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Abstract

Plant species distributismarethe resulof climatic and evolutionargistories Range restriction
in steneendemic specgoften results frontlimate oscillations thétavereduced the extent of
suitable habitat olimited speciedispersionacross ecological barriedfdarrow endemics may
also be of recent origirfyet to disperse or relicts of ancient lineageddigh-elevaton
environmentsend to be rich iendemisnasa result ocomplex climatic histaes(underpinning
speciation evenjsandthe survival of relick. Mountain speciesypically experienceextreme
conditions andsignificanttemperature changexross short ggial gradientsand timeframes,
andare particularly sensitive to climate fluctuatipespeciallyon exposed substrateach as
rocky faces and scregSonsequently, mountain chasmophyies (upestral plant speciesjre
often rangerestricted, charaetised by small and fragmented populatiofise currenthesis
aims tobetterunderstand the causes and consequences ofaadtgredict thgossibilities for
future conservation of a model chasmophyte speci€ampanula raineri Perp.
(Campanulaceagi tetraploidsteneendemic of the Italian Prealdsy addressinghe following
hypotheses

1) Polyploidy (dhiromosome set duplicatipis aprincipledriver for the emergence of new

endemics A globalscale analysis of 4210 species representing the princgiatles of
angiosperms addresstgt relationships betweamromosome numbegeographic distribution
and taxon age(Chapter 2).Polyploidy was shown to be a kegriver of endemismin
angiospermsyith a significant negative exponential relationship betwibe maikmum number
of chromosomes anduton age R%q = 0.49, p < 10), and greater maximum chromosome
numbers (2n = 164s 111) declining more rapidly with taxon age (decay constant =\&12
0.04) compared to neendemics.

2) The genetic structuref C. raineri populations is consistent with changes in habitat

suitability throughout the Quaternaripemographic history (gene flows, bottlenecks, and

reproductive isolation events), can be investigated through population genoinfes species
phylogeography Phylogeographically informed Species Distribution Models (SDMs) can
reconstruct and predict changes in the geographical range of different intraspecific genetic
lineages according to their ecological requirements and climate projedtigmsthesis 2 was
thusverified by comparingthegenetic structure df4 populations across the entire distributional
rangeof C. raineri with the climatic history of the regioduring the Quaternar(Chapter 3).
Genomic analysis oC. raineri populations revealedwo main genetidineages probably

becomingsolated during the Last Interglacial 120,000 years bgue tohabitat recolonization
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dynamics andubsequentlyuring the LGM due tothe persistence of th¥alsassina glacier
barrier. Within these two metapulationsa morerecentsite-specific differentiation was evident

as a result of theipward migration of the species on isolated religfssterior population
assignment probability calculated by Markov chain Monte Carlo clustering algorithm
always=1).

3) An upward migration ofC. raineriis expected irfuture decades as a consequence of

suboptimal conditions at lower elevation sites due to climate warnknedictions based on

phylogeography ané&DMs can be informativéor rare species conservatiomder current
climate change scenaridgnderstanding the optimal conditions for species fitniesssurvival

and reproductive success) and where these could be found in the future is crucial to inform
targeted conservation actions such as populatiorforeements and assisted migrations.
Hypothesis 3 wasddressed botly building phylogeographicalinformed future SDMs
(investigatingfuture decades until@0; Chapter 3) and testing the impacts of elevation on the
reproductive ecology dE. raineri, from pollinator guilds tgollen andseed quality (Chapter 4).
Future SDMs suggest a decrease in habitat suitabtligwerelevation sites, wher€. raineri
populations exhibited reduced fitness (correlation coefficierts 0.62 and 0.93 for seed
germinaton and pollen viability, respectively).

4) In-vitro propagationand plant productions feasiblefor the conservationof rare

chasmophyte<sermination protocols fo€. raineriand otherarespecies (£hasmophyteand
1 orchid) of northen Italy weretested (Chapter )5 successfulin-vitro propagation of target
species was performg@nean germination rate of each speaeserally> 80%, lower for
Linaria tonzigiiandSaxifraga tombeanen$jsvith the production of hundds of new plants

In conclusion, ecological barriersduring the Quaternaryesulted in thegenetic
differentiationof C. raineri into two metapopulationd, h e 6 | o w exhildiinglgénatie a g e
uniformity and reduced fithegsrobablyas a consequence of saptimal conditions for the
specieswith increasing temperatures. The survival of this lineage is further threathened by the
lack of possibilites for spontaneousipward migrationgentailingthe risk of genetic depletion
within the entire species. However, SDMs atcessfuiin-vitro propagation suggest that

informed conservatioactions could bendertakerio counter this trend.

Keywords: Adaptive radiation - Altitude -Climate change response - Conservation -

Reproductive isolation - Species Distribution Models
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Chapter 1: Introducti on

1.1 Conservation of rare, endemic species: problems and possible solutions

Biodiversity is a direct indicator of ecosystem health: species richness is both the result of a
habitatsuitable for thesurvival and successful reprodimn of speciesand oneof the main

factors renderingthe ecosystem efficient and resilient (Hoopr al, 2005). Preserving
biodiversity has therefore become a major concern, especially becaeseri€limate change

and the increasing anthropogenic disturbasfceatural eceystemsClimate change projections

have become an established tool for impact prediction and targeted conservation actions.
Recently observed warmirttasfollowed the upper level of early projections, suggesting that
the worstcase future scenari@se pobablythe most realisticwith a global averagacrease of
nearsurfaceair temperature ofip to 4°Cby 2100(Carvalhoet al., 2022).Within this context,

the rarity andcconservation status of spece®determined by three factors: geographic range,
population size and habitat demands (Isik, 2011). The main source of information concerning
the global conservation status of species is the International Union for the Conservation of
Nature (IUCN) Red List of Threatened Species (IUCN,202ccording to he latest data,
24,9140ut of 62,666assessed plant species isted as Critically Endangered, Endangered or
Vulnerable (of a total of 42,33 estimated described species; IUCN, 202Thirty-five
principalglobal biodiversity hotspots, covering only 3% of the land surface of the Earth, are
characterised by both exceptional biodiversity and extensive habitat loss (@yad;s2000;
Marchese, 2015), and host 77% of all endemic plant species. Additionally, these areas are the
preferential setting fortsdying the drivers and processes of diversification (Norebzl,

2018). Areas of endemism are therefore well suited to recognize biodiversity hotspots that also
harbour highly threatened species (Noragtzal, 2018). The preservation of endemic spsec

and the biodiversity hotspots where they occur, is therefore a major concern worldwide (Myers
et al, 2000; Canadast al, 2014; Noroozet al, 2018).

1.1.1Endemism

Endemic species are those that occur naturally and exclusively in a single geograp, to

which the species is ecologically adapted (Coeliad, 2020). According to the size of its range,

an endemic species can be c| a.e eestricteddodasiagee, a 0|
smal | area), Apr owil nceinadle mé cae miiade,gi dmatl i ceom

endemi co (| sieétal, 2220)XCampan@eorainetiPerp, Primula glaucescens
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Moretti, Linaria tonzigiiLona, are only a few examples of narrow endemics of the Italian Prealps
flora, growing in dimited area on calcareous mountains in N@d#stern Italy (Aeschimaret
al., 2004; Pignatti, 2018)Saponaria ocymoidek. is a | sendendd but to a wider area
encompassinghe European Alps, whil€arpinus betulud.. has a large European range,
exterding from Sweden to the Balkans and from the Caucasus to the Pyrenees (Aesetiimann
al., 2004; Pignatti, 2017b) and i s consi de r.8ats@dneRindsesyiMestri® at
L.) is endemicto Eurasian mountains, ranging from Spain to the Se®ldfotsk, Russia
(Pignatti, 2017a)The scaledependence afndemisnmmeans that itloes not necessarily denote
rarity for Angiosperms: according to the above classifications, the majority of existing species
are endemi@t one certainscaleor anotherandonly truly cosmopolitan species are excluded
(KruckeberandRa bi nowi t z, 1985; 1sik, 2011). The 0c
indicator of the extent of geographic range of a taxon. On the other hand, rare species are defined
as those thatrgw naturally within restricted geographical ranges, occupy specialized habitats
or form only small populations (Isik, 2011). Typically, endemism can be associated with rarity
for local endemic species, which occur in one or a few small populations, rmceldre confined
to a single area or to a few localities (KruckelkamgRabinowitz, 1985; Isik, 2011). Henceforth,
the present study will refer mainly to narrow endemics, which are the focus of this work.

The principal factors affecting the distributiof an endemic species are history,
ecological range and isolation (Kruckebemygd Rabinowitz, 1985; HarrisoandNoss, 2017).
The main mechanism ¢iie creation oendemicdormsthe basis of the traditional distinction
between palecand neeendemics (FavgerandContandriopoulos, 1961; StebbiasdMajor,
1965). Ancient endemics include paleoendersissand patroendemics, while the majority of
recent endemics are termed apoendemics. Paleoendarsicare relicts of once more
widespread taxa, which hawmdergone habitat constriction. Indeed, they are often ecological
specialists. For this reason, isolated endemics with separate, disjointed populations are likely
pal eoendemics. These may be highly polyploi
unknown or extinct diploid ancestors (Favarger, 1961; Stelbidislajor, 1965; Brown, 1968).
Patroendemics are ancient, relict, diploid endemics that have given rise to more widespread
polyploid derivatives, called apoendemics (StebbimdMajor, 1965; MersandGiller, 2013).
With regard to endemics of recent origin, apoendemics are thus the result of recent speciation
via polyploidy from a parental entity (patroendemic), and remain relegated to their centre of
origin (StebbinsandMajor, 1965). Schizoetemics represent a particular kind of endemic that
can be either ancient or recent (Favarged Contandriopoulos, 1961; Stebbiasd Major,

1965). FavargeandContandriopoulos (1961) introduced this term to describe disjunct, closely
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related endemic taxaith the same chromosome number (FavaagelContandriopoulos, 1961;
Thompsoret al, 2005). Schizoendemism occurs as a result of adaptive radiation into distinct
habitats followed by allopatric speciation (FavargedContandriopoulos, 1961; Thompsen
a., 2005; eSafjROL&.wi c z

Ecological range is associdtavith endemism because the adaptation of narrowly
distributed plant species to specific, localized environmental contexts limits the occurrence to
suitable habitats within the geographic anlsi(2011; HarrisorandNoss, 2017; Coelhet al,
2020). The environmental requirements for species usually concern the microclimate,
topography, substrate and interactions with other organisms (KruckebdrBabinowitz,
1985). Consequently, a complexvronmental context can host a variety of organisms, and the
number of endemics evident witham area is usually correlated with the heterogeneithef
habitatgpresen{Cain, 1944).

Finally, the role of isolation in promoting endemism&s long been recognisé@@ernald,
1924; Sarkineret al, 2012; Steinbaueet al, 2016). A restricted range, combined with
environmental determinants, limits outbreeding areddispersal capability of the species, for
both relict and recent endemics (Hedderson, 1992, ChastiEStrauss, 2019). Barriers to
dispersal are usually defined by the ecological requirements of the species, and are typically
represented bgeographicafeatures such aea separating terrestrial systems, land separating
marine systems, mountain ranges dividing -evation areas or valleys crossing mountain
systems (Steinbauet al, 2016). A lack of outcrossing preserves the genetic identity i@nci
endemics, and promotes the emergence of new taxa through allopatric divergence (Sttinbauer
al., 2016). Indeed, isolation is widely known as a driver of specidtiaok, 1947 Rieseberg
andWillis, 2017): when combined with environmental varigtypromotesadaptive radiation
that is the diversificatiofrom a common ancestof new ecotypeandelogical vicariantsable
to specialise in different ecological nich&troudandLosos, 2016; Gillespiet al, 2020). The
emergence of different and pi;ited habitats thus promotes divergence of environatignt
correlated phenotypes from an ancestral colonisehaafiappened for example within the
generaEspeletiaand Lupinusin the Andean mountains (Monasteamd Sarmiento 1991,
Hughes and Eastwood 2006), or in the Hawaiian silversword alliance for the genera
Argyroxiphium Dubauiig andWilkesia(e.g BaldwinandSanderson, 1998; Landisal, 2018).
As a result, despite the occurrence of endemic species even in uniform land areas of the Earth,
isolated habitats, particularly those with peculiar or extreme climate regiraesslands,
mountains) are relatively rich in local endemics (Cain, 1944; Krucketmeligabinowitz, 1985;
HarrisonandNoss, 2017).


https://context.reverso.net/traduzione/inglese-italiano/It+has+long+been+known
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1.1.2Endemism hotspots

In recent decades,rangeof studies have addressed the identification of endemism hotspots as
primary conservation targets and the investigation of the processes underlying hotspot formation
(Harrison and Noss, 2017). Some studies have suggested climatic historysalation as

potential causes of extensive endemism (Jansson, 2003; Saekiaén2012; Harrisorand

Noss, 2017). Patterns of climate stability and changes over evolutionary time appear to be key
factors (HarrisonandN o s s 2017) . i Cl itioma with @ histoechlly gtable 0 a r
climate, lacking extreme temperature fluctuations, where species may retreat (or migrate) to and
persist during largscale and longerm climatic changes (Keppet al, 2015). These areas both
enable the survival of religal local endemics and allow the emergence of new taxa (Jansson,
2003; HarrisorandNoss, 2017). Thus, centres of high endemism are expected to contain either
ancient relictual taxar recent, rapidly diversifying species, or mixtures of both, segregated
along different environmental gradients (HarrisordNoss, 2017). The persistence of ancient

taxa throughout the Quaternary despite evident dramatic climate oscillations may be explained
by the relative microclimatic stability in localized areas, whenpgamed with outlying regions
(StewartandLister, 2001; Rull, 2009; HarrisandNoss, 2017Kdrner and Hiltbrunner, 2021

Due to their reduced di mensions, these are
existence is mainly due to topography (&€t and Lister, 2001; Dobrowski, 2011).
Microrefugia may have served as reservoirs of genetic diversity, as stepping stones for dispersal
and/or as a starting point for populatiorepgpansion (Grasei al, 2009; Rull, 2009; Hannadt

al., 2014; Harrisa andNoss, 2017).

1.1.3Genetic consequences of endemism

Isolation, small population size and specific environmental adaptation may have considerable
impacts on plant reproductive success, as shown for example in the marsh Gemtizma
pneumonanthé. (Pierceet al, 2018) or in the African rain forest tr@&aillonella toxisperma

Pierre (Duminilet al, 2016). This in turn affects population genetics, increasing the effects of
inbreeding and genetic drift (EllstramtidElam, 1993; Raijmanet al, 194; Whitlock, 2000;
OakleyandWinn, 2012). Botlof these processes have opposing consequénicgene flow,

which works to equalize population genetic composition andsusceptibleto habitat
fragmentation (Ellstranénd Elam, 1993; Younget al, 1996).In plants, gene flow is the
movement of genes among populations by mating or by migration of seeds/vegetative
propagules (Ellstrand, 1992; Ellstraadd Elam, 1993). Almost a century ago, Wright (1931)
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posed the question of how many migrants are needa@vent population differentiation (cited

by Mills and Al | endor f , 1996) . Despite Spiethos (
population matings required to maintain a specified level of gene flow and avoid excessive
inbreeding is dependent on popubatisize (see also Varvet al, 1986; Millsand Allendorf,

1996; VucetichandWaite, 2001). Indeed, the effects of gene flow are inversdfyedto the
dimensions of the recipient population for two reasons. Firstly, in small populations the relative
fraction of immigrant pollen grains, seeds, spores or propagules increases (Handel, 1983).
Secondly, in zoophilous species, pollinators tend to spend more time within larger populations,
with proportionately more intgoopulation crospollination (Ellstrandand Elam, 1993;
Petanidotet al, 2001).

Inbreeding is the crossing of related individuals, with selfing as an extreme case, which
can even involve autoganfthe selfpollination of a single flowerJain, 1976; Hauseat al,

1994). Small populations aparticularly sensitive to these processes, because when population
density decreasgethe proportion of crossing between related individuals andpsdlihation
potentially increases (Ellstrarahd Elam, 1993; Duminikt al, 2016; Siopaet al, 2020). er
example, selfing frequently ocain the selfcompatible specigSentiana pneumonanthehen
reduced population size discouragests by pollinators(Petanidotet al, 2001). Additionally,

most of the pollinator movements tend to be between neighbouring plants doelerster,

1974) and most of the seedlings establish near to the mgpanealt (MeagheandThompson,
1987). Consequently, the breeding system of a species, seed dispersal mechanism and pollen
dispersal capacity are crucial in determining inbreeding risk (Dustiail, 2016).By increasing
homozygosity i(e. a high proportn of identical alleles in each zygotic genome) within
populations, inbreeding may completely eliminate heterozygosity in the long term (Elestichnd
Elam, 1993; Younget al, 1996). Indeed, there is a strong positive correlation between plant
populationsize and heterozygosity (ReaddFrankham, 2003; Leimet al., 2006).

Genetic drift is the random change in allele frequency from one generation to the next in
the absence of natural selection pressuires/ery restricted populations (<100 individuals)
fluctuations may be substantial and unpredictable, and have a disproportionately strong effect
(EllstrandandElam, 1993). Drift has two different effects, through population bottlenecks and
founder/colonization events: the decrease of genetic diversityinwfopulations and the
increase of differentiation among populations (Vamial, 1986; Ellstrancand Elam, 1993;

Young et al, 1996). The loss of diversity within populations is mainly due to decreasing
heterozygosity and allele fixation (Allendorf86; EllstrancandElam, 1993). The incremental

differentiation among isolated populations is linked to weaker gene flow and demographic
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stochasticity (KruckebergndRabinowitz, 1985; EllstrandndElam, 1993; Nosikt al, 2009;
Barmentloet al, 2018).

Genetic variability can emerge in any aspect of phenotype (morphological, physiological,
anatomical, biochemical, and phenological features expressed at everpfdiagdife cycle;
Primack and Kang, 1989). Therefore, changes in genetic structure haypdications for
population persistence through the fitness of individuals. Fithess can be estimated as the relative
number of offspring in the subsequent generation, a function of success in growth, survival, and
reproduction (PrimackndKang, 1989)Fitness is revealed by specifihenotypiccharacters
that affect survival and reproductive succedssome stage in the entire life cyclgitness
componentshat may be quantified include: seedling characteig. germination rate, date of
germination, sedihg weight, size of cotyledons, height of cotyledons, seedling mortality or
establishment), juvenile characteesgy.height and leaf area at specific dates after germination),
adult characterse(g. date of first flowering, total number of flowemodue@d, pollinator
visitation rates, pollen removal, number of fruits and seeds produced, seed size and mass,
vegetative size and mass of plant at maturity) and survival to each demographic stage {Mitchell
Olds, 1986; Roach, 198Bjllington et al, 1988;00sermeijeret al, 1994;Leimuet al, 2006).
Individual fitness in plants can be difficult to measure, due to certain specific features of these
organisms. Firstly, often it is challenging delimit andidentify the individualplant itself -
particularly T it is very longlived - due to systems of asexual reproduction and vegetative
propagation, such as the production of rameés ihdependent units of a clonal structure)
through stolons, runners, rhizomes and bulbils, and difficulty in determining wamnbts
belong to which genets.€. genetically identical groups of ramets sharing a common origin;
Harper, 1997; Barret, 2015; Gargiutt al, 2019). Secondly, following the progress and
development of seeds from one generation to the next is difficd#r natural conditions, since
the maternal and paternal identity of seedlings cannot easily be inferred (Meagher
Thompson, 1987)Moreover, seeds of many species do not germinate immediately, but can
remain dormant in the soil for decades (Baskia Baskin, 1985; 2014; see also Thompson,
1993). Thirdly, it is not alwayshe casehat highpollen and seed production lead to higher
fitness: some individuals could produce fewer but highality seeds than others and
therefore, despite showing low fewlity they may actually leave more offspring in future
generations (PrimackndKang, 1989). This is particularly true of larg@¥eded species that use
energy reserves to maximise the establishment success of larger seedlings in competitive
situations orin conditions of shade (Thomps@md Hodkinson, 1998; Geritet al, 1999;
Vandelooket al, 2019).
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Al nbr eedi n gferd ®rpducedfisnesd.@ decline in survival due to reduced
viability, growth and fecundity) with increasing homozygosityrighit, 1977; Ellstrancand
Elam, 1993; Reednd Frankham, 2003). It may arise due to the increased expression of
deleterious recessive alleles (the partial dominance hypothesis) or the loss of favourable
heterozygote combinations (the oxEminance hyposis; Charleswortland Charlesworth,

1987; Wright, 2008; Austerlitet al, 2012). Some studies suggest that highly heterozygous
organisms can more successfully overcome the threats inherent to fluctuating environments
(Huenneke, 1991; EllstrarmhdElam,1993). In the long term, reduced allelic richness may limit
the ability of a species to respond to changing selection pressures @t@ing996; Reeadnd
Frankham, 2003; Isik, 2011). It is also possible that, by preventing ecological flexibility, low
genetic variation may preclude range expansion, essentially initiating a vicious cycle
(Kruckebergand Rabinowitz, 1985; Jiangt al, 2019). Nonetheless, such depression has
different effects according to the typical mating systbabituallyinbreeding ppulations are
usually less affected by depression toaes thatisually outbreed, since deleterious recessive
alleles are removed by selection as they become homozygous (Charlesvdgtiarlesworth,
1987; EllstramandElam, 1993).

Gene flow (movement iphysical space of genotypes in the form of pollen or propagules),
by reducing the risk of inbreeding depression, is thus usually essential for species preservation
(Ellstrandand Elam, 1993). However, under certain conditions even gene flow may reduce
fitness in small populations. If a small population receives genes from a population adapted to
another environmental context, such gene flow may prevent or disrupt local adaptive
differentiation (Antonovics1976; Simberloff 1988). Therefore, the exchangeimappropriate
all eles may prevent | ocal adaptation and th
depressiono ( Ant oandBlamcl993; Nasikt7ab 2005EBaimenti@t al,n d
2018). Isolation by distance combined with diffietial local adaptation lead to genetic
divergence among populations (LaedMitchell-Olds, 2011).

Kruckebergand Rabinowitz (1985) raised the question of the existence of typical
biological traits as recurrent features in endemic and rare speciespeeles often exhibit low
production of fruits or seeds, low seed survival and low seedling establishment (Fiedler, 1987;
Pavliket al, 1993; ByerandMeagher, 1997; Walckt al, 2001). Some studies have compared
the biological, ecological and morphologl characteristics of a local endemic and a
geographically widespread, closely related species, in attempt to explain the causes efyarity (
Baskin et al, 1997; Witkowskiand Lamont, 1997; Walcket al, 20Q1). In particular, low
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competitive abilityis decisive in limiting the geographical range in some narrow endemics
(BaskinandBaskin, 1988; Walclet al., 2001).

The confinement of narrow endemics to areas characterized by stabledongimates
might imply stabilityassociated attributes andghi habitat specialization, such as narrow
climatic tolerance, weak dispersal or dormancy capabilities and, often, obligate mutualisms
(Harrisonand Noss, 2017). Endemic species are characterized by strong correlations among
phenotypic traits, especiallydbe relevant to different environmental contexts (Herratat,
2013). This may explain the poor adaptability of endemics to novel microhabitats and
environmental changes (Hermatal, 2013). However, the functional traitee( characters that
affect survival) of Dianthus pseudocrinituBehrooz.and Joharchi, endemic to norgmstern
Iran, can be more variable than the traits of sympatric species in the wider plant community
(Behroozianet al, 2020). As this species appears to have evolved relatregigntly, via
polyploidy, it appears that not all nemdemics are highly adapted to a specific environment,
and range restriction appears to be caused by limited dispersal and a slow rate of spread. Some
necendemics, particularly polyploids with robustorphaephysiological traits and greater
competitive ability, may be capable of range expansion, but this process requires time.
Investigating population genetic structure of endemic species is thus essential to reconstruct the
demographic history, undeastd the level of gene exchange between populations, and, finally,

better target possible conservation actions.

1.1.4Population Genomics: theuseof Single Nucleotide Polymorphisms (SNPs)

Understanding changes in genetic variation (alleles and genotygaeficies) within and
between populations over time in response to genetic drift, gene flow, mutation and natural
selection is a specific task of population genetics (MillséeidSkipper, 2007), which relies on
different techniques (Pritchaet al, 20M; Gaoet al, 2007; Jombaret al, 2009; Engelhardt

and Stephens, 2010). Population genomics extend to a gemdaieelevel population genetics
(Luikart et al, 2003. Genomes include loci under natural selection and neutral loci. Whereas
the first by dehition are informative with regard fianess and adaptation, the latter are expected

to be similarly affected by demographic processes and the evolutionary history of populations,
and therefore improve understanding of microevolution and inform aboutlghon
demography and phylogenetic history (Luikertal, 2003; Allendorfet al, 2010). Population
genomics uses genomeade sampling talistinguish locusspecific effects (such as selection and

mutation) from genomwide effects, due to drift, bottlecks,gene flow and inbreeding (Black
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et al 2001). In order to reliably infer population demographic history, it is therefore crucial to
choose the appropriate molecular marker (M@ndShaw, 2018) and identify and exclude loci

being directly selectefl.e. under Oposit ievab 2003).[Theddeal approdch L u i
for population genomics should be able to detect hundreds of polymorphic markers, covering
the entire genome (Luikast al, 2003). In fact, the accuracy of the estimate of ingyart
population parameters, including population size, divergence times, and migration rates, will
increase with the number of the examined loci, improving the detail of the assessment of
population history (Felsenstein, 2006; Britand Edwards, 2009).Sinde nucleotide
polymorphisms(SNPs), being the most abundant type of genwide distributed genetic
markers, are ideal for population genomics (Sstedd, 2011).

The utilisation of a specific marker is linked with advances in sequencing technology and
bioinformatics tools. NexGeneration Sequencing (NGS) is now a widespread approach
allowing a genomavide analysis (Davegt al, 2011; Fumagallet al, 2013). In particular, the
development of Restriction si&ssociated DNA Sequencing (RADseq) has ratiohized the
fields of ecology, evolution and conservation, because it harnesses the high throughput of NGS
to detect potentially thousands of polymorphic genetic markers across a whole genome, with a
simple and relatively cost effective procedure (Andretal, 2016). It is therefore particularly
effective for SNP detection (Britand Edwards, 2009; Andrewst al, 2016). The RADseq
technique is based on the use of restriction enzymes to obtain DNA sequences (known as RAD
tags) from a genomeide set ofoci (both coding and nenoding regions), and the use of NGS
to generate sequence data adjacent to restriction cut sites éBal,d2008; Van Tassadt al,

2008; Andrewset al, 2016). Targeting a subset of the whole genome, RADseq combines the
advantages of genomievel sequencing and cestfectiveness. Such advantages include: high
depth of coverage per locus (and therefore improved confidence in the output), flexelglity (

in fragment size selection, or in the number of examined loci) angogwbility to extend the
analysis to a large number of samples (Andretwal, 2016). In addition, RADseq does not
require any prior information, nor any reference genome, for the taxa under examination, making
it the preferential approach for highroughput SNP detection and genotyping in studies of non
model organisms (Helyaat al, 2011; Seelbt al, 2011; Andrewt al, 2016). Finally, cut sites

are generally conserved within a species (Andretal, 2016), so that different populations
share matsloci: this make RADseq suitable for comparative studies between populations.

An increasing variety of software packages is now available for the analysis of the massive
guantities of genomic data involved. Bioinformatic tools can provide an estimateeafensive

number of population parameters. For examptacks v2.&oftwarecan build loci from sho#t
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read sequences, identify SNPs and calculate population summary statigticdgerved and
expectedheterozygosity and homozygosity, inbreeding ioeint, number of private alleles;
Catchenet al, 2011 2013. The Admixture v1.3.0 (Alexander and Lange, 2011) #mel
fineRADStructure packag®alinskyet al, 201§ estimate individual ancestries and coancestry
among populations, tmfer populationstructure Finally, ®veral R package®.@ adegenet
JombartandAhmed, 201} canperform Principal Component Analysis (PCA) on genetic data

and distinguish metapopulations

1.1.5Phylogeography

The expected correlation between genemige divergenceds revealed by neutral genetic
markers) and geographical distance (Leed Mitchell-Olds, 2011) is thepurvue of
Phylogeography (Avise, 2000). Phylogeography provides a link between phylogenetics and
population genetics: by describing how genetic variasa@eographically structured within and
between populations by population genetics processegdnetic drift, gene flow, selection), it

can show genetic differentiation among populations and detect events of speciation by isolation
(Ottenburghset al, 2019). Thegeographical subdivision among populations is based on the
comparison and the clustering of differéineagegMenget al, 2015; Andrewst al, 2016).

The number of molecular markers providing genetic data distinguishes -loculsi
Phylogegraphy from genomic Phylogeography (BréndEdwards, 2009), whereas the use of
neutral molecular markers differentiates Phylogeography from Landscape Genetics
(Hickersonet al 2010. While the former studies the historical neutral processes affecting the
pattern of genetic variation, the latter foessn selective pressures on specific loci, interpreting
changes in allele frequencies as clues of local adap{@imdereggeet al, 2010).

Phylogeography studies the spatiotemporal distribution of genetic lineages resulting from
demographic processdase( population expansion or contraction) and variatiogene flow in
response to changing environments (Aveteal, 1987; Schaalet al, 1998; Avise 200Q
Hickersonet al, 2010; Menget al, 2015; Sorlet al, 2016; MorrisandShaw, 2018)Thus, the
historical background of the current distribution and abundance of organisms is a key issue for
Phylogeography, which is supgied by paleoclimate data, the fossil record and Palynology
(McLachlanet al, 2005;Menget al, 2015). A range of recent studies have used this approach
to clarify colonization routes and geographical range variations during the Quatezmary (
Taberle et al, 1998;McLachlanet al, 2005; Deringet al, 2017 and to test the hypothetical

localization of glacial refugia based on paleoenvironmental datbsthand Schonswetter,
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2003. Contraction and expansion to and from refugia often leave geigtatwes, such as a
higher diversity in the refuge area and lower diversity in areas of expansion (Hewitt, 2000, 2004).
Low genetic variation with sharp changes in allele frequencies may indicate expansion from
different refugia or genetic drift eventsopnoting gene segregation in expanding populations
(ExcoffierandRay, 2008). Therefore, Phylogeography is acknowledged as an effective tool in
support of both Evolutionary Biology, to deduce the influence of historical processes on the
evolution of specieand to detect ancestral patterns of diversity, and Paleoectiaggsess past
vegetation dynamics due to climatic fluctuations (TribastiSchonswetter, 2003; Mergj al,

2015; Sorket al, 2016; Liet al, 2020).

Additionally, Phylogeography allows& analysis of entire communities (Emersomal.,
2011;SatlerandCarstens, 2016, 2019). Biotic interactions can strongly affect survival, dispersal
and population dynamics anithus spatial genetic structure, as do historical events and
environmental andeospatial features (EspindaladAlvarez, 2011)This is especially true for
species involved in specific and obligate interactions, showing high levels of ecological
interdependenceEgpindolaand Alvarez, 2011) Some studies showcase the comparative
Phylogeography of arthropods ahdstplant species involved in specific interactions, such as
parasitism (Reet al, 2008; TsaandManos, 2010), commensaligidmersoret al, 2010) and
pollination (Althoff et al, 2001;EspindolaandAlvarez, 201).

Lagly, Phylogeography can effectively support Conservation Biology. Clarifying
colonisation routes in response to climate change and the localisation of refugia can effectively
inform predictions concerning species reactions to current and projected ctheaige,
supporting conservation actiores@ TribschandSchonswetter, 2003In theirstudyof endemic
vascular plants in the Eastern part of the European Alps, Trvst®chdnswetter (2003) found
agreement between the location of hypothetical refug@ecular phylogeographic data and
patterns of endemism, suggesting that these approaches are highly relevant to conservation
strategies. Additionally, they underlined the need to consider ecological factors and biotic
interactions, such as habitat regumirents, breeding systems and dispersal abilities, and to
perform a comparative analysis betweendwsiributed species (Tribscand Schonswetter,
2003).

1.1.6Conservation of endemic species

Species vulnerable to extinction tend to share a suite ofalyfgatures: i) narrow or single

geographic range; ii) one or a few populations; iii) small population size; iv) declining population
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size; v) harvesting or collection by people; vi) low reproductive and/or dispersal capability; vii)
adaptation to specifigabitat and ecological conditions (Primack, 2010). Local endemic species
typically exhibitat least one of these features. The relationships evident among population size,
genetic variation and fitness suggest that most populations of rare and endeais spier
reduced fitness resulting from inbreeding depression and genetic drift. Endangered species in
particular tend to exhibit lower levels of heterozygosity than relategendangered ones (Reed
and Frankham, 2003). Additionally, as small populasoare more vulnerable to stochastic
events, endemic species are usually subject to a higher risk of local extinction. Hence, the
monitoring, management and conservation of endemics should be considered a global priority
(Isik, 2011; Coelheet al, 2020).In situ protectioni the conservation of ecosystems and the
local biodiversity may not always guarantee survival. Generalgtuapproaches are supported
by ex situmeasures, such as germplasm storage (propagules and pollenyignodoropagation
ard cultivation in botanic gardens (Vet al, 2010; Jianget al, 2017; Coelhet al, 2020)

Genetic variation, with species and ecosystem diversity, is one of the three levels of
biodiversity recommended by the IUCN as an effective conservation targéie@ et al,
1990; cited by Reed and Frankham, 2003).There are wo reasonsthat support this
recommendationFirstly, genetic diversity is required for populations to evolve in response to
environmental changesSecondly, heterozygosity levels are linkedirectly to reduced
population fitness via inbreeding depression (RamdiFrankham, 2003). Although gene flow
is usually beneficial in conservation biology, the potential risk of outbreeding depression must
be considered (Ellstrand, 1992; Ellstraawd Elam, 1993; Barmentlet al, 2018). For this
reason, the role of intraspecific gene flowifosituconservation management plans reflects the
role it has played in the recent evolutionary history of the target species (Ellatrd&thm,
1993). The isse is whether inbreeding or outbreeding depression is the main threat for small
populations. Artificial outcrossing with pollen from a larger population can increase seed
production and germination in restrictpdpulations but may be detrimental when tterget
populations represent different ecotypes (Pieztel, 2010; 2018). Population genomics,
quantifying the historical extent of gene flow, could provide thus a solid foundation
conservation actions, identifying target populations and ensunrappropriatdevel of gene
flow among them (EllstrandndElam, 1993). Due to their specific environmental adaptations
and the reduced capability to face changing pressures of selection, one of the greatest threats for
endemic species is changing climategether with local anthropogenic disturbance. Rapid
environmental changes force conservationists to address once purely academic questions, such

as: i) do endemic species already occur in the only locations ecologically suitable for them, or is
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dispersalability insufficient to ensure the colonisation of new, suitable areas? ii) would the
spread of an endemic species through assisted migration be effective? iii) How can stable
climatic refugia for species survival be identified? In recent decades, thibudien of species

and ecological nicleeand seed dispersal capability have become the subject of increasingly
refined models, used to inform targeted conservation actions (Di Musstiaho2020; Frangt

al., 2022).

1.1.7Species Distribution Modeling (SDMing)

Habitat suitability maps and Species Distribution Models (SDMs) were developed in order to
predict species distributiethroughout physical geographic space, converting individual-point
locality data into the hypothetical distributional renaf a species (Loiselkt al, 2003; Gogol
Prokurat, 2011). SDMs relate the known occurrences of a species to physiologically relevant
environmental variables to define its suitable abiotic conditions. The modelled environmental
requirements of a speciase in turn projected onto climatic and environmental maps, in order
to define a likely geographic range for the species (Yattak, 2010; Keppeét al, 2012). Past
to-future climate projections may be used to infer changes in the distribution eti@sin
response to environmental oscillations (Grateral, 2011). The potential of this approach to
inform conservation plans, especially when data concerning species distributions are incomplete,
is widely recognised (Franklin, 2010). For the conaBon of rare, patchilgistributed species,

an effective SDM should ensure: i) high discrimination capacity between suitable and unsuitable
habitat at a local scale; ii) likelihood of species presence or population density as ranking
parameters to deterne habitat suitability; and iii) high accuracy in the location of suitable areas
(GogotProkurat, 2011). Knowledge of target species ecology and biology can be used to guide

concrete conservation activities.

1.1.8ldentification of climatic refugia

Climatically stable hotspots of endemism host rare species with narrow climatic tolerances,
scarce dispersal or dormancy capacities, higjhitat specialization and small populations with
low genetic variability (Jansson, 2003; Harrison and Noss, 2017). Howexen in these areas
predicted future temperatures suggest an increase in the order ofG twér the next century

a magnitude of change that, together with habitat loss and fragmentation, cdettabéor

these ecologically demanding speciethwoor dispersal capacities (Harrison and Noss, 2017).
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Detecting climatic refugia remains a priority for conservation planning becausearafehtral

role in the survival of rare species (Kepglal, 2012). Species Distribution Models, by
projectingclimate conditions over time, can be effectively used to identify refugia as the areas
wherethe modelled current range intersects wilie future distribution (Keppeét al, 2012;
Baumgartneet al, 2018). Species occurrences depend mostly on locaitmmsgleadingto a
requirement forfine-grained models of species responses to climate changes, especially for
narrow endemics (Hanna al, 2014; Lembrechtst al, 2019; Hellegerst al, 2020).

1.1.9Assisted Migration

Migration is a typical respwse of species to changing climate (Davis and Shaw, 2001; Theurillat
and Guisan, 2001). Occupation of new areas depends on seed dispersal and seedling
establishment at ecologically suitable sites (Davis and Shaw, 2001), which may be particularly
challengirg for rare speciesThe migration potential of many species can be limited by
fragmentation or outstripped by the rate of climate change, especially for cold adapted species
that live at high latitudes or high altitudes (Vét al, 2010). Therefore, humamediated
migration to new and suitable areas is a possible solution in populetsatd conservation
strategies (Vittet al, 2010; Cheret al, 2020). Such movements of individuals are termed
Afassi st ed c otheyotdusfa dutsidethe namh em ange of the spe
mi gr at i theyoccumtitieimthe range or slightly beyond the edge @&fitil, 2010; Gray

eta, 2011). The fATorreya Guardianso project
startingin 2004, the progam aims to avoid the extinction of the coniferous Treeeya taxifolia

Arn. by introducing seedlings to suitable areag Barlow and Martin, 2004; McLachlaet al,

2007; Vittet al, 2010). Nevertheless, translocating plants is potentially harmfulifferent
reasons. Firstly, especialyith regard toassisted colonisation, species can become invasive in
the target range, damaging the hosting ecosystem (Ricciardi and Simberloff, 2009). Secondly,
assisted migration can have genetic consequem@esnative populations, introducing
maladapted genotypes and disruptingadapted gene complexes (\t al, 2010). Thirdly,
biological invasions can cause substantial changes in biotic communities, affecting the
composition, development and functioningtleé ecosystems (Ricciardi and Simberloff, 2009

and references therein). In particular, ecological interactions may be disrupted, including plant
animal mutualisrathat allow pollination and seed dispersal (Traveset and Richardson, 2006).
Such disturbancmcludes: i) competition with native plants for pollinators, which redtces

frequency ofinsecs visiting nativegenotypegBrown et al, 2002; Moragues and Traveset,
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2005); ii) interference by heterospecific pollen on the stigma of native flowers (Bxbal,

2002). However, despite the risks involved, assisted migration is considered an appropriate
conservation strategy for certain species and sites (Hunter, 2007). Target species share a high
extinction risk due to changing climate and limited dispeability, and are therefore less likely

to become invasive (Hunter, 2007; \&ttal, 2010). Wellconnected sites, that have experienced
important changes ithe biotic community, are more suitable for receiving new spedies
contrast isolated sitesare more fragile, sincénhey are likely to host endemic species and
genetically differentiated populations (Hunter, 2007). Silbo&al endemic species adten
isolated,they are precisely the targets of conservation projects, the main issues fordassiste
migration being the detection of suitable sites and the selection of eligible individuals.
Ecologically suitable areas (recognised as climatic refugia) within the natural range of the
species can be identifidéy combining SDM and climate projections, hepopulation genomics
allows the assessment of tmeost appropriatendividuals tobe usedfor assisted migration
(Allendorf et al, 2010; Cheret al, 2020).

1.2 Mountain endemic species

Mountain habitats are characterised by complex clintasiories, isolation and environmental
heterogeneity, and are particularly rich in endemic plant species, adapted to specific
environment al contexts ( Paw@bay2K5; SteinbdugstO ; Tr
al., 2016 ;etaf ad¢7;Noraoziet al, 2018;Tordoniet al, 2020 and references therein).

Low temperatures, lonasting snow cover and a short vegetative season are just a few of the
problems that mountain plants must face (Ellenberg, 1988; Kérner, 1999, 2016). Many mountain
flowering plans show recurrent phenotypic traits in response to these challenges, such as a short
stature, a diffuse pubescence and a rapid phenology @tarig2008; Germino, 2014; Kérner,

2016; Kudo, 2@9). In their study onhee nde mi cs of t he Eetal @@éan Al
analysed relationships betwette trait syndromes ghountain species and endemism, finding

that endemic species are either stte$srant, poorly dispersing species with restricted
populations, or ecobical specialists, widely distributed across the European Alps.

Other challenge€oncern reproduction, such as a low production of pollen and, for
entomogamous species, reduced pollinator availability and act@nty thus pollination
limitation (Arroyo et al., 1982, 1985; Garci€amachoand Totland, 2009; Santamaré al.,

2014). This could further prevent reproductive sucoessstricted populations, often already

affected by a lower fitness. To ensure reproductive success, mountain endemic angibagerm
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developed different strategies, producing showy and lasting flowers with a longer stigmatic
receptivity and more efficient pollination strategies (Arrey@l., 1985; BinghanmnandOrthner,

1998; GarcigCamachaandTotland, 2009; ThieEgenteret al, 2009; Kdrner, 2016; Wanet

al., 2018; Inouye, 2019). Some spedmweevolved specific plaapollinator mutualismge.g
Schiestland Glaser, 2012), while others rely either on generalist pollinaensure a high
outcrossing rate (GaudeandTill -Bottraud, 2004)or on selfing (Gomez, 2002) or vegetative
propagation strategies, such as pseudovivipary or the production of rhizomesdPatr2603

de Freitas Coelhet al, 2007).

The heterogeneous topography and microclimate of mountain emérdgs cause
significant shifts in ecological parameters, even within short distances. This allows the
occurrence of a variety of habitats, often strictly localized (Barry, 2008). In particular,
temperature plays a decisive role in defining these ecosystemsh are among the habitats
most strongly influenced by the effects of climate changes (Grabhaty 1994; Birks, 2008;
SchoeneictandDe Jong, 2008Grabherret al, 2010;Seddoret al, 2016), but are also those
that can better ensure climatic micefugia, due to the complex topography (Dobrowski, 2011,
Graaeet al, 2018 Korner and Hiltbrunner, 2021The consequences of climate oscillations on
plant distributions are widely acknowledged, and induce habitat fragmentation, species local
extinctions or migrations (Hulbest al, 2016). For example, the climatic fluctuations during the
Quaternarnjhavehad an extensive impact on the distribution of habitats and species (Tribsch,
2004). During glaciations, many plant spediasesurvived in restricté glacial refugia, but not
all managed to recolonize larger areas in the subsequent warmer periods (Tribsch, 2004). In
contrast, during warmer periods cadapted species migrated upward, finding suitable
conditions for survival (Grabhegt al, 1994; Hevitt, 1999; Dirnbocket al, 2003; Waltheet
al., 2005; Lenoiret al, 2008 Grabherret al, 2010; Dirnbdcket al, 201]). Upward shifts in
mountain species driven by recent climate warming have been widely reported (Thaudillat
Guisan, 2001; Lenogt al., 2008; Engleet al, 2011 Gottfriedet al, 20139. These events have
left signatures in the distributional range of many taxa, whalebecomeragmented (Comes
andKadereit, 1998; Tribsch, 2004), since physical barriers can limit range expamsianing
the occupied area (Burrovet al, 2014). The contraction of spedegographical rangeand
the isolation of populations conducive to local extinctions, differentiation among populations
and allopatric speciations (Comesd Kadereit, 1998;Wallis et al, 2016). Therefore,
Pleistocene glaciations have been identified as a principal catisedigtributional patterns of

endemic plants in mountain systems, and in partichlaiEuropean Alps€.g Chodatand
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Pampanini, 1902; Engler, 1905; Hal h a u s , 1954, Pawgo weitkdiby 197
Tribsch, 2004).

Susceptibility of endemic mountain species to changing environments has triggered a
widespread interest in reconstructions of the geographical range variations of these species,
through targeted phylogeographical studies. Schonswetteet al, 2003; NoriyukiandSenni,

2006; Peredeet al, 2009). Moreover, a body of recent studies focuses on-ptdimator
relationships ilfmountain environments and the effects of changing climatthese complex
interactions fMemmotet al, 2007; Rasmussemrt al, 2013; Santamariat al, 2014;Forrest,
2017;Lefebvreet al, 2018; Inouye2019). Indeed, changes in temperatures and precipitation
alter the vegetative season and phenology, distgnqbliantpollinators interactions (Memmet

al. 2007; Rasmussert al, 2013 Inouye, 2019). In particular, warming climate hastens
pollinator emergence during spring and extends the active flying period, as well as altering the
production of pollen andettar in plants: as a result, synchronization between plants and
pollinators is disrupted (Forrest, 2017). Due to their vulnerability and the high risk of ecological
imbalances and habitat loss under current climate change, mountain endemic speciesede exp

to equally high extinction risk (Dirnbdak al, 2011; Svitkovét al, 2019; Tordonét al,, 2020).

Since highelevation hotspots harboarlarge portion of plant endemism in the European Alps,
they are a major tar getetdl, 2017, ScbhwagendBerg,2d1¥%.n ac't
Among environmental constraints, substrate is decigive¢he distribution of many endemic
mountain species gthl 2007k lo mountéinCelvidonmeBtsnguiciops of
different substratese(g ultrabasic rocks, gypsum, limestone, siliceous rocks) can provide
isolated edaphic systems, generally linked to the main endemic centres (Mw&bédrlaque,

1996). For example, important hotspots of endemism in the European Alps are linked to potential
cac areous gl aci al refugia as well as ethai, gh el
2000; stnay, 2KL8). The high percentage of endemic speitiethe Northeastern
limestone Alps can be explained by the combination of historical evientshé patterns of
Pleistocene glaciations and climatic refugia) and the specific-raadamicretopography (such

as poljes, dolines and karren) produced by karstification processes, that affect microclimate and
thus vegetation patterns (Dullinget al, 2000). Calcareous cliffs and screes of the Italian

Prealps host a number of narrow endemics, reported in Table 1.2.1.
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Table 1.2.1 Endemic species colonising calcareous cliffs and screes of the Italian Prealps. Taxon binomial
names are those reportediforld Flora Online www.worldfloraonline.orglast access: 20/06/2022); for

each taxorinformation is reported othe altitudinal range (m above sea level, aadcording to Pignatti,

2017 ab; 2018, the IUCN conservation status, inclusion in annexfthe Habitat Directive 92/43/CEE,

the level of protection in Italy (R = regional; N = national) and limita@nnot)to the Italian territory

only.
Altitudinal IUCN Annex IV| Level of ltalian stene
Taxon Family range (m Conservation| Habitat | protection .
N . endemic
a.s.l.) status Directive in Italy
Allium Least
insubricum Amaryllidaceae | 12002100 R X
. Concern
Boiss. & Reut
Asplenium
presolanense . Critically
J.C.Vogel & Aspleniaceae 1200 Endangered X
Rumsey
Telekia
S . Least
speciosissima| Compositae 1000-1900 - X
Concern
DC.
Campanula
carnica Least
subsp Campanulaceae| 3002200 R X
Concern
puberula
Podlech
Campanula
cespitosa Campanulaceae| 300-3000 - -
Scop.
Campanula
o Least
elatinoides Campanulaceae| 2001900 R X
) Concern
Moretti
Campanula Least
morettiana Campanulaceae| 17002400 X R/N X
Concern
Rdb.
Cgmpanula Campanulaceae| 6002000 Least R X
raineriPerp. Concern
Physoplexis Least
comosall.) Campanulaceae| 3002000 X R/N
Concern
Schur
Minuartia
grignensis Least
(Rchb.) Caryophyllaceae| 13002180 Concern X
Mattf.
Moehringia
concarenad-. Least
Fen & F. Caryophyllaceae| 19002400 Concern - X
Martini
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Moehringia Near
dielsiana Caryophyllaceae| 12001400 - X
Threatened
Mattf.
Moehringia Least
insubrica Caryophyllaceae 80-500 - X
Concern
Degen
Moehringia
markgrafii Caryophyllaceae 300400 Least X
Merxm. & yophy Concern
Gutermann
Silene
elisabethae Caryophyllaceae| 14002180 Near R X
Threatened
Jan
Linaria . Near
tonzigiiLona Plantaginaceae | 16002400 Threatened N X
Androsace
hausmannii Primubceae 20003170 - -
Leyb.
Primula Least
albenensis Primulaceae 11502000 R X
. Concern
Banfi & Ferl.
Primula
. Least
glaucescens Primulaceae 450-2400 X R/IN X
. Concern
Moretti
Primula Least
spectabilis Primulaceae 600-2500 X R/N X
Concern
Tratt.
Aquilegia
thalictrifolia
Schott & Ranunculaceae 6002100 - R X
Kotschy
Galium Least
baldense Rubiaceae 15002200 - X
Concern
Spreng.
Galium
montis Near
arerae Rubiaceae 15002279 - X
Threatened
Merxm. &
Ehrend.
Saxifraga
. . Least
arachnoidea Saxifragaceae 700-1700 R X
Concern
Sternb.
Saxifraga
hostiisubsp. . Least
rhaetica Saxifragaceae 500-2500 Concern R X
(A.Kern.)
BraunBlang.
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Saxifraga Near

presolanensis| Saxifragaceae | 17001800 X R/N X
Threatened

Engl.

Saxifraga

tombeanensm Saxifragaceae 600-2170 Endangered R/N X

Boiss. ex

Engl.

Saxifraga Least

vandellii Saxifragaceae 12002580 R X
Concern

Sternb.

Daphne Thymelaeaceae| 7001800 Least R/N X

petraealeyb Concern

Daphne

reichsteinii

E Landolt & Thymelaeaceae 90-350 Vulnerable R X

E.J.P.Hauser

Viola

dubyana Violaceae 900-2100 Least R X

Burnat ex Concern

Gremli
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1.2.1Rock face dwelling species

Bare rocky surfaces expose organisms to extreme conditions in terms of temperature oscillations,
water and nutrient availability, frost, wind and intense solar radiation (Oberdorfer, L@y

et al, 2011; Panitsa and Kontopanou, 2017). In cliff and scree environments abiotic factors are
more decisive than biologictdctors(e.g competition or predation): for this reason, colonizing
species are generally strasterant (Kontopanou an@anitsa, 2020; Panitset al, 2021).
However, roughsubstrates such aeck faces offer a spectrum of microhabitats in terms of
altitude, slope, exposure and soil development due to topographic complexity (topoclimate;
Geigeret al, 1995; Lembrechtstal., 2019), offering suitable, although localizednditions to

a variety of species. In rock crevices plant growth is slower: this teatdklayed-eproduction

anda tendency towards woodingggnification; Davis, 1951)The dvasmophytic flora is able

to face these harsh conditions and exploit this environmental complekity a suite of shared
functional and reproductive traits: they are generally dbvegd perennial species, lignified at

the base, that takell advantage of the reproductive seasath longlasting, copious flowering,
producing seeds with high germinability and effective, {diggance dispersal mechanisms
(Panitsa and Kontopand@017 and references therein). Barochory and anemochory are the
prevalent dissemination methods iiff@nvironments (Davis, 1951; Sadd al, 2018). Thiss
oftenensured by specific structures suchpappior wings, or simply by the light weight of the
dispersal units (Davis, 1951). While gravity allows seed release downwards, ascending air
currentscarry the seeds upwards and sideways, facilitating a complete colonisation of the face
(Davis, 1951; Cellineset al, 2009).

AfCal careous rocky sl opes with chasmophyt.
of the habitats of the Natura 2000 netwadgognisedn the context of the Habitats Directive
(92/43/EEC) for the conservation of rare, threatened or endemic animal and plant species in
Europe. Rock faces host pioneer but relatively stable plant communities, due to scarce soil
formation (Angeliniet al., 2009). Perennial chasmophytes establish in crevices on steep
rocks, where soil is deposited by occasional water flow (Belndpange, 2003). On South
western Alps, calcareous cliffs host specific plant associatsutd) asthe Physoplexido
comosea - Potentillenion caulescenti®f whichCampanula raineris typical (Aeschimann
et al, 2004).
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1.2.2Campanula raineri

C. raineri (Campanulaceae) is one of teeowiestendemic flowering species of the Italian
Prealps. It grows in a limited geographemge between Lake Como, Lake Garda and Valtellina
(Lombardy and Trentiné\lto Adige/Sudtirol, Northern Italy), with populations scattered within

a total area not exceeding 8000 *nfOsservatorio Regionale per la Biodiversita,
www.biodiversita.lombardia/ito/). Isolated sites have been reported, although not recently
confirmed, in Valsugana (Trentirdlto Adige/Sudtirol) and on Mount Summano (Veneto)
(Pignatti, 2018)Historically, it flourishes on calcareous screes and cliffs, betweer2600 m
a.s.l.(reported fromArietti and Fenaroli, 1963; Aeschimanet al, 2004; Pignatti, 200)8but
current observations suggest that évgdent only between 1000 and 2200 m a.s.l.; S.V. personal
observations The occurrence of this species is thus strictly depeindn an optimal
environmental context. Due to a low competitive ability, it cannot easily survive in patches of
more structured vegetatiosiich ascalciphilous grasslands (Brusa, 2005). The steep and often
inaccessible habitat makes access to this epeliificult, compromising the detailed assessment

of its ecological requirements, reproductive ecology and true conservation status via population
monitoring. Nevertheless, some information is available, showing that certain populations are
limited to jug a few individuals, while others in historically known sites appebat@ become
extinct €.g onMonteBarro, Lombardy, Italy, oMonte Generoso, Canton Ticino, Switzerland;
Arietti andFenaroli, 1963; Brusa, 2005). Moreover, the species exhibitshypdistribution in

a heavily anthropized context (Brusa, 2005). Anthropogenic disturbance consists mainly of
habitat destructiori.g. establishment of quarries, roads, touristic activities; Angelial, 2016)

and overcollecting (Brusa, 2005). Fingll local extinctions may be due to environmental
changesi(e. afforestation and subsequent shade on slopes, or occasional fires; Brusa, 2005). All
these factors combined provide clues that the species may be threatened, especially under the
current changig climate. The species is legally protected by regional law (annex C of
Deliberazione della Giunta Regionale. 27.01.2010 8/11102) by inclusion on the list of
species in need of strict protection, along with 10 congeneric species. Narrow geogragsic ra
scattered populations and specific ecological demands @akéeri a suitable model species

to investigate past to future response of ealdpted species to changing climate, ardktose

a procedure for the monitoring and the conservation efn@k face species.
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1.2.3Reproductive ecology ofC. raineri

Pollination

Flowers ofC. raineri are disproportionately largezhencompared to the whole plant size: stems,
generally not exceeding 10 cm, usually hold single-$tetiped flowers, of-8 cmof diameter

and 3 cm in length (Pignatti, 2018). The bluelet corolla has five short lobes with obtuse
apices. These features, in a rocky environment, rtakaineri particularly showy during the
flowering period, from July to August (Billings and Mwey, 1968; Bliss, 1971, Kérner, 2021

Fig. 1). Campanulaceae are characterized by a complex mechanism of secondary pollen
presentation, consisting in the catching of pollen by the style (deposition mecharbamand

Leins, 1995). Part of the style iswared by long hairthatcurve upwards. Before anthesis, the
filaments of the stamens elongate, in order to place the anthers near the hairy parts of the style.
Thus, pollen is released by inwadéhiscing (introrse) anthers, and collected by the styies ha

(Fig. 2a,d) Then, in subfamily Campanuloideae, the anthers wither and the style elongates,
exposing the pollen outside with anthesis (Nyman, 1992; Edudkeins, 1995; Crowkt al,

2016). This mechanism ensures pollen presentation before the Sigomes receptive.€.
protandry), and therefore limits sqdbllination (Nyman, 1992). The subsequent retraction of the

- =]

o 2 s

Fig. 1 Spectacular blooming @. rainerion rocky faces at Pizzo Arera (BG, Italy). Photograph by
S. Pierce.
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hair into the bulbous base allows pollen releésale phase of the anthesis; ErbadLeins,

1995 and references therein; Vraniegal, 2014; Crowlet al, 2016 Fig. 2b,d). This process is
gradual and involves successively different regions of the sglehat different insects can
collect clumps of pollen in different moments (ErbadLeins, 1995). After the male phase, the
stigma ripens, splitting into three branches, which bend backwards (fenaasieNyman(1992

and references thereiRig. 2c,d). Pollen portioning along the style limits the pollen removal by
individual pollinators during a visit, optimizing pollination process. Indeed, zoophily implies
some risk of pollen los(g polleneating, pollen falling, interspecific pollen transf&rbar
andLeins, 1995; Moraleand Traveset, 2008). Crovdt al (2016) relate the evolution diie

pollen deposition mechanism (particularly, the retraction of the stylar hairs) in the
Campanuloideae with the reversal to floral actinomorphy. Indeed, pi#leositionall around

the style ensures polleollectionregardless of the angle at which the pollinator approaches the
flower (Nealet al, 1998; Crowlet al, 2016). This seents be linked with pollination mediated

by bees and flies, common pollinatangemperate regions of the Holarctic, which is the centre
of diversity for the Campanuloideae (Yeo, 1993, cited by Cedwal, 2016). Additionally, some
studies suggest that solitary bees and Diptera usually prefer simple, actinomorphic flowers, with
exposed rewards (Williams and Adam, 2010; Porabal, 2017; 2019). This is probably true
only for generalist species, since Diptera are prominent pollinators and a number of specific
interactions with both actinomorphic and zygomorphic flowers has besmilned (Williams

and Adam, 2010; Inouyet al, 2015). A body of studies has focused on pollinators of the genus
Campanulain a variety on environments: the main pollinator orders are Hymenoptera (in
particular Andrenidae, Apidae, Megachilidae, Melittidaed Diptera (mainly Syrphidae) (Eisto

et al, 2000; Blionis and Vokou, 2001; Olesenal, 201 2 ; Deb &\, 12019).al ¢ date,| i
the pollinators ofC. raineri have not been investigated rigorously or unequivocably identified.
The assessment of tipellination network associated with this species would provide useful
information for the effective conservation of the species through the habitat protection or
populationbased strategiesi.€. population reinforcement, reintroduction and assisted

migraton).
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Fig. 2 Different phases of anthesis @ raineri. A) inward-dehiscing anthers releasing pollen on the st
(deposition phase); b) pollen presentation by thike §malephase of the anthesis); c) ripening of the stig
and splitting into three branches (female phase of the anthesis); d)athlesis in the same individua

Photographs by S. Villa.

28



Villa S. 2023.Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasn@gshgsmula raineri
PhD thesisUniversity of Milan, Italy.

5 e T

Fig. 3 Ripened capsules and seed<Cofraineri. a) intact cpsule, with lateral pore in evidence; |
inside of the capsule, with the division into separate lobes clearly visible; c) capsules and
Photographs by S. Villa
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Seed production and dispersal

After fertilisation, inferior, tricarpellate ovaries develop into trilocular, poricidal capsules with
lateral dehiscence (Pignatti, 2018; F3g-c). Between September and October, mature capsules
releasdheir seeds. Seeds are snstled and elongatedgproximatelyl x 0.5 mm; data from
www.actaplantarum.org)Hg. ). The small size of the seeds is reflected by the low weight
theaverage weight of a single seedip p r o x i madightly bwebttan thegenusverage

( 59 .; @ta éram Koutsovouloat al, 2014). The dissemination mechanism is not known for
C. raineri, but the light weight suggesshat wind dispersal may support unassisted barochory.

Capsules and follicles are dry fruits thaually produce small seeds without features to
promote dispersal by specific vectors (Mital, 2016). In Campanulaceae, indeed, capsular
fruits and the shape of the seeds are not adapted to wind or -amédated dispersal
(anemochory and zoochory, pestively), so dispersal probably relies mainly on gravity
(barochory; Cellineset al, 2009). Seed dispersal could be enhanced by wind (anemoballism,
van der Pijl, 1982; jactitation, Ridley, 1930; censer mechanism, Bansal and Sen, 1981) or
rainstorms, asbservedor Cretan cliff endemics (Cellines al, 2009).

In plant groups without specialised diaspores, fruit structure and plant architecture (height,
fruit arrangement) can still favour seed dispersal (Maeral, 1999). In particular,
Campanulacze have developed strategies to ensure an optimal dissemination from the
uppermost position and avoid dppg all of the seeds at the foot of the plant, in particular with
regard to the orientation of the mature capsule and the position of the pore# @Ridtey,

1930; Niuet al, 2016). In some speciesjch a<C. cochleariifoliaLam., flowers and fruits are
pendulous, and the pores open at the base of the capsule (Pignatti, 2018). In othesapbcies,
asC. rapunculusL. and C. raineri Perp., flowes and fruits remain erect, and the seeds are
released from apical or lateral pores (Pignatti, 26i@; 3ac). In some caseg(g Adenophora
ornata Diels, C. rapunculoidesL., C. rotundifolia L., C. marchesettiiWitasek. andC.
trichocalycinaTen.) thepore openingsare surrounded by valves that allow the release of the
seeds onlyduring dry conditions, while with wet weather they swell up and close the pores
(Ridley, 1930).

Vegetative growth and clonal reproduction

Reproduction ofC. raineri, in comnon with other plant species ofscrees and rocky
environmentsrepresents a combination séxualand clonalreproduction(Pignatti, 2018; S.

Villa personal observati@) which can provide and advantage in disturbed contexts (Eatette
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Fig. 4 Vegetative growth and clonal reproductiorGnraineri. Rosettes are produced bsanched, woody

rhizomes (a,b), following rock crevices (c) or springing up from debris (d). Photographs by S. Villa

al., 2009).Lignified rhizomes which may exceed 1 cm in diametertive oldest individuals,
spreadhrough rock crevices and scree deprzducingdensaosettes that can represent ramets
of even very extensive genets (Fig-daThis often makes it difficult to distquish individuals,
and consequently to estimate the real population size.

1.3Research hypotheses

C. raineri was employedh the present study as a representative of steidemic chasmophytes

of calcareous rocky faces and screegjaogethe response ddimilar rare species to climate
oscillations over timeUnderstandinghe biogeography of this species and both genetic and
phenotypic changesith elevation and across the distributional range is crucial to predict the
survival of the species undefimate warming Each chapterladdresses specific questions,
leading to a final synthesmn the statusf the species, whichims tosupport the conservation
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of C. rainerithrough the definition of t edofogy responses along environmental gradients, and
practcal knowledge concerning the propagation of the species

Ch a pt eEnderRism infirecently diverged angiosperms is associated with
polyploidyo , addresses the association between
specific hypotheses: (1) the highesiromosome counts are evident for angiosperm taxa that
have diverged recently, (2) higher numbers of chromosomes are particularly evident for recent
endemic (cf. norendemic) taxa, and (3) the character of the ploidy level/divergence time
relationship ionsistent throughout the angiosperms, from ancient to recently diverged clades.

I n Ch a pPhytogeogidphically informed species distribution models for the
conservation of the steneendemic chasmophyteCampanula rainerd population genomics
of C. raineri was investigated to understand the response of the species to past climate
oscillations and to assess the current conservation status of isolated populations. Species
Distribution Modellingwasused to predict the distributional range of the speameeufuture
climate conditions and to identify suitable areas ftdure assisted migration or population
reinforcementSpecifically, the following hypotheses were tested: (1) a fragmented pattern of
geographically and genetically isolated grogppopuhtions is evident throughout the entire
distributional range of the speciegnsistent with the climatic history of the regid@) the
curent distribution area will probably no longer be environmentally suitable by 2070, but
suitable areas will probablgmerge where assisted migration actions could be undertaken for
the conservation of the species; f®pulation genetic structure and infrapulation variability
will probably be cr uci afburvivalundeeiricieasingtegnpdirése s p €
expected in coming decades.

I n Ch a pFRroenr pollidator t@ seed: multiple impacts of elevation on the
reproductive ecol og(CampdnulaRanerfoer G h eb e lelpfrlodwent
of the target specieacross the entire distributiodneange and along the entiedevational
gradient was defined to inform practical conservation actior@pecific hypotheses were
addressed: (1) elevatiampositively correlated with reproductive traits, such as pollen and seed
quality (viability, germin&éion, seed mass) and investment in sexual vs. vegetative effort (with
plants retaining capacity for clonal reproduction, as observed in other mountain species with
showy flowers); (2)C. raineri is a pollination specialist plant speciese.( has specific
pollinators): the broadkgampanulate flowers favour pollination by Hymenoptera, and in
particular solitary bees (Megachilidae, Andrenidae) or bumblebees, as observed in other

Campanulaspecies, (3)C. raineri pollinators change with elevatiomd, at high elevations
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solitary bees and Lepidoptera play a minor role, while bumblebees and Diptera become
decisive), as generally observed in hahtude communities.

In Chapter 5iApplied conservation ofC. raineriand other endangered chasmophytes
from north ern Italy 6, seedgermination protocols fo€. raineri and other rare species of the
Italian Prealps are presented, along with the results\afro propagation for the production of
new plants in order to provide practical guidance for the conservatbrihese species
Cultivation ofC. raineriwas extended beyond timatial laboratory propagatigrwith the new

plants transferretb soil andsuccessfully cultivatetch thegreenhouse
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Abstract

Endemic (range restricted or precinctive) plant species are frequently observed to exhibit
polyploidy (chromosome set duplication), which can drivétshin ecology for angiosperms,

but whether endemism is generally associated with polyploidy througiediowering plants

has not been determined. We tested the hypothesis that polyploidy is more frequent and more
pronounced (higher evident ploidy lesklfor recently evolved endemic angiosperms.
Chromosome count data, molecular dating and distribution for 4210 species (representing all
major clades of angiosperms and including the largest families) were mined from literature
based databases. Upper boamydregression was used to investigate the relationship between
the maximum number of chromosomes and time since taxon divergence, across clades and
separately for families, comparing endemic with +emalemic species. A significant negative
exponential redtionship between maximum number of chromosomes and taxon age was evident
across angiosperms 43 = 0.48 for all species, &= 0.49 for endemics; &y = 0.44 for non
endemics; p always < 0.0001), recent endemics demonstrating greater maximum cim®moso
numbers (y intercept = 164 cf. 11d¢clining more rapidly with taxon age (decay constant =
0.12, cf. 0.04) with respect to n@mdemics. The majority of families exhibited this relationship,

with a steeper regression slope for endemic Campanulace@eadene, Fabaceae, Poaceae,
Caryophyllaceae and Rosaceae, cf.-andemics. Chromosome set duplication is more frequent
and extensivén recent angiosperms, particularly young endemics, supporting the hypothesis of
recent polyploidy as a key explanatiohrange restriction. However, as young endemics may

also be diploid, polyploidy is not an exclusive driver of endemism.

Keywords Adaptative radiation - Ap@ndemics - Diversity creation - Genome doubling -

Neoendemism - Speciation mechanism
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Introductio n

Why endemic species exhibit restricted geographical ranges is a key question in biogeography
and ecology (Olivieret al. 2015). Endemics may occupy a limited ecological niche (Williams
et al 2009), or originate by hybridization occurring only in theaawof contact between
progenitor species (Grunigt al 2021), or they may be relics from a wider past range
(6pal eoendemi cs 6; Favar ger enah2015Con reders spdcres o p o
( 6 reenod e msersySEebbins and Major 1965) yet tbsperse (Behrooziaat al 2020).
Al ternativel vy, genome duplication (polyplo
sympatric speciation (Mayr 1963), may be a major driver of plant evolution (Levin 1983; Otto
and Whitton 2000; Soltist al. 2014;Van de Peeet al. 2017). Polyploidy occurs when the cell
cycle includes chromosome duplication but lacks the subsequent stages of cell component
separation, resulting in cells with multiple chromosome complem&hts.can occur during
mitosis (somatic dabling) or meiosis (nomeduction during sporogenesis), either within
populations of a single species (autoploidy), or subsequent to interspecific hybridization
(allopolyploidy; Ramsey and Schemske 1998). Polyploidy is often accompanied by larger nuclei
ard cells (genomsize and nuclear and cell volumes are directly rela@adalierSmith 2005;
Hodgsonet al 2010), alteringphysiological and morphological traits of offspri(gee Van de
Peeret al. 2020) that effect fitnese (g a greater tendency towds vegetative reproduction;
Herbenet al 2017; see Soltis and Soltis 2018Jtered phenotypes change the ecology of
polyploidswith respect to diploid progenitors:g largercells esul t i n | arger o
ef fect 0) largepfloweds widifiereng colours and scents favouridigferent pollinator
species (see Rezende al. 2020). With different sets of chromosomes, polyplags often
reproductively isolated from mothgiants (Husband and Sabara 2004; Lambral 2016;
Lavania 2020)Ancient events of genome doubliage often associated with increased rates of
speciation(Husbandet al 2013; Soltis and Soltis 2016; Landisal 2018). Polyploidy occurs
frequently in plantsparticularly in angiosperms (Soltis and Soltis 201#&yania 2013, 2020):
all angiosperms show evidenaemultiple polyploidy events, except f&mborellatrichopoda
the sister to all other living angiospermbich possesses onilge ancestral ancient polyploidy
event shared by all living flowering plants (Sslét al 2009; Jiacet al. 2011; Amborella
Genome Project 2013; Lavania 2020).

However, despite being widely recognised as an important process for plant evolution and
ecology, the extent to which polyploidy represents a general mechanism in the emefgence

endemic species throughout the angiosperms has yet to be investigated.
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Understanding the extent to which polyploidy is associated with endemism is complicated
by the fact t h-ddfinedtermid garmthis i8 due ® the mstorical lsktioe
wor d, the original meaning beipmag tda ué.@ms taan
Afyell ow fever is endemic to trieppredrgouddfr i ca
control). This meaning does not preclude the species beinglfelsewhere. In biology and
ecol ogy O0endemi c6 has t akenieoestricked tme@ecincnog s i |
place and found nowhere else. However, the precinct is oéémited on a casby-case basis
using artificial criteria suclas geopolitical boundaries, which are variable in extent and often
bi ol ogically irrelevant. The term Oendemicé
(ie. 6continental endemicbé, &l oc atlal 260d;Cebtmoi c 6 o
et al 2020), and may be considered to include the ecological requirements of the species and
degree of habitat specificity (Boakesal 2010; Beclket al 2014; Fithiaret al. 2014). Indeed,
terms such as O6nar-emdve m@in g roaily guati@ed wth mfdrmation r o
on the number of populationdgegree of isolation and the genetic structure, environmental
requirements and dispersal capacity of tagon (Médail and BaumeR018) - specific
information that does not exist for many smasciFor the purposes of the present analysis the
basic phenomenon under study is that of geographical range restriction, and to avoid the
probl ems of scale surrounding the word O0end:¢
(precinctive or rangeestricted) vs. nonendemic (relatively cosmopolitan) based on a number of
criteria, including geographical d Fesntdreinbi uctbi
in national floras, in many cases combined with a specific epithet of the Latin hinvanie
that suggests belonging to a particular geographical location. We do not attempt to distinguish
micro-endemics from more generally rangsstricted endemics.

A further complication arises because ploidy level is not always easy to define, even when
the basic number of chromosomes is known. This can result from ancient autopolyploidy or
allopolyploidy (Parisocet al 2010; Lavania 2013; ZozomoNdhova et al 2014), sometimes
followed by diploidization and occasionally chromosome number redudtiend{ploidized
paleapolyploids; TamayeOrdoéfiezet al. 2016; Qiacet al 2019). Moreover, some taxa show
intraspecific variability, with multiple chromosome counts (different ploidy levels) arising from
relatively frequent polyploidy events (Husbaed al. 2013; Vimalaet al 2021). While
polyploidy multiplies sets of chromosomes (and thus $taking effects during karyotype
evolution), a range of processes can subtly rearrange single chromosomes, altering chromosome
number or characteristics such as Ddktent. Thesenclude insertion, deletion or duplication,

inversion and intraor interchromosomal reciprocal translocation, particulaglident for
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paleaspecies that have accumulated changes over time (see Schubert and Lysak 2011; Vimala
et al 2021).As polyploidy drives change in the overall set of chromosomes, but complicating
processes can further alter the number of chromosomes, the relationship between the number of
chromosomes and polyploidy is not necessarily straightforward. With this caveatd, in the

present study it is assumed that entire genome multiplication in the sporophyte generation (2n)
is principally affected by polyploidy, and the number of chromosomes is used as a quantitative
measure to represent the net result of karyotyp&igon.

Additionally, the @ndgemncHi eann d b edtpeadl eeno s 6
ambiguous. Despite the considerable attention given to the classification of endemic species in
terms of when they originated (Favarger and Contandriopoulos 196bji&t@and Major 1965;

Maers and Giller 2013), an absolute age threshold differentiating-gfab®mo necendemics
remains undefined. While species younger than 1 million years are cleayndemics (Kraft

et al. 2010), the issue becomes complex for tesent species. Indeed, the term padademic
refers more to a process than to a particular time or period pee.snflemism by restriction

or fragmentation of a previously extensive range). Ferreira and Boldrini (2011), for example,
addressed the poem by suggesting the combination of a dated phylogeayeStimated age

and degree of systematic isolation) with environmental context (based on stratigraphy and the
age of underlying rocks). Lazariret al (2019) considered reproductive and geogregihi
isolation, while Mishleret al (2014) proposed a method based on their relative phylogenetic
endemism index, to distinguish centres of -naaod paleeendemism. Unfortunately, these
methods are too unwieldy to be used for a prompt distinction betveeeamd paleeendemics

in large datasets.

Particular relevance has been given to-apdemics, or polyploids diverged from diploid
progenitors (Favarger and Contandriopoulos 1961). However, the origin of a polyploid and
divergence in the case of sympatjeciation is not always possible to date (Doyle and Egan
2010). Indeed, dating polyploidy events and their role in creating new taxa has so far been limited
to the timing of major clade emergences (Webdl 2009), lacking sufficient detail to compare
particular species within families or genera. In the present study, rather than entering into the
debate regarding what constitutes a-r@a paleeendemic, we refer simply to the time period
elapsed since the divergence of the taxon. Thus, the absolateale (in millions of years) is
used here as a framework, and from héraod w
O6padb eol asses.

In summary, the comparison of estimated taxon age (Ma since divergence) against the

number of chromosomesilivtest whether the chromosome complement is highest in recent
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species; information on the occurrence range of species will allow assessment of whether the
phenomenon is general within the angiosperms or relatively prevalent in endemics. Based on
these dta, the principal objective of the present study is to assess whether polyploidization
events are principal drivers of the emergence of new endemic species. Specifically, it is
hypothesized that, despite a prevalence of diploid taxa throughout evoluttonar (1) the
highest chromosome counts are evident for angiosperm taxa that have diverged recently, (2)
higher numbers of chromosomes are particularly evident for recent endemic {(ehaemic)

taxa, and (3) the character of the ploidy level/divergetime relationship is consistent

throughout the angiosperms, from ancient to recently diverged clades.

Materials and methods

Data mining
The relationship between genome duplication and the timing of speciation for endemic
angiosperms used sporophytechms o me count data, in the cont
and geographical presence data. These data were collated from databases containing values from
the scientific literature, and directly from the literature itself, aiming to broadly represent both
endemic and neendemic taxa across the angiosperms. The recent phylogeny of L-&é&dens
et al (2019) was used, and the dataset specifiaitlyed to represent all major angiosperm
cladesand the largest families, starting with ANgxade taxdrepresergd byNymphaeaceae
other families irthis clade are too undeepresented in terms of bathromosome number and
taxon age data), and includinthe monocots (represented by Poaceae and Orchidaceae),
Magnoliids (Magnoliaceae), Ranuncula{@anunculaceaglaryophyllales (Caryophyllaceae),
Asterids (Apiaceae, Campanulaceae, Asteracdam;aceae, Primulaceae), Saxifragales
(Saxifragaceae)and Core Rosids (Brassicaceae, Euphorbiacdzhaceae, Rosaceae,
Violaceae). Taxonomioame standardization was enguresing data fronThe Chromosome
Counts Database (CCDB, v1.£¢db.tau.ac.il/browse), based on the automatic taxonuanie
resolution software Taxonome (Kluyveand Osborne 2013) and The Plant List (v1.1:
www.plantlisto r g ) . Species wand &uwn reeonaalcvetadpitere d 6
included: subspeciemnd varieties were discarded.

The diploid number of chromosomes for the sporopbgteeration was attained from the
CCDB (last access: October 2020), as a quantitative pobxjoidy level. Onlyone count per
species wasicluded, except when different counts were equalbprted in the database. When

multiple counts wereeported for a species, the modal value was retafoedpecies exhibiting
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multiple modal values, all wenetained €.g 2n= 25, 2n = 30, 2n = 36 fdPaphiopedilum
victoria-mariae Orchidaceae). Missing sporophyelues were calculated by doubling the
gametophytecounts. B chromosomes were not consideiegative values, 0 and 1 were
considered errorg¢being biologically inprobable) and discarded. Whewssible, the source
material used for the countimgas checked: usually mitotic counts were made using theipoot
squash method (Miller 1961), while meiotic counts were made from floral buds (see Windham
et al 2020). Chrorasome counts for each taxon are presented in Table S1.

The estimated taxon age was obtained from the public database TimeTree: The Timescale
of Life (TTOL, www.timetree.org; last access: September 2021). Molecular dating has been
applied to an increasingumber of species (the largest dated phylogenetic tree for the
angiosperms comprises more than 36,000 species, belonging to ~ 8400 genera, 426 families and
all orders; Janssergt al 2020), but heterogeneity in datasets, sequences, calibrations and the
software used can yield different estimates for the same species, often hindering comparison
between the results of different studies (Pulquério and Nichols 2007). TTOL provides a
comprehensive synthesis of data published between 1987 and 2013 (3998 studies;
www.timetree.org/references) for 50,632 species, of which 14,465 angiosperms, and offers data
uniformity, rapid data access and a robust foundation in the scientific literature (He¢ddes
2006, 2015; Kumar and Hedges 2011; Kuratal 2017). Divergencdime between taxa is
estimated through a hierarchical average linkage method (Hetlgé015). Note that while
confidence intervals for average divergence time estimates are not reported for all taxa in the
present study, amorgjudy variance does aascdue a variety of factors, including differences
in calibrations and gene and taxon sampling between studies. These interval estimates are
calculated and reported by TTOL (for more details, see wmetree.org/faqsR). Thus, in the
present study, it isnplicit that taxon age values represent estimated means based on a range of
sampling methods employed across the scientific literature. A preliminary check of data included
in the TTOL estimates was made from original chronograms in specific publispers peited
by TTOL. The discretional value of 0.001 Ma was attributed to extremely recent nodes, when a
specific fAesti mat eegAdénotargus hispagicfrabaceaeymamoreat e d
hepatica Anemonastrum narcissiflo@anunculaceaelagmolia cocq Magnolia obovatand
Magnolia officinalis(Magnoliaceae), Table S1 presents estimated divergence times for all study
species].

For the purposes of the analysis, we classified species as endemier@sinigeed) on a
caseby-casebasis using a&ombination of quantitative data (geographical range) guided by

gualitative i nformation such as designation
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geographical range for each species was obtained from public databases: Global Biodiversity
Information Facilities (GBIF: https://www.gbif.org/), the Plants of the World Online portal
(www.plantsoftheworldonline.org), taxespecific databasesi.€. the Global Compositae
Database - GCD: www.compositae.org; the Campanula portal: www.campanula.e
taxonomynet) or specific papers.€. for Campanulaceae: Kandemir 2007 fdoampanula
coriaceg Crowl et al 2015 forCatopsis delicatulafor Asteraceae Zhangt al 2011 for the
generaSoroseris Stebbinsiaand Syncalathiurp The highest richness of precinctiyeesies is
found in biodiversity hotspots (Cafiadesal. 2014; Norooziet al. 2018), which have been
identified in 36 areas around the globe (Conservation International, www.conservation.org;
Critical Ecosystem Partnership Fundww.cepf.ne}, and range om 18,972 krh (New
Caledonia) to 2,373,057 Knfindo-Burma region). Such heterogeneity often requires the
identification of smaller, highet oncentrati on areas within th
hot spotso) with endemi s mffeang scales (Cafadaha) 20840 ns i d
Norooziet al. 2018). Based on the geographical extent of these hotspots, a range not exceeding
600,000 kmd was one factor in the decision to classify a species as endemic. This threshold was
chosen in order to includbe remaining vegetation of the 36 Biodiversity Hotspots (see Table
S2) according to Conservation International. Since thenghastrialisation extension of some
hotspotsite. IndoBur ma r egi on, Brazil s Cerrado, or N
km?, and also includes urban areas, only the extension of the remaining vegetation (rather than
the historical extent) was considered. Classification as endemic or not was also decided by
determining whether species are recognised as endemic in natibwadldloras (for example:
New Zealand Plant Conservation Network, http://www.nzpcn.org.nz; Celletesie2009 for
endemic Campanulaceae of Crete; Brochnemh 1997 for endemics of Cape Verde; see Table
S1 for details of each case, including fl@aguages), and when species epithets of Latin names
indicated belonging to a geographical locatierg(Amelanchier nantucketenkis

To check whether latitude affected data availability, for both the distribution of endemic
species and chromosome couatsontrol analysis was performed. Data records (Table S1) were
randomised, and a subset of 500 species extracted and assigned a latitudinal zonation class:
6Tropical 6 (species occurring bietw22A 278 N
23A 27Nj S), O0Subtropical 6 (between | atitud:
www. gl obal bi oclimatics.org), O6Temperated (b
and OPol ar/ Al pi ned ( s ptrciocieg er granting at elevationsa abeve a b
2000 metres above sea level, m a.s.l.). Species equally spread across two or more zones were

considered as O0OCosmopolitané. To assess th
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latitude, the proportion of endecs with respect to the total number of species in each zone was

calculated.

Data analysis

The coverage rate of the available data for each family was calculated as a percentage ratio
between the number of species included in the analysis and theuothénof species (both
accepted and unresolved) reported in The Plant List. Three separate analyses were performed
both on the totality of data collected (ref
families, further subdivided into analysis all species (endemics and rendemics), and
endemics and neendemics treated separately. For Nymphaeaceae, only one analysis was
performed due to lack of data on endemic species, while for Magnoliaceae, Rosaceae,
Saxifragaceae and Violaceae, analysisrafemic species was not performed, due to insufficient
data (10 spp. or less). Analyses were performed using the statistical software R (v3.5.1; R Core
Team 2018). Data were plotted according to the estimated time since divergence (x axis) and the
numberof chromosomes (y axis), using thgplot2package (Wickharet al. 2020).

To investigate the maximum number of chromosomes exhibited by taxa over geological
time (time since taxon divergence), an upper boundary regression was applied, fitting the
regressia curve only to the highest values of the dataset. Boundary functions are widely used
in ecology to highlight the maximum effects of processes, otherwise obscured by the weight of
mean values (Pierce 2014, and references therein). To remove the effeedundant
chromosome counts within each family, age values along the x axis were divided into periods
(6binsdéd) of 1 million years, and regression
function applied was an exponential decay with thenfda: y=Ae (T kx) T ¢ , whe
sporophyte number of chromosomes, A is the initial quantity or y intercept (estimated y value
for x = 0), k is the decay constant, x is the estimated time since divergence and c is the lowest y
value for each familyThe ¢ parameter was introduced to obtain a horizontal asymptote equal to
the lower chromosome count and avoid curves tending to zero, as zero chromosomes would be
biologically unrealistic.

Finally, the percentage ratio between the number of polypleaisi{\Woodet al 2009)
and the total number of species for each family included in the analysis was calculated to test
whether taxonomic groups are differentially predisposed to polyploidy, in terms of both
formation and establishment. Data are availabl®licrosoft Excel spreadsheet format (Table
S1).
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Results

Analyses were performed on a total of 4530 recaesesenting 4210 species, 1344 (31.9%)

of which were classified as endemic according to the combination of criteria used. For each
family, the coerage rate of collected data generally did not exceed 4% of known species (Table
S3), with the exception of Ranunculaceae (5.8%), Apiaceae (6.2%), Magnoliaceae (9.1%) and
Campanulaceae (12.6%#ccording to the estimated crown age (Table S3), the oldeslida

(> 100 Ma) are Rosaceae (106 Ma, 95% G141l Ma), Orchidaceae (105 Ma, 95% CT 913

Ma) and Magnoliaceae (104 Ma, 95% CI 283 Ma), while Brassicaceae (46 Ma, 95% Qi 19

71 Ma), Caryophyllaceae (52 Ma, 95% CI 82 Ma) and Apiaceae (54 Ma, 95% Z3i 57 Ma)

are the most recentHowever, uncertainty related to estimated crown age was sometimes
substantial: in Rosaceae, the extreme case, the confidence interval differed by 120 million years.
Fabaceae (7B0 Ma), Violaceae (6777 Ma) and Ranunculace@&i 88 Ma) exhibited the least
variable estimates.

Recurrent numbersf chromosomes were evident in all families, which sometimes
represent a high proportion of data, for example, 2n = 22 for Apiaceae (58%); 2n = 34,
Campanulaceae (38.8%); 2n = 38, Magam®#ae (67.7%); 2n = 32, Ranunculaceae (54.9%); and
2n = 48, Violaceae (39%). Model parameters (k = decay constant; A =y intercept) and statistics
(R%q and pvalue) were extracted during model production in the R environment. Hertbafter
adjusted Rvalues for each general analysis [total species (T) representing endemics (E) plus
nonendemics (N)] are indicated bydgr, while for each analysis performed on endemics and
nonendemics separately variance is indicated faygRand Ragjn, respectivelyUpper boundary
regression applied to the entire dataset (Fig. 1) showed a significant exponential decay trend
(R%gr = 0.48; Rage = 0.49; Ragin = 0.44; p always < 0.0001) between the number of
chromosomes and the estimated time since divergencd) whithree times steeper in endemic
species (k = 0.12) with respect to remdemics(k = 0.04). The estimated y intercept was

higher inendemics compared to n@emdemics (A = 164 cfill, respectively; Fig. 1).
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Fig. 1 The relationship between timense taxon divergence and number of chromosomes (as a proxy for
ploidy level) across all major clades of the Angiosperms, applied to: a) the entire dataset; b) endemic
species; ¢) noendemic species. Squares represent endemic species, circles represedenain species.
Broken | ines represent 6-pa@mmeter Lorbnbziam rdgaessions fitedyto thes s i o
five highest values in each O6bindéd or 1 million vy

points under the uppeohbndary curve are unfilled). Dotted lines represent the +95% confidence interval

In analyses performed on single families, results were varied but common patterns were
evident. The overall negative relationship between the number of chromosomes arabxon
was confirmed in the majority of the families, with differing degrees of significance:
Campanulaceae R = 0.42; Rage = 0.22; Ragin = 0.31, p < 0.0001; Fig. 2a), Asteraceae
(R%T = 0.46;R%ge = 0.45;R%qn = 0.23; p < 0.0001; Fig. 26), Fabaceae (Fig. 2§, Poaceae
(Fig. 2ji 1), Caryophyllaceae (Fig. Sle), Ranunculacea@ig. S1di) and Rosaceae (Fig. S1d
f). However,similar exponential decay patterns were aahdent as nosignificant trends for
endemic Primulacea@ig. S1k;R%ge = 0.065; p = 0.116). The relationshig@as stronger for
endemics, as confirmed bye higher values of le(g Asteraceae, k = 0.15 afid4 for endemics
vs. nonendemics, respectivel\Garyophyllaceae, k = 0.23 and 0.15 for endemEsnon
endemics, rgeectively) and the entire familje.g k = 0.11 for Asteraceae, or k = 0.16 for
Caryophyllaceae)The negative trend was of borderlisgnificance for endemic Apiaceae
(R%gie= 0.06;Fig. S2b), not significant for endemic vs. rendemidOrchidaceaeRPur = 0.19;
R%ge= T R%g=2.14; p=0.51in endemics and < 0.001tfer family and norendemics;

Fig. S2df) and nonsignificantfor Violaceae R?%qt = 0.05;R%gjn = 0.03;p always > 0.1; Fig.
S2g i) and Magnoliaceae (negativ@lues forR%qr and R%g; p always > 0.6; FigS2jil),

although data were lacking for endemicshefse latter two families (Fig. S2h, kKpr Ericaceae,
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Fig. 2 The relationship between time since taxon divergence and number of chromosomes for examples
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Fig. 3 Non-significant trends in the family of Ericaceae, with a positive slope in a) the analysis of the whole
family and c) norendemic species onlypntrasted with a negative slope for b) endemics. Squares represent
endemic species, circles represent-eond e mi ¢ s peci es. Broken |l ines repr
fitted to the five highest val ususderithe uppex lbobndadylciurve d ( p
are unfilled). Dotted lines = +95% C.I.

regressions were not significaf®%g always < 0.01; p always > 0.1; Fig. 3). In contrast,
Brassicaceae (Fig. 4) and Euphorbiaceae &8).exhibited statistically significantegative

slopes for norendemics and the families as a whole, while slopes for endemics were not
signifi%gamt ~(10.FF) with increasing tendenci e
respectively). Finally, Nymphaeaceae (Fig. 5) showed a signifipositive relationship, with k

= T  0%gP=40,29 dd p = 0.03. A similar, but nsignificant, tendency was shown in

Saxi fragaceae (k = 1 0. 02 teodemics,lirig. S4ag with| y an
negative Rygjvalues and p always@:3.

The proportion of polyploid taxa within each family was found to differ substantially
between families (Fig. S5): polyploidy was evident for the majority of taxa in Violaceae (92%),
Primulaceae (76%) and Campanulaceae (68%), while it occurred thdes$0% of species of
the Fabaceae (8%) and Orchidaceae (6%). Note that there was no statistically significant
geographical bias (in terms of bioclimatic zones) for either the number of chromosomes (Fig.

S6) or the proportion of the flora that were enttespecies (Fig. S7).

Discussion

We demonstrated a negative exponential relationship between maximum number of
chromosomes and time since divergence with a decay constant three times greater for endemic

angiosperms with respect to nendemics (k = 0.12f. 0.04, respectively; Fig. 1IMoreover,
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Fig. 4 Significant negative relationship between the number of chromosomes and estimated taxon age in a) the
entire family of Brassicaceae and c¢) remdemic Brassicaceae; b) msignificant positive trend in emdhnic
Brassicaceae. Squares represent endemic species, circles representlamitc species. Broken lines
represent oO6upper boundary regressionsdéd fitted to t

points under the upper boundamyree are unfilled). Dotted lines = £95% C.I.

the estimated y intercept was much higher for endemics with respectémdemics (A = 164

cf. 111, respectively), indicating that recently diverged species igher numbers of
chromosomes are more liketp be range restricted (endemic). Indeed, the results broadly
support the hypotheses that polyploidy is particularly evident in recently diverged angiosperms
(Hypothesis 1), especially for recent endemic species (Hypothesis 2). While this phenomenon
was eident for most of the families investigated, it was not always observed, and the hypothesis
of a mechanism working consistently across the angiosperms (Hypothesis 3) was only partially
supported. The distribution of chromosome counts with time fowalds recent ages)
highlighted the pattern of progressive multiplication of the chromosome set, with high
concentrations of records corresponding to diploid, tetraploid and hexaploid (rurt2x, 4x

and 6x, respectively): this is particularly evident ipidceae, Caryophyllaceae, Ranunculaceae
and Rosaceae. Thus, polyploidization appears to be an important mechanism for the emergence
of new species generally.

Contrasting results for different families suggest that phylogenetic effects operate within
each amily (revealed by the direction, range and variability of patterns; Fig. S5). For Ericaceae,
the regression analyses were not significant: it is likely that other prevailing mechanisms, such
as adaptive radiation, drive the emergence of new ericaceaissigespite showing an overall
negative tendency between the number of chromosomes and taxon age, a similar interpretation
could explain the weak significance for Orchidaceae, also indicated by the highly variable 95%

confidence intervals.
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In Saxifragaceae, Magnoliaceae, Nymphaeaceae and Violaceae, results were probably
affected by limited data availability. This could also explain the lower significance of the
analyses for endemics and premdemicswith respect to the familevel analysis in
Primulaceae, and the atypical trend in endemic Euphorbiaceae and Brassicaceae, characterised
by wide and irregular 95% confidence intervals. In particular, the estimated age for endemic
Brassicaceae did nokeeed 9 Ma, with only seven species older than 3 iMaochlearia
aragonensisDraba hederifolia Streptanthus glandulosu¥ella asperumVella bourgaeana
Vella pseudocytisuandVella spinosa In these situations, the nature of the data requireutar
consideration: four out of these species belonging to the same §ailas,are endemics of
Spain and were dated relying on a single study $imonPorcaret al. 2015); independence of
observations could not be assured, siicasperumV. bourgaanaandV. pseudocytisuare
closely related (see also Silpdakovlev and Peruzzi 2012). This is likely to have effects on
speciesdistribution: these species are also found in the same habitat (disturbed xerophytic
shrublands on gypsum substrate; GorGeapo 1993). With regard to karyotypes, the three
species share the same basic chromosome number (x = 17), bu¥wholergaeanas diploid
(2n = 2x = 34)V. pseudocytisus mainly tetraploid (2n = 4x = 68), aMd asperunis hexaploid
(2n = 6x = 102)(SimonPorcaret al. 2015), further confirming the role of polyploidy in
speciation events. For these reasons, detailed here for a single prominent case, all analyses basec
on a restricted number of records should be interpreted with caution.

Additionally, weaker regressions or positive trends were generally evident for older
families: Orchidaceae (105 Ma), Magnoliaceae (104 Ma), Nymphaeaceae (89 Ma),
Saxifragaceae (88 Ma) and Ericac¢d2 Ma; Table S3). This suggests that for cersainient

clades polymidization may not be the madhiver of speciation, although Rosaceae, the oldest

78



Villa S. 2023.Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasm@gshytnula raineri
PhD thesisUniversity of Milan, Italy.

clade (106 Ma), agreed with the hypothesis of higloéyploidy occurrence in recently diverged
species. Its noticeable that some of these ancient familiesNymphaeaeae, Saxifragaceae,
Rosaceae) showdrgh percentages of polyploid taxsnsuNoodet al 2009 (higher than 45%,
Fig. S5). In Saxifragaceae, agh number of chromosomes in older taxa but a lecla
relationship over time could indicate an inittalrstof speciation via polyploidy followed by a
lesserinvolvement of polyploidy in speciation. Therefoneolyploidy could be relatively
widespread even acroascient families, but it is evidently not the main drigéspeciation for
these families.

Why recent polyploids are relegated to limited rangesot immediately evident from our
dataset. Polyploidare often adaptable species able to survive in harsh environroentaxkts,
and thus advantaged when colonizingw habitats (Flovik 1940; Brochmarat d. 2004;
Manzanedat al 2012; te Beesdt al 2012; Mas de Xaxaet al 2016; Paulet al. 2018; Stevens
et al 2020).Intriguingly, alteration of phenotype by polyploidy suggehkts plant functioning
and fitness may be fundamentatlyanged. Howeveg, preliminary classification dhe species
i n our dataset accor distategies metlidd of Rieréal 2CFR e c C
showedthat no particular strategy class was associated with polyplsmhcies adapted to
survive competition, stre®r disturbance all exhibited an extremely wide rangehodmosome
numbers (data not shown). Rather theftecting fithess and adaptation, the high incidence of
endemic polyploids could depend mainly on limited time for dispersal and colonizing neyw area
evident for certain species (Behroozgtral 2020). It has been determined that polyploid plant
species rely mainly on vegetative reproduction (Hediext 2017), which is usually ineffective
for wide or rapid dispersal (Winkler and Fischer 2001rldde et al 2016). Indeed, the
rearrangements of the chromosome set and the encumbrance created by multiple chromosomes
in polyploid cells hinder meiosis, imposing disadvantages for sexual reprod{idtidrenet al
2017). Another polyploid trait impacgn di sper sal , related to the
and heavier seeds (Stevems al. 2020), of particular importance to whalispersed species.
Moreover, some studies.g Corneillieet al 2019; Moet al. 2020) have shown slower growth
rates fo polyploids compared to diploids. Together, these traits may limit dispersal, colonisation
and seedling recruitment processes for polyploids.

The present study has a number of limitations that should be considered in interpreting
these resultd-or exampt, the available data cannot indicate the extent to which anagenesis
(speciation via evolutionary change directly within a single lineage) occurs, and speciation by
cladogenesis is assumed. Increased availability of data regarding phylogenies (inclusion of

greater numbers of species), tropical species (which are less well studied; Prance 1977; Prance
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and Campbell 1988; Soset al 2017), species molecular dating, chromosome counts and
distributions will provide further support to this analysis. This paldity applies to families

with less complete records.f} Ericaceae, Magnoliaceae, Nymphaeaceae), in order to determine
whether contrasting results for these families are indicative of truly different patterns or are data

artefacts.

Conclusion

Chromosore duplication is more prevalent in recent angiosperms, in particular young endemics,
confirming the role of polyploidy as a key driver of recent endemism throughout the flowering
plants. This pattern was generally evident across flowering plant familiesome cases in
which patterns were lacking may reflect insufficient data availability. Dispersal limitation is
more likely for polyploid taxa, potentially explaining why recently evolved polyploids tend to
remain relegated to small ranges compared toidg However, the majority of young species
(both endemics and nendemics) are diploid, and thus polyploidy is not an exclusive driver of
endemism.
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Table S2.Area of worldwide hotspots of endemism referred to in the present analysis, following Conservation
Internationalwww.conservation.org All data were extracted from the online database, except for thetso
of East Australia (Williamt al 2011) and the North America coastal plan (Netsal. 2015)

Hotspot original Hotqut
Code Hotspot name extent (Km?) vegetation
remaining (Km?)

1 Tropical Andes 1,542,644 385,661
2 Mesoamerica 1,130,019 226,004
3 Caribbean Islands 229,549 22,955
4 Atlantic forest 1,233,875 99,944
5 TumbesChocéMagdalena 274,597 65,903
6 Cerrado 2,031,990 438,910
7 Chilean Winter RainfaiValdivia Forests 397,142 119,143
8 California Floristic Province 293,804 73,451
9 Madagascar and the Indian Ocean Islani 600,461 60,046
10 Coastal Forests of Eastern Africa 291,250 29,125
11 Guinean Forests of West Africa 620,314 93,047
12 Cape Floristic Region 78,555 15,711
13  Succulent Karoo 102,691 29,780
14 Mediterranean Basin 2,085,292 98,009
15 Caucasus 532,658 143,818
16 Sundaland 1,501,063 100,571
17  Wallacea 338,494 50,774
18  Philippines 297,179 20,803
19 Indo-Burma 2,373,057 118,653
20 Mountains of Southwest China 262,446 20,996
21 Western Ghats and Sri Lanka 189,61 43,611
22  Southwest Australia 356,717 107,015
23  New Caledonia 18,972 5,122
24 New Zealand 270,197 59,443
25 PolynesiaMicronesia 47,239 10,015
26 Madrean Pin€®Dak Woodlands 461,265 92,253
27 MaputalandPondolanédAlbany 274,136 67,163
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28 EastermAfromontane 1,017,806 106,870
29 Horn of Africa 1,659,363 82,968
30 Irano-Anatolian 899,773 134,966
31 Mountains of Central Asia 863,362 172,672
32 Himalaya 741,706 185,427
33  Japan 373,490 74,698
34  East Melanesian Islands 99,384 29,815
35  Forestf East Australia 253,200 58,900
36 North America coastal plain 1,130,000 163,850
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Table S3.Preliminary analysis of divergence times for families and proportion of taxa in each family included in the dbstiyséded crown age, confidence intervaisl a
estimated time since divergence for the oldest species were extracted from the TTOF databasedtree.orly number of accepted, unplaced and unassessed species were

extracted from The Plant List (www.plantlist.org)

Estimated

crown age 95% Estimated
Family of the anfldence age of the
amly Ml o ancen
(Ma)
Apiaceae 54 29-57 33
Asteraceae 62 39-73 25
Brassicaceae 46 19-71 14
Campanulaceae 81 70-96 41
Caryophyllaceae 52 39-62 19.4
Ericaceae 82 43-113 24.6
Euphorbiaceae 80 65- 86 36
Fabacae 76 71-80 56
Magnoliaceae 104 95-113 54
Nymphaceae 89 53-125 25
Orchidaceae 105 97-113 44
Poaceae 76 56-88 20
Primulaceae 82 42-107 17.4
Ranunculaceae 81 75-88 31
Rosaceae 106 41-161 45

Number of
accepted
species

3,257
32,913
4,060
2,385
2,456
3,554
6,547
24,505
250
70
27,801
11,554
2,788
2,377
4,828

Number of
unplaced
species

13

28

94

Total amount Proportion of

of species Number of  species (per total
Number of . N
(sum of species species in the
unassessec . . oo
. accepted, included in  family) included
species , . :
unplaced and the analysis in the analysis
unassessed) (%)
4,837 8,104 503 6.2
27,181 60,164 717 1.2
2,693 6,762 156 2.3
304 2,692 339 12.6
4,247 6,711 169 2.5
3,889 7,452 110 15
489 7,044 55 0.8
16,229 40,794 767 1.9
78 328 30 9.1
252 322 12 3.7
3,595 31,399 201 0.6
3,065 14,622 457 3.1
2,195 4,996 66 1.3
3,422 5,800 334 5.8
16,996 21,852 234 1.1
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Saxifragaceae 88 44 -127 22.7 775 1 1,073 1,849 23
Violaceae 72 67-77 271 806 10 1,811 2,627 37
Total 130,926 236 92,356 223,518 4,210
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Chapter 3: Phylogeographically informed species distribution
models for the conservation of the sterendemic chamophyte
Campanula raineri

C. rainerigrowingin a concrete crevice at MonteeBegongLC).
Status: in preparation for submission to the journalBiological Conservation

Villa et al Phylogeographically informed species distribution models for the conservation
of the steneendemic chasmophyt€Campanula raineri.In preparation.

Contributionof Sara Villa sampling, laboratory activities, data analysis and visualisation,
manuscript writing and editing

Sara Villd, Giulia Magogéa, Mattia lannelld, Michele di Musciang Fiorella Floriar?,
Alberto Pallavicint, Matteo Mortagnd>, Simon Pierce

lDepartment of Agricultural and Environment al Sciences
of Milan, Via G. Celoria 2, 20133 Milan, Italy.

2 Department of Life, Health and Environmental Sciences, University of L'Aquila, Piazzale &alVatomasi 1,
67100 Coppito (AQ), Italy

3 Department of Life Sciences, University of Trieste, Edificio Q, via Licio Giorgieri 5, 34127 Trieste (TS), Italy
‘“Department of Agricultural Sciences, Uniicy 8055,iltalyy of Napl

SBAT Center Interuniversity Center for Studi es on Bi
Napol i fiFederico 1160, Via Universit? 100, Portici, 8005

Corresponding author: Simon Pierce, University of Milan, via G. Celoria 2, 20138 Ntaly.simon.pierce@unimi.it

103



Villa S. 2023.Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasm@gshytnula raineri
PhD thesisUniversity of Milan, Italy.

Abstract

Quaternary glaciainterglacial cycles have determined the distribution of rare mountain plant
species, shaping population genetic structure. Increasing temperatures in recent decades have
promoted the upward migtion of mountain species, often limiting the extent of available
ecologically suitable area. We investigated the consequences of climate fluctuations for
Campanula rainerPerp. (Campanulaceae), as a model raegticted chasmophyte from the
Italian Pealps, combining population genomics with Species Distribution Modelling
(SDMing). We hypothesised that: 1) the genetic structu@ ohineri populations reflects the
climatic history of the region; 2) the current distribution area will no longer becerwentally
suitable by 2070; 3) the population genetic structure will be decisive in determining the
possibility of survival under predicted climate warming. The restrictionasiseciated 2b

RAD approach was used for a genemée genotyping of 110 sargs from the entire
distributional range of the species, with population structure inferred using dedicated
bioinformatics tools. Future scenarios were modelled (SDM) by combining current
presence/absence data and bioclimatic projections for 2050 and @@netic evidence
suggests the existence of two main lineageS.afineri, that probably differentiated during

the Last Interglacial (~120,000 years bp) and survived in isdlatsitl refugia during the Last
Glacial Maximum (~22,000 years bp), with thi@lsassina glacier representing an effective
barrier to gene flow. Moreover, the upward migration of the species on isolated reliefs due to
mid-Holocene climate warming, possibly is the cause of a more receispsitdic genetic
differentiation and thelefinition of 9 geographically isolated population clusters that were
identified in this study (supporting Hypothesis 1). Habitat suitability will probably decrease at
lower elevations by 2070 (Hypothesis 2 partially supported), threatening the survitial of

whole western metapopulation (Hypothesis 3).

Keywords: Biodiversity protection Habitat suitability- Inter-specific genetic divergence

Population genomicsPrediction models Single Nucleotide Polymorphisms
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Introduction

Current climate warmig has already led to local population loss in approximately 50% of
species under observation, which include many mouwttgirspecies that are increasingly
restricted to a reduced range and are at higher risk of extinction (Péttraér 2022).
Latitudinal and altitudinal range shifts in response to climate oscillations is a widely
acknowledged and lorgfudied phenomenome.g Hewitt, 1999; Roogt al, 2003, Parmesan
and Yohe, 2003; Chest al, 2011; Lenoiet al,, 2008; 2015; 2020), although contragtirends
across and within species often hinder prediction of the future distributions of particular species
under current increasing temperatures (Rubengte@., 2020 and references therein). In
addition, the production of reliable future climate jpabions is also challenging. From the
beginning of the XXI century, the Coupled Model Intercomparison Project (CMIP) has
periodically produced climate projections that have informed the Intergovernmental Panel on
Climate Change (IPCC) Assessment Repdtis; document collating the most -tggdate
knowledge on climate change worldwide (https://www.ipcc.ch/reports/). The CMIP produces
different climate projections, based on a range of predicted atmospheric greenhouse gas
concentration trajectories (Represgive Concentration Pathways; RCPs) that in turn would
lead to different radiative forcing levels (from 2.6 to 8.5 /by the end of the century (van
Vuurenet al, 2011). Worstase scenarios for 2021 presented in early projection atteirepts (
CMPI3,CMIP5 and CMIP6) have recently been confirmed as the most realistic, although this
has been accompanied by widespread scepticism (Buegaks2020; Hausfather and Peters,
2020; Carvalheet al, 2022). The availability of reliable projections is thereforucial for
predicting the response of species and eventually planning targeted conservation actions.
Mountain environments are particularly susceptible to climate oscillations, due to the
strong temperature gradients associated with altitudinal gtadi€onsequently, mountain
plants, adapted to harsh and variable environmental conditions, are strongly affected by
climatic variations €.g Grabherret al, 1994; Wick, 2000; Schoeneich and De Jong, 2008;
Seddoret al, 2016; Zuet al, 2021). For exampl chasmophytes (roakwvelling plant species),
occupying very specific habitat and exposed positions with limited access to soil resources, are
particularly sensitive to climatic stresses. Declining temperatures and glacier expansion during
the Last GlaciBMaximum (LGM; ~22.000 years bp) forced many species in alpine regions
into peripheral and limited ranges (Hewitt, 2004; Schonswettak 2005; Pitteet al., 2020).
In contrast, many cotddapted species have migrated upwards during interglaciadpgerio

following suitable environmental conditions, but the topography of-altitude environments
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limits the available land surface area (Grablke¢al, 1994; Hewitt, 1999; Lenoget al, 2008;
Engleret al, 2011). Indeed, the range of many plant sgebtias become fragmented and
limited, with isolated and disjointed populations (Lienert, 2004; Pee¢dd, 2009; Garcia
Fernandezt al, 2013;Holyoak and Heath, 2016). Such complex dynamics create conditions
for local extinctions and allopatric speamat (Honnay and Jacquemyn, 2007; Aguiral,

2008). For example, geographic isolation on different mountain tops was the main driver of
allopatric speciation and thus diversity creation for species of the génerala, Soldanella

and Androsace(Primuaceae) in the European Alps (Boucle¢ral, 2016). For this reason,

i solated mountain habitats host a variety
Montacchini and Forneris, 1997; Peresgtoal, 2009; Noroozet al, 2015; Steinbauest al,

2016; Yaoet al, 2021), with consequences ftite genetic structure of populations.d
Ellstrand and Elam, 1993; Yourgal, 1996; Hewitt 2004; Leonareét al., 2012; Heinken and
Weber, 2013; Liet al, 2020 ; et&de2022)t Rangk reduction and fragmentation, by
reducing the possibilitior pollen and seed dispersal, limit gene flow. Thus, isolated population
fragments often suffer low genetic variability caused by genetic drift, genetic erosion and high
levels of inbreeding, with harmful consequences for fithess (Keller and Waller, 2002;
Oostermeijeret al.2003. Inbreeding generally increases homozygosity within populations,
and, in the long term, may completely eliminate heterozygosity (Ellstrand and Elam, 1993;
Younget al, 1996). Indeed, plant population size and heterozygosity are usually gdgsitive
correlated (Reed and Frankham, 2003; Leehwal, 2006). Additionally, isolation leads to
diversifying selection and thus to genetic divergence (Yairg, 1996; Willi et al, 2006;

Lee and MitchelOlds, 2011). Thus, mountain environments favouwdiversity creation
(adaptive radiation and speciation) in the longer term, but in the stememountain plant
species are particularly sensitive to lesahle extinction.

Population genomics introduces a genemée approach to population genetics
(Luikartet al, 2003), the task of which is understanding changes in genetic variaiati€le
frequencies) within and between populations over time in response to genetic drift, gene flow,
mutation and natural selection (Millstein and Skipper, 200fjs allows a detailed view of
the capacities of specific populations to respond to environmental threats, ultimately guiding
targeted conservation interventions. Within genomic data, it is possible to distinguish locus
specific effects (such as selectianutation and recombination) from widespread effects,
caused by demographic events such as founder events, bottlenecks, migration and inbreeding
(Black et al. 2001). Single Nucleotide Polymorphisms (SNPs) are the most abundant type of

genetic markers andjue to a high density and genomie distribution, are ideal for
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population genomics (Seet al, 2011).In fact, the more loci under examination, the more
accurate the estimate of key population parameters, including population size, divergence times
and migration rates, improving the detail of population history assessments (Felsenstein, 2006;
Brito and Edwards, 2009). By targeting a subset of the whole genome, Restriction site
Associated DNA sequencing (RADseq) is particularly effective for the deteatiSNPs, and
has revolutionized the fields of ecology, evolution and conservation (Brito and Edwards, 2009;
Andrewset al, 2016). In addition, RADseq does not require comparison against a reference
genome, and thus is the preferential approach for &Xégttion and genotyping in nomodel
organisms, such as rare species (Hetyal, 2011; Seelet al, 2011; Andrewt al, 2016).
Finally, RADseq is suitable for comparative studies between populations, because restriction
enzyme recognition sites agenerally conserved within a species (Andretval, 2016).

Phylogeography can investigate the expected correlation between gefidene
divergence (revealed by neutral genetic markers) and geographical distance (Avise, 2000, 2007;
Lee and MitchelOlds, D11) and show the effects of isolation on genetic differentiation among
populations and speciation evenesg( Xie et al, 2017). Geographical subdivision among
populations is evident from the clustering of different haplotypes (Andedwal, 2016).
Phylogeography can effectively inform conservation actions by clarifying migration routes,
variations in geographical range in response to climate oscillatgogsT éberletet al, 1998;
McLachlanet al, 2005; Deringet al, 2017) and predict species respes to current and
projected climate change (Tribsch and Schonswetter, 2003, Macqueen, 2012; Médail and
Baumel, 2018; Wangt al, 2018). To this end, Phylogeography is often combined with Species
Distribution Models (SDMs), which use the ecological regments of target species (extracted
from occurrence records and current environmental parameter values) atodfpase climate
projection to infer habitat suitability in different climatic contexts and address targeted
conservation actiong(g.Schor et al, 2012; Guisaet al,, 2016; Gargiulet al, 2019; Bernardi
eta, 2020) . Model accuracy can be i mproved wktl
single subpopulations may respond differently to environmental changes: this allowstiba crea
of intraspecificlevel SDMs (Chardoat al, 2020). However, the lack of information concerning
population demography and seed dispersal processes can compromise the effectiveness of such
models for many plant species (Hullgral, 2016).

As a repreentative model chasmophyt@ampanula raineriPerp. (Campanulaceae) is
particularly exposed to climatic insults. It is a ramgstricted chasmophyte, endemic to the
Italian calcareous Prealps, found between Lake Como, Lake Garda and Valtellina (Northern

Italy), within one of the richest centres of endemism in the Alps (Pawlowski, 1970; Aeschimann
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et al, 2004; Pignattet al, 2018; Villaet al, 2021). The scattered populations and the extremely
limited geographical range can be explained both by thicpkar ecological requirements of
this species, adapted to calcareous cliffs and screes between 1000 and 2000 metres above sea
level (m a.s.l.) (Aeschimaret al. 2004; Pignattet al. 2018; Villaet al, 2021), and the complex
climatic history of this rgion since the divergence of the species, approximately 4.67 million
years ago (Mansioet al, 2012; TimeTree The Timescale of Life: www.timetree.org). Climate
oscillations during the Quaternary have significantly affected the vegetation and distrifutio
flora in the Alps (Pawlowski, 1970; Bennet, 1990; Ravazzi and Strick, 1995; Davis and Shaw,
2001). In particular, two scenarios are usually hypothesised to explain the survival of mountain
species during cold periods: persistence withisitu refugia (.e. ice-free mountain peaks or
Onunatako6) and r et r eatie peopheralrgfligm)Da®dtald2020e rr i pt
and references therein; see also Patsial, 2014; Zhangt al, 2018).C. raineriis a Tertiary
relict, such as tier rangerestricted calcicolous chasmophytes of the Eastern Alps relegated to
the periphery of the Alpine chain, where they survived during Pleistocene glaciations
(Pawlowski, 1970).

Thus, forC. raineri knowledge of population biogeography (with parueference to
elevation) is urgently required to allow prediction of future distributional ranges and the survival
of the species under future climate warming. SpecificallyCfaraineriit is hypothesized that:
(1) a fragmented pattern of geographlicand genetically isolated populations is evident
throughout the entire distributional range of the species, consistent with the climatic history of
the region: in particular, the potential survival withmsitu nunataks or peripheral refugia
during gkcial periods can be assessed from the genetic structure of the species; (2) the current
distribution area will probably no longer be environmentally suitable by 2070, but suitable areas
will probably emerge where assisted migration actions could be akderfor the conservation
of the species; (3) population genetic structure and-papalation variability will probably be
crucial in defining the species' chance of survival under the increasing temperatures expected in
coming decades. Testing these diyyeses with population genomics and SDMs, combined to
obtain phylogeographicalinformed models, will allow targeted conservation actions for this
species, such as the status assessment of single populations and the production of plants for
population renforcements or assisted migration into new suitable areas. As no similar studies
are reported on Conservation Evidence (www.conservationevidence.com/), neieafoeri
nor for ecologically or phylogenetically similar species, this work will contabtowards

improving conservation strategies for steamamlemic chasmophytes with fragmented ranges.
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Material and methods

Population genomics

Sampling and DNA extraction. Leaves of 110 individuals of. raineri were collected
between July and September 2019 and 2020 from 14 populations across the entire
geographical range of the species. Table S1 reports the sample list and collection details.
Samples were transported to the laboratory in a thermally insulated cool bag and then stored at
-80°C until tre extraction. Genomic DNA was extracted from ~130 mg of frozen tissue for
each sample, pulverized using TissuelLyser Il (Qiagen; Hilden, DE) at 30 Hz for 2 minutes.
The extraction was performed following a modified CTAB protocol: 1 ml ofhaated
extracton buffer (TrisHCI 100 mM pH 7.5, 25 mM EDTA, 1.5M NacCl, 2% (w/v) CTAB,
0.3% (v/v)b-mercaptoethanol) was added to ground tissues; then samples were incubated for
30 minutes at 65°C and periodically mixed. 24:1 Chloroftsocamyl Alcohol was added to
thesupernatant isolated by c e tasiadded@mrdtleit mn . RI
react for 15 min at 37 °C, before a second treatment with 24:1 Chlortdoamyl Alcohol.
DNA was precipitated by incubation for 1 hour2® °C with 0.1 volumes of&lium Acetate
(3M, pH 5.2) and 0.7 volumes of Isopropanol, followed by centrifugation. The DNA pellet was
washed in ethanol and finall y-HElUGpM BOMAd i n
0.1 mM) . Opti mal DNA B and pusitpratio €260i280rcompri®ed 6 0 n
between 1.8 and 2.0) were checked by using NanoDrod D Spectrophotometer V3.8
(NanoDrop Technologies, Inc.; Waltham, {48&\), while the integrity of the extracted DNA
was evaluated by electrophoresis in 0.8% agarose gel. Eed@adlA was stored a80 °C for
six months until the preparation of 2bRAD libraries.

2bRAD library preparation. Libraries were assembled following the procedure
proposed by Wangt al. (2012), optimized for the target species by A.P. and F.F. at the
Depatment of Life Sciences of the University of Trieste (ltaly). Approximately 300 ng of
genomic DNA from each sample were digested using the CspCl restriction endonuclease, in
order to obtain uniform, short fragments of 35 bp (Morgaal, 2005). Digested BA was
ligated to partially doublstranded custom  adapters -I(&/c-ILL: 5-
CTACACGACGCTCTTCCGATCTNN3/3- sp)cGAGAAGGCTAGAR-5 and 3ILL/c-ILL:
5-CAGACGTGTGCTCTTCCGATCTNN3/3- spcGAGAAGGCTAGAR-5). Finally, the
obtained 2BRAD tags were amplified assigmgrio each sample a specific barcode and the

adapters for Illlumina NGS annealing sites, obtaining sequences of 150 bp total length
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(Schiemer, 2011). The length of the products was checked through a 3% Nusieve agarose gel
electrophoresis (Lonza Bioscience,oisville, USNC). Each amplified sample was
quantified using Qubit 2.0 Fluorometer (Thermo Fisher, WaltharAVia} in order to ensure
equimolarity of each sample in the libraries. Samples were pooled into two libraries (55
samples each), subsequentlyifped by cutting the target band from a 3% MetaPhor agarose
gel (Lonza Bioscience) and filtering the frozen band through spin columns, followed by DNA
capture with magnetic beads (MBgnd TotalPure NGS, Omega Bitek Inc., Norcross, US

GA) to remove TBBbuffer. The purified libraries were finally quantified using the Qubit 2.0
Fluorometer. The libraries were sequenced on the lllumina NovaSeq6000 platform with a
2x150 cycle at IGA Technology Services (Udine, Italy), which also performed the reads
demultipkexing and quality check.

Bioinformatics. Forward and reverse raw reads of each sample were filtered and merged
using Vsearch (Rogne=t al, 2016) within the Qiime2 environment (Bolyen al, 2019),
setting parameters in order to maintain only perfaotiyching forward and reverse reads with
lengths comprising between 36 and 38 nucleotides, in accordance with cutting by CspCl. To
detect and remove sequences derived from contamination, a scree@ingiokrireads was
performed using DeconSeq softwd&chmieder and Edwards, 2011), setting the program
alignment options as followsi = 85, ¢ = 50, s = 10,000,000 andt = 30
(https://deconseq.sourceforge.net/manual). The filtered and merged reads of each sample were
matched against human and bacterialogees (using the preformatted bacterial and human
genome databases for DeconSeq available at ftp://edwards.sdsu.edu:7009/deconseq/db/) and
reference genomes of insects and nematddes@aenorhabditis inopinat?N. Kanzaki, as
representatives of Nematodarosophila melanogastevieigen, Tribolium confusunbuv and
Apis melliferalL. as representatives of the insect orders Diptera, Coleoptera and Hymenoptera,
respectively) reputedly the main possible sources of contaminants, both in the field and
laboratory.Reference databases for these latter taxa were created using genomes publicly
available on the online National Center for Biotechnology Information database (NCBI,
https://www.ncbi.nlm.nih.gov/, accession numbers: GCA_003052745.1, GCA_020142105.1,
GCA_019B5225.1, GCA_013841245.2, respectively).

Clean samples were processed with Stacks 2.60 usimgtite’o_mapndpopulations
programs to build loci, identify SNPs and calculate population genomic summary statistics
(Catchenet al, 2011; 2013). Some prelimary runs were performed to optimize the
combination  of parameters, in  accordance with the Stacks manual
(https://catchenlab.life.illinois.edu/stacks/manual/#pajaamsl Parist al. (2017) and Diaz
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Arce and RodrigueEzpeleta (2019). After parameters omtiation, the best Stacks parameter
combination for the daovo assembly was foundto be m=3, M =2,n =1, N =0, setting:
max_locus_stacks 4. In the analysis with gopulationprogram the minimum number of
populations per locus (p) was set2toSample CrRG1 was excluded from the following
analy®s due to the high proportior 00%) of missing data.é. unsuccessful sequencing of
RADseq loci; Cercat al, 2021). The SNPs dataset obtained with Stacks was analysed using
the Admixture v. 1.3.0 (Aleander and Lange, 2011) and the fineRADstructure software
(Malinsky et al,, 2018). Admixture analysis was performed using one SNP per locus and the
input file for the analysis was obtained using therite-singlesnp option inpopulation
program, and conveed for admixture using plink program v.1.07 (Puretlbl, 2007). The

best number of genetic clusters was defined testing K values from 2 to 10 and calculating 20
replicates for each K value. The online StructureSelector tool (Li and Liu, 2018) whiuse
visualise the results and choose the best value of K. Admixture results were also plotted as pie
charts on the map @. raineri populations using R software v3.5.1 (R Core Team 2018; script
modified from Davidson, 2022). FineRADstructure analysis peaformed on the whole SNP
dataset (Malinskyet al, 2018), using default parameters and the coancestry matrix was
produced using the dedicated R script provided with the bioinformatics tool (available at the
online repository https://github.com/millanékERADstructure) maintaining default
parameters. Finally, a PCA was performed on the one SNP per locus dataset @Eirgdinet

R package (v2.1.8; Jombart, 2008; Jombart and Ahmed, 2011).

Genetic differentiation assessmentSome further analyses wererfpormed to test the
degree of genetic differentiation between the two main population clusters detected fram RAD
seq data analyses. The fixation indexrfRand patterns of genetic divergence (Dxy) between
the two main population clusters were estimatgidgiStacks software (g. Cruickshank and
Hahn, 2014). In addition, the nucleotide sequences of two molecular markers were developed
and compared, in order to better investigate the degree of differentiation between the two
identified clusters. The two ntexular markers, namely the standard barcodingitpsHA
intergenic spacer region (Paegal, 2012) and the entire ITSE.8SITS2 region of the nuclear
ribosomal DNA, were previously used for resolving both mgard intraspecific relations
within thegenusCampanulaby Galimbertiet al (2014) and Parktal.( 2006 ) and Bogd
etal. (2014), respectively. In particular, the first marker has already been testzdaineri
(Galimberti et al, 2014). Specifically, the nucleotide sequences of timagkers were
developed for one individual per population of those included in tHRAID analysis i(e.

CrSM1, CrGM10, CrRG13, CrGS13, CrSD3B, CrCA4, CrPA1, CrCO5, CrAR4, CrCV10,
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CrPS12, CrVES, CrAL5, CrAV12). The selected markers were amplified usipgither pairs
trnH-psbA and 17SR6SE (Suret al, 1994; Hamilton, 1999). In the PCR reaction, performed

in 25 €L reaction matalt2018)el0R00 ag of thevDNA @reata g o g a
extracted for 2lRAD analyses were used as template. The thermal conditions fepsiovd

and 17SE26SE primepairs followed Galimbertet al (2014), shortening the elongation time

from 7 to 3 minutes, and Pai al. (2006), respectively. Successful amplifications were
checked by 1.5% agarose gel electrophoresis, and forward strands of the PCR products were
seqienced by Microsynth SeqLab GmbH (Gottingen, DE). After electropherograms quality
check and editing using Geneious R8 (Biomatters Ltd., Auckland, New Zealand; license owned
by M.M.), the sequences were aligned using MUSCLE (Edgar, 2004) implemented in MEGA
11.0.10 (Kumaet al, 2018). A haplotype network and a neighbmining tree were inferred
starting from the sequences obtained with 2:28EE primer pair using the POpART v.1.7 and
SeaView v.5.0 software, respectively (Leigh and Bryant, 2015; Gaug., 2021). The
obtained sequences are in preparation for submission to the online NCBI repository.

Species Distribution Modelling

Analyses were performed using the statistical software R (v3.5.1; R Core Team 2018) and
ARCMAP 10.8.1 (ESRI, 2010). Occurrendata forC. raineriwere obtained by Osservatorio
Regionale per la Biodiversitattp://www.biodiversita.lombardia.}tof the Lombardy Region
(Northern Italy), and integrated with the personal observations of S. Villa. Occurrence records
were fiteredda t he resolution of <current bioclimat
| ocationd function in ArcMap and calcul atin
cells. As a result, 29 presence points were retained and used in the followiggeanal
Additionally, 45 absence points were created, in accordance with the field observations of S.
Villa (Table S2).

A set of uncorrelated bioclimatic variables and lithological substrate were selected as
environmental predictors affecting the speciestriiution, according to the ecological
requirements of the species evident also f@mainerioccurrence records (Aeschimaetral
2004; Pignattiet al. 2018; S. Villa and S. Pierce personal observations; see also Table S2).
After testing for possibleollinearity, bioclimatic variables included in the analysis were: biol
(mean annual air temperature), bio3 (isothermality), bio4 (temperature seasonality), bio6 (min
temperature of coldest month, bio9 (mean temperature of driest quarter) and biol5
(preciptation seasonality). Bioclimatic variables for current and future timeframes (2050 and

2070) at a resolution of 30 ascwere obtained from the WorldClim v.2.1 online repository
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(https://lwww.worldclim.org/data/index.html, accessed in October 2022; FidkHamans,

2017. For future climate projections, two different Representative Concentration Pathways
(RCP6 and RCP8.5) were considered to predict habitat suitability for the target species in 2050
and 2070. For each timeframe and RCP, three differentaiG@ioculation Models (GCMs,

namely: CCSM4 [Genrgt al, 2011], IPSL [Martet al, 2010] and MIROGCHEM [Watanabe

et al, 2011]) were processed using the MEDI algorithm (lanredllal, 2017), in order to

obtain a single, weigkaveraged model from diffent predictions. Genomic information was
integrated in future SDM dividinG. raineripresence points (used to predict habitat suitability)

into two different datasets, according to the geographic distribution of the two main genetic
lineages (Table S2Accuracy of each model was evaluated through the True Skill Statistics
(TSS; Alloucheet al,, 2006), and raster layers of future habitat suitability were produced. The
raster map of the geological substrate at scale 1:5.000.000 was downloaded from the USGS
website fittps://www.usgs.gavPawlewiczet al, 1997).All the raster layers were cut at the
extension of the Al pine region (O6Extract by
substrate composition in the ecology@fraineri (Aeschimanret al, 2004;Pignatti, 2018),
substrate information of each presence poin
and used to further cut the bioclimatic raster layers, retaining habitat suitability information
only for OTri assatecétegaiesd O6Jurassicd substr

Results

Population genomics

After demultiplexing and filtering, the raw data averaged 8.86 million-higgdity reads per
individual (SD = 2.95 million). After Stacks analysis, 113,863 polymorphic loci (mean length
37.93 bp) and 110,494 nant sites were retained. A total of 860,034 SNPs were identified
across the entire dataset. Population summary statistics produced by the Stacks pipeline are
reported in Tables S3 and S4. The observed heterozygosity valuess (Haible S3) ranged
from 2.12x10° (for the Sasso Malascarpa population) to 2.49%Monte Alben), and were
always higher than expected heterozygosity et able S3). The inbreeding coefficienisjF

was always slightly negative8x10* <Fis< -4.3x10% Table S3), with thenly exception of

the singlesample population of ParlascodE 0). Genetic differentiation was low among
populations, with the pairwisesFvalues (Table S4) ranging from 5.6%%Found between
Grigna Meridionale and Grigna Settentrionale) to 7.6%(6und between Sasso Malascarpa
and Monte Alben).
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Fig. 1 Admixture analyses orC. raineri populations K values from 2 to 10 Separate sections represent
populations (CO = Concarena, RGvonte Resegone, SD = San Defendente, SM = Sasso Malascarpa, PA =
Parlasco, AV = Piani di Artavaggio, CV = Monte Cavallo, ARizzoArera, PS =Pizzo dellaPresolana, VE

= Monte Venturosa, GM = Grigna Meridionale, GS = Grigna Settentrionale, Monte Alben, CA = Corni

di Canzo)Each vertical bar represents an indiatjulivided into K coloured parts (Liet al, 2020), and each
colour represents a distinct, inferred ancestral populatiote that geographic locations of each population

are visible in Fig. 2with geographical coordinates reported in Table S1

In the Admixture analysis, the lowest cresslidation (cv) was found to be associated
with K = 2 (mean cv error = 0.257; Let al, 2020), while the best number of genetic clusters
was found to be K =9, according to MedMedK and MedMeaK statistics, and Kasddrding
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to MaxMedK and MaxMeanK (Li and Liu, 2018). At K = 2, a clear distinction was found
bet ween the Owesternd group, comprising the
Sasso Malascarpa, Parlasco, Grigna Meridionale, Grigna Settentramuhl@orni di Canzo,

and the Oeasternd6é group comprising the r em:
Monte Resegone, San Defendente, Parlasco and Grigna Settentrionale showed a slight and
progressively decreasing haplotype contribution from thetegn group of populations. In
contrast, populations from Piani di Artavaggio, Monte Venturosa and Pizzo Arera shared low
ancestry with the western haplotype group. At K = 9, populations at Concarena, Monte
Resegone, Piani di Artavaggio, Monte Cavallo ddzo della Presolana were clearly
distinguished. Populations at Grigna Meridionale, Grigna Settentrionale and Corni di Canzo
showed admixture with both Monte Resegone population and the group comprising Sasso
Malascarpa, San Defendente and Parlasco. Areastern populations, Pizzo Arera and Monte
Alben showed admixture with Monte Cavallo, Concarena, Piani di Artavaggio and Pizzo della
Presolana, in a similar situation to that evident at Monte Venturosa (which exhibited a higher
level of admixture with idividuals from Piani di Artavaggio and ewer mixing with the

ove ®® co
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Fig. 2 Geographical distribution of the genetic diversity foundinraineri (based on Admixture analysis

with K = 2). Each pie chart represents an individual, and colours represent hapfatgouencies.
Site/population labels: SM = Sasso Malascarpa, CA = Corni di Canzo, SD = San Defendente, PA = Parlasco,
GS = Grigna Settentrionale, GM = Grigna Meridionale, RG = Monte Resegone, AV = Piani di Artavaggio,
VE = Monte Venturosa, CV = Monte Cdlg AR = Pizzo Arera, AL = Monte Alben, PS = Pizzo della
Presolana, CO = Concarend)imbers indicate Como Lake (1) and the main valleys within the distributional
range of the species (2 = Valsassina, 3 = Val Bremban&ad Seriana, 5 = Val di Scalvéljhe black dashed

line highlight the extension of the Valsassina glacier during LGM. See Table S1 for sample geographical

coordinates.
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Fig. 3 Coancestry matrix o€. raineri populationsand dendrogram(inferred using the FineRADstructure
software) Labek indicate individuals, and acronyms indicate speciasie and sampling sites (Cr =
Campanula raineti CO = Concarena, PS Rizzo dellaPresolana, CV = Monte Cavallo, VE Monte
Venturosa, AV = Piani di Artavaggio, AR RizzoArera, AL =Monte Alben, RG =Monte Resegone, PA =
Parlasco, SD = San Defendente, SM = Sasso Malascarpa, CA = Corni di Canzo, GM = Grigna Meridionale,
GS = Grigna Settentrionaleleach pixel representan individual ceoancestry coefficient: darker colours
indicate progressively highgalues of coancestryhe mppulation tree was built using the Markov chain Monte
Carlo (MCMC) clustering algorithm, and numbers over branches indicate posterior popatsignment
probabilities, reflecting theroportion of MCMC samples in which individls formed a population (Malinsky

et al, 2018).
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population at Monte Resegone) (Fig. 1). Results for K = 10 showed a similar partition, although
Sasso Malascarpa differed from Grigna Settentrionale, Grigna Meridionale and Corni di Canzo
due to the greateadmixture with the San DefendeRarlasco group (Fig. 1). A pie chart of

the Admixture results for K = 2 clearly shows the daswest genetic distinction into two
population clusters, separated by Valsassina, extending between Monte Venturosaiahd Pia
Artavaggio on one side and the Grigna massif (Grigna Meridionale and Grigna Settentrionale)
on the other (Fig. 2).

FineRADstructure results (Fig. 3) highlighted two major genetic clusters, exactly
corresponding to the Opsdetettadbyntide Admmxture arfalgsis 6 e a s
with K = 2. Within these two main groups, a filevel structuring can be detected, with a
separate cluster for each sampling locality, based on relatively higher values-pbjpitation
coancestry with respect toterpopulation coancestry. The only exceptions were represented
by the individuals of, on the one hand, Pizzo Arera and Monte Alben, and, on the other hand
Sasso Malascarpa, Corni di Canzo, Grigna Meridionale and Grigna Settentrionale, clumped
together ito two relatively homogeneous groups. All these partitions are highly significant
(posterior assignment probabilityl).

PCA analysis results allow to identify four main clusters of individuals: two
corresponding to the individuals from Concarena andoRietla Presolana, respectively, and
two corresponding to the individuals from Pizzo Arera, Monte Alben, Monte Venturosa, Piani
di Artavaggio and Monte Cavallo, and Monte Resegone, San Defendente, Parlasco, Grigna
Settentrionale, Grigna Meridionale, Sad8alascarpa and Corni di Canzo, respectively (Fig.
S1). Within the third group, a slight overlap between the populations of Pizzo Arera and Monte
Alben can be observed, while, in the last group, individuals from Monte Resegone remain
distant from those ajdther populations, strongly clumped. The first two eigenvalues contribute
for the 17.4% of the total variation in the data.

Genetic differentiation assessment Bet ween t he Owesternd an
mean krand Dxy as revealed by the Stackalgsis were 0.036 and 0.004, respectively. The
analyses of the nucleotide variability of the two selected markers-fisbi intergenic spacer
region and the ITS5.8SITS2 region) showed low but definite differences between the
western and eastern grou@pecifically, in the amplified trnkbsbA region, annsertion of
one basevas found in all the individuals of the western group (with the single exception of the

individual from Parlasco) compared with those of the eastern one. As regards the amplified
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Fig. 4 Current habitat suitability and presence/absence record faineri (a) theentire rangeovered by
the presence/absence investigation, b) detail of the area currently occupied by the species). Envirt
suitability is reported onljor areas on calcareous substratefpé://www.usgs.gov red areas = unsuitabl
conditions, blue areas = suitable conditions. Points repr€seatneri presence/absence records (light bl
= presence; red = absence; see also Table S2).

ITS1-5.8SITS2 region, a ondase substitution precisely differentiated the individuals from
the two groups (thymine in group 1 and cytosine in group 2) (Fig. S2a,b).

Species Distribution Modelling

As a o6control & for the maddedurentalimdtiadaiatwast s u
consistent with the current distribution of the species (Fig. 4). Future projections suggested an
overall decrease of climatic suitability in the area currently occupi€d aineri, with optimal

conditions only at highealtitude sites (>1500 m a.s.l.). Moreover, habitat suitability increased
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with elevation evenly within the range, without revealing any appreciable lircegmndent

di fference in the speci esd.Moreosep babigtesuitditp c| i m
showed a shift towards the nomhstern area of the current occupied range in all future
scenarios. Future projections based on RCP8.5 (Fig. 5b,d) generally showed more gradual
changes in habitat suitability according to elevation when comparédthétcorrespondent

RCP6 scenario (Fig. 5a,c). Finally, the RCP6 2070 projection (Fig. 5¢) suggested increased
habitat suitability in norttwestern part of the range with respect to the 2050 projection (Fig.

5a).
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Fig. 5 Future suitability maps for therea currently occupied . raineri built from climate projections for different timeframes (2050: a,b; 2070: c,d) and
RCPs (RCP6: a,c; RCP8.5: b,d). Environmental suitability is reported only for areas on calcareous sintigisat@sriv.usgs.gov red areas = unsuitable
conditions, blue areas = suitable conditions. Points represent cOrneiheri presence/absence records (light blue = presence; red = absence; see also Table

S2).
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