies on

annual species in showing that moist maternal conditions decreased germination compared with

offspring from mothers growing under dry cotidns (Tielborger & Valleriani, 2005; Germain,

Caruso& ODKHUDOL ,Q DFFRUGDQFH ZLWK RWKHU AQGLQJV 6X(
DQG WKH A® Gric@rilVPDRWMHUQDO EHQHAFLDO FR@@aesih RQV OR?Z

contrastto stressfulmaternalconditions.Tielb6orJHU DQG 9DOOHULDOQL LOQWHUSU

of GHFUHDVHG JHUPLQDWLRQ DIWHU EHQHAFLDO SURGXFWLYH \I

FRPSHWLWLRQ LQ RIIVSULQJ 2XU AQGLQJV VKRemnNaddWary | IHF WV

speciesVSHFLAFDOO\ DQG PLJKW GHSHQG RQ D VSHFLHV:- HFRORJLF

(2014) found the direction of transgenerational effects of moisture supply to differ between species.

Particularly, our results show that thiéming of germination was advanced in boftB, tinctoria
offspring from droughistressed mothers, ar@ vulgar@ffspring from competitiorstressed mothers.
7KHVH UHVSRQVHV FDQ UHAHFW WZR VWUDWHJILHV )LhdVW DGYL
response to avoid unfavourable conditions that have been experienced by the previous generation in
particularly sensitive early developmental juvenile stages. Secondly, offspring individuals can gain
advantage over individuals that germinate later. ThiPLJKW LQFUHDVH AWQHVV DV RI
more matured and thus less vulnerable when experiencing the next stress exposure or disturbance
event.

,Q RXU H[SHULPHQW VHHG P® Vin¢toZds \4 r€sponse RARaBttefkl Geath@r
events, pasibly because these events were applied before seed set. For this reason, factors other than
seed resource provisioning must be responsible for the observed transgenerational effects such as
advanced germination timing. One possible explanation for altgeechination is that the seed coat,
which is maternal tissue, can shape germination timing via altered permeability (Donohue 2009).
Another potential mechanism behind phenotypic variation in offspring is inherited epigenetic
PRGLAFDWLRQ VXFEWL\RQLKR P HKWKXWRQH PRGLAFDWLRQ FDXVLQJ L
e.gBossdorf, Richards & Pigliucci 2008; Angers & Castonguay 2010). To conclude, stress accelerated
germination in the tested species. Effects of water supply on germination rate vwesyitasnt and
differed between botlspecies.

Transgenerational effects on seedling and juvenile performance

7R RXU NQRZOHGJH WKLV LV WKH AUVW VWXG\ VKRZLQJ WUDC
and growth rates that persist more than one ofiisgrgrowing season. The observed lower C:N ratio
in offspring of heavy raitreated mothers may be due to leaves containing less structurath C
tissue and more metabolic,-fich tissue. This might be an adaptation to sustain high growth rates
under sufiient water supply, in opposition to the often observed higher C:N ratio under drought
stress (Bussottet al2000; Sardanst al2008). The slightly higher growth rates in offspring of heavy
rain-treated mothers support this interpretation f@. tinairia Although it is interesting that both
species revealed the same response pattern regarding C:N ratio, differextesifganigere smaller
and cannot be explained by differences in germination timing or growth rates. In contrast to the
A Q G L QHagerret al(2014) for annual plants, we could not document alterations of offspring
growth performance in perennial plants after changes in the maternal community composition and
WKXV PRGLAHGIinFRSRYSHWLWLRQ

2XU AQGLQJV VXJJIHVVénaNveffecw aw thar€pranduded) i Wpecies with short
GLVWDQFH GLVSHUVDO DQG IRU WKH IDFWRUV UHGHixcb@W IRU P
and competition forC. vulgari&ompare Kuijper & Hoyle 2015; Leimar & McNamara 2015). By
madifying demographic structure and phenotypic composition in plant populations,
transgenerational effects are important ecological and evolutionary factors for adaptation and
population persistence during environmental alterations (Galloway 2005; BossRictfards &
Pigliucci 2008).

To conclude, our study shows that climate change can trigger transgenerational effects not only by
changing resource availability for plants, but also by changing the competitive environment. We show
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that changes in community ogposition initiate transgenerational effects that in turn can retroact on
community composition. Thus, transgenerational effects might initiate a cascade of further
transgenerational effects. For two ecologically important spe€es\flgaredG. tinarig), suddenly

changed maternal resources or disturbance events led to marked changes in the seed germination rate
and germination timing. This was found despite the treatments often had only minor evident effects
on the mother plants. We further show sgstent transgenerational effects on offspring growth and

C:N stoichiometry for G. tinctoriaoffspring. Future research should investigate whether
transgenerational effects even persist across multiple generations. Further on, future studies should
scrutinize transgenerational effects for larger sets of php#cies.

Transgenerational effects may have evolved as a mechanism to adapt to environmental change. As
they are shown here not only to affect offspring abundance (number of germinated seedlings), but
also offspring phenology and performance, they will affect population dynamics and species responses
through processes that are currently neglected. Optimized parameterization of population models
would yieldmore realistic conclusions on future speciedqgrenance under climatehange.
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Supporting information

Fig.S1.Course of soilmoisture in the years before set Fig.S2. Weekly precipitation sums during the years

harvest (2010)n the mother plant experiment offspring growth 2022012. Note that in addition to nature
precipitation, all pots received the same amount of irrigat
when outside conditions were very dry in 2011. In 2012, «
irrigation mistakes ledd high mortality ofC. vulgarduring
summer.

Fig. S3 Overall biomass [¢2h of Calluna vulgarisother plants

in two- vs.four-species communities during the years of the
mother plant experiment. Means and standard errors are given.
Note that twiceas much individuals were planted initially in
two-species as compared to feapecies communities.
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Fig. S4 Progress of germination @&lluna vulgarseeds
stemming from mothers treated with different experimen
extreme weather events (a; black = control, light gray=h
rain, dark gray = drought) or cultivated in different spec
communities (b; black = twepecies communities
open=fowspecies emmunities). Number of germinate
seeds is shown from first germinations until no mc
germination occurred.
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Fig. S5 C:N ratio o€alluna vulganidfspring after one
growing season under the same control conditions. Pl
stem from mothers treated with different experiment
extreme weather events (a; blaskcontrol, light gray=
heavy rain, dark graydrought) or cultivated in different
speciecommunities (b; blacktwo-species communities
open=four-species communities). Different letters shc
significant differences in TukeyHSD pesbc tests P <
0.05) and asterisk shows marginal significant differerite
<0.1) between communities.
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Abstract

Premise of rese&iidhe future, ecosystems will have to deal with climate warming in combination
with increasing frequency and magnitude of extreme weather events such as drought. Adaptive
phenotypic plasticity enables plants to respond to environmental variability and is likely to buffer
impacts of climate change. Therefore, factors that influence the prmooplasticity of plant
populations must be identified to assess climate change outcomes and support conservation
measures. Genetic diversity in many temperate plant species is known to vary among regions and
populations, largely as a result of their ptydographic history during the late Pleistocene and
Holocene. Here, we argue that high (neutral) genetic diversity of populations might represent
increased probability of possessing alleles or allele combinations that are advantageous or more
capable in tams of average response capacities to environmental change

MethodologWe test this idea forEuropeanbeech Fagus sylvalichy investigating response
patterns of plant growth and leaf phenology to drought and warming treatments in a common garden
expaiment with seedlings of six populations from Bulgaria and Germany. Phenotypic plasticity of
populations was assessed and correlated with allozyme diversity.

Pivotal resulBopulations differed in their plasticity tovarming with respect totiming of leda
unfolding and senescencas well as in their drought plasticity in terms bkight increment
(marginally not significant), with some populations showing consistently high plasticity among
traits. Measures of genetic diversity showed an intgional stucture according to known
phylogeographic patterns. Height increment plasticity showed a significant positive correlation with
genetic variation (allelic diversity) at the population level.

Conclusiom®@ur resultssuggesgeneral differences in phenotypic plasticity among populations and
a potential influence of genetic diversity on the average plasticity. Besides its evolutionary value,
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genetic diversity might thus be an importaptoperty of plant populations for their lort-term
response capability against adverse effects of climate change.

Key-words

Genotype diversity, isozymes, phenotypic bufferipyylogeography provenance trial,
reaction norm

Introduction

Climatic extremeevent are expected to increase in frequeand magnitude as a consequence of
global warmingand changing precipitation patterr(#lin et al2011; IPCC 2012). Growing conditions
for plants will therefore become more variable with an increased risk of extreme ,euattsas
drought periods which result in increased mortality in plant communities such as forests (Aliah
2010)and are further exacerbated by the general warming trend (Parmesan and Yohe 2088aRoot
2003). Thus increasing attention is directed at the ability of ldhgd species to cope with
environmental variabilityn the face of climate change. An important way for organisms to respond to
unstable conditionsis phenotypic plasticity,i.e.the capacity of a genotype to render different
phenotypes under diverse envirorm& conditions (Garland and Kelly 2006). When plasticity of
traits correlates with fithness advantages in the face of variabléronmental conditions, this is
termed adaptive phenotypic plasticity (Ghalamleiral2007). 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 tdecreased risk of species loss due to climate chaligetra et al.
2010Thomas 2011; Richteral2012)

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 respduikigy dapa
environmental changeJgmpet al2009; Nicotraet al2010). This,a high mean response capdy
towards environmental alterationsan be assumed fargenetically diverse population (averaged over
its individuals) compared to populations of lower genetic diversity at least a higher within
population variation in individual response streng8omestudies suggeghat diversityof allelesand
genotypes can facilitate plasticity and response capacity cumulatively at the scale of species or
populations (Ehleret al2008;Hugheset al2008; Jumgt al2009; Dokt al2010but see also Arnaud
Haondet al2010Q. Nonetheless, it is not yet clear whether genotypic and genomic divelisitgtly
correspond to phenotypic plasticity and different response patterns among piomgslae.gMeier
and Leuschner 2008; Nicoted al2010; Wortemanet al2011)Suchinterrelations between genetic
diversity and response capacity on the population sdatsveverwould be of high releance for
conservation and forest management in the face of climate chadgeneir study can improve the
understanding of phenotypic plasticity and adaptive potential of populatibtese, we tested the
potential relationship between genetic diversity and pbiypic plasticity for a set of populations of
Fagus sylvatidauropeanbeech) based on their natural differences in genetic diversity according to
the phylogeographic history of this species in Europe.

In Central Europef. sylvatics the dominant nive forest tree speciesike in many other
European tree specieggional differences in genetitversity within the current natural distribution
range ofF. sylvatiGre mainly caused his biogeographical history during and after the Pleistocene
climate oscillationgMagri et al2006). Genetic diversity is higher in areas that have likely acted as
glacialrefuges than in later reolonized peripheral region®.gCompset al2001; Magret al2006).
This is due to the fact that in refugia linesgfrom different regions merged and combined their
genetic makaups (including their potentially differentiated genes that control for phenotypic
responses to environmental variability). During pggicial recolonization originating from these
refugia,genetic variation decreases duditation and loss of alleldsy sequential genetic drift events
along dispersatoutes g.gHewitt 1996). Nevertheless, in som@-colonizedregions genotypes of
different refugia admixed durintheir spread leading tca regional increase of genetic diversity (Petit
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et al2003). Both underlying mechanisnaglmixture and genetic drift {.ebottlenecks and sequential
founder effectalongre-colonizationrouteg, work irrespective ofidaptive potentials of genotypes
andalleles. Considering the relative short time period since the last glacial maximum; @égvbx.
1920 ka bp, Clarlet al2009), regional differences in genetic diversitygniropearbeech populations

can therefore be assumed to originate primarily froesé neutral phylogeographic processes and to a
much lesser extent from the development of new alleles by mutation and local adaptations @Comps
al.2001).

Intraspecific genetic structurepredominantly measured with neutral markeadso represent
genomc variation relevant for variability in quantitative trait expression and adaptive potential
(Merila and Crnokrak 2001; Junap al2009; Nicotraet al2010; Frankham 2011, but see Rksed and
Frankham 2001; Bongt al2007) Adaptive plasticityof traits is known tovary among genotypes
within and among populations and regions (for some traits of potential relevanEe $glvaticauch
asroot growth, leaf phenology, photosynthetic performance or water efficiencyseeMeier and
Leuschner 2008; rdj and Sztorc 2009; Robsat al2012; Sanche@dmezet al2013. Generally,
geneticvariationis the basis for thexpression and potential reaction norms of morphological traits
(Scheiner 1993; Nicotr@t al.2010) Based on this, epigenetic, tranptational or post
transcriptational regulation determines the final phenotype depending on the environreant (
Nicotraet al2010; Zhangt al2013.

F. sylvatics droughtsensitive (Jump et al2006; Seynavet al2008), with drought primarily
influencing the establishment of seedlings (Madsen and Larsen 1997; Arai2(202)but also long
term growth performance of older individuals.gBrédaet al2006; Castagnesgt al2014. Drought
conditions are oftercorrelatedwith high temperatwes, which can cause stress on their owrg(
higher respiration rates compared to photosynthesis;esg@ittmann and Pfanz 2007; Robsen al.
2012. Furthermore, temperature is an important driver of spring leaf phenoloBy sglvaticghereby
controlling growing season lengthe(gKramer 1994; Fet al2013).Environmental variabilityis
expected to beincreagd by climate change (IPCC 201&0)d correspondentemporal resource
limitations related to water availability and temperature are likielcause high selective presssien
forests (Alleret al2010) For trees, this is particularly relevant at the seedling stage (Re@lB003;
Silvertown and Charlesworth 2007and thus crucial for natural regeneration and genetic
composition of futwe tree stands.

Population trials have revealed variable performanceB. dylvaticaopulations from diverse
geographic origins in relation to different abiotic stressors such as droagiMi¢lsen and Jgrgensen
2003; Thielet al2014), warming €.gWuehlisch et al1995) and late frost (Kreylingt al2012).
Combinations of population trials witlmealistic climate manipulations are required to quantify short
term phenotypic adaptive potentials of different populations to future climate conditRmsnotypic
SODVWLFLW\ DW WKH SRSXODWLRQ OHYHO FDQ WKHQ EH DVVHVYV
environmentgValladarest alk006).

We expected that Bulgarian populations possess a more diverse composition of genotypes and
allelesthan German populations as the former provenance represents a glacial refuge region and the
latter provenance originated from peglacial recolonization (Comp<st al2001; Konnert and Ruetz
2001; Magriet al2006). We hypothesized that these differeaceorrespond to differences in the
response capability to drought and/or warming. Thus, ceenparel the phenotypic plasticity of.
sylvaticgpopulations from Bulgaria and southern Germany(three populations respectively to
warming and extreme drought ia common garden experimer@alculated indices ophenotypic
plasticity wererelated to genetic diversity at the population scale. We addressed the hypotheses that
populations differ in their response to warming and drought. Specifically, we expecteckddés in
growth, leaf phenologyresponse capability to the treatmergrdin genetic diversity between the
regions (Bulgariars.Germany). Furthermore we predicted correlations between genetic diversity
within populations and population phenotypic plasticity to drought and warming.
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Material and Methods

Experimental design

This common garden experiment was established in March #01Be EcologicaBotanical
Garden of the University of Bayreuth, Germanyl {E57N 49.94d; Fig.)1

A comparison was made amongx F. sylvaticaopulations from southern Germany (PEnd
Bulgaria (BG; coordinates given in decimal degree, respectiMegystberg (DEE 12.183N50.138
Elchingen (DE2E 10.063N 48.4%), Weildorf (DE3 E 12.882N 47.84p, Gotze Delchev (BGE
23.586, NI1.68), Petrochan (BG2E 23.239, M3.253, Strumjani (BG3E 23.012, Kl1.68), i.efrom a
re-colonized region at the cene RI WKH VSHFLHV: GLVWULEXWLRQ UDQJH LC
VRXWKHDVWHUQ SHULS K Hhat \seRed\WKaglacidIHdfugel Vespedii{@ly. H). The
seeds were systematically collected in autumn 2008 from at leastth@mi@esinto pooled samples
for each target populatiorsampling was done throughout the whole distribution of the population,
respectivelyensuring sufficientdistance between mother treesd avoidng bias from individual
relationshipswithin the se@ pools Based on these mixed samples, haphazardly clheessdsvere
sown. From the germinatedeedlingsindividuals were randomly selected and assigned to the
different experimental treatments for each populatiohll plants were cultivated at th8ava®n
Institute for Forest Seeding and A&RingTeisendorf, Germany from February 2009 to March 2010.
The seedlings were then transported to Bayreuth and individually planted irlitreLplastic pots
filled with sandy silt from a typical locaF. glvaticahabitat (but not of one of the analyzed
populations)on 22 of March (pH 7.27, total C 1.58 %, total N 0.13 %).

Fig. 1. Location of the experimental site and target populations of Fagus sylvatica in Germany and BElharia.
Hengstberg, DE2: Iéhingen, DE3: Weildorf, BG1l: Gotze Delchev, BG2: Petrochan, BG3: Strumjani, ES:
experimental siteThe distribution of Fagus sylvatica is displayed in dark grey (EUFORGEN 2009).
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The potted individuals were exposed to the fully crossed thredfadtbrial combination (1) A
drought manipulatiorand(2) a continuous warming manipulatiofnesulting in four different climate
treatments: control, drought, warming, droughiwarming) were each applied on (#)ree Bulgarian
and three German populationsespectivelythe population factor).

Each climate treatment wa®plicated three times, which resulted in 12 experimental units in
total, randomly arranged within separated rows, respectively. Per experimental unit each population
was represented by the plants (nested replicateg)hich resulted in9 individuals per population
treatmentcombination 36 individuals per populatiomnd 216 seedlings in total. Individual plants of
each population were randomly assigned to the experimental units. Spatiagaments within the
single experimental units were also random anahinimum distance df.5 nto the edge of the units
minimized potential edge effects of the climate treatmeBtsch experimental unit was covered by a
single rainout shelter construad 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 Huaitrain
shelters being 80 cm from the ground to allow for air circulation. The film permitted r@@dty
penetration of photosynthetically active radiation. Shading nets reduced radiation by anoth&wr30%
all experimental unitasF. sylvaticeedlings usually occurs below the tree canopy.

The warming manipulation was achieved by a combination ofiy@ssarming (windshelters
reducing wind speed by 70%, and black floor covers versus white floor covers) and active warming
(IR-radiation from April £'to the end of the experiment with approximately 30 W per (ftstein
IOT/90 a 250W), which increasedhe average air temperature at plant height by 1.6 °C (Fig. 2). The
pots were watered after planting on '2328" and on 29 of March until they were saturated.
Afterwards the irrigation simulated the local daily-§6ar average precipitation applied tei a week
with collected rain wate(Tab. Al) Plants subjected to the drought manipulation received no water
from 1% of May until 18 of July 2010 (60 days, days of year 137 to 196): Drought manipulation was
ceased when 20% of the plants showed strdagage (74.00% 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 plantsniteatly watered
with 600 ml per pot on 1% 14 and 23 of Julyand afterwards treated like those in the rdrought
treatments Air temperature at plant height (2 thermistores B578&3®2F40, EPCOS, per
experimental unit connected to a dI2 datalogger, Delta) andnsoi$ture (3 ECH20 E& 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 86il moisture) is indicated by the dashed grey line in the
lower panel. Time of drought is highlighted with agbackground in the lower panel.
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Response parameters and phenotypic data analysis

Plant height increment was measured in May and October 206d0root crown to plant tipand
percentage increments between these dates were calculated per lpgafitphenology was recorded
weeklyfor each individual and averaged within treatment groups which resulted in data at the daily
scale (Jentscht al2009). With regard to leaf unfolding phenologye focused oits beginning,i.e.
the date when the bud of a leaf broke open and the first green leaf was visible. Furthermore, leaf
senescence in autumn was recordexthe date when all leaves turned futisown.

All statistical analyses were conducted with the software8R.2(R Development Core Team
2013). For height increment, thregy analysis of variance (ANOVA) based on linear mixed effect
models (Ime, package Im& Bateset al2014 and packagenérTest; Kuznetsovat al2014 were
applied to test for the main and interactive effects of the three factors: population, drought, and
warming. Including the experimental unit as a random factor accounted for thepspiilesign and
the nested replidas (Pinheiro and Bates 2009). The same models were run a second time with the
region (Bulgaria and Germany) as a fixed factor, in order to determine if potential effects were visible
between the two regionddere, population nested in region was includeas an additional random
factor. Height increment dataveresquare rootransformed to improve the homogeneity of variances
and the normality of residuals (Faraway 2005). For leaf unfolding and leaf senescence we applied
rank-based ANOVAs because distrilimnis of variances and residuals did not allow for parametrical
models. Calerat dates were transformed to day of year to obtain a continuous variable.

Genotyping and analysis of genetic data

Allozyme variation was investigated to measure genetic parameters. This method is suitable to
detect cedominant genetic variation within samples (heterozygosities) as well as genetic variation
within and among populations with relatively loimvestmentsof resources and time.

Plant buds were sampled in October 2010 and analyzed for their allelic structure of ten enzyme
systems i(e. AAT = aspartataminotransferase, ACO = aconitase, IDH = isocitrate dehydrogenase,
MNR = menadione reductase, MDH = malateydrogenase, PGI = phosphoglucose isomerase, PGM =
phosphoglucomutase, PEX = peroxidase, 6PGDFprogphogluconate dehydrogenase, SKDH =
Shikimate dehydrogenase) with 16 gene loci, commonly used to assess allozyme vaEatiopean
beech é.gMuller-Starck and Starke 1993) (AA, AAT-B, ACOA, ACOB, IDHA, MNR-A, MDH-

A, MDH-B, MDHC, PGiB, PGMA, PEXB, 6PGDHA, 6PGDHB; 6PGDHC, SKDHA). In
addition to the samples from our experiment, we increased sample size to n = 378 iiret@al (
sampes per population) by including samples from another set of the same populations, for which
seed collection and seedling cultivation were performed identically and at the same time.

Enzymes were analyzed on starch gels and zymograms were geneticatisetetk as described
by Muller-Starck and Starke (1993puality of bands was checked visually and only clear and distinct
bands were analyzed.

We tested the norselective neutrality of alleles based on their distributions within the analyzed
loci to prowe unbiased inferences in genetic structuring and diversity estimates by BAetsrson
tests on allele frequency distributions for each population in Arlequin v. 3.5 (Excoffier and Lischer
2010) which would detect deviations from the neutral equilibriuwdel. Two different tesstatistics
were applied, the homozygosity testatistic (Watterson 1978) and the exact test (Slatkin 1994;
Slatkin 1996) with 99999 permutations. € 0.05). Tests for Hardy/einberg-equilibrium (HWE)
were done with Genepop (Rouds2008), applying the Probability test (exact HW test) with
standard settings and allowing for complete enumeration for loci with less than 5 alleles.

Computations of descriptive genetic parameters and genetic structure (AMOVA) were carried out
with GenAlEx 6.5 (Peakall and Smouse 2012). The degree of ghiwetsity within populations was
guantified using the mean number of alleles over all Bcitlie percentage of polymorphic lo&),
the observed H,) and the expectedH,) heterozygosity, andhie within-population inbreeding
coefficient Fs). Additionally, the numbers of private alleles (alleles occurring only in one population)
were calculated. To compare the proportions of genetic differentiation among populations and
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EHWZHHQ UHJLRQV DQDO\VHV RI PROHFXOD UFStaitticDvigieH $029$%
conducted with 9999 permutations for significance tests.

Correlation of phenotypic plasticity and genetic diversity

We applied the widely usedPl,q (phenotypic Rasticity Index; Valladaregt al.2006) as a
parameter to quantify phenotypic plasticity of traits. It is based on maximum and minimuhanse
among the responses of the different treatments of a respective popukdtign:(maximum maian 2
minimum melian) / maximum méiDQ DQG WKHUHE\ LQFRUSRUDWHY WKH UH
individuals to different treatments. It thus fits well to the concept of phenotypic plasticity according
to our study design. The medidrased indeXPl,q is recommendeth caseof small sample sizes and
non-Gaussian distribution of response parameter values. However, for our phenological parameters it
performed poorly, due to the relatively small ranges and the integer nature of values (day of year).
Despite obvious differencdsetween populations and treatment effects, medians were identical
among many treatments and populations, resulting in invariable plasticity indi¢tesefore, we used
the mearbased equivalent indeRl, (Valladareset al.2006) for the assessments of pludypic
plasticity in phenological traits

Indices of phenotypic plasticity among the different treatments for all single populations were
correlated with their genetic diversity (allelic diversith as well as expected and observed
heterozygosityH.andH,).

Additionally, we tested if variation ranges (coefficients of variatio€Vs) among individual
phenotypic responses within treatment groups (population x treatment) were correlated with genetic
diversity measures within treatment groups.

All correlatioQV ZLWK JHQHWLF GLYHUVLW\ PHDYV KbkHcdrrelatddnH WHVW
coefficient To account fothe low number of data points (six populationahd thereby potentially
VWURQJ LQIOXHQFHV RI VDPRsauUes Sidnjfidances @f 68 lddrelditn® wére
calculated with a MonteCarlo permutation procedure implemented in thepBckage simba
(Jurasinski 2012). 10000 permutations were done to test the correlations against a null model with
zero slope, respectively.

Finally, in order to test the alternative hypothesis that differences in trait values and plasticity
might originate from local adaptations of populations to their respective climatic site conditions
rather than phylogeographic processes; we related the vediles to the climate at the origins in
further correlation analyses. The calculated plasticity indices as well as means of the tested
phenotypic parameters per population (averaged over all treatments, respectively) were correlated
with climatic parameers of the original population sites. We tested 11 potentially relevant variables,
derived from WorldClim Hijmans et al.2005 data for the period 195P000): annual mean
temperature, temperature seasonality, mean temperature of driest quarter, meamatanspef
warmest quarter, annual precipitation, precipitation of driest month, precipitation seasonality,
precipitation of driest quarter, precipitation of warmest quarter, mean temperature from April to
October (period of our warming treatment) and prgitation from May to July (duration of our
GURXJKW WUHDWPHQW 6HH 7DE $ IRU SRSXODWLRQ YDOXHYV |
correlation coefficient and the abedescribed permutation approach to calculate significances were
applied.

Resuls

Phenotypic variation among populations and regions

Height increment differed among population € 6.55 P < 0.001 with BG1, BG2 and DE1

performing bestwhereas ndlifferencebetween the two regionsould be foundF =0.57 P= 0499
Fig. 3, Tahl.
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The populations differed in thégming of leaf unfolding k= 4.47P< 0.001, Talj. On average, DE2
and BG2 flushed 1 day and 2 days earlier than the other populations, respectively (Fig 4A). The
populations did not differ in the timing of leaénescencd-(= 1.1B= 0.355). Average leaf unfolding
and average leaf senescence did not differ significantly between the two relgetidP= 0.48;F=
1.92P=0.217respectively).

Fig. 3. Height increment of Fagus sylvatica populations over one growing season in response to warming, extreme drought,
and origin of populations. (A) responses over all populations to the climate manipulations (B), response of the single
populations to he climate manipulations, (C) responses over all populations split by the two regions to the climate
manipulations. n = 216. Boxplots include median and upper and lower quartiles; whisker ranges in both directions include
data points within the 1-fold interquartile range, maximally.

Response to warming and drought

Height increment of the plants was reduced 18 due to the drought manipulation (seedling
mean height increment under control treatmed®:4 %+ 6.9(standarderror), mean height increment
under drought treatment73.4 %t 6.9;F=4.67,P= 0.063ig. 3A). Marginallysignificant population
specific differences in drought effects with respect to height increments were ob&Biedhiowed a
height increment reduction of %, BG2 of @ % ard DE3 of 2 %; drought x populatiofr =1.98P=
0.084; Tab. 1, Fig. 3B3G1 and BG2 with the highest values of height increment in the control
treatment showed the strongest negative response to drought. No significant difference in height
incrementresponses on drought could be detected on the region straleght x regiorF = 1.6® =
0.204, Tab. 1 and Fig. 3C).

Height increments were not affected by warmfg= 3.29P = 0.107; Tab.. Bccordingly, neither
populations(F = 0.29P = 0.919) noregions F = 0.68P = 0.410khowed differences in response to
warming with regard to height increment

Interactive effects of drought and warming were detected for height increrfrenB8(96P= 0.017;
Tab. 1 and Fig. 3A). Plants exposed to the D UP L QG U R-Xehiknwnishowed a higher height
LQFUHPHQW WKDQ WKRVH H[SRVHG WR TGURXJKWpu RQO\

Leaf unfolding date was advanced by 3 ddys 93.3F< 0.00Tab. 1 and Fig. 4A) for plants that
experienced warming. Populations BG1, BG3 and DE3 had dafeuhfolding dates under control
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conditions but earlier leaf unfolding dates under warming, while the other populations showed no
effect (.e. kept their early leaf unfolding more or less constant; population x warfing.1E <

0.001; Tab. 1 arldg. 4A). There were no differences in warming response between the regions
(region x warming- = 0.06P= 0.813).

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

Leaf senescence date was neither affected by dranghipulation(F = 0.04P = 0. 843) nor by
warming(F= 0.75P= 0.412; Talhand Fig. 4B) or by the interaction of drought and warmikg .15,
P=0.705)However, populations responded differently to warnfimgpulation x warmind- = 2.3E=
0.046; Tabl), 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 warmindl)(Tete
two regions showed no significant respondiéferenes to the drought treatmentiowever, the
warming treatment generated different responses (region x warfm@.95P = 0.048), with DE3
senescing very late and all Bulgarian populategrsescing at earlier dates. Alsggional responses
onthe interadion of drought andvarmingdiffered significantly(region x drought x warming= 5.67,
P=0.018; Tab. ®)ith the German populations senescing earlier than the Bulgarian populations (Fig.
4B).
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Table 1 ANOVA results of the applied mixed models fghihéncrement, leaf unfolding date and leaf senescence date on the
population scale and on the region scale.

% Height increment Leaf unfolding date Leaf senescence date
Parameter
F df P F df P F df P
Population 6.55 5 <0.001 4.47 5 <0.001 1.12 5 0.355
Warming 3.29 1 0.107 93.35 1 <0.001 0.75 1 0.412
Drought 4.67 1 0.063 0.04 1 0.843
Warming x drought 8.96 1 0.017 0.15 1 0.705
Population x warming 0.29 5 0.919 5.11 5 <0.001 231 5 0.046
Population x drought 1.98 5 0.084 1.69 5 0.139
Population x warming x drought 0.72 5 0.606 1.71 5 0.134
Region 0.57 1 0.499 0.64 1 0.484 191 1 0.217
Warming 3.30 1 0.107 84.60 1 <0.001 0.75 1 0.412
Drought 4.64 1 0.063 0.04 1 0.843
Warming x drought 8.84 1 0.018 0.15 1 0.705
Region »warming 0.68 1 0.410 0.06 1 0.813 3.95 1 0.048
Region x drought 1.63 1 0.204 0.57 1 0.450
Region x warming x drought 0.68 1 0.411 5.67 1 0.018

Note. ANOVAs for leaf unfolding date and leaf senescence date were calculated with ranked pempomsters to account

for insufficient distributions of variances and residuals in the regular models. For population scale, fixed factorsopppulat
warming, drought; random factor: experimental unit; for regional scale, fixed factor: region, warringhtd random
factors: experimental unit, population.

Genetic diversity patterns and genetic structure

Genetic analyses were made for 16 allozyme loci of 378 individual®)(TEle locus MDHA was
monomorphic for all populations. The neutrality teswvealed no departure from nselective
neutral allele distributions within populationsproving the applicability of the used allozyme loci for
our study :DWW HUWRIXMY UDQJHG EHWZHHQ '( DQG %* C
p-values avated from 0.107 (DE2) to 0.999 (BG1). Allele frequencies per locus and population are
given in the appendix (Ta\3).

Table 2 Descriptive population genetics and plasticity indices of the analyzed populations.

. no. of .

Population /Zr(lgﬁlnsz“s(; ‘Z{I'I\é?:; (':j;s He Ho A hs /?:Imcdre r'rr: g Ingtzt /ljjlafoldil:ga : ,soévnesc:aenage
BG1 62 4 93.8 0.18 0.18 244 0.00 0.615 0.040 0.009
BG2 63 3 93.8 0.22 0.20 2.63 0.05 0.825 0.002 0.011
BG3 64 0 875 019 0.19 225 0.00 0.464 0.036 0.004
DE1 63 0 93.8 0.25 0.23 238 0.03 0.60 0.017 0.010
DE2 62 0 875 0.26 025 225 0.02 0.711 0.015 0.008
DE3 64 0 81.3 0.22 0.21 213 0.02 0.482 0.041 0.008

Note. N = genetically analyzed samples; no. of private alleles = number of alleles unique to a single pagutatitean
percentage of polymorphic locid, = mean expected heterozygosky;= mean observed heterozygosiys mean no. of
different allelesper locus;Fs = mean fixation indexPl,q, P = plasticity indices based on medians or mean values,
respectively.

The only populations with private alleles were BG1 (4 alleles) and BG2 (3 alleles). However, the
frequencies of these alleles were lesa B1&b. In the regional comparison, eight alleles were unique to
Bulgaria and absent in the German populations and no alleles unique to the German region were
found. Mean percentage of polymorphic Idgij varied between 81.25 % (DE3) and 93.75 (BG1, BG2
and D1), showing a tendency of slightly higher gem#iersity within Bulgarian populations (no test
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possible, see discussion). Expecteld @nd observedHy) heterozygosity showed almost equal values

and patterns, and there were no deviances from HEHWHFWDEOH ZLWKLQ SRSXOD
method population probabilities between 0.19 andslipporting an ufbiased seed sampling within
original populations Heterozygosity was higher in the German region (populatignsanging from

0.208 to 0.249) tham the Bulgarian region (populationsl, varying between 0.177 and 0.204) with

DE2 and BG2 being the populations with the highest heterozygosities for their region, respectively.
Contrastingly, the average number of different alleles per loaushdd a endency to be slightly

higher in the Bulgarian (ranging from 2.250 to 2.625) compared to the German populatrangifg

from 2.125 to 2.375), except for BG3, which showed the same or a lower value than two of the German
populations (DE2: 2.250, DEL: 7A3 respectively). A large distance trend of inbreeding was not
detected as the within population fixation indiceBd) were quite low, suggesting strong outbreeding
behavior within populations, and had both, the highest (0.049, BG2) and the lowe8st§, BG3)

values in populations from Bulgaria.

Overall AMOVA revealed the highest portion of molecular variance within the populations (89.94
%), and considerably lower portions among (all six) populations (5.5Fs%6 0.10R <0.001) and
among the two regions of Bulgaria and Germany (4.58:%6: 0.045P < 0.001). Differentiation of
populations within regions Fsg = 0.058P < 0.001) was higher than differentiation between regions
(Frr= 0.045P< 0.001). Singtegion AMOV/s indicated that Bulgarian populations were genetically
more differentiated within their region (8.56 %= 0.086P < 0.001) than the German populations
(2.79 %Fsr= 0.028P< 0.001).

Correlations of genetic diversity and phenotypic plasticity

Thecalculated plasticity indices showed contrasting patterns at the population level regarding the
different phenotypic parameters (TaB). While BG2 DE2 and BGIshowed the highest plasticity
values for height incremenP{,q =0.85, Pl,q = 0711and Pl,,q = 0615 respectively)leaf senescence
plasticity was highest in BG2, DE1 and BB1= 0.009P}, = 0.011 ari®l, = 0.01, respectivelghdleaf
unfolding plasticity was strongest in DE3, BG1 and BE3< 0.041Pk, = 0.040 andPl, = 0.036,
respectively) and lowest in BGPI, = 0.002).

Correlation analyses revealed a significant positive relationship between the number of A)leles (
DQG KHLJKW LQFUHPHQW SODVWLFLW\ @8Sb6D tighioandé di$hoReN FRU Ut
equality to null modelP = 0.42; Fig. 5A. The relationships ofA with the plasticity indices on
phenology parameters were not significdor leaf unfolding(! = 0.55,P = 0.128, Fig. bBnd
marginally significant foteaf senesence( ! = 0.75P = 0.0502, Fig. 9CHowever, slight tendencies
were visible of leaf unfolding plasticity being negatively related and leaf senescence plasticity being
positively related to allelic diversity.

Correlations of plasticity indices tél, and H, yielded no significant relationship¢ 0.2, not
shown).

No significant correlation could be found between genetic diversity parameters and response
variation within treatment groups (CVsAIlso, neither significant correlation was detectable between
mean phenotypic trait values per population and the tested climatic parameters at the sites of origin
of the populations, nor between plasticity indices andc¢heatic parameters at the sites$ origin
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Fig. 5. Relationship between allelic diversity (mean number of alleles over all loci) and plasticity index for heighhiscreme
(A), the leaf unfolding plasticity index (B) and the plasticity index for leaf senescence date (C) of the apajyziations.
Spearman's rank correlation coefficient and significances based on-{@aritepermutations are depicted.

Discussion

Regional and population pherastsmo

We found variation in height increment and leaf unfolding among the tested atiqms ofFagus
sylvaticabut 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
EuropeanF. sylvatigaopulations. In their stug, 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 bait wer
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 begt least forleaf unfolding, see also
Kdrner 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,
Robsonet al(2013) analyzed 3B. sylvatigaopulations 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 populatioimsline with our results onphenotypic traits,
genotypic data (AMOVA results) showednly minor regional differentiation between South
Germany and Bulgaria compared to intraregional differentiatitaken 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 wdfieaies
variation ofF. sylvatica

Populabn 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 changenoescon forest ecosystems.

Apart from anadvanementof leaf unfolding datg no direct general effect of warming was found
for the testedF. sylvatigaopulations. The relative small temperature increase of 1.6 °C and short
treatment duration (only one getation period) in our experiment might have been too mild to result
in significant effects on growth height irement. Accordingly, the missing effects in leaf senescence
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also might be a result of our moderate warming treatment as other studies thasedhgoeater
temperature differences found temperature effects on the leaf senescefcesylfaticée.g.a
hyperbolic response in common garden experiment in Vitassal.2010 and the delay in leaf
senescence .6 + 0.6 days “@long an elevationamperature gradient in Vitassg al2009). The

weak differences in warming response between populations or regions in our study without
consistent response direction seem to speak against this temperature sensitivity. However, the
variance among and thin populations in leaf senescence at the single measuring dates in éitasse
al.(2009) is comparable to the inconsistent leaf senescence variation measured in our study in a
common garden and a mere mean temperature difference between treatment¥CofdrGnany
temperate tree speci@slimited plasticity of bud set timing due to local adaptations of populations to
latitudinal photoperiod condition$as been show(e.gHoweet al2003; Ingvarssoet al2006), while

for F. sylvatiaaly minor contributions of photoperiod to autumn phenolagg statedVitasseet al.
2011).

The observed warming sensitivity of leaf unfolding is in line with other studi¢suompean bech
(e.gVitasseet al2009; Fuet al2013. For example, the avage advancement by 3 days in leaf unfolding
caused by a temperature increase by 1.6 °C in our experiment corresponds well with an advancement
of 1.9 days per 1 °C for leaf unfolding as found by \teei2009).

The populationspecific warming respwses in leaf unfolding were due to differenicesveen leaf
unfolding datesunder control conditions, while under warming conditions leaf unfolding was
advanced to approximately the same date among populatiostnal factors controlling bud burst
phenobgy in F. sylvaticeclude winter chilling, photoperiod, temperature and their interactions
(Kérner and Basler 2010; Vitasse and Basler 2013). The timing of bud burst is under strong stabilizing
selection (Gomory and Paule 2011) due to the todidbetwesn maximizing growing season length
(and biomass accumulation) and avoiding late frost damaggK(eyling et al2013. This tradeoff
limits leaf unfolding plasticity, expressed by the dominance of photoperiod as a cue for bud burst
(Kérner and Basle2010; Vitasse and Basler 20T8g observed advancement in leaf unfolding in our
studyto a very similar timing among all populations under warmmright therefore indicate a lower
temporal border of temperatumelated plasticity for this trait accordingp the conditions of this
experiment.In a warming world with advancing spring conditions, sughited plasticity probably
entails astrong adaptive benefit for seedling$ F. sylvatichy enabling them to advance their
photosynthetically active period, but on the other hand by protecting them from too early leaf
unfolding and thus from occasional late frost damage. Optimization tnéfdebetween leafy season
protraction (prolonged C ufake, nutrient remobilization) and frost damage risk can also be assumed
for leaf senescence timing (Keskitakoal2005), for which, however, no indications could be found in
our plasticity study.

F. sylvatida sensitive to drought (Jumgt al2006;Seynavet al2008); hence, the average height
increment declineby 19% due to the droughtreatment was not surprising. In general, height
increment in juvenile plants represents a strong component of fitness because in this stage, growth
performanced the main determinant of the competitive potential of a seedling and might be decisive
on which individual plant will overcome its neighbors and reach the canopy to reproduce (Kaovits
al.2005; Silvertown and Charlesworth 2007). However, strong triidexxist between a large height
increment per growing season and the general resource budgets to maintain the functional
equilibrium and competitive capabilities in the actual but also in the following growth season(s)
(Kozovits et al2005). The variakty of growth responses found in our stughgplied high plasticity
for this trait, i.e.large height increment under favorable conditions, and growth reduction to save
resources under drought condition&ccordingly, the plastic response to drought représea shift
towards an altered phenotypic optimum required by a change of environmental conditions. The
plasticity in height increment due to drought is therefore adaptive (Ghalarbal007), increasing
tolerance against variable moisture conditionsl gotentially attenuating climate change impacts on
European beech stands.

Populations slightly differed in their height increment sensitivity to drought (marginally
significant). The most plastic reactions to drought were visible in two populations Bohgaria BG1
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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 thiait. 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.sylvaticdut it is more likely that drought did not affect leaf senescence because of the long time
span between the treatment (which ceased in July) andrteasurement 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
DE1This might indicate that the heighihcrement 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 influenplant
(Valladareset al.2007). This might explain the reduced and potentially faalaptive or even
maladaptive growth plasticitGhalamboret al2007) of our beech seedlings in response to the
combination of drought and warming treatments. One|ldaaisospeculate 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 ceasegrecluding 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 (Stephensbal2003) and rice cultivars (Siopongebal2006).

Trait plasticity appeared more consistent in some populations than in others, implying general
differences in plasticity which is in line with odirst hypotheses. Several traits of BG1 and BG2
showed strong responses to the applied treatments, where&sweS only plastic in leaf unfolding
and invariable in the other traits. Kreylirgy al(2012) used the same populations for a late frost
experiment and also found BG1l and BG2 populations to have the highest plasticity in height
increment in response tate frost. This suggests that plasticity might be a general trait which is
unevenly distributed among populations, potentially causing differences in-strontadaptability to
climate variability. Populations exhibiting a higher general plasticity caeXpected to outperform
less plastic populations in variable environme(itscotra et al2010; Richteet al2012) However, a
general patternof different responsecapabilitiesto the treatments amonghe analyzedregions
(according to our second hypotsis) 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 anid plasticifypof 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
(Pot) and number of allele®\. This is in line with our second hypothesis on regional differences in
genetic diversity and corresponds well with tipdylogeographic histgr of European beeclie.g.
Compset al2001; Konnert and Ruetz 2001; Magral2006).

The lack of correlatioat the population level betweenbservedeterozygosityH, and phenotypic
plasticity in our analysis i line with findings in the literatureAlthoughthe overdominance model
statesthat heterozygosity facilitates genetic homeostasis of traits (Dob#yat947; Lerner 1954;
Gillespie and Turelli 1989mpirical 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 environmés) 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 frequenelgased measure of genetic atsity, expected heterozygosity (gene
diversity) H. is maximized when many alleles of equal (and thus medium to relatively high)
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frequencies existln our study allele frequencies within loci were unbalanced with one allele
dominating over one or severdher alleles (see TalA3). This probably explains the differences in
relative parameter values and correlation behavidd.ab phenotypic plasticity indices compared
with A, which is not influenced by rarity or commonness of alleles.

Allelic diversityhas been showrto better explain heterogeneous compositions of populations due
to merging of different population sources during Pleistocene oscillations in glacial refugia (€lomps
al.2001). Considering phenotypic plasticity, allelic diversity of adehigepulations might reflect a
diversity of response typeelated alleles and therefore incread¢ FRORJLFDO FDSDFLWLHV
(Jumpet al2009), which presumably leads to greater average response capabilities to environmental
variability at the poplation scale. Contrastingly, founder populations incaonized areas would
likely have lost at least some of their genetic diversity due to genetic drift during dispersal processes.

We found no significant correlation between genetic diversity and th@&t@n of responses
among individuals within the different environments (CVs within treatment groups). Therefore,
genetic diversity does not simply increase response variability within populations. This conclusion
supports our hypothesis of nenandom modilations of response capitity in different environments
due to high genetic diversity at the population level.

Whether an adaptive plastic response to varying environmental conditions results in a shift of
phenotypic trait values or rather in a homedistaeaction keeping the phenotype constant depends
on the type of traitits ecological functioand its specific interaction with environmental variability
(Schlichting and Smith 2002).

Within three Polish F. sylvaticatands, individuals of intermediate bud burst timing showed
highest allelic diversity (based on microsatellite markers) compared to individuals of early and late
bud burst timing (Kraj and Sztorc 2009). Although this does not directly account for pheigotyp
plasticity in variable environmental conditions at a population level, it is an indication of interrelation
between allelic diversity and bud burst phenology. Genetic diversity at the population level might
therefore facilitate homeostasis in spring pbgy, whichcould explain the missing positive
correlation between allelic diversity and leaf unfolding plasticity in our study. Such canaliziagion,
conservatism of phenotypes within populations in response to environmental fluctuations, is well
known (Waddington 1959) and acts as a buffer against maladaptive phenotypic plasticity.

In contrast, plasticity of height increment and leaf senescence timing can be assumed to expose a
greater benefit foF. sylvaticeedlings under climatic variability, suggesting a possible explanation for
their positive correlations (in case of leaf senescence marginally significant) to allelic ditagjht.
increment plasticity of tree seedlings likely to be beneficialvhen environmental conditions vary
Growth depends on resource availability and controls metabolic equilibenchindividual success
among competing seedlingbhus, adequate short term modulation should be beneficial. Likewise,
leaf senescence timing pladtyccan effectively optimize the -Gptake period. FofF. sylvaticdeaf
senescence plasticity has been shown to have a greater effect on expanding growing season length
than leaf flushing plasticity (Vitasset al2009). leaf senescenaepresents a latstage of winter
hardening indeciduous treesoccurring before dormancy induction but after the critical growth
cessation and bud set. Losing mature or already senescing leaves by early frost after bud set would
probably not cause such a severe drawbackrees than losing unfolding leaves due to late frost in
spring, which might have reduced purifying/stabilizing selection pressures on leaf senescence timing.
For traits that experience varying selection pressueeghfy climatic variation in space afu time),
different phenotypic response capabilities can evolve (Jong 1995; Leimar 2005). Resulting functional
diversity is likely to accumulate in admixed populations, which might be a plausible explanation for
the found positive correlations in our styd

The existing patterns of genetic diversity among and within European beech populations are of
phylogeographic origing.gCompset al2001; Konnert and Ruetz 2001; Petital2003; Magriet al.
2006). Genetic diversity itself, however, is indicated here to be interrelated to plastic responses to
environmental variation on the population scale, although underlying mechanisms are not clear and
call for further researchAs neither phenotypic traivalues nor their plasticity indices showed any
GLUHFW FRUUHODWLRQ WR WKH FOLPDWLF FRQGLWLRQV DW W
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among populations in their plasticity are unlikely to stem from local adaptation. This supports our
hypothess that differences in phenotypic plasticity among populations camlaged to the degree of
population admixture during the glacial and postglacial history of populations (estimated by genetic
diversity measures)Adaptive response capacity in the fornfi phenotypic plasticity on the
population scale may benefit from different combinations of alleles (from different regions and
potential adaptive origins, including rare alleles). This may act through different mechanisms and on
different levelsfromthe PHUH "RSWLRQ Y D @txal2009) ltbl evotype- iKtBr&ctions and
neighboring effects within and between species of the same habitat or ecosystem (reviewed in Hughes
et alk008).

While supporting the hypothesized interrelation between genetivedsity and phenotypic
plasticity, our study is limited in several aspects and should therefore be seen as a starting point for
further investigations rather than a definite proof. First, larger sample sizes in treatment groups and
higher numbers of testegopulations will allow for better assessments of phenotypic plasticity and
more robust correlations. Second, treatment strengths or duration can be increased to obtain more
distinct plastic reactions. Third,, polymorphisms of allozymes are limited aneécawar marker
systems of higher resolution and genomic coveragg.Single Nucleotide Polymorphisms, or
Amplified Fragment Length Polymorphisms), should thus be favored to assess genetic diversity. With
these, future studies will be able to identify glaiy -related loci and respective frequency differences
among populationsg.goy GenoméNide Association Studies or Quantitative Trait Loci analyses).

Nevertheless, keeping in mind these limitations, our study raises a hew and interesting viewpoint
on genetic diversity and phenotypic plasticity and discloses research potential on thisGenetic
diversity, even if not directly evidenced to be adaptive or linked to phenotypic traits, should be taken
more into account in ecological analyses, as veelhaconservational and economic purposes
FKDQJLQJ FOLPDWH DQG VKRXOG QRW VROHO\ EH FRQVLGHUF
adaptation Trees are londjved organisms with slow reproduction and comparably low standing
genetic variation, whic creates difficulty for quick genetic adaptation to rapidly changing climatic
conditions (Aitkenet al2008).Phenotypic plasticity may be a more direct and important approach for
tree species to adapt to novel, or at least more variable climatic @rs(iicotra et al2010) The
potential interrelationship between standing genetic diversity in populations due to historical
processes and phenotypic plasticity would thus imply a new quality of genetic diversity, relevant for
different kinds of applicatRQ IRUHVWU\ QDWXUH FRQVHUYDWLRQ DQG
response to environmental change.
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Table Allrrigation dates and amounts for the ndnoughttreatment plants

Appendix

according to a simulated 3@ar average precipitation

Date Amount avseorgge Date Amount a\?gfe)\/ge
01.04.2010{ 0.491 6.83 mm 05.08.2010| 0.341 4.78 mm
05.04.2010 0.511 7.11 mm 09.08.2010| 0.621 8.70 mm
08.04.2010f 0.401 5.55 mm 12.08.2010| 0.641 9.00 mm
12.04.2010| 0.491 6.90 mm 16.08.2010| 0.321 4.51 mm
15.04.2010| 0.281 3.90 mm 19.08.2010| 0.351 4.86 mm
19.04.2010{ 0.381 5.36 mm 23.08.2010| 0.581 8.05 mm
22.04.2010f 0.161 2.28 mm 26.08.2010| 0.421 5.90 mm
26.04.2010f 0.351 4.84 mm 30.08.2010| 0.441 6.17 mm
29.04.2010f 0.361 5.07 mm 02.09.2010f 0.371 5.13 mm
03.05.2010| 0.561 7.85 mm 06.09.2010| 0.701 9.82 mm
06.05.2010f 0.251 3.43 mm 09.09.2010f 0.411 5.69mm
10.05.2010f 0.551 7.69 mm 13.09.2010| 0.611 8.54 mm
13.05.2010| 0.441 6.15 mm 16.09.2010, 0.501 7.02 mm
17.05.2010{ 0.431 5.99 mm 20.09.2010f 0.291 4.02 mm
20.05.2010| 0.321 4.53 mm 23.09.2010| 0.441 6.20 mm
24.05.2010f 0.601 8.46 mm 27.09.2010| 0.381 5.38 mm
27.05.2009| 0.431 6.03 mm 30.09.2010| 0.391 5.50 mm
31.05.2010{ 0.581 8.14 mm 04.10.2010| 0.441 6.12 mm
03.06.2010 0.511 7.19 mm 07.10.2010, 0.461 6.45 mm
07.06.2010| 0.831 11.67 mm 11.10.2010 0.441 6.10 mm
10.06.2010{ 0.611 8.49 mm 14.10.2010{ 0.351 4.91 mm
14.06.2010{ 0.891 12.46 mm 18.10.2010 0.411 5.67 mm
17.06.2010{ 0.541 7.52 mm 21.10.2010; 0.421 5.94 mm
21.06.2010{ 0.781 10.91 mm 25.10.2010f 0.651 9.04 mm
24.06.2010| 0.541 7.50 mm 28.10.2010{ 0.411 5.77mm
28.06.2010f 0.611 8.57 mm 01.11.2010 0.541 7.49 mm
01.07.2010f 0.531 7.45 mm 04.11.2010; 0.381 5.32 mm
05.07.2010| 0.671 9.31 mm 08.11.2010, 0.451 6.32 mm
08.07.2010f 0.621 8.71 mm 11.11.2019 0.301 4.26 mm
12.07.2010, 0.711 9.99 mm 15.11.2010 0.731 10.17 mm
15.07.2010{ 0.721 10.06 mm 18.11.2010 0.57 1 8.02 mm
19.07.2010{ 0.821 11.48 mm 22.11.2010f 0.591 8.28 mm
22.07.2010| 0.691 9.63 mm 25.11.2010, 0.281 3.92 mm
26.07.2010| 0.921 12.82 mm 29.11.2010f 0.511 7.07 mm
29.07.2010| 0.581 8.12 mm 02.12.2010f 0.311 4.30 mm
02.08.2010f 0451 6.31 mm
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Table A2: Populations used in the experiment and environmeaitalitions at sites of origins.

BIO1 annual mean temperature (°C)

BIO10 mean temperature of warmest quarter (°C)

mean temperature April to October (°C)

BIO12 annual mean precipitation (mm)

B1018 precipitation of warmest quarter (mm)

f,’ 5 ; BI04 temperature seasonality (standard deviation) (°C)
Q

~ © N K 5 K[BIO9 mean temperature of driest quarter (°C)
w5 b

W & «@[BIO14 precipitation of driest month (mm)

o N N |BIO15 precipitation seasonality (coefficient of variation)

= BIO17 precipitation of driest quarter (mm)

X Iprecipitation sum May to July (mm)

= § ¢

S g ¢

S o s 3 2 2

8 § 2 £ g 3

o =z o | — L
BG1 Gotze Delchev BG 41.636 23586 1600 7.4 16 12.4 618 0 146 3
BG2 Petrochan BG 43.255 23.239 200 10.8 20.3 16.6 641 129 183 213
BG3 Strumjani BG 41.682 23.012 1450 6.9 154 119 598 111 141 167
DE1 Hengstberg DE 50.133 12.183 570 6.9 6.70 153 120 673 39 22 129 226 214
DE2 Elchingen DE 48.456 10.063 560 8 6.66 164 130 773 44 30 138 280 272
DE3 Weildorf DE 47.846 12.882 460 8.6 6.94 17.3 139 1127 58 34 193 433 408
ES Bayreuth DE 49946 11571 350 8.2 651 38 165 131 654 39 21 130 216 208

Note. Climatic data was taken for the period 195000 from WorldClim (Hijmanset al2005). DD = decimal degree; CV =
FRHIAFLHQW RI YDULDWLRQ ©6°

VWDQGDUG GHYLDWLRQ
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Table A3: Allel&requencies of the 16 analyzed enzyme loci and analysed sample size per locus by populations.

BG1 Gotze BG2 BG3 D1 . .
Locus Allele/n Delchev Petrochan Strumjani 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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Summary

1 Climate and topography are among the most fundamental drivers of plant diversity. Here, we
assessd the importance of climate and tography in explaining diversity patterns of species
richness, endemic richness and endemicity on the landscape scale of an oceanic island, ardl evaluate
the independent contribution of climatic and topographic variables to spatial diversity patterns.

2. We constructed a presence/absence matrix of perennial endemic and native vascular plant
species (including subspecies) in 890 plots on the environmentally very heterogeneous island of La
Palma, Canary Islands. Species richness, endemic richness and egdeneicit recorded,
interpolated and related to climatédvariables describing temperature, precipitation, variability and
climatic rarity) and topographyifetopographic complexity, solar radiation, geologic age, slope and
aspect). We used multimodehfierence, spatial autoregressive models, variance partitioning and
linear regression kriging as statistical methods.

3. Species richness is best explained by both climatic and topographic variables. Topographic
variables (esp. topographic complexity asdlar radiation) explain endemic richness and climatic
variables (esp. elevation/temperature and rainfall seasonality) explain endemicity. Spatial patterns of
species richness, endemic richness and endemicity were in part geographically decoupled from each
other.

4. Synthesi$Ve identified several topographgependent processes ranging from evolutionary
processes (microefugia, in situspeciation, preadaptation to rupicolous conditions, dispersal
limitations) to humaninduced influences (introduced heswres, fire, land use) that possibly shape
the endemic richness pattern of La Palma. In contrast, climate mainly drives endemicity, which is
connected to ecological speciation arsgpecialzation to local conditions. We highlight the
importance of incorporteng climatic variability into future studies of plant species diversity and
endemism. The spatial incongruence in hegots of species richness, endemic richness and
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endemicity emphasizethe need for an integrated conservation approach acknowledgingyemtf
diversity measures to protect the complete spectrum of diversity.-Elighation islands such as La
Palma are highly suitable to study drivers of diversity and endemism, as they offer environmental
gradients of continental magnitude on the landscapale of a single climatiini-continentand a

large array oh situspeciated endemics.

Key-words

Canary lIslands; climatic rarity; climatic stability; island ecology; landscape ecology; landscape
scale; minicontinent; multimodel inference; spatial eogy

Introduction

Species and species diversity are not distributed randomly in space (Rosenzweig 1995). Rather
they follow distinct spatial patterns (Ormet al2005; Stohlgremt al2005) or are distributed along
differing environmental gradients (Hortet al2013; Slaton 2015). In heterogeneous landscapes, often
multiple overlapping and interacting gradients are influential, especially gradients based on
topography and climate (dear & Richard 2007; Slaton 2015). This complexity results in a key task
in ecology, biogeography and evolutidisentangling the major drivers of species distribution and
biodiversity patterns from a diverse array of environmental factors.

In contrast b many other regions, oceanic islands harbour relatively low species richness but high
endemism (Kieet al2009). Oceanic islands never had contaith other landmasses (Whittaker &
FernandezPalacios 2007); accordingly, most of their endemic specikssgpecially singtesland
endemics(SIEs) are a result ofn situspeciation (Whittaker, Triantis & Ladle2008). The spatial
distribution of endemism within a given oceanic island can thus give valuable information about
origin and drivers of biodiversityatterns on the landscape scale, dadeimportant implications for
conservation (Richardson & Whittaker 2010).

Landscape scale studies on oceanic islands have a major advantage over comparable research on
continental systems. The presence of a largeesbf species that have evolvedituallows inferring
general drivers of speciation, from spatial patterns of diversity and endemism. In continental systems,
endemism is less a productiofsituspeciation but rather the result of range contractiongoomerly
widespread species (Tribsch & Schonswetter 2003, Oanhal 2005). In addition, the mixing of
species pools due to past species movement and immigration resulting from environmental
fluctuations might impede the interpretation of emergent deitsr patterns in the context of
speciation on the continent (Kisslingt al2012).

On oceanic islands, two distinctly different mechanigelated to speciatiocan be inferred from
patterns of endemism. First, centres of endemismefidemic richnessylyers et al2000) show
regions and/or environmental conditions to which most species from the regional species pool are
adapted. Endemic richness thus can be used as a measure to identify biodiveisiythoiMyerset
al.2000, Possingham & Wilson 28). Seconly, and in contrast to richness patterns, the percentage
of endemic species¢endemicity) is a measure of how strongly local species pools are derived from
situspeciation in comparisowith immigration processes. High values of endemititys indicate
environmental conditions that make it necessary for colonizing species to adapt, which can lead to
ecological speciatiorNpsil 2012Steinbauer Irl & Beierkuhnlein2013.

On the regional scale, islands are characterized by relatit@bfe oceanic climate conditions
(Whittaker & Fernandez3DODFLRV +RZHYHU WUDGLWLRQDOO\ VWD
for island temperature regimes, whereas a large spatiporal variation in precipitation is a
common phenomenon within istd archipelagos or even within a single islabear & Richard
2007 Giambellucaet al2011). In addition, high intfigland precipitation variability increases the
potential for adaptive evolutionary divergence within and among species, leading t@tamapto
specific conditions within the island in focus (Mallet al2014, Harteret alin pres3. Thus, the
concept of presumed stability (or variability) on islands might need-evatuation, as hogpots of
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necendemism tend to form in moderatehariable conditions on the continent, indicating the
importance of variability for speciation (Fjeldsé al.1997).Climatic conditions often show
pronounced spatial patterns in the distribution of specific climatic features within a single island
(Giambellcaet al2011, GarzéMachadg Otto & del ArcoAguilar2014). The commonness or rarity

of these climatic conditionsi.e.their isolation in a spatial context) might affect the pattern of
diversity and endemism by restricting immigration and enablingcispien under specific climatic
conditions (Steinbaueet al2012). The concept of climatic rarity suggests that in a specific area
certain climatic conditions are less common than others (Ohleméilat2008). High climatic rarity

is likely connectedo spatially restricted selection pressure, which promotes adaptive differentiation
processes (Nosil 2012). In this study, we transf@rfor the first time, this concept to the landscape
scale within a single island to take advantage of the continentdé environmental gradients found

on the landscape scale of a high elevation island.eHaisl@ us to relate these larggeale gradients

to patterns of diversity and endemism of the complete species assemblage of this island at resolutions
not feasibldor continental systems.

Topographic complexity positively influences species richness patterns and speciation processes
(Whittaker, Triantis & Ladle2008; Hortalet al2009; Trigas Panitsa & Tsiftsi2013).Increasing
topographic complexity €.gvaridion in slope inclination and aspect) increases habitat diversity,
niche space available for niche partitioning and speciation, and thus enables species coexistence
(Hortal et al2009). Therefore, topographic complexity likely results in increased specheess
(Hortal et al.2009). In addition, complex topography offers micefugia during periods of
environmental alterationse(gduring past climatic fluctuations, or even during rare extreme weather
events; Ashcrofet al2012). This can decreasdimction risks, consequently maintaining species
richness and endemic richness over time (Mee & Moore 2014), which is crucial on isolated oceanic
islands with low colonization rates. Thilg, topographic complexity may cause gdiosv barriers
among diveging populations, supporting reproductive isolation and hence local differentiation
(Gillespie & Roderick 2014).

Our research aimsere to assess, how climatic and topographic variables individually contribute
to explaining species richness, endemdtiness and endemicity at the landscape scale. Within this
framework, we specifically focad 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 (GarzBtachadg Otto & del ArcoAguilar2014), very complex
topography (Carracedet al2002, Irl & Beierkuhnlein 2011) and large array of endemic plant species
(Acebes Ginovést al2010).

Materials and methods

Studwrea

La Palma is the nortlvesternmost island of the Canary Islands, located in the Atlantic Ocean off
the coast of northwestern Africa (Fig. 1). La Palma covers an area of 7H6t&rhighest peak is
Roque de los Muchachos (2488 Carracedaet al2002. La Palma has a subtropiddediterranean
climate with humid winters and dry summers (Garz&achadq Otto & del ArcoAguilar 2014).
However, climatic conditions differ considerably within the island. Annual precipitation ranges from
about 170 mm to almb1400 mm (excluding fog drip), annual temperature from abd@ &n the
island summit to around 2ZC at the leeward soutvestern coast (Irl & Beierkuhnlein 2011). Fog
drip can locally lead to an increase of precipitation particularly relevant in suifii@zol, Sanchez
& Yanes2011) but likely does not change the overall spatial pattern of precipitation because both, fog
drip and rainfall are largely linked to topography (Walmsl&chemenauer & Bridgmdr®9¢. The
north-eastern trade winds create atewationassociated climatic divide of the island in a humid
windward and a dry leeward side. Above the trade wimduced cloud zone exists a thermal
inversion layer, generally exhibiting dry conditions with the possibility of snow and ice in winter
(Garzdn-Machado, Otto & del Arco Aguilar 20114
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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,
¢) the climatic rarityindex 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 (soalledbarrancdscoastal cliffs and the massive Caldera de Taburiente
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complex, which has almost vertical cliffs in its interior reaching 1000 m or more in elevation. The
volcanic activity has ceased in the northern part, whichldominated by erosive processes (Carracedo

et al.2002). The younger, southern part is still subject to subaerial volcanic ontogeny (the last
eruption on the southern tip of the island was documented in 1971) and has gentler slopes with
volcanic cones anakh fields (Carracedet al2002).

The zonal vegetation directly reflects the climatic conditions of the isl@az6nMachado, Otto
& del Arco Aguilar 2014 These zones range from halophytic communities in arid coastal areas to
succulent scrub and tmmophilic woodlands in servérid lower elevations, through the endemic
Canary Pine forest in mid elevations to a h@gwvation summit scrub. On the windward side a
palaeeendemic evergreen humid laurel forest and a slightly less humid treeHrezttarbreaMorella
fayaforest exist at mid elevations in the zone of the trade wind clouds instead of the Canary Pine
forest (del Arco Aguilaet al2010GarzénMachado, Otto & del Arco Aguilar 20L4&ndemic species
are found in all natural vegetation zor(égl Arco Aguilaret al2010). According to Acebes Ginoeés
al. (2010), La Palma hosts 658 native vascular plant species (including species and subspecies; for
simplification reasons hereafter referred tospecigsof which 193 are archipelago ends{AEs;.e.
endemic to the Canary Islands). Of the AEs 37 are sslghed endemics (SIES).

Sampling method

The presence and absence of endemic perennial vascular plant spealeSIEs and AES) was
recorded in 890 plots using a radial samplipgraach with a 50 m radius (Fig. 1a; $ebleS1 in
Supporting Information for a list of specjde access the data used in this study, sest &l2015. To
cover all relevant gradientse accessed sampling sites by all means possibiedds, tracks, hiking
paths, backcountry, notechnical climbing, etc.). In a selected area, a random point was set as centre
point of each plot. This centre point was recorded with a GPS device (Garmin Oregon 550). Our
sampling approach covers all relevaenvironmental gradients on La Palma owing to the large
number of plots and the good spatial coverage, even though plots were not randomly distributed (Fig.
1a). This sampling approach is very time efficient, allowing for a large sample size, wrgehtiales
for differentiated higkresolution spatial analyses the face of a variety of gradients.gelevation,
precipitation, geology, seasonalé@pdsolar radiation) and topographic complexity.

We focused on perennial vascular plant species inclydihwoody species but excluding annuals.
Perennials are valuable study objects for several reagppsrdnnialsare easy to identify in the field
due to their relatively large growth (many are smidl mediumsized shrubs), whereas annuals can
easiy be underestimated as they produce abgrmind biomass only for short time periods during
the year. This might result in wrong absences for annuals if ajround biomass is not presenii.)

Due to their longevity perennials integrate over kiagn ervironmental conditions €.gclimate),

while annuals react very strongly to shaoerm weather conditions, making their appearance
dependent on stochastic eventsi)( Most endemics on the Canary Islands are perennials (93%
according to Shmida & Werger 99), whereas the relevance of annuals for the flora, especially the
endemic flora, of the Canary Islands is limited. In addition, this sampling focus strongly increased
sampling efficiency, resulting in exceptionally high spatial coverage, which is funtdne our
research objectives.

The numbers of remaining native perennial spediesijecies that were not SIEs or AEs) were
LGHQWLILHG LQ WKH ILHOG DQG UHFRUGHG ZLWKRXW VSHFLHYV-
(i.e.endemic richnesand endemicity). We calculated total perennial species richness per plot
(hereafter referred to agpecies richnagbreviated as SR) by adding the number of recorded endemic
perennial species to the remaining native perennial species.

The percentagefosingleisland endemics (pSIE) and the percentage of archipelago endemics
(PAE) were calculated by dividing the number of siagland endemics (nSIE) and the number of
archipelago endemics (nAE) through total species richness, respectively. Percemnliage are
independent of richness gradients and are an indicator of taxonomic or, in our case, floristic
uniqueness (GillespieClaridge & Roderick008). Nomenclature and endemic status follow Acebes
Ginovéset al(2010). Sampling took place in fall 2Gind in spring 2011, 2012l 2013.
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Environmental data

Basic environmental data were derived from raster sats provided by the Cabildo Insular de La
Palma (2x 2 m digital elevation model and geologic map). The resolution of the digital elevation
modé was resampled to a raster resolution of 2200 m. All plots were recalculated as centroids of
the 100x 100 m raster. Plots that were located within the same raster cell were homogédrdzed (
species lists were added together). Elevation, slope ,angiercaspect (northerness and
eastenness) and macraspect (mean aspect per grid cell within a 5 km radius) as well as mean
annual solar radiation (using a standard diffuse atmosphere and based on latitude, elevation and slope
aspect) were calculatedif each plot.

Mean annual precipitation and mean annual temperature were interpolated using data collected
from meteorological stations for the Canary Islands (n = 214 for mean annual temperature and n = 288
for mean annual precipitation; sEey. S\ Linear regression kriging (R packagstat was applied as
interpolation method, with elevation, slope, island, miaspectand macreaspect as covariables (for
details on linear regression kriging see Statistarallysis section). Three measures odgpitation
variability were computed using monthly precipitation data from 47 meteorological stations from the
Spanish Federal Meteorology Agency (AEMET) from the Canary Islands (time span: 1969 to 1998; see
Fig. SLand implementing the same linear regsion kriging techniqudi) intra-annual variability
represented by the 30 year mean of the annual coefficients of variation based on monthly precipitation
sums, respectivelyji) interannual variability represented by the coefficient of variation fomual
precipitation over the 30 year time period, afii@ rainfall seasonality represented by the rainfall
seasonality index by Walsh & Lawler (198%ee the spatial distribution of the rainfall seasonality
index for La Palma in Fig. 1a.

Climatic rarity was calculated following the method given by Ohlemidieral (2008) for two
geographic entitieqi) based on the climate of the Canary Islands @ndased on the climate of La
Palma. For both geographic entities each climatic variable was divitte@dual range classes. For
mean annual temperature we used a class size of©.28d for mean annual precipitation a class size
of 25 mm. According to the temperature and precipitation conditions eack I@® m raster cell was
assigned to a respeativtemperature and precipitation classe.ga combination of precipitation
ranging from 300 to 325 mm and temperature from 20 to 2@R5Then, all cells of each combined
temperature and precipitation class on La Palma were summed up, resulting iniad isypkex of
climatic rarity based on area (in ha). Climatic rarity increases with decreasing index values (Fig. 1b).

Topographic complexity was estimated by calculating the ratio between the 3D and 2D surface
area with the following equation (Fig. 1c; dess 2004):

6KLKCI]§9K||_HA-[EE“@UA_I_:°\544-|5443Z#N,%ﬁﬁé1 o, 5 HKlydy o

#NAFH542:

where Area, » miS the area per grid cell from a2 mdigital elevation model@EM), Slopey 2 m
the slope of each grid cell from the same DEM in degrees, angh Ar@athe area per grid cell from a
100x 100 m DEM containing all 5050 (.e.2500) grid cells from the 2 m DEM. This index
increases with increasing topographic complexitgfrom 1 = absolutely flat surfacevp

The linear regression kriging methaohd all other statistical methods were implemented in R
Statistics (version 3.0.1; R Core Team 2013). All gégminformation wascalculatedusing ArcGIS
software byEsri (Redlands, CA, USA A list summarizing all environmental variables used in this
study is given in Table 1.
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Table 1. List of all environmental variables and their abbreviations used in this study grouped into climate and topography.

Class Variable Abbreviation Unit Min. value  Max. value

Climate Climatic rarity for the Canary Islands CR_CAN ha 4 5311
Climatic rarity for La Palma CR_LP ha 2 818
Elevation Elev m a.s.l. 1 2392
Intra-annual precipitation variability INTRA_VAR 1.18 1.96
Inter-annual precipitation variability INTER_VAR 0.25 0.48
Mean annual precipitation MAP mm 177 1331
Mean annual temperature MAT °C 8.7 20.0
Rainfall seasonality index RSI 0.67 0.84

Topography | Annual solar radiation ASR Wh/m? 63650 189110
Easterness Easterness 0 1
Geologic age Age Ma 0.0005 4
Macro-aspect Macro 0.925 0.899
Northerness Northerness 0 1
Slope angle Slope ° 1 55
Topographic complexity index TCI 1 2.97

Statistical analysis

First, the linear relationshipbetween response and explanatory variables were assessed by
ELYDULDWH FRUUHOQD WdeRaBI¥ S26 BaHUhdERD @ Wariable reduction for each
response variable (species richnesSIE, nAE, pSIE, pAEexplanatory variables with correlations
o " u”- ZHUH H[FOXGHG GXH WR ZHDeNalRAJI3)0Ib @ SevoRistelSRZH U
collinearity was addressed by testing correlations for each possible pair of explanatory variables. If |r|
> 0.7, the explanatory variable performing powiii the response variable was exclude€s(see
Dormannet al2013 for a discussion of collinearity). This resulted in a unique set of climatic and
topographic variables for each response variableTable SR

Nonlinear relationship between thadependent and dependent variables can be accounted for in
a regression framework using transformations. To select the appropriate transformation for each
response variable, exploratory linear regression models were applied to each explanatory vagable. T
following transformations were separately tested to find the best model fit: untransformed,
logarithmic, square root, quadratic Jxand humpshaped (X + x). Transformation selection was
based on AICc values.d.secondorder Akaike Information Criteéon) of the respective regression
models (Gruebeet al2011; sekable S4. The best fitting transformation of each explanatory variable
was implemented in a multiple linear regression (MLR3ble S&displays the resulting MLR for
species richnessiSIE nAE, pSIE and pABiodel fits of each MLR model were visually checked to
ensure compliance with model assumptions.

7KH UHVLGXDOV RI HDFK 0/5 ZHUH WHVWHG I|IRUto\agRIWLDO D>
potential parameter estimate bias and inflatiohtype | errors (Dormanet al2007). No spatial
autocorrelation was detected in the residuals of the MLR for species ricHre$€s001 n.s.) andSIE
(I=0.002 n.s.), whereasAe (I = 0.007P< 0.001pSIE(l = 0.004,P< 0.001) andAE (I = 0.003P<
0.05) resulted in significant spatial autocorrelation. To dowutileck the effect of spatial
autocorrelation, simultaneous autoregressive models (SARs) with a spatially dependent error term
were implemented based on the same set of explanatoigbles as in the MLR. SARs account for
spatial autocorrelation by using a neighbourhood matrix (Dormatnal.2007). Results were
FRPSDUHG ZLWK WKH UHVSHFW L YseudbRS ax Ydr@ldtiorl RdeHiGedtH UNH -V
(Nagelkerke 1991, see S3). Perdmwe of MLRs and SARs was comparable, even though
1 D J H O NpseUNaR- Was consistently higher. For this reason and because the three significant
0 R U DI @aliés are very close to zero we conclude that spatial autocorrelation is therefore negligible
for the following steps and is sufficiently covered by the explanatory variables in the respective MLR.

Variance partitioning using partial linear regression (R packagganwas implemented to assess
the overall importance of climate and topography follayvithe guidelines of Legendre (2008).
Variance partitioning quantifies the independent and/or joint explanatory power (adjRted the
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goodnesf-fit measure) of different groups of explanatory variables by condudfib® always
between a focal set okglanatory variables and the residuals of a regression between the dependent
variable and all other explanatory variables (explained in Legendre 2008). Variance partitioning
estimates the proportion of variation the response variable can be attributadseety to one set of
explanatory variables once the effect of the other explanatory variables has been taken into account.
All variables used in this study were prlassified into being either climatic or topographic drivers
(Table 1). The same set ofrighles as selected for the MLR and the SAR approach and their
respective best fitting transformations were used for variance partitioning (see S3). Then, based on
this set of variables the independent, overlapping and total contribution of eachictdepdgraphy

or climate) was calculated based on adjus®édalues.

Multimodel inference (MMI) is an alternative approach to variance partitioning used to estimate
the relative importance of each explanatory variable in relation to each response \(&ipatkage
relaimpwoersion 2.22). In contrast to traditional nuthypothesis testing, MMI enables inference from
more than one model (Johnson & Omland 2004) and has been proposed as a promising method in
ecology and biogeography (Millington & Perry 201The relative importance and confidence
intervals were calculated using bootstrapping (n = 1000) with all possible model combinations. As a
result, the explained variation of the MMI for each response variable (indicated as adff)stedd
the relativecontribution of each explanatory variablee(% contribution to theR? of the respective
MMI) and its confidence interval are given.

In a last step, the spatial interpolation of the response variables was conducted using linear
regression kriging (R pkagegstat Linear regression kriging uses a statistical approach (MLR) to
infer the relationship of explanatory variables to the response variable and then interpolates the
residuals into space (Garzévlachadq Otto & del Arco Aguila2014). All explan@ary variables used
in the MLRs and their respective transformations according to each response variable were used as
basis of direct spatial interpolation of species richness, endemic richness and endemicity values.

Statistical significance is indicatedd WKH IROORREBRLQJ DY B {RRWDWQG < - IRU
0.001. All correlation coefficients in MLRs, MMI and variance partitioning are given as number of
variablecorrected adjuste&.

Results

Topography vs. climate

The large number afampled points ensured a comprehensive and spatially dense coverage of the
island, including all relevant environmental gradients (Fig. 1a), and a very high spatial density of plots
on this scale (1.26 plots per RmA total of 79 archipelago endemics weidentified (44% of all
perennial archipelago endemics of La Palma; Acebes Gietoal2910), 31 of which weRIEs(84%
of all La Palm&IEs Acebes Ginovés al2010; see species &bleS1). Species richness ranged from
1 to 57 species per plaSIEfrom 0 to 8 species per plotAE from 0 to 24 species per plot, ap8IE
as well apAE from @oto 100%. The overall explanatory power of MMI was good (species richness,
PSIEand pAE) to moderate SIE and nAE), that is, a moderately large sectiarf unexplained
variance remained (Table 2).
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Variance partitioning revealed that topography and climate both are more or less equally
important for species richness (joint explained variation for climBfes 0.41 and topograpHy =
0.34, including a large share of overlapping contributi@h= 0.26; Fig. 2a). However, endemic
richness was dominated by the influence of topography for h8IE (joint explained variationRe =
0.18) andhAE (joint explained variation® = 0.27), whereas climate had very little influence on
endemic richness (jot explained variation ” ) L Xx). Cimate was very important in
explaining endemicity for botipSIE (joint explained variation® = 0.42) angAE (joint explained
variation: R = 0.45; Fig. 2e). Moreover, the influence of topography wasasdt not separable from
the explained variation of climate (independent explained variatiop&E R = 0.01 angAE: R =
0.02, overlapping explained variation fiBIE R = 0.15 and f@AE: R = 0.22). For all values of joint,
independent, overlappg and total explained variation of each response variable resulting from
variance partitioningseeTable S5

Environmental components of topography and climate

In the MM, species richness was mainly explained by elevation, annual solar radiatiorintak ra
seasonality index and the topographic complexity index (Fig. 2f, Table 2a), indicating the joint
importance of climate (elevation, rainfall seasonality index) and topography (annual solar radiation,
topographic complexity index). However, the relati contribution of each variable was relatively
moderate €.gelevation as explanatory variable with the highest relative contribution only reaches
27%). Further climatic (climatic rarity, interannual precipitation variability, intraannual precipitation
variability) and topographic variables (easteess and slope) only played a subordinate role (Fig. 2f,
Table 2a). Overall explained variation was higti € 0.5; Table 2a); however, half of the variation
remained unexplained.

Endemic richness was best explained by different topographic varidbésis the topographic
complexity index, annual solar radiation and slope for behEand nAE (Fig. 2gh, Table 2b). The
topographic complexity index as largest contributor of ralatimportance reached 50% and 47% for
nSIEandnAE UHVSHFWLYHO\ &OLPDWLF YDULDEOHVeRt@ahu&d DG PDUJ
precipitation variability, interannual precipitation variability and the rainfall seasonality index),
with the slight exception of climatic rarity for La Palma for number of archipelago endemics (12%;
Table 2b). Overall explained variation was moderate for b&HEandnAE and did not surpasi =
0.31 (Table 2b).

Climatic variables had the highest explanatory power &ndemicity, whereas topographic
variables were of minor importance (FigjRiFor pSIEelevation and the rainfall seasonality index
(both climatic variables) as well as annual solar radiation (topographic variable) were the most
important variables, naging from 12% (annual solar radiation) to 50% relative importance (elevation;
Table 2c). The climatic variables mean annual temperature (which is strongly linked to elevation;
relative importance of 32%) and the rainfall seasonality index (relative isupogtof 31%) as well as
to a certain degree also annual solar radiation (relative importance of 12%) had the highest relative
importance for pAE (Table 2c). Other climatic ife.intraannual precipitation variability and
interannual precipitation variabili) and topographic variables.€.geologic age and easteass)
RQO\ KDG OLWWOH DGGLWLRQDO,j,HasOZ2Q Ovard @xplaimed kadatich )LJ
was high for both percentage of singdéand endemics and percentage of archipelago reicde
almost reaching? values 00.5 for the latter (Table 2c).
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Figure 2. Variance partitioning of the influence of climate and topograptd) @nd relative importance of
explanatory variables {f) on species richness (SR), endemic richness (nSlifnber of singlésland endemics, nAE

= number of archipelago endemics) and endemicity (pSIE = percentage d$lsindlendemics, pAE = percentage of
archipelago endemics). Figuresdashow the independent and overlapping explained variation of climate a
topography as portion of the total adjustB8values. For values s8& Figures display the relative importance of

each explanatory variable calculated by the multimodel inference approach as per cent contributioR’tiottiee
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 ®oth methods please see the Material amethods 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; INTERRVAnterannual precipitation variability; INTRA_VAR =
Intra-annual precipitation variability; MAT = Mean annual temperature; RSI = Rainfall seasonality index; TCl =
Topographic complexity index.
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Spatial distribution of species richness, endemicamnciamsstya

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, howevecheshvalues 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 batBIEand 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
nSlEand 24 fomAE; Fig. 3Ix). In general, endemic richness decreased with elevation but without the
island aspectriven asymmetry displayed by speciehness. Endemicity for botpSIE and pAE
strongly increases with elevation reaching values of 71% and around 100% at the highest elevations for
pSIEand pAE, respectively (Fig. 3e). While strongly decreasing with elevation in eastern aspects,
endemicily can reach quite high values (around 25%pfaliEand 75% fopAE) in barrancos at lower
elevations and coastal cliffs of the north, lowland areas of the south and western slopes at mid
elevations (esp. f@rAEwith values between 3% and 70%).

Figure 3. Spatial interpolation maps of a) species richness, b) number of-slagid endemics (nSIE), c)
number of archipelago endemics (nAE), percentage of sslgled endemics (pSIE) and percentage of
archipelago endemics (pAE).
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Discussion

Effects of topmmhy and climate

The present study shows that topography and climate are important drivers of species richness,
endemic richness and endemicity on the landscape scale of the very heterogeneous oceanic island of
La Palma. However, we find a shift in thee@ll importance of either topography or climate in
explaining the distribution and spatial patterns of each response variable. Thedsiglation spatial
patterns of endemic richness and endemicity, which are mainly baséd Situspeciated species,
allow us to make inferences about the biogeographic drivers important for patterns of evolution and
speciation but also have major implications for species conservation on scales rarely targeted. Given
the fact that endemic richness and endemicity indicabéeqdifferent aspects, we discuss both
patterns separately.

The current distribution of endemic richness on La Palma is likely shaped by adaptations to local
environmental conditions, and recent hurmanediated influenceig.introduced herbivores, firand
land use) a pattern probably relevant for most regions of the world. We suggest several possible
evolutionary processes, which are not mutually exclusive, to be responsible for the strong positive
impact of topography on endemic richness, which irr study is mainly influenced by the
topographic complexity index.

First, a complex topography such #met found in this study likely renders a high diversity of
different habitats and thus a large local niche space (Hettal2013; Steinbauet al2013) as well as
an increase in area (Leutretral20R). Seconty, the high topographic complexity likebyffers micre
refugia during periods of climatic fluctuation, thus reducing local extirpation probabilities (Médail &
Diadema 2009) and possibly alsncreasing speciation (Mee & Moore 2014). Thirdthe low
influence of climate on endemic richness might indicate that the endemic species set (as a whole) is
adapted to the complete range of climatic conditions on the island;sétsispeciation hasiappened
in all climatic conditions on the island (esp. relevant 8Es, Beargd Chapman & Gioia2008).
Fourthly, many endemic species are adapted to rupicolous conditions (del Arco AgialE010)
conditions that are more likely to be present iptgraphic complexity is high. Finally, the loss of
dispersal power is a common syndrome of evolution on islands (Whittaker & FerndPalazios
2007). Dispersal limitations within an island.€.geneflow barriers) are expected to support
speciation procsses (Kisel & Barraclough 2D Gillespie & Roderick 2014).

Like all islands worldwide, La Palma also is, to some degree, affected by anthropogenic influences
(CaujapéCastells et al.2010). Therefore, we suggest that besides the mentioned evolutionary
processes, several humiaduced influences are present that can potentially explain the identified
HQGHPLF ULFKQHVYVY SDWWHUQ 2Q WKH RQH KDQBIHVWHMHSEY D QREU
endemics from introduced herbivores (¢l al2014a,b) because endemics are preferentially browsed
by introduced herbivore§GarzénMachado et al 2010 Irl et al.2012) due to lacking defence
mechanisms (Bowen & Van Vuren 1997). On theiohand, endemics might experience lower fire
frequencies (which have generally increased in recent decades; Cémai2004) in topographic
complex regions probably due to lower vegetation cover and lower productivity. Finally, human land
use cannobccur, at least at high intensities, in areas of highly complex terrain. Thus, the presented
pattern might be partially a result of the current land use distribution. However, further studies are
needed to disentangle the independent effects of adaptoetmn and range detraction from human
influence.

In contrast to endemic richness, climate has a stronger influence on endemicity than topography
on La Palma. Endemicity stands for floristic uniqgueness and the relative importance of endemics in a
given aea (Gillespie Claridge & Roderick2008) but is also interpreted as a measure of speciation
(Emerson & Kolm 2005; Steinbayelrl & Berierkuhnlein 2013). Climate and especially climatic
changes directly influence speciatidor examplethrough specific @source availability in terms of
energy or water availability or by establishing specific selection pressures (Hua & Wiens 2013). For
example high-elevation ecosystems possess quite harsh conditions for plant grihw#) selective
pressure is very higtAnthelme & Dangles 2012). Idle resources, open niche space and potential
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isolation effects in high elevation island ecosystems likely stimulate speciation processes (Steinbauer
Irl & Berierkuhnlein 2013). As a result, endemicity potentially indicates ludianary in situ
specialization to specific environmental conditionse(past adaptive speciation processes)
phenomena which has been proposed to be relevant for all mountainous islands as well as isolated
mainland peaks and mountain systems (Steirdbalrl & Berierkuhnlein2013).

Precipitation variability and climatic rarity

Precipitation variability, especially the rainfall seasonality index, contributed substantially in
explaining species richness and endemicity but not endemic richness on La Padnaeas of La
Palma with high precipitation variability host generally femspecies, while stable areas are mainly
humid regions supporting relatively high species richness. High species richness likely results from
high resource availability and low selective pressure for specialization, suitable for common
(mesophytic) spece communities (Stohlgreet al2005; Weigelt Jetz & Kreft2013). However, in
aridity-prone regionsone of the essential resources for plant growth is very limitegvater) and/or
connected to a high temporal stochasticity, leading to less favougetkeng conditions. This results
in an increased importance of specialized endemics and thus a higher floristic uniquemess (
endemicity) but lower species richness lgh-variability conditions (Dewar &Richard 2007).
Several studies have shown that centres of endemic richness are connectedtentontimatic
stability (Platts et al20B; Weberet al2014; CookHardy & Crisp2015), while endemic richness on
La Palma is highest in variable condisotdowever, our study used measures of climatic variability
on a shorterm scale (in the range of several decades), not accounting for stability on geologic
timescales. This might indicate that lotgrm stability and shorterm variability are not mutut
exclusivethus timescales have to be considered for climatic stability analyses.

Although an intriguing concept due to its ability to integrate different climatic factors into a single
parameter, climatic rarity only has negligible effects on bottigs richness and endemic richness.
:KLOH FOLPDWLF UDULW\ KDV EHHQ VKRZQ WR EH D JRRG LQGL
continental scales (Ohlemillegt al.2008), it seems of only minor importance for richness and
endemism on the landscapeale of La Palma. Recent studies have shown that richness and species
rarity have a complex relationshig.gKreft, Sommer & Barthlot2006; Hubbell 2013), which might
not be as straigforward as previously assumed.

Spatial pattern of species remahesse richness and endemicity

The combined negative effect of both the elevat@nperature gradient and annual solar
radiation indicates that high species richness is found in steep barrancos and coastal cliffs at low to
mid-elevations because low t@eratures and high solar radiation are stressful for plant growth
(Korner 2003). The main drivers of endemic richness on La Palma are topographic complexity, annual
solar radiation and slope. Similar to species richness, the highest values of endemss réicbrfound
in the steep barrancos, coastal cliffs and inner cliffs of the Caldera de Taburiente (FiglBmugh
without the trade windinduced asymmetry shown for species richness. Earlier studies were not able
to identify such smalkcale differaces in endemic richness on the Canary Islarelg Reyes
Betancortet al2008).

Highest values of endemicity are found at high elevations but also in the barrancos and coastal
cliffs at low elevations on the western dry side of the island (Fig)3High solar radiation at high
elevations might select for adequate adaptation, while impeding the existence of most species that are
adapted to conditions of lower radiation (Anthelme & Dangles 2012). This decreases general species
richness and facilitatesselutionary adaptation processes, including ecological speciation of specialist
endemics via UAB radiatiorinduced mutagenesi&lenley 2011). In additiphigh UV-B radiation is
responsible for the evolution of characteristic lifeforms in High-elevaton ecosystems. On La
Palma, this becomes obvious in the presence of giant rosette plants such as several representatives
from the genugchiumand morphological adaptations such as pubescenggsénista benehoavensis
Echium wildpretubsp trichoghonPlantago weldniiTeline stenopesallbsp sericéa
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Interestingly, hot spots of species richness, endemic richness and endemicity are spatially
decoupled on the landscape scale. In consequence, to conserve the whole spectrum of biological
variation it is obviously not enough to only focus on species richness as a measutleverfsity on
the continental scale (Ormet al2005 Daru, Bank & Davie2015) or the island scale (Di Virgiko al.

2014). Rather it is important to employ conservation strategies for a wide range of different habitats
DQG YDULRXV GHNMNRWLRR DRAHMTKEWHO\ FRYHU DQG SUHVHUYF
diversity (Stohlgreret al2005, DaruBank & Davie015).

Looking beyond La Palma

While the isolation of oceanic islands has impeded the natural cation of mammalian
herbivores, here is virtually no oceanic island on the global scale without htimtanduced
mammalian herbivores (Caujaq@astellset al 2010). Thughe identified importance of topography
for the identification of endemic hapots may hint for a general importadic RI {VDIH VLWHV: Z
islands, protecting endemic species from introduced herbivores.

Similar to our results, highest percentages of endemic species on continental mountains are found
in topographically complex areas (Verboetral2015), often showtna strong increase of endemicity
with elevation e.gVetaas & Grytnes 2002, NoguRull & VegasVilarrabia 2013). Thusour results
support a seemingly global pattern found in topographically complex regions, although we focus on
the landscape scale ofsingle island. On continents, larger endemicity in high elevations may,
however, not only be driven by enhanced local evolutionary procesgegyationdriven isolation
sens@teinbauetet al2012), but also due to the survival of species widesptedadg times of colder
climatic conditions (Tribsch & Schonswetter 2003). No matter what the underlying causegis,
elevation areas should, as a consequence, be considéigt-pgority sites for nature conservation
both on islands andnthe contirent.

Conclusion

We suggest that future studie®.gusing environmental niche modelling) need to acknowledge
the effect of spatibemporal climate variability but also the equally important effect of topography,
especially on the distribution of specigshmess and endemic richness (Platsal 20B). On the one
hand, the general use of letgm means in modelling of climatic envelopsthe face of climate
change has recently been crided (Lettenet al2013). On the other hand, models only based on
climate will likely perform poorer than models that also include topographic components,
highlighting the importance of using both climate and topography. In addition, we argue that
endemics might be more isnt towards ongoing climate change than previously thought because of
their preadaptation to variable precipitation conditions. However, this needs to be investigated in
future studies explicitly targeting climate change effects on islands (see Haat@015).

In generalhigh-elevation islands such as La Palma offer the opportunity to study contirsskd
environmental gradients with high species turnover and clearly defined zonal ecosystems on the
landscape scale of a single island. Theseslkm climaticminicontinentsost a large array of endemic
species, which mainly evolvéd sitwnder island conditions (especial§iEs Whittaker, Triantis &

Ladle 2008). Thus, high elevation islands are optimally suited to provide further insiglusthet
fundamental drivers of diversity and endemism, even possessing the possibility to transfer the gained
knowledge to norisland systems.
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Abstract

The Crassulacean genAsoniuns a wellknown example foplant species radiation on oceanic
archipelagos. However, while allopatric speciation among islands is documented for this genus, the
role of intraisland speciation due to population divergence by topographical isolation or ecological
heterogeneity has moyet been addressed. The aim of this study was to investigate intraspecific
genetic structures and to identify spatial and ecological drivers of genetic population differentiation
on the island scale. We analysiedier smple sequencerepeat (ISSR) varigin within two island-
endemicAeoniurapecies of La Palma, one widespread genetiadistovers a large variety of different
habitat types Aedavidbramweélliand one narrow ecological specialigtefiobil in order to assess
evolutionary potential®n this island.

Gene pool differentiation and genetic diversity patterns were associated to major landscape
structuresin both species, with phylogeographic implicationdowever, overall levels of genetic
differentiation were low. For the generalist spx; outlier loci detection and leeinvironment
correlation approaches indicated moderate signatures of divergent selection pressures linked to
temperature and precipitation variables, while the specialist species missed such patterns.

Our data point toincipient differentiation among populations, emphasising that ecological
heterogeneity and topographic structuring within the small scales of an island can foster evolutionary
processes. Very likely, such processes have contributed to the radiathmoimimon the Canary
Islands. There is also support for different evolutionary mechanisms between generalist and specialist
species.

Keywords

Gene flow barriers, island biogeography, isolation by distance, isolation by ecology, landscape
genetics, niche width
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Introduction

Species radiations on oceanic archipelagos provide illustrative showcases of evolutionary patterns
(see e.gBaldwin et al.1999; Losos and Ricklefs 2009 and references therein), which have been
motivating fundamental phylogenetic, biogeodnaal and ecological researcle.d.Ldésch 1990;
Baldwin and Sanderson 1998; Gillespie 2004; Grant and Grant 2006). However, there are still open
guestions regarding processes and drivers. It is unclear in many cases if and how often species have
diverged m allopatry among islands (isolated evolution after colonisation) or if witbland
speciation processes have contributed to such radiatiengWhittaker and Fernandezalacios
2007; Losos and Ricklefs 2009; Thival2010). 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 islande(g&avolaineret al2006; Malletet al2014;
Papadopulost al2014; Suarezt al2014).

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 diffél@nadaptations, resulting in reciprocal
maladaptation and gradual builtp of reproductive isolation by selection against migrants (Nosil
2012; Wang and Bradburd 2014). Further on, interactions between spatial and ecological machanism
can easily affeche formation of reproductive barriers between populations and subsequent species
divergence (Rundell and Price 2009; Nosil 2012; Gasal2013; Wangt al2013).

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 K28t9. In island biogeographical theory, strong
environmental heterogeneity of an islamelgclimatic, geologial or edaphic structuringland also
spatial factorssuch asarea and topographical dissection are often postulated to facilitate speciation
(Stuessy 2007; Whittakeet al.2008; Losos and Ricklefs 2009; Vitakts al.2014). However,
comparably few studiedirectly assessed and quantified these evolutionary effects on the population
level within single islands (but see Malkett al2014; Papadopules al2014; Stacgt al2014; Suarext
al.2014).

The Crassulacean genéieoniuns an iconic example pfant species radiations on islands. On the
Canarian archipelago, it comprisabout 28 species plus a series of distinct subspecies (Liu 1989;
Arechavaleta Hernandezt al2010, numbers vary between authors and taxonomic treatments). The
genus was showto have evolved on the Canaries (Mesl1996; Moret al2002), with a relatively
young phylogenetic origin ithe late Miocene (Kinet al2008) or even later (Thiet al2010). A large
variety of ecological niches, morphological forms and-glagsiological characteristics (Liu 1989;
Losch 1990; Moret al2007) suggest adaptive speciation processes in the histokeafiuniLems
1960; Jorgensen and Frydenberg 1999; Jorgensen 20G3;al2010) However, the spatial scales of
these processeseif species divergences occurred within single islands or only between islands, and
the evolutionary drivers of differentiation have not been resolved.

Probably, intefisland allopatric speciation has played a major role for the radiatigkeohium
(Mes and Hart 1996; Thet al2010). Nevertheless, intisland events cannot be ignored and are
suggestece.gfor the closely related Tenerife endemies haworthle. urbicuand Aepseudourbicum
(Liu 1989; Jorgensen 2002; Mettal2002), and are also possible Ascanariens&etabuliformand
Ae. cuneatwn the same island (Liu 1989). Nevertheless, the long and vivid geological history of
Tenerife that integrated three former distinct islands into one (Carraeed?002) makes it difficult
to separate betweermnd 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 palecsisiariddMa) and has a less complex
geological history (Carracedet al2002). 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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(topographical heterogeneitiput also Euclidian distance) and ecological factors (strong gradiens,
elevation/temperature, precipitation). This makes La Palma an ideal system to investigate population
genetic patterns and their relation to geographical and ecological landscpes fwithin species.

Species that cope with a broad range of environmental setiiedgbitat generalist species, are
expected to feature more influence of divergent selection among populations compared to specialised
species with populations experieing less diverse environments (Graatal2011). Literature also
suggests that the effects of isolated habitats and putatively lower effective population sizes in
specialist species lead to higher neutral genetic differentiation among their populétigfgroot et
al. 2011; GiLopezet al2014; Liet al2014). However, this ovasimplifies population features of
specialistvs.generalist species, and has rarely been directly evaluated for plant species (but see Gil
Lépezet al2014). To addreshe¢ role of ecological amplitudes for genetic structures withéonium
taxa and the potential of withifisland evolutionary divergence on La Palma, we investigated-range
wide population genetic structures of a widpread generalist speciedgdavidbranedli) and a
spatially and ecologically more specialised speéiesdbilg

The following two hypotheses were tested:

i) The topographic heterogeneity and the related spatial and ecological isolatideooium
populations is reflected in intraspecifigenetic structuring.

i) Thegeneralistand widespreadspecieqAedavidbramweéllshows ahigher genetic population
differentiationcompared tdhe specialist specigg\enobile

Material and methods

Study area

La Palma (706 kn EHWZHH® ff-1 DQ® ff - LV WkvEsteridsivakd
second youngest island of the Canary archipelago (Carraetedt2002). The northern part of La
Palma is dominated by an extinct shield volcano (2426 m a.s.l. on the highest peak) with a large
central erosional depression (Caldera de Taburiente) that opens to the Southwest (Barranco de las
Angustias) and a complex radial network of deep erosion valleys (Barrancos) dissecting its outer
flanks (see Fig. 2B). The southern part is geologically yousigfe a volcanic ridge system starting
from the Caldera de Taburiente and running out to the southern tip of the island, where active
volcanism still occurs (Carracedud al2002). On the western flanks south of the Caldera, the past
Cumbre Nuevanegalandslide (~560 ka) created a comparably gently sloping landéCapecedaet
al.1999; Colmeneset alk012)

La Palma shows a Mediterranesmbtropical climate of dry summer and more rainy winter
seasons. Nevertheless, the high topographical strucgeesrate distinct rain shadow effects with
strong differences between the humid nedhstern island sections and dry sowtkstern parts.

Study species and sampling design

The genuf\eoniuV EBB& BERTHEL consistsof leafsucculent longlived perennial herbs or small
shrubs with a great diversity of growth forms, ecological niches and physiological attributes (Lems
1960; Liu 1989; Ldsch 1990). Large inflorescences with numerous coloured and nectariferous flowers
imply entomophily and outcrossing (Esfedtlal2009). Additionally,Aeoniurapecies produce relative
small (0.4 20.6 mm long) and light (0.02 0.04 mg) seeds, suggesting some suitability for wind
dispersal (Liu 1989; Vajma and Minzbergow 2014). Polhation by insects and wind dispersal of
seeds might facilitate common exchange of alleles and genotypes between nearby populations.
However, specialised seed traits that would advance anemochory or other potentididtarge
dispersal are lacking and gfiersal capabilities oheoniurspecies have been shown only moderate
(Vazafmva and Minzbergowa 2014). Thus, gravity is probably the most important dispersal agent
beside more or less occasional wind drift events.
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AedavidbramweHi-Y.Liu (Fig. 1A) $ a generalist species, growing on rocks, soil banks and cliffs
throughout almost every part of La Palma frorad®00 m a.s.l. (Liu 1989) and up to 1800 m a.s.l. (own
observations, see also Fig. 2B). It forms distinct populations but also occurs asedcitiéviduals
and seems to be adapted to a wide range of environmental situations on theAsldadidbramwellii
is a subshrub, mostly with a polycarpic life cycle and is reported diploid wittBBn(Liu 1989).

Aenobile(PRAEGER PRAEGER (Fig. 1B realises a far more narrow ecological niche, due to its
growth site restrictions to dry slopes, banks and cliffs with high insolation (Liu 1989). It is thus much
rarer thanAedavidbramwebind occurs in distinct and mostly small populations froma 60 m a.s.l.

(Liu 1989) and up to 1200 m a.s.l. (own observations). The current range is largely limited to the
western sectors of La Palma showing a disjunction into a northern and a southern distribution,
separated by the landslide area (see Fig. 4Byveder, one population is present in the east of La
Palma, possibly representing the remnant of a larger occurrence area in the past (see Voggenreiter
1974; Liu 1989%\enobiléndividuals are monocarpic and show only one large succulent leaf rosette,
andhave a diploid chromosome set of=A6 (Liu 1989).

Fig. 1: The two study speci@gonium davidbramw@iand Aeonium nob{8). Photographs by Carl Beierkuhnlein and
Katharina Staab, respectively.

There is no indication for a sister taxmlationship between the two study species. According to a
recent analysis of ITS data (Kondraslkehal2015), they are separately placed within a clade including
six additionalspecies with distinct distributions on four islands of the Canaries. Therspecific
UHODWLRQVKLSY DUH KRZHYHU SRRUO\ VXSSRUWHG ,Q FRQWU
Ae. nobibs a rather distant relative #fe. davidbramweltiore related té\eoniurapecies distributed
outside the Canary Islands. It isus unlikely that the two species derived from each other, but rather
that they derived from different ancestors subsequent to independent colonisation events of La Palma.

The sampling aimed to cover the entire distribution of the two species, includiegt effects
of topographical gene flow barriers and environmental variation within the ranges, respectively. In
each population, five distantly growing individuals were chosen arbitrarily to avoid sampling of close
relatives and to cover the whole polDWLRQV:- YDULDELOLW\ /HDI VDPSOHV ZHL
gel. This resulted in 11 populations and 55 individuals sampledddavidbramwellind ten
populations with 50 individuals in total sampled féenobileThe DNA sampling was acconmped
by a species mapping project (seeetrhlin pressfor details), revealing 597 and 70 occurrence points
for Aedavidbramwelind Aenobil@n the entire island, respectively (see Fig 1B and 3B).
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DNA extraction and genotyping

Genomic DNA was exacted from leaf tissue using the NucleoMag 96 Plant Kit (MachNeayel,
Duren, Germany), adapted to the Fastprep tissue homogenizer (FP120, MP Biomedicals Europe,
llikirch, France) and the Kingfisher magnetic particle processor (Thermo Scientific, Lafigaids
Germany): Leaf tissues (ca. 200 mg) were homogenized in 200 pl buffer MC1 for 40 sec. at a speed set
of 6 m/s; additional 300 pl Buffer MC1 and 10 pl RNAse A were added to the viscous homogenate and
incubated at 56 °C for 30 min. Insoluble tisdeéris was pelleted by centrifugation for 5 min. at room
temperature and clear supernatant was used to purify genomic DNA as described in Tab. S1.

We applied InterSimple Sequence Repeat (ISSR) markers with anchored primers to generate
genetic fingerprints a method that has been proven useful for population genetic analyses- of non
model species due its capacity to generate highly polymorphic data with high reproducibility and
costefficiency (Zietkiewiczet al1994; Nybom 2004).

In a prestudy, 30 primes were screened in subsets of 20 samples of each study species,
respectively, for their usefulness regarding a clear polymorphic and reliable band pattern generation
on ethidium bromidestained agarose gels (see Tab. S2 for primer sequences, annealargttesp
and references). If available, annealing temperatures were taken from the literature; otherwise,
gradient PCRs (4% 60 °C annealing temperatures) were conducted and fingerprint patterns were
compared to infer the best conditions for the primeespectively. The same selection of nine markers
turned out to be optimdior both species for the main study (see Tab. S2).

Selected ISSR markers (see Tab. S2) were amplified from genomic DNA in a 12.5 pl reaction
volume using the KAPA3G Plant PCR Kit ARABIOSYSTEMS, Wilmington, MA, USA): each
reaction contained 1x KAPA Plant PCR buffer, 0.5x KAPA Plant PCR Enhancer, 0.3 uM
fluorescentlylabelled ISSR primer (see Tab. S2), and 0.25 U KAPA3G Plant DNA Polymerase. The
PCR profile consisted of an initiakdaturation step at 95 °C for 3 min., followed by 40 PCR cycles
(95 °C for 30 sec., primspecific annealing temperatures for 30 sec., 72 °C for 30 sec.), and a final
extension step at 72 °C for 5 min.. Amplified ISSR fragments were mixed with the Mag\ar&
standard (502 1200 bp, Bioventures Inc., Murfreesboro, TN, USA) and separated on a capillary
electrophoresis system (GenomelLab GeXP Genetic Analysis System; AB Sciex Germany GmbH,
Darmstadt, Germany) using a protocol for long DNA fragments asreeaded by the manufacturer.

Electropherograms were processed and analysed GEHREMARKER 1.95 (SoftGenetics, State
College, PA, USA). The suggested binning was checked and carefully corrected by hand for each
preliminary locus, before exporting the peagight tables. These were again processed manually, by
specifying thresholds for minimum peak heights for each locus, based on the frequency distributions
of its peak heights, respectively, as well as on thresholds for minimum peak number and minimum
mean peak height for individual samples. Loci and samples that did not reach the respective
thresholds, as well as monomorphic and uninformative loci, were stringently discarded, resulting in
very conservative assignments of presences/absences of singletUSSRPFHQWY IRU WKH AQD
matrices of our two study species, respectively.

Data analyses

The two species data sets were analysed equally. AEI®V (Vekemans 2002; Vekemaatsal.
2002) was used to calculate overall genetic divetsityas well as peentage of polymorphic loBILP
DQG 1HL -V JHQwWithtlpypdlatidns\WAdditionally, allelic diversith and number of alleles
unique to a population (private alleles) were calculated WEBNALEX 6.5 (Peakall and Smouse
2012). This program wassal used to infer overall population differentiation, applying tig-
statistics with 9999 permutations for significance testing. Furthermore, average freqdewcy
weighted marker valuesD\V see Schonswetter and Tribsch 2005) were calculated using AFLPdat
(Ehrich 2006) to measure the amount of rare alleles within populations.

To analyse population structures, we used two {mierarchical genetic clustering methods. First,
the Bayesian algitihm implemented infSTRUCTURE 2.3.4 (Pritcharcet al2000; Faluslet al2007) was
applied to infer gene pool differentiation and admixture of gene pools within individuals. Numbers of
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possible gene poolK] ranging from 1 to 11 fAedavidbramwebind from 1 to 10 fekenobilevere

tested under the admixture setting. We used the independent allele frequency model to avoid
overestimation of gene pool differentiation, but allowed for inclusion of the population origin as prior
information in the modis (LOCPRIOR; Hubiset al2009). For eacK, 20 runs were performed with
100000 generations after a btimperiod of 50000 runs. The outputs were processed and analysed
using STRUCTURE HARVESTER(Earl and vonHoldt 2012) implementing the method of Evasinal.
(2005). The results were averaged for a particlaising CLumPP (Jakobsson and Rosenberg 2007)
and visualised usin®IsTRUCT (Rosenberg 2004). Geographical displaySDRUCTURE results was

done with ARCINFO 10.0 (ESRI Inc., Redlands, CA, USAxo&d, DAPC (dscriminant analyses of
principal components (Jombast al2010) werecarried outusingADEGENET1.42 (Jombaret al2014)

with population assignments as grouping factor within each species to reveal the genetic
relationships among and witn populations. Implemented crosslidations were applied to choose

the number of principal components in order to get the necessary amount of genetic variation and at
the same time prevent overfitting of the discriminant functions.

To test for isolatiorby-distance (IBD) patterns, pawwvise differentiation indices Rsy) were
calculated with 10000 permutations in AFRSURYV, using the Bayesian method with Aamform
prior allele frequency distribution and assuming HaPddeinberg equilibrium Fs=0, dueto
supposed outcrossing in the two study species). Linearfsgdialues were then correlated with
logarithmised (logy pair-wise geographic distances (Rousset 1997) in a Mantel test, performed in
GENALEX with 9999 permutations.

Further on, we screened ¢hgenetic variation iedavidbramwelind Aenobildor signatures of
divergent selection due to the environmental heterogeneity on La Palma. For this purpose, we applied
a combination ofwo different outlier loci detection methods and two correlative approaches to test
potential locienvironment associations:

BAYESCAN (Foll and Gaggiotti 2008uses a Bayesian framework to estimfasecoefficients and
decompose them into a populati@pecific component, shared by all loci and a lespscific
component, shared by all populations. Then for every locus a selectionusad®tutrality model is
compared, checking whether loegpecific components are necessary to explainRlyeAnalyses
were performed with 10*50000 iterations after a bimnof 100000 iterations and twenty pilot runs
with 10000 iterations to infer proposal parameter distributions, respectively. Prior odds for the
neutral model were set to 1, assumamgequal likelihooddr loci to be under selectiors.being not
under selection, and a False Discovery Rate (FDR) of 0.15 was used for results prédessng.

(Antao and Beaumont 2011) takes use of the interrelationship of heterozygodhy; &eficiency of

He). The sdafwvare generates a null sampling distribution &&; estimates based on neutral
expectations and then compares these simulated data with the sampled data. We employed 100000
LWHUDWLRQV IRU RXU DQDO\WHYVY XVLQJ WKH WHERNEHHFREBHQGH
"IHXWUDFQUPHDQ

We tested the full sets of loci for possible associations to eight environmental variables, which we
assumed to state strong and putatively evolutionary relevant ecological gradients among the
populations of our two studyspecies (see headline of Tab. 2 for tested variables). Mean annual
temperature and mean annual precipitation were interpolated using data collected from 214 and 288
meteorological stations for the Canary Islands, respectively (se &lin pressfor sources and
processing of raw data). Linear regression kriging (R package gstat; Pebesma and Graeler 2014) was
applied to interpolate the variables with a spatial resolution of 100 m x 100 m, with elevation, slope,
island, micre and macreaspect as cwatiables, obtained from a digital elevation model (DEM,
resolution 2 m x 2 m). Monthly precipitation data came from 47 meteorological stations (time span:
1969 to 1998) and were interpolated using the same linear regression kriging technique. Rainfall
seasoality was computed following the index of Walsh and Lawler (1981). Annual solar radiation
(Wh/m?a) was calculated with the Area Solar Radiation tooARCINFO 10.0, based on the 2x12 m
DEM and values were extracted as area averages of 25 m radius circles around population coordinates,
respectively.
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Loci-environment association tests with LFMM (Latent Factor Mixed Modelling; Frichabtal.
2013) use a hierarchical Bayesian mixed model lmmsadvariant of principal component analysis in
which residual population structure is introduced via unobserved or latent factors. Analyses were
done with 10 runs per environmental variable, each with 100000 iterations, including -& bafrn
50000 iteraions. According to the found dominance of one cluster in all individuals in the previous
STRUCTURE analyses, we decided to set only one latent factor (one gene pool) to correct for
background population structure in the LFMM analysésd.the 10 runs, thain with the lowest DIC
(Deviance Information Criterion) was selected for each variable, respec®xslyADA tests logistic
regression models to identify possible leavironment associations (Stucki al2014). We ran
simple univariate models for easimgle environmental variable, respective&ygnificance of model
outputs was assessed taking the implementedlikglihood ratios G-scores) into account and were
provided as-values of their *tests (see also Joatal2007).

For loci showing cosistent signatures of divergent selectidre fletection by several methods),
the distribution of their allelic variants was geographically displayed in relation to the associated
environmental variable suggested by the correlative methods. Additiotialgpatial clustering of
WKHLU DOOHOLF YDULDQWY ZDV TXDQWLILH)anEunRafist&JID@IO VSDW I
Indicators of Spatial Associationg. O RF D O @O;FRAksBIiQ 1995), both implemented $aMm ADA.
We used a weighting seme based on a Gaussian kernel with 10 km distance for the neighbour
comparisons to account for the small scales of our study area and the used sampling cessign.
of LISA maps as well as DAPC analyses were done in R 3.1.0 (R Development Coré4jeam 20

Results

Aeonium davidbramwellii

The ISSR genotyping féxedavidbramwellgsulted in 54 individuals successfully scored for 232
loci. Overall genetic diversity was lowl(=0.116) and population differentiation was moderate with
0s7=0.104 P<0.0001).

The BayesiarBTRUCTURE analysis revealed th& =3 was the most likely number of genetic
clusters within AedavidbramwellélthoughK =2 andKk= DOVR VKRZHG KLJK OLNHOLKRRC
“K had its highest value & =2 (Fig. S1). Genetistructure was dominated by one cluster which
determined major parts of the genotypes of all individuals (Fig. 2A, B). However, populations H_d and
J_d in the Barranco de las Angustias and its northern edge, as well as C_d in the Barranco de la Madera
in the west and A_d in the Barranco Fagundo in the north of La Palma showed considerable
assignment proportions to further gene pools. ConsideKm, A d was differentiated from other
populations by having large portions of a cluster that furthermore oahtributed to the genetic
makeup of population J_d. The same was truekfed, which also showed a differentiation of H_d
(Fig. 2A).

The differentiation of H_d, A_d and J_d was also evident in the DAPC, showing these populations
in different outer regions of the ordination plot (Fig. 2C), which reflects the results @rieCTURE

analysis foK =3 andK =4. However, A_d was moreatdd to |_d than to J_d, which grouped loosely
with G_d and~_dwhich were rather nordifferentiated inSTRUCTURE.

We found noclear IBD pattern among populations dAedavidbramwelldn La Palma: The
correlation of pairwise spatial distances and paisvigenetic differentiation revealed no significant
correlation (0 D Q WRH@2ADP=0.082; Fig. S2).
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Fig. 2: Genetic clustering results fAeonium davidbramwélij STRUCTURE results forK =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 ihe genet
structuring from theSTRUCTURE results forK =3 as pie charts per analysed population. BEjcriminant analysis of
principal component®rdination 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. Blafions are named by their clockwise position around the island, starting from
the north.

Highest genetic diversity values f8f PLPand H, were found in populations J_d and H_d, both
located within or near the Caldera de Taburiente and Barranco detasstias, 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 Hl, the highest value among all populations, and two alleles unique to G_d and |_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 alleleshdd the highest value of overall
rarity of alleles DW), followed by H_d, A d, C_d and |_d. G_d from the lower Barranco de las
Angustias revealed low amounts of rare alleles (Tab. 1).
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Table 1: Descriptive population genetic parameters for the analysed populatidesrofim davidbramwaltii
number of scored individualBW: rarity index;A: Allelic diversity,PLP. percentage of polymorphic loel; 1HL -V
Gene diversity.

. . . No. of
Population LOS%.'&Jde L%tllt.l;/?e I(Eris\/aagcl)r)] ’t\)l;)ﬁg; private Dw A PLP He

"' alleles
Ad 218814 3192964 80 5 89 6 5985 0.746 384 0.137
B_d 229864 3187626 134 4 51 0 2.661 0.435 22 0.075
c.d 225423 3179899 870 5 88 1 4878 0.737 379 0.134
D d 230166 3168798 85 5 58 0 2.750 0.474 25 0.087
E_d 222168 3152717 235 5 68 1 3.209 0.582 29.3 0.083
Fd 219540 3168200 893 5 66 0 3.014 0565 284 0.098
G d 213600 3174629 115 5 61 2 2.881 0.504 26.3 0.091
H_d 217192 3178367 365 5 106 7 7.181 0905 457 0.165
I_d 216611 3179654 1051 5 77 2 4166 0.642 33.2 0.104
J d 216095 3180765 1922 5 124 0 7.543 1.047 534 0.185
K_d 208142 3182987 271 5 54 1 2.664 0.444 23.3 0.082

The scan for nomeutral genetic variation resulted in indications for divergent selection on at least
two loci, although there was inconsistency among the resBK$ESCAN found three candidate loci
(Tab. 2, greemoloured cells), which were also suggestoy MCHEZA, additional to eight further
candidates (Tab. 2, bleenloured cells). The correlative methods implemented in LFMM and
SAM ADA found the most significantR < 0.001) indication of environmental dependence for loci
UBC809 292 (mean annual temgeire, mean precipitation seasonality) and UBT4 333 (mean
precipitation from June to August and from May to October). However, while UBC809 292 was also
suggested as outlier by boBaYESCAN (PP=0.79 and MCHEZA (Fst=0.25,P =0.96),UBT4_333vas
detected only byVicHEZA (Fst=0.32,P=0.99).

Neither allelic variants in UBC809_292 nor those in UBT4_333 showed significant overall spatial
DXWRFRUUHODMW.D®R= 0RUDQGV 0IRWWD43,P£0.440, respectively). However, a
clustered pattern of the dominant allele of UBC809 292 in high elevatien®w temperature
regions) on the western side of La Palma was obvious (Fig. 3A). Nevertheless, the segregation was not
entirely consistent, resulting in only partially signifitaand moderately positive local spatial
DXWRFRUUHODW URd 00 ®PB;Ged HdJ BAR IVUBT4 333, the allelic distribution was
broader, covering populations of nearly all island regions (Fig. 3B). The dominant allele showed major
contributions to populations in regions of high summer precipitation, but single individuals in
populations in regions of medium precipitation, however, also bore this allele, resulting in a mixed
spatial pattern and largely missing spatial autocorrelation.
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