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Abstract 

Plant species distributions are the result of climatic and evolutionary histories. Range restriction 

in steno-endemic species often results from climate oscillations that have reduced the extent of 

suitable habitat or limited species dispersion across ecological barriers. Narrow endemics may 

also be of recent origin (yet to disperse) or relicts of ancient lineages. High-elevation 

environments tend to be rich in endemism as a result of complex climatic histories (underpinning 

speciation events) and the survival of relicts. Mountain species typically experience extreme 

conditions and significant temperature changes across short spatial gradients and timeframes, 

and are particularly sensitive to climate fluctuations, especially on exposed substrates such as 

rocky faces and screes. Consequently, mountain chasmophytes (i.e. rupestral plant species), are 

often range-restricted, characterised by small and fragmented populations. The current thesis 

aims to better understand the causes and consequences of rarity and predict the possibilities for 

future conservation of a model chasmophyte species, Campanula raineri Perp. 

(Campanulaceae), a tetraploid steno-endemic of the Italian Prealps, by addressing the following 

hypotheses:  

1) Polyploidy (chromosome set duplication) is a principle driver for the emergence of new 

endemics. A global-scale analysis of 4210 species representing the principal clades of 

angiosperms addressed the relationships between chromosome number, geographic distribution 

and taxon age (Chapter 2). Polyploidy was shown to be a key driver of endemism in 

angiosperms, with a significant negative exponential relationship between the maximum number 

of chromosomes and taxon age (R2
adj = 0.49, p < 10-4), and greater maximum chromosome 

numbers (2n = 164 vs. 111) declining more rapidly with taxon age (decay constant = 0.12 vs. 

0.04) compared to non-endemics.  

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

suitability throughout the Quaternary. Demographic history (gene flows, bottlenecks, and 

reproductive isolation events), can be investigated through population genomics to infer 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 projections. Hypothesis 2 was 

thus verified by comparing the genetic structure of 14 populations across the entire distributional 

range of C. raineri with the climatic history of the region during the Quaternary (Chapter 3). 

Genomic analysis of C. raineri populations revealed two main genetic lineages, probably 

becoming isolated during the Last Interglacial (~ 120,000 years bp) due to habitat recolonization 
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dynamics and subsequently during the LGM due to the persistence of the Valsassina glacier 

barrier. Within these two metapopulations, a more recent site-specific differentiation was evident 

as a result of the upward migration of the species on isolated reliefs (posterior population 

assignment probability calculated by Markov chain Monte Carlo clustering algorithm 

always = 1).  

3) An upward migration of C. raineri is expected in future decades as a consequence of 

sub-optimal conditions at lower elevation sites due to climate warming. Predictions based on 

phylogeography and SDMs can be informative for rare species conservation under current 

climate change scenarios. Understanding the optimal conditions for species fitness (i.e. survival 

and reproductive success) and where these could be found in the future is crucial to inform 

targeted conservation actions such as population reinforcements and assisted migrations. 

Hypothesis 3 was addressed both by building phylogeographically-informed future SDMs 

(investigating future decades until 2070; Chapter 3) and testing the impacts of elevation on the 

reproductive ecology of C. raineri, from pollinator guilds to pollen and seed quality (Chapter 4). 

Future SDMs suggest a decrease in habitat suitability at lower-elevation sites, where C. raineri 

populations exhibited reduced fitness (correlation coefficients = 0.62 and 0.93 for seed 

germination and pollen viability, respectively).  

4) In-vitro propagation and plant production is feasible for the conservation of rare 

chasmophytes. Germination protocols for C. raineri and other rare species (4 chasmophytes and 

1 orchid) of northern Italy were tested (Chapter 5): successful in-vitro propagation of target 

species was performed (mean germination rate of each species generally > 80%, lower for 

Linaria tonzigii and Saxifraga tombeanensis), with the production of hundreds of new plants.  

In conclusion, ecological barriers during the Quaternary resulted in the genetic 

differentiation of C. raineri into two metapopulations, the ólowerô lineage exhibiting genetic 

uniformity and reduced fitness probably as a consequence of sub-optimal conditions for the 

species with increasing temperatures. The survival of this lineage is further threathened by the 

lack of possibilities for spontaneous upward migration, entailing the risk of genetic depletion 

within the entire species. However, SDMs and successful in-vitro propagation suggest that 

informed conservation actions could be undertaken to 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 

habitat suitable for the survival and successful reproduction of species and one of the main 

factors rendering the ecosystem efficient and resilient (Hooper et al., 2005). Preserving 

biodiversity has therefore become a major concern, especially because of recent climate change 

and the increasing anthropogenic disturbance of natural ecosystems. Climate change projections 

have become an established tool for impact prediction and targeted conservation actions. 

Recently observed warming has followed the upper level of early projections, suggesting that 

the worst-case future scenarios are probably the most realistic, with a global average increase of 

near-surface air temperature of up to 4°C by 2100 (Carvalho et al., 2022). Within this context, 

the rarity and conservation status of species are 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, 2022). According to the latest data, 

24,914 out of 62,666 assessed plant species are listed as Critically Endangered, Endangered or 

Vulnerable (of a total of 424,335 estimated described species; IUCN, 2022). Thirty-five 

principal global biodiversity hotspots, covering only 17.3% of the land surface of the Earth, are 

characterised by both exceptional biodiversity and extensive habitat loss (Myers et al., 2000; 

Marchese, 2015), and host 77% of all endemic plant species. Additionally, these areas are the 

preferential setting for studying the drivers and processes of diversification (Noroozi et al., 

2018). Areas of endemism are therefore well suited to recognize biodiversity hotspots that also 

harbour highly threatened species (Noroozi et al., 2018). The preservation of endemic species, 

and the biodiversity hotspots where they occur, is therefore a major concern worldwide (Myers 

et al., 2000; Cañadas et al., 2014; Noroozi et al., 2018). 

 

1.1.1 Endemism 

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

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

an endemic species can be classified as a ñlocal (or narrow) endemicò (i.e. restricted to a single, 

small area), ñprovincial endemicò, ñnational endemicò, ñregional endemicò and ñcontinental 

endemicò (Isik, 2011; Coelho et al., 2020). Campanula raineri Perp., Primula glaucescens 
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Moretti, Linaria tonzigii Lona, are only a few examples of narrow endemics of the Italian Prealps 

flora, growing in a limited area on calcareous mountains in North-eastern Italy (Aeschimann et 

al., 2004; Pignatti, 2018). Saponaria ocymoides L. is also óendemicô, but to a wider area 

encompassing the European Alps, while Carpinus betulus L. has a large European range, 

extending from Sweden to the Balkans and from the Caucasus to the Pyrenees (Aeschimann et 

al., 2004; Pignatti, 2017b), and is considered óendemicô at this scale. Scots pine (Pinus sylvestris 

L.) is endemic to Eurasian mountains, ranging from Spain to the Sea of Okhotsk, Russia 

(Pignatti, 2017a). The scale-dependence of endemism means that it does not necessarily denote 

rarity for Angiosperms: according to the above classifications, the majority of existing species 

are endemic at one certain scale or another, and only truly cosmopolitan species are excluded 

(Kruckeberg and Rabinowitz, 1985; Isik, 2011). The ódegree of endemismô is thus a very general 

indicator of the extent of geographic range of a taxon. On the other hand, rare species are defined 

as those that grow 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, and hence are confined 

to a single area or to a few localities (Kruckeberg and Rabinowitz, 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 distribution of an endemic species are history, 

ecological range and isolation (Kruckeberg and Rabinowitz, 1985; Harrison and Noss, 2017). 

The main mechanism of the creation of endemics forms the basis of the traditional distinction 

between paleo- and neo-endemics (Favarger and Contandriopoulos, 1961; Stebbins and Major, 

1965). Ancient endemics include paleoendemics s.s. and patroendemics, while the majority of 

recent endemics are termed apoendemics. Paleoendemics s.s. are relicts of once more 

widespread taxa, which have undergone habitat constriction. Indeed, they are often ecological 

specialists. For this reason, isolated endemics with separate, disjointed populations are likely 

paleoendemics. These may be highly polyploid (known as ñpaleopolyploidsò), originating from 

unknown or extinct diploid ancestors (Favarger, 1961; Stebbins and Major, 1965; Brown, 1968). 

Patroendemics are ancient, relict, diploid endemics that have given rise to more widespread 

polyploid derivatives, called apoendemics (Stebbins and Major, 1965; Myers and Giller, 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 (Stebbins and Major, 1965). Schizoendemics represent a particular kind of endemic that 

can be either ancient or recent (Favarger and Contandriopoulos, 1961; Stebbins and Major, 

1965). Favarger and Contandriopoulos (1961) introduced this term to describe disjunct, closely 
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related endemic taxa with the same chromosome number (Favarger and Contandriopoulos, 1961; 

Thompson et al., 2005). Schizoendemism occurs as a result of adaptive radiation into distinct 

habitats followed by allopatric speciation (Favarger and Contandriopoulos, 1961; Thompson et 

al., 2005; Sňkiewicz et al., 2018). 

Ecological range is associated with endemism because the adaptation of narrowly 

distributed plant species to specific, localized environmental contexts limits the occurrence to 

suitable habitats within the geographic area (Isik, 2011; Harrison and Noss, 2017; Coelho et al., 

2020). The environmental requirements for species usually concern the microclimate, 

topography, substrate and interactions with other organisms (Kruckeberg and Rabinowitz, 

1985). Consequently, a complex environmental context can host a variety of organisms, and the 

number of endemics evident within an area is usually correlated with the heterogeneity of the 

habitats present (Cain, 1944). 

Finally, the role of isolation in promoting endemism has long been recognised (Fernald, 

1924; Särkinen et al., 2012; Steinbauer et al., 2016). A restricted range, combined with 

environmental determinants, limits outbreeding and the dispersal capability of the species, for 

both relict and recent endemics (Hedderson, 1992, Christie and Strauss, 2019). Barriers to 

dispersal are usually defined by the ecological requirements of the species, and are typically 

represented by geographical features such as seas separating terrestrial systems, land separating 

marine systems, mountain ranges dividing low-elevation areas or valleys crossing mountain 

systems (Steinbauer et al., 2016). A lack of outcrossing preserves the genetic identity in ancient 

endemics, and promotes the emergence of new taxa through allopatric divergence (Steinbauer et 

al., 2016). Indeed, isolation is widely known as a driver of speciation (Lack, 1947; Rieseberg 

and Willis, 2017): when combined with environmental variety, it promotes adaptive radiation, 

that is the diversification from a common ancestor of new ecotypes and elogical vicariants, able 

to specialise in different ecological niches (Stroud and Losos, 2016; Gillespie et al., 2020). The 

emergence of different and disjointed habitats thus promotes divergence of environmentally-

correlated phenotypes from an ancestral coloniser, as has happened for example within the 

genera Espeletia and Lupinus in the Andean mountains (Monasterio and Sarmiento, 1991, 

Hughes and Eastwood, 2006), or in the Hawaiian silversword alliance for the genera 

Argyroxiphium, Dubauiia, and Wilkesia (e.g. Baldwin and Sanderson, 1998; Landis et al., 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 regimes (i.e. islands, 

mountains) are relatively rich in local endemics (Cain, 1944; Kruckeberg and Rabinowitz, 1985; 

Harrison and Noss, 2017). 

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

In recent decades, a range of 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 history and isolation as 

potential causes of extensive endemism (Jansson, 2003; Särkinen et al., 2012; Harrison and 

Noss, 2017). Patterns of climate stability and changes over evolutionary time appear to be key 

factors (Harrison and Noss, 2017). ñClimatic refugiaò are locations with a historically stable 

climate, lacking extreme temperature fluctuations, where species may retreat (or migrate) to and 

persist during large-scale and long-term climatic changes (Keppel et al., 2015). These areas both 

enable the survival of relictual local endemics and allow the emergence of new taxa (Jansson, 

2003; Harrison and Noss, 2017). Thus, centres of high endemism are expected to contain either 

ancient relictual taxa or recent, rapidly diversifying species, or mixtures of both, segregated 

along different environmental gradients (Harrison and Noss, 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, when compared with outlying regions 

(Stewart and Lister, 2001; Rull, 2009; Harrison and Noss, 2017; Körner and Hiltbrunner, 2021). 

Due to their reduced dimensions, these areas are called ñclimatic microrefugiaò, and their 

existence is mainly due to topography (Stewart 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 population re-expansion (Grassi et al., 2009; Rull, 2009; Hannah et 

al., 2014; Harrison and Noss, 2017).  

 

1.1.3 Genetic 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 gentian Gentiana 

pneumonanthe L. (Pierce et al., 2018) or in the African rain forest tree Baillonella toxisperma 

Pierre (Duminil et al., 2016). This in turn affects population genetics, increasing the effects of 

inbreeding and genetic drift (Ellstrand and Elam, 1993; Raijmann et al, 1994; Whitlock, 2000; 

Oakley and Winn, 2012). Both of these processes have opposing consequences for gene flow, 

which works to equalize population genetic composition and is susceptible to habitat 

fragmentation (Ellstrand and Elam, 1993; Young et al., 1996). In plants, gene flow is the 

movement of genes among populations by mating or by migration of seeds/vegetative 

propagules (Ellstrand, 1992; Ellstrand and Elam, 1993). Almost a century ago, Wright (1931) 
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posed the question of how many migrants are needed to prevent population differentiation (cited 

by Mills and Allendorf, 1996). Despite Spiethôs (1974) suggestion, the number of inter-

population matings required to maintain a specified level of gene flow and avoid excessive 

inbreeding is dependent on population size (see also Varvio et al., 1986; Mills and Allendorf, 

1996; Vucetich and Waite, 2001). Indeed, the effects of gene flow are inversely related to 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 inter-population cross-pollination (Ellstrand and Elam, 1993; 

Petanidou et al., 2001).  

Inbreeding is the crossing of related individuals, with selfing as an extreme case, which 

can even involve autogamy (the self-pollination of a single flower; Jain, 1976; Hauser et al., 

1994). Small populations are particularly sensitive to these processes, because when population 

density decreases, the proportion of crossing between related individuals and self-pollination 

potentially increases (Ellstrand and Elam, 1993; Duminil et al., 2016; Siopa et al., 2020). For 

example, selfing frequently occurs in the self-compatible species Gentiana pneumonanthe, when 

reduced population size discourages visits by pollinators (Petanidou et al., 2001). Additionally, 

most of the pollinator movements tend to be between neighbouring plants (Levin and Kerster, 

1974) and most of the seedlings establish near to the maternal parent (Meagher and Thompson, 

1987). Consequently, the breeding system of a species, seed dispersal mechanism and pollen 

dispersal capacity are crucial in determining inbreeding risk (Duminil et al., 2016). By increasing 

homozygosity (i.e. a high proportion of identical alleles in each zygotic genome) within 

populations, inbreeding may completely eliminate heterozygosity in the long term (Ellstrand and 

Elam, 1993; Young et al., 1996). Indeed, there is a strong positive correlation between plant 

population size and heterozygosity (Reed and Frankham, 2003; Leimu et al., 2006). 

Genetic drift is the random change in allele frequency from one generation to the next in 

the absence of natural selection pressures. In very restricted populations (<100 individuals) 

fluctuations may be substantial and unpredictable, and have a disproportionately strong effect 

(Ellstrand and Elam, 1993). Drift has two different effects, through population bottlenecks and 

founder/colonization events: the decrease of genetic diversity within populations and the 

increase of differentiation among populations (Varvio et al., 1986; Ellstrand and Elam, 1993; 

Young et al., 1996). The loss of diversity within populations is mainly due to decreasing 

heterozygosity and allele fixation (Allendorf, 1986; Ellstrand and Elam, 1993). The incremental 

differentiation among isolated populations is linked to weaker gene flow and demographic 

https://context.reverso.net/traduzione/inglese-italiano/visits
https://context.reverso.net/traduzione/inglese-italiano/pollinators
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stochasticity (Kruckeberg and Rabinowitz, 1985; Ellstrand and Elam, 1993; Nosil et al., 2009; 

Barmentlo et al., 2018).  

Genetic variability can emerge in any aspect of phenotype (morphological, physiological, 

anatomical, biochemical, and phenological features expressed at every stage of the life cycle; 

Primack and Kang, 1989). Therefore, changes in genetic structure have implications for 

population persistence through the fitness of individuals. Fitness can be estimated as the relative 

number of offspring in the subsequent generation, a function of success in growth, survival, and 

reproduction (Primack and Kang, 1989). Fitness is revealed by specific phenotypic characters 

that affect survival and reproductive success at some stage in the entire life cycle. Fitness 

components that may be quantified include: seedling characters (e.g. germination rate, date of 

germination, seedling weight, size of cotyledons, height of cotyledons, seedling mortality or 

establishment), juvenile characters (e.g. height and leaf area at specific dates after germination), 

adult characters (e.g. date of first flowering, total number of flowers produced, 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, 1986; Billington et al., 1988; Oostermeijer et al., 1994; Leimu et al., 2006). 

Individual fitness in plants can be difficult to measure, due to certain specific features of these 

organisms. Firstly, often it is challenging to delimit and identify the individual plant itself - 

particularly if it is very long-lived - due to systems of asexual reproduction and vegetative 

propagation, such as the production of ramets (i.e. independent units of a clonal structure) 

through stolons, runners, rhizomes and bulbils, and difficulty in determining which ramets 

belong to which genets (i.e. genetically identical groups of ramets sharing a common origin; 

Harper, 1997; Barret, 2015; Gargiulo et al., 2019). Secondly, following the progress and 

development of seeds from one generation to the next is difficult under natural conditions, since 

the maternal and paternal identity of seedlings cannot easily be inferred (Meagher and 

Thompson, 1987). Moreover, seeds of many species do not germinate immediately, but can 

remain dormant in the soil for decades (Baskin and Baskin, 1985; 2014; see also Thompson, 

1993). Thirdly, it is not always the case that high pollen and seed production lead to higher 

fitness: some individuals could produce fewer but higher-quality seeds than others and, 

therefore, despite showing low fecundity they may actually leave more offspring in future 

generations (Primack and Kang, 1989). This is particularly true of larger-seeded species that use 

energy reserves to maximise the establishment success of larger seedlings in competitive 

situations or in conditions of shade (Thompson and Hodkinson, 1998; Geritz et al., 1999; 

Vandelook et al., 2019). 
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ñInbreeding depressionò refers to reduced fitness (i.e. decline in survival due to reduced 

viability, growth and fecundity) with increasing homozygosity (Wright, 1977; Ellstrand and 

Elam, 1993; Reed and 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 over-dominance hypothesis; Charlesworth and Charlesworth, 

1987; Wright, 2008; Austerlitz et al., 2012). Some studies suggest that highly heterozygous 

organisms can more successfully overcome the threats inherent to fluctuating environments 

(Huenneke, 1991; Ellstrand and Elam, 1993). In the long term, reduced allelic richness may limit 

the ability of a species to respond to changing selection pressures (Young et al., 1996; Reed and 

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 

(Kruckeberg and Rabinowitz, 1985; Jiang et al., 2019). Nonetheless, such depression has 

different effects according to the typical mating system: habitually inbreeding populations are 

usually less affected by depression than ones that usually outbreed, since deleterious recessive 

alleles are removed by selection as they become homozygous (Charlesworth and Charlesworth, 

1987; Ellstram and Elam, 1993). 

Gene flow (movement in physical space of genotypes in the form of pollen or propagules), 

by reducing the risk of inbreeding depression, is thus usually essential for species preservation 

(Ellstrand and 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 (Antonovics, 1976; Simberloff, 1988). Therefore, the exchange of inappropriate 

alleles may prevent local adaptation and thus reduce local fitness: referred to as ñoutbreeding 

depressionò (Antonovics, 1976; Ellstrand and Elam, 1993; Nosil et al., 2005; Barmentlo et al., 

2018). Isolation by distance combined with differential local adaptation lead to genetic 

divergence among populations (Lee and Mitchell-Olds, 2011).  

Kruckeberg and Rabinowitz (1985) raised the question of the existence of typical 

biological traits as recurrent features in endemic and rare species. Rare species often exhibit low 

production of fruits or seeds, low seed survival and low seedling establishment (Fiedler, 1987; 

Pavlik et al., 1993; Byers and Meagher, 1997; Walck et al., 2001). Some studies have compared 

the biological, ecological and morphological characteristics of a local endemic and a 

geographically widespread, closely related species, in attempt to explain the causes of rarity (e.g. 

Baskin et al., 1997; Witkowski and Lamont, 1997; Walck et al., 2001). In particular, low 
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competitive ability is decisive in limiting the geographical range in some narrow endemics 

(Baskin and Baskin, 1988; Walck et al., 2001).  

The confinement of narrow endemics to areas characterized by stable long-term climates 

might imply stability-associated attributes and high habitat specialization, such as narrow 

climatic tolerance, weak dispersal or dormancy capabilities and, often, obligate mutualisms 

(Harrison and Noss, 2017). Endemic species are characterized by strong correlations among 

phenotypic traits, especially those relevant to different environmental contexts (Hermant et al., 

2013). This may explain the poor adaptability of endemics to novel microhabitats and 

environmental changes (Hermant et al., 2013). However, the functional traits (i.e. characters that 

affect survival) of Dianthus pseudocrinitus Behrooz. and Joharchi, endemic to north-eastern 

Iran, can be more variable than the traits of sympatric species in the wider plant community 

(Behroozian et al., 2020). As this species appears to have evolved relatively recently, via 

polyploidy, it appears that not all neo-endemics are highly adapted to a specific environment, 

and range restriction appears to be caused by limited dispersal and a slow rate of spread. Some 

neo-endemics, particularly polyploids with robust morpho-physiological 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, understand the level of gene exchange between populations, and, finally, 

better target possible conservation actions. 

 

1.1.4 Population Genomics: the use of Single Nucleotide Polymorphisms (SNPs) 

Understanding changes in genetic variation (alleles and genotype frequencies) within and 

between populations over time in response to genetic drift, gene flow, mutation and natural 

selection is a specific task of population genetics (Millstein and Skipper, 2007), which relies on 

different techniques (Pritchard et al., 2000; Gao et al., 2007; Jombart et al., 2009; Engelhardt 

and Stephens, 2010). Population genomics extend to a genome-wide level population genetics 

(Luikart et al., 2003). Genomes include loci under natural selection and neutral loci. Whereas 

the first by definition are informative with regard to fitness 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 about population 

demography and phylogenetic history (Luikart et al., 2003; Allendorf et al., 2010). Population 

genomics uses genome-wide sampling to distinguish locus-specific effects (such as selection and 

mutation) from genome-wide effects, due to drift, bottlenecks, 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 (Morris and Shaw, 2018) and identify and exclude loci 

being directly selected (i.e. under ópositive selectionô; Luikart et al., 2003). The ideal approach 

for population genomics should be able to detect hundreds of polymorphic markers, covering 

the entire genome (Luikart et al., 2003). In fact, the accuracy of the estimate of important 

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; Brito and Edwards, 2009). Single nucleotide 

polymorphisms (SNPs), being the most abundant type of genome-wide distributed genetic 

markers, are ideal for population genomics (Seeb et al., 2011).  

The utilisation of a specific marker is linked with advances in sequencing technology and 

bioinformatics tools. Next-Generation Sequencing (NGS) is now a widespread approach 

allowing a genome-wide analysis (Davey et al., 2011; Fumagalli et al., 2013). In particular, the 

development of Restriction site-Associated DNA Sequencing (RADseq) has revolutionized 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 (Andrews et al., 2016). It is therefore particularly 

effective for SNP detection (Brito and Edwards, 2009; Andrews et al., 2016). The RADseq 

technique is based on the use of restriction enzymes to obtain DNA sequences (known as RAD 

tags) from a genome-wide set of loci (both coding and non-coding regions), and the use of NGS 

to generate sequence data adjacent to restriction cut sites (Baird et al., 2008; Van Tassel et al., 

2008; Andrews et al., 2016). Targeting a subset of the whole genome, RADseq combines the 

advantages of genome-level sequencing and cost-effectiveness. Such advantages include: high 

depth of coverage per locus (and therefore improved confidence in the output), flexibility (e.g. 

in fragment size selection, or in the number of examined loci) and the possibility to extend the 

analysis to a large number of samples (Andrews et al., 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 high-throughput SNP detection and genotyping in studies of non-

model organisms (Helyar et al., 2011; Seeb et al., 2011; Andrews et al., 2016). Finally, cut sites 

are generally conserved within a species (Andrews et al., 2016), so that different populations 

share most loci: this make RADseq suitable for comparative studies between populations.  

An increasing variety of software packages is now available for the analysis of the massive 

quantities of genomic data involved. Bioinformatic tools can provide an estimate of an extensive 

number of population parameters. For example, Stacks v2.6 software can build loci from short-
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read sequences, identify SNPs and calculate population summary statistics (e.g. observed and 

expected heterozygosity and homozygosity, inbreeding coefficient, number of private alleles; 

Catchen et al., 2011; 2013). The Admixture v1.3.0 (Alexander and Lange, 2011) and the 

fineRADStructure package (Malinsky et al., 2018) estimate individual ancestries and coancestry 

among populations, to infer population structure. Finally, several R packages (e.g. adegenet, 

Jombart and Ahmed, 2011) can perform Principal Component Analysis (PCA) on genetic data 

and distinguish metapopulations.  

 

1.1.5 Phylogeography 

The expected correlation between genome-wide divergence (as revealed by neutral genetic 

markers) and geographical distance (Lee and Mitchell-Olds, 2011) is the purvue of 

Phylogeography (Avise, 2000). Phylogeography provides a link between phylogenetics and 

population genetics: by describing how genetic variation is geographically structured within and 

between populations by population genetics processes (i.e. genetic drift, gene flow, selection), it 

can show genetic differentiation among populations and detect events of speciation by isolation 

(Ottenburghs et al., 2019). The geographical subdivision among populations is based on the 

comparison and the clustering of different lineages (Meng et al., 2015; Andrews et al., 2016). 

The number of molecular markers providing genetic data distinguishes multi-locus 

Phylogeography from genomic Phylogeography (Brito and Edwards, 2009), whereas the use of 

neutral molecular markers differentiates Phylogeography from Landscape Genetics 

(Hickerson et al. 2010). While the former studies the historical neutral processes affecting the 

pattern of genetic variation, the latter focuses on selective pressures on specific loci, interpreting 

changes in allele frequencies as clues of local adaptation (Holderegger et al., 2010).   

Phylogeography studies the spatiotemporal distribution of genetic lineages resulting from 

demographic processes (i.e. population expansion or contraction) and variation in gene flow in 

response to changing environments (Avise et al., 1987; Schaal et al., 1998; Avise, 2000; 

Hickerson et al., 2010; Meng et al., 2015; Sork et al., 2016; Morris and Shaw, 2018). Thus, the 

historical background of the current distribution and abundance of organisms is a key issue for 

Phylogeography, which is supported by paleoclimate data, the fossil record and Palynology 

(McLachlan et al., 2005; Meng et al., 2015). A range of recent studies have used this approach 

to clarify colonization routes and geographical range variations during the Quaternary (e.g. 

Taberlet et al., 1998; McLachlan et al., 2005; Dering et al., 2017) and to test the hypothetical 

localization of glacial refugia based on paleoenvironmental data (Tribsch and Schönswetter, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204174/#R22
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2003). Contraction and expansion to and from refugia often leave genetic signatures, 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 events promoting gene segregation in expanding populations 

(Excoffier and Ray, 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 species and to detect ancestral patterns of diversity, and Paleoecology, to assess past 

vegetation dynamics due to climatic fluctuations (Tribsch and Schönswetter, 2003; Meng et al., 

2015; Sork et al., 2016; Li et al., 2020). 

Additionally, Phylogeography allows the analysis of entire communities (Emerson et al., 

2011; Satler and Carstens, 2016, 2019). Biotic interactions can strongly affect survival, dispersal 

and population dynamics and thus spatial genetic structure, as do historical events and 

environmental and geospatial features (Espíndola and Alvarez, 2011). This is especially true for 

species involved in specific and obligate interactions, showing high levels of ecological 

interdependence (Espíndola and Alvarez, 2011). Some studies showcase the comparative 

Phylogeography of arthropods and host-plant species involved in specific interactions, such as 

parasitism (Ren et al., 2008; Tsai and Manos, 2010), commensalism (Emerson et al., 2010) and 

pollination (Althoff et al., 2001; Espíndola and Alvarez, 2011).  

Lastly, 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 climate change, 

supporting conservation actions (e.g. Tribsch and Schönswetter, 2003). In their study of endemic 

vascular plants in the Eastern part of the European Alps, Tribsch and Schönswetter (2003) found 

agreement between the location of hypothetical refugia, molecular 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 requirements, breeding systems and dispersal abilities, and to 

perform a comparative analysis between co-distributed species (Tribsch and Schönswetter, 

2003).  

 

1.1.6 Conservation of endemic species 

Species vulnerable to extinction tend to share a suite of typical features: 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 specific habitat and ecological conditions (Primack, 2010). Local endemic species 

typically exhibit at least one of these features. The relationships evident among population size, 

genetic variation and fitness suggest that most populations of rare and endemic species suffer 

reduced fitness resulting from inbreeding depression and genetic drift. Endangered species in 

particular tend to exhibit lower levels of heterozygosity than related non-endangered ones (Reed 

and Frankham, 2003). Additionally, as small populations are 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; Coelho et al., 2020). In situ protection ï the conservation of ecosystems and the 

local biodiversity may not always guarantee survival. Generally, in situ approaches are supported 

by ex situ measures, such as germplasm storage (propagules and pollen) and in vitro propagation 

and cultivation in botanic gardens (Vitt et al., 2010; Jiang et al., 2017; Coelho et 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 target (McNeely et al., 

1990; cited by Reed and Frankham, 2003). There are two reasons that support this 

recommendation. Firstly, genetic diversity is required for populations to evolve in response to 

environmental changes. Secondly, heterozygosity levels are linked directly to reduced 

population fitness via inbreeding depression (Reed and Frankham, 2003). Although gene flow 

is usually beneficial in conservation biology, the potential risk of outbreeding depression must 

be considered (Ellstrand, 1992; Ellstrand and Elam, 1993; Barmentlo et al., 2018). For this 

reason, the role of intraspecific gene flow for in situ conservation management plans reflects the 

role it has played in the recent evolutionary history of the target species (Ellstrand and Elam, 

1993). The issue 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 restricted populations, but may be detrimental when the target 

populations represent different ecotypes (Pierce et al., 2010; 2018). Population genomics, 

quantifying the historical extent of gene flow, could provide thus a solid foundation for 

conservation actions, identifying target populations and ensuring an appropriate level of gene 

flow among them (Ellstrand and Elam, 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 climate, together 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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dispersal ability 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, the distribution of species 

and ecological niches and seed dispersal capability have become the subject of increasingly 

refined models, used to inform targeted conservation actions (Di Musciano et al., 2020; Frans et 

al., 2022).  

 

1.1.7 Species Distribution Modelling (SDMing) 

Habitat suitability maps and Species Distribution Models (SDMs) were developed in order to 

predict species distributions throughout physical geographic space, converting individual point-

locality data into the hypothetical distributional range of a species (Loiselle et 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 species are in turn projected onto climatic and environmental maps, in order 

to define a likely geographic range for the species (Yates et al., 2010; Keppel et al., 2012). Past-

to-future climate projections may be used to infer changes in the distribution of a species in 

response to environmental oscillations (Graham et al., 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 conservation of rare, patchily-distributed 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 determine habitat suitability; and iii) high accuracy in the location of suitable areas 

(Gogol-Prokurat, 2011). Knowledge of target species ecology and biology can be used to guide 

concrete conservation activities.    

 

1.1.8 Identification of climatic refugia  

Climatically stable hotspots of endemism host rare species with narrow climatic tolerances, 

scarce dispersal or dormancy capacities, high habitat specialization and small populations with 

low genetic variability (Jansson, 2003; Harrison and Noss, 2017). However, even in these areas 

predicted future temperatures suggest an increase in the order of 3 to 5 °C over the next century; 

a magnitude of change that, together with habitat loss and fragmentation, could be lethal for 

these ecologically demanding species with poor dispersal capacities (Harrison and Noss, 2017). 
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Detecting climatic refugia remains a priority for conservation planning because of their central 

role in the survival of rare species (Keppel et al., 2012). Species Distribution Models, by 

projecting climate conditions over time, can be effectively used to identify refugia as the areas 

where the modelled current range intersects with the future distribution (Keppel et al., 2012; 

Baumgartner et al., 2018). Species occurrences depend mostly on local conditions, leading to a 

requirement for fine-grained models of species responses to climate changes, especially for 

narrow endemics (Hannah et al., 2014; Lembrechts et al., 2019; Hellegers et al., 2020).  

 

1.1.9 Assisted Migration 

Migration is a typical response 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 

challenging for rare species. The 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 (Vitt et al., 2010). Therefore, human-mediated 

migration to new and suitable areas is a possible solution in population-based conservation 

strategies (Vitt et al., 2010; Chen et al., 2020). Such movements of individuals are termed 

ñassisted colonisationò when they occur far outside the natural range of the species, or ñassisted 

migrationò when they occur within the range or slightly beyond the edge (Vitt et al., 2010; Gray 

et al., 2011). The ñTorreya Guardiansò project is an emblematic example of assisted migration: 

starting in 2004, the program aims to avoid the extinction of the coniferous tree Torreya taxifolia 

Arn. by introducing seedlings to suitable areas (e.g. Barlow and Martin, 2004; McLachlan et al., 

2007; Vitt et al., 2010). Nevertheless, translocating plants is potentially harmful for different 

reasons. Firstly, especially with regard to assisted colonisation, species can become invasive in 

the target range, damaging the hosting ecosystem (Ricciardi and Simberloff, 2009). Secondly, 

assisted migration can have genetic consequences for native populations, introducing 

maladapted genotypes and disrupting co-adapted gene complexes (Vitt et al., 2010). Thirdly, 

biological invasions can cause substantial changes in biotic communities, affecting the 

composition, development and functioning of the ecosystems (Ricciardi and Simberloff, 2009 

and references therein). In particular, ecological interactions may be disrupted, including plant-

animal mutualisms that allow pollination and seed dispersal (Traveset and Richardson, 2006). 

Such disturbance includes: i) competition with native plants for pollinators, which reduces the 

frequency of insects visiting native genotypes (Brown et al., 2002; Moragues and Traveset, 
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2005); ii) interference by heterospecific pollen on the stigma of native flowers (Brown et al., 

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 dispersal ability, and are therefore less likely 

to become invasive (Hunter, 2007; Vitt et al., 2010). Well-connected sites, that have experienced 

important changes in the biotic community, are more suitable for receiving new species. In 

contrast, isolated sites are more fragile, since they are likely to host endemic species and 

genetically differentiated populations (Hunter, 2007). Since local endemic species are often 

isolated, they are precisely the targets of conservation projects, the main issues for assisted 

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 identified by combining SDM and climate projections, while population genomics 

allows the assessment of the most appropriate individuals to be used for assisted migration 

(Allendorf et al., 2010; Chen et al., 2020).  

 

1.2 Mountain endemic species 

Mountain habitats are characterised by complex climatic histories, isolation and environmental 

heterogeneity, and are particularly rich in endemic plant species, adapted to specific 

environmental contexts (Pawğowski, 1970; Tribsch, 2004; Noroozi et al., 2015; Steinbauer et 

al., 2016; Smyļka et al., 2017; Noroozi et al., 2018; Tordoni et al., 2020 and references therein). 

Low temperatures, long-lasting snow cover and a short vegetative season are just a few of the 

problems that mountain plants must face (Ellenberg, 1988; Körner, 1999, 2016). Many mountain 

flowering plants show recurrent phenotypic traits in response to these challenges, such as a short 

stature, a diffuse pubescence and a rapid phenology (Yang et al., 2008; Germino, 2014; Körner, 

2016; Kudo, 2019). In their study on the endemics of the European Alps, Smyļka et al. (2017) 

analysed relationships between the trait syndromes of mountain species and endemism, finding 

that endemic species are either stress-tolerant, poorly dispersing species with restricted 

populations, or ecological specialists, widely distributed across the European Alps. 

Other challenges concern reproduction, such as a low production of pollen and, for 

entomogamous species, reduced pollinator availability and activity and thus pollination 

limitation (Arroyo et al., 1982, 1985; Garcia-Camacho and Totland, 2009; Santamaría et al., 

2014). This could further prevent reproductive success in restricted populations, often already 

affected by a lower fitness. To ensure reproductive success, mountain endemic angiosperms have 
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developed different strategies, producing showy and lasting flowers with a longer stigmatic 

receptivity and more efficient pollination strategies (Arroyo et al., 1985; Bingham and Orthner, 

1998; Garcia-Camacho and Totland, 2009; Thiel-Egenter et al., 2009; Körner, 2016; Wang et 

al., 2018; Inouye, 2019). Some species have evolved specific plant-pollinator mutualisms (e.g. 

Schiestl and Glaser, 2012), while others rely either on generalist pollinators to ensure a high 

outcrossing rate (Gaudeul and Till -Bottraud, 2004), or on selfing (Gómez, 2002) or vegetative 

propagation strategies, such as pseudovivipary or the production of rhizomes (Pierce et al., 2003; 

de Freitas Coelho et al., 2007). 

The heterogeneous topography and microclimate of mountain environments 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 ecosystems, which are among the habitats 

most strongly influenced by the effects of climate changes (Grabherr et al., 1994; Birks, 2008; 

Schoeneich and De Jong, 2008; Grabherr et al., 2010; Seddon et al., 2016), but are also those 

that can better ensure climatic microrefugia, due to the complex topography (Dobrowski, 2011; 

Graae et al., 2018; Körner and Hiltbrunner, 2021). The consequences of climate oscillations on 

plant distributions are widely acknowledged, and induce habitat fragmentation, species local 

extinctions or migrations (Hülber et al., 2016). For example, the climatic fluctuations during the 

Quaternary have had an extensive impact on the distribution of habitats and species (Tribsch, 

2004). During glaciations, many plant species have survived in restricted glacial refugia, but not 

all managed to recolonize larger areas in the subsequent warmer periods (Tribsch, 2004). In 

contrast, during warmer periods cold-adapted species migrated upward, finding suitable 

conditions for survival (Grabherr et al., 1994; Hewitt, 1999; Dirnböck et al., 2003; Walther et 

al., 2005; Lenoir et al., 2008; Grabherr et al., 2010; Dirnböck et al., 2011). Upward shifts in 

mountain species driven by recent climate warming have been widely reported (Theurillat and 

Guisan, 2001; Lenoir et al., 2008; Engler et al., 2011; Gottfried et al., 2012). These events have 

left signatures in the distributional range of many taxa, which have become fragmented (Comes 

and Kadereit, 1998; Tribsch, 2004), since physical barriers can limit range expansion, reducing 

the occupied area (Burrows et al., 2014). The contraction of speciesô geographical ranges and 

the isolation of populations is conducive to local extinctions, differentiation among populations 

and allopatric speciations (Comes and Kadereit, 1998; Wallis et al., 2016). Therefore, 

Pleistocene glaciations have been identified as a principal cause of the distributional patterns of 

endemic plants in mountain systems, and in particular the European Alps (e.g. Chodat and 
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Pampanini, 1902; Engler, 1905; Holdhaus, 1954; Pawğowski, 1970; Niklfeld, 1972, cited by 

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 (i.e. Schönswetter et al., 2003; Noriyuki and Senni, 

2006; Peredo et al., 2009). Moreover, a body of recent studies focuses on plant-pollinator 

relationships in mountain environments and the effects of changing climate on these complex 

interactions (Memmot et al., 2007; Rasmussen et al., 2013; Santamaria et al., 2014; Forrest, 

2017; Lefebvre et al., 2018; Inouye, 2019). Indeed, changes in temperatures and precipitation 

alter the vegetative season and phenology, disturbing plant-pollinators interactions (Memmot et 

al. 2007; Rasmussen et 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 and nectar 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 species are exposed 

to equally high extinction risk (Dirnböck et al., 2011; Svitková et al., 2019; Tordoni et al., 2020). 

Since high-elevation hotspots harbour a large portion of plant endemism in the European Alps, 

they are a major target for conservation actions (Smyļka et al., 2017; Schwager and Berg, 2019). 

Among environmental constraints, substrate is decisive for the distribution of many endemic 

mountain species (Tribsch, 2004; Smyļka et al., 2017). In mountain environments, outcrops of 

different substrates (e.g. ultrabasic rocks, gypsum, limestone, siliceous rocks) can provide 

isolated edaphic systems, generally linked to the main endemic centres (Médail and Verlaque, 

1996). For example, important hotspots of endemism in the European Alps are linked to potential 

calcareous glacial refugia as well as high elevation areas (Pawğowski, 1970; Dullinger et al., 

2000; Smyļka et al., 2017). The high percentage of endemic species in the North-eastern 

limestone Alps can be explained by the combination of historical events (i.e. the patterns of 

Pleistocene glaciations and climatic refugia) and the specific meso- and micro-topography (such 

as poljes, dolines and karren) produced by karstification processes, that affect microclimate and 

thus vegetation patterns (Dullinger et al., 2000). Calcareous cliffs and screes of the Italian 

Prealps host a number of narrow endemics, reported in Table 1.2.1. 

  



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

21 
 

Table 1.2.1. Endemic species colonising calcareous cliffs and screes of the Italian Prealps. Taxon binomial 

names are those reported in World Flora Online (www.worldfloraonline.org; last access: 20/06/2022); for 

each taxon information is reported on the altitudinal range (m above sea level, a.s.l.; according to Pignatti, 

2017 a-b; 2018), the IUCN conservation status, inclusion in annex IV of the Habitat Directive 92/43/CEE, 

the level of protection in Italy (R = regional; N = national) and limitation (or not) to the Italian territory 

only. 

Taxon Family 

Altitudinal 

range (m 

a.s.l.) 

IUCN 

Conservation 

status 

Annex IV 

Habitat 

Directive 

Level of 

protection 

in Italy 

Italian steno-

endemic 

Allium 

insubricum 

Boiss. & Reut 

Amaryllidaceae 1200-2100 
Least 

Concern 
 R X 

Asplenium 

presolanense 

J.C.Vogel & 

Rumsey 

Aspleniaceae 1200 
Critically 

Endangered 
 - X 

Telekia 

speciosissima 

DC. 

Compositae 1000-1900 
Least 

Concern 
 - X 

Campanula 

carnica 

subsp. 

puberula 

Podlech 

Campanulaceae 300-2200 
Least 

Concern 
 R X 

Campanula 

cespitosa 

Scop. 

Campanulaceae 300-3000 -  -  

Campanula 

elatinoides 

Moretti 

Campanulaceae 200-1900 
Least 

Concern 
 R X 

Campanula 

morettiana 

Rchb. 

Campanulaceae 1700-2400 
Least 

Concern 
X R/N X 

Campanula 

raineri Perp. 
Campanulaceae 600-2000 

Least 

Concern 
 R X 

Physoplexis 

comosa (L.) 

Schur 

Campanulaceae 300-2000 
Least 

Concern 
X R/N  

Minuartia 

grignensis 

(Rchb.) 

Mattf. 

Caryophyllaceae 1300-2180 
Least 

Concern 
 - X 

Moehringia 

concarenae F. 

Fen. & F. 

Martini 

Caryophyllaceae 1900-2400 
Least 

Concern 
 - X 
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Moehringia 

dielsiana 

Mattf. 

Caryophyllaceae 1200-1400 
Near 

Threatened 
 - X 

Moehringia 

insubrica 

Degen 

Caryophyllaceae 80-500 
Least 

Concern 
 - X 

Moehringia 

markgrafii 

Merxm. & 

Gutermann 

Caryophyllaceae 300-400 
Least 

Concern 
 - X 

Silene 

elisabethae 

Jan 

Caryophyllaceae 1400-2180 
Near 

Threatened 
 R X 

Linaria 

tonzigii Lona 
Plantaginaceae 1600-2400 

Near 

Threatened 
 N X 

Androsace 

hausmannii 

Leyb. 

Primulaceae 2000-3170 -  -  

Primula 

albenensis 

Banfi & Ferl. 

Primulaceae 1150-2000 
Least 

Concern 
 R X 

Primula 

glaucescens 

Moretti 

Primulaceae 450-2400 
Least 

Concern 
X R/N X 

Primula 

spectabilis 

Tratt. 

Primulaceae 600-2500 
Least 

Concern 
X R/N X 

Aquilegia 

thalictrifolia 

Schott & 

Kotschy 

Ranunculaceae 600-2100 -  R X 

Galium 

baldense 

Spreng. 

Rubiaceae 1500-2200 
Least 

Concern 
 - X 

Galium 

montis-

arerae 

Merxm. & 

Ehrend. 

Rubiaceae 1500-2279 
Near 

Threatened 
 - X 

Saxifraga 

arachnoidea 

Sternb. 

Saxifragaceae 700-1700 
Least 

Concern 
 R X 

Saxifraga 

hostii subsp. 

rhaetica  

(A.Kern.) 

Braun-Blanq. 

Saxifragaceae 500-2500 
Least 

Concern 
 R X 

https://www.floraitaliae.actaplantarum.org/viewtopic.php?f=95&t=4387
https://www.floraitaliae.actaplantarum.org/viewtopic.php?f=95&t=4387
https://www.floraitaliae.actaplantarum.org/viewtopic.php?f=95&t=4387
https://www.floraitaliae.actaplantarum.org/viewtopic.php?f=95&t=4387
http://www.worldfloraonline.org/taxon/wfo-0000736311
http://www.worldfloraonline.org/taxon/wfo-0000736311
http://www.worldfloraonline.org/taxon/wfo-0000736311
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Saxifraga 

presolanensis 

Engl. 

Saxifragaceae 1700-1800 
Near 

Threatened 
X R/N X 

Saxifraga 

tombeanensis 

Boiss. ex 

Engl. 

Saxifragaceae 600-2170 Endangered  R/N X 

Saxifraga 

vandellii 

Sternb. 

Saxifragaceae 1200-2580 
Least 

Concern 
 R X 

Daphne 

petraea Leyb. 
Thymelaeaceae 700-1800 

Least 

Concern 
 R/N X 

Daphne 

reichsteinii 

E.Landolt & 

E.J.P.Hauser 

Thymelaeaceae 90-350 Vulnerable  R X 

Viola 

dubyana 

Burnat ex 

Gremli 

Violaceae 900-2100 
Least 

Concern 
 R X 
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1.2.1 Rock 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, 1998; Juvan 

et al., 2011; Panitsa and Kontopanou, 2017). In cliff and scree environments abiotic factors are 

more decisive than biological factors (e.g. competition or predation): for this reason, colonizing 

species are generally stress-tolerant (Kontopanou and Panitsa, 2020; Panitsa et al., 2021). 

However, rough substrates such as rock faces offer a spectrum of microhabitats in terms of 

altitude, slope, exposure and soil development due to topographic complexity (topoclimate; 

Geiger et al., 1995; Lembrechts et al., 2019), offering suitable, although localized, conditions to 

a variety of species. In rock crevices plant growth is slower: this leads to delayed reproduction 

and a tendency towards woodiness (lignification; Davis, 1951). The chasmophytic flora is able 

to face these harsh conditions and exploit this environmental complexity using a suite of shared 

functional and reproductive traits: they are generally long-lived perennial species, lignified at 

the base, that take full advantage of the reproductive season with long-lasting, copious flowering, 

producing seeds with high germinability and effective, long-distance dispersal mechanisms 

(Panitsa and Kontopanou (2017) and references therein). Barochory and anemochory are the 

prevalent dissemination methods in cliff environments (Davis, 1951; Sádlo et al., 2018). This is 

often ensured by specific structures such as pappi or wings, or simply by the light weight of the 

dispersal units (Davis, 1951). While gravity allows seed release downwards, ascending air 

currents carry the seeds upwards and sideways, facilitating a complete colonisation of the face 

(Davis, 1951; Cellinese et al., 2009). 

ñCalcareous rocky slopes with chasmophytic vegetationò (Habitat code: 8210) are one 

of the habitats of the Natura 2000 network, recognised in 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 (Angelini et al., 2009). Perennial chasmophytes establish in crevices on steep 

rocks, where soil is deposited by occasional water flow (Belnap and Lange, 2003). On South-

western Alps, calcareous cliffs host specific plant associations, such as the Physoplexido 

comosae - Potentillenion caulescentis, of which Campanula raineri is typical (Aeschimann 

et al., 2004). 
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1.2.2 Campanula raineri 

C. raineri (Campanulaceae) is one of the showiest endemic flowering species of the Italian 

Prealps. It grows in a limited geographic range between Lake Como, Lake Garda and Valtellina 

(Lombardy and Trentino-Alto Adige/Südtirol, Northern Italy), with populations scattered within 

a total area not exceeding 8000 km2 (Osservatorio Regionale per la Biodiversità, 

www.biodiversita.lombardia.it/sito/). Isolated sites have been reported, although not recently 

confirmed, in Valsugana (Trentino-Alto Adige/Südtirol) and on Mount Summano (Veneto) 

(Pignatti, 2018). Historically, it flourishes on calcareous screes and cliffs, between 600-2000 m 

a.s.l. (reported from Arietti and Fenaroli, 1963; Aeschimann et al., 2004; Pignatti, 2018) but 

current observations suggest that it is evident only between 1000 and 2200 m a.s.l.; S.V. personal 

observations). The occurrence of this species is thus strictly dependent on an optimal 

environmental context. Due to a low competitive ability, it cannot easily survive in patches of 

more structured vegetation, such as calciphilous grasslands (Brusa, 2005). The steep and often 

inaccessible habitat makes access to this species difficult, 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 just a few individuals, while others in historically known sites appear to have become 

extinct (e.g. on Monte Barro, Lombardy, Italy, or Monte Generoso, Canton Ticino, Switzerland; 

Arietti and Fenaroli, 1963; Brusa, 2005). Moreover, the species exhibits a patchy distribution in 

a heavily anthropized context (Brusa, 2005). Anthropogenic disturbance consists mainly of 

habitat destruction (i.e. establishment of quarries, roads, touristic activities; Angelini et al., 2016) 

and over-collecting (Brusa, 2005). Finally, local extinctions may be due to environmental 

changes (i.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 changing climate. The species is legally protected by regional law (annex C of 

Deliberazione della Giunta Regionale. 27.01.2010 - n. 8/11102) by inclusion on the list of 

species in need of strict protection, along with 10 congeneric species. Narrow geographic range, 

scattered populations and specific ecological demands make C. raineri a suitable model species 

to investigate past to future response of cold-adapted species to changing climate, and to devise 

a procedure for the monitoring and the conservation of rare rock face species. 
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1.2.3 Reproductive ecology of C. raineri 

Pollination  

Flowers of C. raineri are disproportionately large, when compared to the whole plant size: stems, 

generally not exceeding 10 cm, usually hold single bell-shaped flowers, of 3-4 cm of diameter 

and 3 cm in length (Pignatti, 2018). The blue-violet corolla has five short lobes with obtuse 

apices. These features, in a rocky environment, make C. raineri particularly showy during the 

flowering period, from July to August (Billings and Mooney, 1968; Bliss, 1971, Körner, 2021; 

Fig. 1). Campanulaceae are characterized by a complex mechanism of secondary pollen 

presentation, consisting in the catching of pollen by the style (deposition mechanism; Erbar and 

Leins, 1995). Part of the style is covered by long hairs that curve 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 inward-dehiscing (introrse) anthers, and collected by the stylar hairs 

(Fig. 2a,d). Then, in subfamily Campanuloideae, the anthers wither and the style elongates, 

exposing the pollen outside with anthesis (Nyman, 1992; Erbar and Leins, 1995; Crowl et al., 

2016). This mechanism ensures pollen presentation before the stigma becomes receptive (i.e. 

protandry), and therefore limits self-pollination (Nyman, 1992). The subsequent retraction of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Spectacular blooming of C. raineri on rocky faces at Pizzo Arera (BG, Italy). Photograph by 

S. Pierce. 
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hair into the bulbous base allows pollen release (male phase of the anthesis; Erbar and Leins, 

1995 and references therein; Vranken et al., 2014; Crowl et al., 2016; Fig. 2b,d). This process is 

gradual and involves successively different regions of the style, so that different insects can 

collect clumps of pollen in different moments (Erbar and Leins, 1995). After the male phase, the 

stigma ripens, splitting into three branches, which bend backwards (female phase; Nyman (1992) 

and references therein; Fig. 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 loss (e.g. pollen-eating, pollen falling, interspecific pollen transfer; Erbar 

and Leins, 1995; Morales and Traveset, 2008). Crowl et al. (2016) relate the evolution of the 

pollen deposition mechanism (particularly, the retraction of the stylar hairs) in the 

Campanuloideae with the reversal to floral actinomorphy. Indeed, pollen deposition all around 

the style ensures pollen collection regardless of the angle at which the pollinator approaches the 

flower (Neal et al., 1998; Crowl et al., 2016). This seems to be linked with pollination mediated 

by bees and flies, common pollinators in temperate regions of the Holarctic, which is the centre 

of diversity for the Campanuloideae (Yeo, 1993, cited by Crowl et al., 2016). Additionally, some 

studies suggest that solitary bees and Diptera usually prefer simple, actinomorphic flowers, with 

exposed rewards (Williams and Adam, 2010; Pornon et al, 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 been described (Williams 

and Adam, 2010; Inouye et al., 2015). A body of studies has focused on pollinators of the genus 

Campanula in a variety on environments: the main pollinator orders are Hymenoptera (in 

particular Andrenidae, Apidae, Megachilidae, Melittidae) and Diptera (mainly Syrphidae) (Eisto 

et al., 2000; Blionis and Vokou, 2001; Olesen et al., 2012; DôAntraccoli et al., 2019). To date, 

the pollinators of C. raineri have not been investigated rigorously or unequivocably identified. 

The assessment of the pollination network associated with this species would provide useful 

information for the effective conservation of the species through the habitat protection or 

population-based strategies (i.e. population reinforcement, reintroduction and assisted 

migration).  

 

 

 

 

 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

28 
 

 

 

 

Fig. 2 Different phases of anthesis in C. raineri. A) inward-dehiscing anthers releasing pollen on the style 

(deposition phase); b) pollen presentation by the style (male phase of the anthesis); c) ripening of the stigma 

and splitting into three branches (female phase of the anthesis); d) scalar anthesis in the same individual. 

Photographs by S. Villa. 
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Fig. 3 Ripened capsules and seeds of C. raineri. a) intact capsule, with lateral pore in evidence; b) 

inside of the capsule, with the division into separate lobes clearly visible; c) capsules and seeds. 

Photographs by S. Villa 
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Seed production and dispersal  

After fertilisation, inferior, tri-carpellate ovaries develop into trilocular, poricidal capsules with 

lateral dehiscence (Pignatti, 2018; Fig. 3a-c). Between September and October, mature capsules 

release their seeds. Seeds are small-sized and elongated (approximately 1 × 0.5 mm; data from 

www.actaplantarum.org) (Fig. 3c). The small size of the seeds is reflected by the low weight: 

the average weight of a single seed is approximately 50 ɛg, slightly lower than the genus average 

(59.9 ɛg; data from Koutsovoulou et al., 2014). The dissemination mechanism is not known for 

C. raineri, but the light weight suggests that wind dispersal may support unassisted barochory.  

Capsules and follicles are dry fruits that usually produce small seeds without features to 

promote dispersal by specific vectors (Niu et al., 2016). In Campanulaceae, indeed, capsular 

fruits and the shape of the seeds are not adapted to wind or animal-mediated dispersal 

(anemochory and zoochory, respectively), so dispersal probably relies mainly on gravity 

(barochory; Cellinese et 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, as observed for Cretan cliff endemics (Cellinese et al., 2009). 

In plant groups without specialised diaspores, fruit structure and plant architecture (height, 

fruit arrangement) can still favour seed dispersal (Maier et al., 1999). In particular, 

Campanulaceae have developed strategies to ensure an optimal dissemination from the 

uppermost position and avoid dropping 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 pores along it (Ridley, 

1930; Niu et al., 2016). In some species, such as C. cochleariifolia Lam., flowers and fruits are 

pendulous, and the pores open at the base of the capsule (Pignatti, 2018). In other species, such 

as C. rapunculus L. and C. raineri Perp., flowers and fruits remain erect, and the seeds are 

released from apical or lateral pores (Pignatti, 2018; Fig. 3a-c). In some cases (e.g. Adenophora 

ornata Diels, C. rapunculoides L., C. rotundifolia L., C. marchesettii Witasek. and C. 

trichocalycina Ten.) the pore openings are surrounded by valves that allow the release of the 

seeds only during dry conditions, while with wet weather they swell up and close the pores 

(Ridley, 1930).  

 

Vegetative growth and clonal reproduction  

Reproduction of C. raineri, in common with other plant species of screes and rocky 

environments, represents a combination of sexual and clonal reproduction (Pignatti, 2018; S. 

Villa personal observations), which can provide and advantage in disturbed contexts (Evette et  
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al., 2009). Lignified rhizomes, which may exceed 1 cm in diameter in the oldest individuals, 

spread through rock crevices and scree debris producing dense rosettes that can represent ramets 

of even very extensive genets (Fig. 4a-d). This often makes it difficult to distinguish individuals, 

and consequently to estimate the real population size. 

1.3 Research hypotheses 

C. raineri was employed in the present study as a representative of steno-endemic chasmophytes 

of calcareous rocky faces and screes, to gauge the response of similar rare species to climate 

oscillations over time. Understanding the biogeography of this species and both genetic and 

phenotypic changes with elevation and across the distributional range is crucial to predict the 

survival of the species under climate warming. Each chapter addresses specific questions, 

leading to a final synthesis on the status of the species, which aims to support the conservation 

Fig. 4 Vegetative growth and clonal reproduction in C. raineri. Rosettes are produced by branched, woody 

rhizomes (a,b), following rock crevices (c) or springing up from debris (d). Photographs by S. Villa  
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of C. raineri through the definition of itôs ecology, responses along environmental gradients, and 

practical knowledge concerning the propagation of the species. 

Chapter 2, ñEndemism in recently diverged angiosperms is associated with 

polyploidyò, addresses the association between range restriction and ploidy level through 

specific hypotheses: (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 (cf. non-endemic) taxa, and (3) the character of the ploidy level/divergence time 

relationship is consistent throughout the angiosperms, from ancient to recently diverged clades. 

In Chapter 3, ñPhylogeographically informed species distribution models for the 

conservation of the steno-endemic chasmophyte Campanula raineriò 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 Modelling was used to predict the distributional range of the species under future 

climate conditions and to identify suitable areas for future assisted migration or population 

reinforcement. Specifically, the following hypotheses were tested: (1) a fragmented pattern of 

geographically and genetically isolated groups of populations is evident throughout the entire 

distributional range of the species, consistent with the climatic history of the region; (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 undertaken for 

the conservation of the species; (3) population genetic structure and intra-population variability 

will probably be crucial in defining the specieôs chance of survival under increasing temperatures 

expected in coming decades. 

In Chapter 4, ñFrom pollinator to seed: multiple impacts of elevation on the 

reproductive ecology of Rainerôs bellflower (Campanula raineri)ò, the reproductive ecology 

of the target species across the entire distributional range and along the entire elevational 

gradient was defined to inform practical conservation actions. Specific hypotheses were 

addressed: (1) elevation is positively correlated with reproductive traits, such as pollen and seed 

quality (viability, germination, 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 species (i.e. has specific 

pollinators): the broadly-campanulate flowers favour pollination by Hymenoptera, and in 

particular solitary bees (Megachilidae, Andrenidae) or bumblebees, as observed in other 

Campanula species, (3) C. raineri pollinators change with elevation (i.e. 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 high-altitude communities.  

In Chapter 5, ñApplied conservation of C. raineri and other endangered chasmophytes 

from north ern Italyò, seed germination protocols for C. raineri and other rare species of the 

Italian Prealps are presented, along with the results of in-vitro propagation for the production of 

new plants, in order to provide practical guidance for the conservation of these species. 

Cultivation of C. raineri was extended beyond the initial laboratory propagation, with the new 

plants transferred to soil and successfully cultivated in the greenhouse. 
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Abstract  

Endemic (range restricted or precinctive) plant species are frequently observed to exhibit 

polyploidy (chromosome set duplication), which can drive shifts in ecology for angiosperms, 

but whether endemism is generally associated with polyploidy throughout the flowering plants 

has not been determined. We tested the hypothesis that polyploidy is more frequent and more 

pronounced (higher evident ploidy levels) for 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 boundary regression 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 non-endemic species. A significant negative 

exponential relationship between maximum number of chromosomes and taxon age was evident 

across angiosperms (R2
adj = 0.48 for all species, R2adj = 0.49 for endemics; R2adj = 0.44 for non-

endemics; p always < 0.0001), recent endemics demonstrating greater maximum chromosome 

numbers (y intercept = 164 cf. 111) declining more rapidly with taxon age (decay constant = 

0.12, cf. 0.04) with respect to non-endemics. The majority of families exhibited this relationship, 

with a steeper regression slope for endemic Campanulaceae, Asteraceae, Fabaceae, Poaceae, 

Caryophyllaceae and Rosaceae, cf. non-endemics. Chromosome set duplication is more frequent 

and extensive in recent angiosperms, particularly young endemics, supporting the hypothesis of 

recent polyploidy as a key explanation of range restriction. However, as young endemics may 

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

 

Keywords Adaptative radiation · Apo-endemics · 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 (Olivieri et al. 2015). Endemics may occupy a limited ecological niche (Williams 

et al. 2009), or originate by hybridization occurring only in the area of contact between 

progenitor species (Grünig et al. 2021), or they may be relics from a wider past range 

(ópaleoendemicsô; Favarger and Contandriopoulos 1961; Petrova et al. 2015) or recent species 

(óneo-endemicsô, sensu Stebbins and Major 1965) yet to disperse (Behroozian et al. 2020). 

Alternatively, genome duplication (polyploidy), effectively representing óinstantaneousô 

sympatric speciation (Mayr 1963), may be a major driver of plant evolution (Levin 1983; Otto 

and Whitton 2000; Soltis et al. 2014; Van de Peer et 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 complements. This can occur during 

mitosis (somatic doubling) or meiosis (non-reduction 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 

and cells (genome size and nuclear and cell volumes are directly related; Cavalier-Smith 2005; 

Hodgson et al. 2010), altering physiological and morphological traits of offspring (see Van de 

Peer et al. 2020) that effect fitness (e.g. a greater tendency towards vegetative reproduction; 

Herben et al. 2017; see Soltis and Soltis 2016). Altered phenotypes change the ecology of 

polyploids with respect to diploid progenitors: e.g. larger cells result in larger organs (the ógiga 

effectô), producing larger flowers of different colours and scents favouring different pollinator 

species (see Rezende et al. 2020). With different sets of chromosomes, polyploids are often 

reproductively isolated from mother plants (Husband and Sabara 2004; Laport et al. 2016; 

Lavania 2020). Ancient events of genome doubling are often associated with increased rates of 

speciation (Husband et al. 2013; Soltis and Soltis 2016; Landis et al 2018). Polyploidy occurs 

frequently in plants, particularly in angiosperms (Soltis and Soltis 2016; Lavania 2013, 2020): 

all angiosperms show evidence of multiple polyploidy events, except for Amborella trichopoda, 

the sister to all other living angiosperms which possesses only the ancestral ancient polyploidy 

event shared by all living flowering plants (Soltis et al. 2009; Jiao et 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 emergence of 

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 that óendemicô is an ill-defined term. In part this is due to the historical use of the 

word, the original meaning being óa constant background presence in a particular areaô (e.g. 

ñyellow fever is endemic to tropical Africaò), the opposite of óepidemicô (i.e. spreading out of 

control). This meaning does not preclude the species being found elsewhere. In biology and 

ecology óendemicô has taken on a meaning similar to óprecinctiveô, i.e. restricted to a precinct or 

place and found nowhere else. However, the precinct is often delimited on a case-by-case basis 

using artificial criteria such as geopolitical boundaries, which are variable in extent and often 

biologically irrelevant. The term óendemicô is context dependent and applied over various scales 

(i.e. ócontinental endemicô, ólocal endemicô or ónarrow endemicô; Lavergne et al. 2004; Coelho 

et al. 2020), and may be considered to include the ecological requirements of the species and 

degree of habitat specificity (Boakes et al. 2010; Beck et al. 2014; Fithian et al. 2014). Indeed, 

terms such as ónarrow endemismô or ómicro-endemismô are typically qualified with information 

on the number of populations, degree of isolation and the genetic structure, environmental 

requirements and dispersal capacity of the taxon (Médail and Baumel 2018) - specific 

information that does not exist for many species. For the purposes of the present analysis the 

basic phenomenon under study is that of geographical range restriction, and to avoid the 

problems of scale surrounding the word óendemicô, here we explicitly define species as endemic 

(precinctive or range restricted) vs. nonendemic (relatively cosmopolitan) based on a number of 

criteria, including geographical distribution but also recognition as óendemicô or ósub-endemicô 

in national floras, in many cases combined with a specific epithet of the Latin binomial name 

that suggests belonging to a particular geographical location. We do not attempt to distinguish 

micro-endemics from more generally range-restricted 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 (Parisod et al. 2010; Lavania 2013; Zozomová-Lihová et al. 2014), sometimes 

followed by diploidization and occasionally chromosome number reduction (i.e. diploidized 

paleo-polyploids; Tamayo-Ordóñez et al. 2016; Qiao et al. 2019). Moreover, some taxa show 

intraspecific variability, with multiple chromosome counts (different ploidy levels) arising from 

relatively frequent polyploidy events (Husband et al. 2013; Vimala et al. 2021). While 

polyploidy multiplies sets of chromosomes (and thus has striking effects during karyotype 

evolution), a range of processes can subtly rearrange single chromosomes, altering chromosome 

number or characteristics such as DNA content. These include insertion, deletion or duplication, 

inversion and intra- or inter-chromosomal reciprocal translocation, particularly evident for 
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paleo-species 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 caveat in mind, 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 karyotype evolution. 

Additionally, the distinction between óneo-endemicô and ópaleo-endemicô is also 

ambiguous. Despite the considerable attention given to the classification of endemic species in 

terms of when they originated (Favarger and Contandriopoulos 1961; Stebbins and Major 1965; 

Maers and Giller 2013), an absolute age threshold differentiating paleo- from neo-endemics 

remains undefined. While species younger than 1 million years are clearly neo-endemics (Kraft 

et al. 2010), the issue becomes complex for less recent species. Indeed, the term paleo-endemic 

refers more to a process than to a particular time or period per se (i.e. endemism by restriction 

or fragmentation of a previously extensive range). Ferreira and Boldrini (2011), for example, 

addressed the problem by suggesting the combination of a dated phylogeny (i.e. estimated age 

and degree of systematic isolation) with environmental context (based on stratigraphy and the 

age of underlying rocks). Lazarina et al. (2019) considered reproductive and geographical 

isolation, while Mishler et al. (2014) proposed a method based on their relative phylogenetic 

endemism index, to distinguish centres of neo- and paleo-endemism. Unfortunately, these 

methods are too unwieldy to be used for a prompt distinction between neo- and paleo-endemics 

in large datasets. 

Particular relevance has been given to apo-endemics, or polyploids diverged from diploid 

progenitors (Favarger and Contandriopoulos 1961). However, the origin of a polyploid and 

divergence in the case of sympatric speciation 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 (Wood et al. 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 neo- or a paleo-endemic, we refer simply to the time period 

elapsed since the divergence of the taxon. Thus, the absolute timescale (in millions of years) is 

used here as a framework, and from hereon we explicitly avoid referring to arbitrary óneo-ô and 

ópaleo-ô classes. 

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

number of chromosomes will test 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 data, 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 evolutionary time: (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 (cf. non-endemic) 

taxa, and (3) the character of the ploidy level/divergence time 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 sporophyte chromosome count data, in the context of ótime since divergenceô 

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 non-endemic taxa across the angiosperms. The recent phylogeny of Leebens-Mack 

et al. (2019) was used, and the dataset specifically aimed to represent all major angiosperm 

clades and the largest families, starting with ANA-grade taxa (represented by Nymphaeaceae - 

other families in this clade are too under-represented in terms of both chromosome number and 

taxon age data), and including the monocots (represented by Poaceae and Orchidaceae), 

Magnoliids (Magnoliaceae), Ranunculales (Ranunculaceae), Caryophyllales (Caryophyllaceae), 

Asterids (Apiaceae, Campanulaceae, Asteraceae, Ericaceae, Primulaceae), Saxifragales 

(Saxifragaceae) and Core Rosids (Brassicaceae, Euphorbiaceae, Fabaceae, Rosaceae, 

Violaceae). Taxonomic name standardization was ensured using data from The Chromosome 

Counts Database (CCDB, v1.47: ccdb.tau.ac.il/browse), based on the automatic taxonomic name 

resolution software Taxonome (Kluyver and Osborne 2013) and The Plant List (v1.1: 

www.plantlist.org). Species with both óacceptedô and óunresolvedô taxonomic status were 

included: subspecies and varieties were discarded. 

The diploid number of chromosomes for the sporophyte generation was attained from the 

CCDB (last access: October 2020), as a quantitative proxy of ploidy level. Only one count per 

species was included, except when different counts were equally reported in the database. When 

multiple counts were reported for a species, the modal value was retained; for species exhibiting 
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multiple modal values, all were retained (e.g. 2n = 25, 2n = 30, 2n = 36 for Paphiopedilum 

victoria-mariae; Orchidaceae). Missing sporophyte values were calculated by doubling the 

gametophyte counts. B chromosomes were not considered. Negative values, 0 and 1 were 

considered errors (being biologically improbable) and discarded. When possible, the source 

material used for the counting was checked: usually mitotic counts were made using the root-tip 

squash method (Miller 1961), while meiotic counts were made from floral buds (see Windham 

et al. 2020). Chromosome 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 increasing number 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; Janssens et 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 (Hedges et al. 

2006, 2015; Kumar and Hedges 2011; Kumar et al 2017). Divergence time between taxa is 

estimated through a hierarchical average linkage method (Hedges et al. 2015). Note that while 

confidence intervals for average divergence time estimates are not reported for all taxa in the 

present study, among-study variance does occur due 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 www.timetree.org/faqs#q2). Thus, in the 

present study, it is implicit 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 published papers, cited 

by TTOL. The discretional value of 0.001 Ma was attributed to extremely recent nodes, when a 

specific ñestimated timeò was not indicated [e.g. Adenocarpus hispanicus (Fabaceae), Anemone 

hepatica, Anemonastrum narcissiflora (Ranunculaceae), Magnolia coco, Magnolia obovata and 

Magnolia officinalis (Magnoliaceae), Table S1 presents estimated divergence times for all study 

species]. 

For the purposes of the analysis, we classified species as endemic (range-restricted) on a 

case-by-case basis using a combination of quantitative data (geographical range) guided by 

qualitative information such as designation as óendemicô in national and regional floras. The 
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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), taxon-specific databases (i.e. the Global Compositae 

Database - GCD: www.compositae.org; the Campanula portal: www.campanula.e-

taxonomy.net) or specific papers (i.e. for Campanulaceae: Kandemir 2007 for Campanula 

coriacea; Crowl et al. 2015 for Catopsis delicatula; for Asteraceae Zhang et al. 2011 for the 

genera Soroseris, Stebbinsia and Syncalathium). The highest richness of precinctive species is 

found in biodiversity hotspots (Cañadas et al. 2014; Noroozi et al. 2018), which have been 

identified in 36 areas around the globe (Conservation International, www.conservation.org; 

Critical Ecosystem Partnership Fund, www.cepf.net), and range from 18,972 km2 (New 

Caledonia) to 2,373,057 km2 (Indo-Burma region). Such heterogeneity often requires the 

identification of smaller, higher-concentration areas within these regions (ñhotspots within 

hotspotsò) with endemism again being considered across differing scales (Cañadas et al. 2014; 

Noroozi et al. 2018). Based on the geographical extent of these hotspots, a range not exceeding 

600,000 km2 was one factor in the decision to classify a species as endemic. This threshold was 

chosen in order to include the remaining vegetation of the 36 Biodiversity Hotspots (see Table 

S2) according to Conservation International. Since the pre-industrialisation extension of some 

hotspots (i.e. Indo-Burma region, Brazilôs Cerrado, or Mediterranean Basin) exceeds 2,000,000 

km2, 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 national or local floras (for example: 

New Zealand Plant Conservation Network, http://www.nzpcn.org.nz; Cellinese et al. 2009 for 

endemic Campanulaceae of Crete; Brochmann et al. 1997 for endemics of Cape Verde; see Table 

S1 for details of each case, including flora languages), and when species epithets of Latin names 

indicated belonging to a geographical location (e.g. Amelanchier nantucketensis). 

To check whether latitude affected data availability, for both the distribution of endemic 

species and chromosome counts, a control analysis was performed. Data records (Table S1) were 

randomised, and a subset of 500 species extracted and assigned a latitudinal zonation class: 

óTropicalô (species occurring between the Tropics of Cancer and Capricorn, i.e. 23Á 27ǋ N and 

23Á 27ǋ S), óSubtropicalô (between latitude 23Á 27ǋ and 35Á in each hemisphere, following 

www.globalbioclimatics.org), óTemperateô (between latitude 35Á and 66Á 33ǋ, the polar circles) 

and óPolar/Alpineô (species at latitudes above the polar circles, or growing at elevations above 

2000 metres above sea level, m a.s.l.). Species equally spread across two or more zones were 

considered as óCosmopolitanô. To assess the distribution of endemic species according to 
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latitude, the proportion of endemics 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 the total number of species (both 

accepted and unresolved) reported in The Plant List. Three separate analyses were performed 

both on the totality of data collected (referred to as óangiospermsô) and on subsets for single 

families, further subdivided into analysis of all species (endemics and non-endemics), and 

endemics and non-endemics treated separately. For Nymphaeaceae, only one analysis was 

performed due to lack of data on endemic species, while for Magnoliaceae, Rosaceae, 

Saxifragaceae and Violaceae, analysis of endemic 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 

number of chromosomes (y axis), using the ggplot2 package (Wickham et 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 

regression 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 effects of redundant 

chromosome counts within each family, age values along the x axis were divided into periods 

(óbinsô) of 1 million years, and regression fitted to the five highest y values within each bin. The 

function applied was an exponential decay with the formula: y = Ae(īkx) ī c , where y is the 

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 family. The c 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 polyploids (sensu Wood et 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 available in Microsoft Excel spreadsheet format (Table 

S1). 
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Results 

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

of which were classified as endemic according to the combination of criteria used. For each 

family, the coverage 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%). According to the estimated crown age (Table S3), the oldest families 

(> 100 Ma) are Rosaceae (106 Ma, 95% CI 41ï161 Ma), Orchidaceae (105 Ma, 95% CI 97ï113 

Ma) and Magnoliaceae (104 Ma, 95% CI 95ï113 Ma), while Brassicaceae (46 Ma, 95% CI 19ï

71 Ma), Caryophyllaceae (52 Ma, 95% CI 39ï62 Ma) and Apiaceae (54 Ma, 95% CI 29ï57 Ma) 

are the most recent. However, uncertainty related to estimated crown age was sometimes 

substantial: in Rosaceae, the extreme case, the confidence interval differed by 120 million years. 

Fabaceae (71ï80 Ma), Violaceae (67ï77 Ma) and Ranunculaceae (75ï88 Ma) exhibited the least 

variable estimates. 

Recurrent numbers of 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, Magnoliaceae (67.7%); 2n = 32, Ranunculaceae (54.9%); and 

2n = 48, Violaceae (39%). Model parameters (k = decay constant; A = y intercept) and statistics 

(R2
adj and p-value) were extracted during model production in the R environment. Hereafter the 

adjusted R2 values for each general analysis [total species (T) representing endemics (E) plus 

non-endemics (N)] are indicated by R2
adjT, while for each analysis performed on endemics and 

non-endemics separately variance is indicated by R2
adjE, and R2

adjN, respectively. Upper boundary 

regression applied to the entire dataset (Fig. 1) showed a significant exponential decay trend 

(R2
adjT = 0.48; R2

adjE = 0.49; R2
adjN = 0.44; p always < 0.0001) between the number of 

chromosomes and the estimated time since divergence, which was three times steeper in endemic 

species (k = 0.12) with respect to non-endemics (k = 0.04). The estimated y intercept was 

higher in endemics compared to non-endemics (A = 164 cf. 111, respectively; Fig. 1).  
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Fig. 1 The relationship between time since 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; c) non-endemic species. Squares represent endemic species, circles represent non-endemic species. 

Broken lines represent óupper boundary regressionsô, or 3-parameter Lorentzian regressions fitted to the 

five highest values in each óbinô or 1 million year interval (bin value data points are filled in dark grey; 

points under the upper boundary 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 and taxon age 

was confirmed in the majority of the families, with differing degrees of significance: 

Campanulaceae (R2
adjT = 0.42; R2

adjE = 0.22; R2
adjN = 0.31, p < 0.0001; Fig. 2aïc), Asteraceae 

(R2
adjT = 0.46; R2

adjE = 0.45; R2
adjN = 0.23; p < 0.0001; Fig. 2dïf), Fabaceae (Fig. 2gïi), Poaceae 

(Fig. 2jïl), Caryophyllaceae (Fig. S1aïc), Ranunculaceae (Fig. S1gïi) and Rosaceae (Fig. S1dï

f). However, similar exponential decay patterns were only evident as non-significant trends for 

endemic Primulaceae (Fig. S1k; R2
adjE = 0.065; p = 0.116). The relationship was stronger for 

endemics, as confirmed by the higher values of k (e.g. Asteraceae, k = 0.15 and 0.04 for endemics 

vs. non-endemics, respectively; Caryophyllaceae, k = 0.23 and 0.15 for endemics vs. non-

endemics, respectively) and the entire family (e.g. k = 0.11 for Asteraceae, or k = 0.16 for 

Caryophyllaceae). The negative trend was of borderline significance for endemic Apiaceae 

(R2
adjE = 0.06; Fig. S2b), not significant for endemic vs. non-endemic Orchidaceae (R2

adjT = 0.19; 

R2
adjE = ī 0.02; R2

adjN = 0.14; p = 0.51 in endemics and < 0.001 for the family and non-endemics; 

Fig. S2dïf) and non-significant for Violaceae (R2
adjT = 0.05; R2

adjN = 0.03; p always > 0.1; Fig. 

S2gïi) and Magnoliaceae (negative values for R2
adjT and R2

adjN; p always > 0.6; Fig. S2jïl), 

although data were lacking for endemics of these latter two families (Fig. S2h, k). For Ericaceae, 
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Fig. 2 The relationship between time since taxon divergence and number of chromosomes for examples 

of angiosperm families exhibiting a declining upper boundary relationship: a-c) Campanulaceae, all spp., 

endemic spp. and non-endemic spp., respectively; d-f) Asteraceae, g-i) Fabaceae; j-l) Poaceae. Squares 

represent endemic species, circles represent non-endemic species. Broken lines represent óupper boundary 

regressionsô, or 3-parameter Lorentzian regressions fitted to the five highest values in each óbinô or 1 

million year interval (bin value data points are filled in dark grey; points under the upper boundary curve 

are unfilled). Dotted lines = ±95% C.I. Note that x and y data ranges are different for each family  
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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) non-endemic species only, contrasted with a negative slope for b) endemics. Squares represent 

endemic species, circles represent non-endemic species. Broken lines represent óupper boundary regressionsô 

fitted to the five highest values in each óbinô (points filled in dark grey; points under the upper boundary curve 

are unfilled). Dotted lines = ±95% C.I. 

 

regressions were not significant (R2
adj always < 0.01; p always > 0.1; Fig. 3). In contrast, 

Brassicaceae (Fig. 4) and Euphorbiaceae (Fig. S3) exhibited statistically significant negative 

slopes for non-endemics and the families as a whole, while slopes for endemics were not 

significant (ī R2
adj, p ~ 0.7) with increasing tendencies with taxon age (k = ī 0.03 and ī 0.009, 

respectively). Finally, Nymphaeaceae (Fig. 5) showed a significant positive relationship, with k 

= ī 0.04, R2
adjT = 0.29 and p = 0.03. A similar, but non-significant, tendency was shown in 

Saxifragaceae (k = ī 0.02 for the family and k = ī 0.01 for non-endemics, Fig. S4aïc), with 

negative R2adj values and p always > 0.3.  

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 in less than 10% 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 endemic species (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 non-endemics (k = 0.12 cf. 0.04, respectively; Fig. 1). Moreover,  
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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) non-endemic Brassicaceae; b) non-significant positive trend in endemic 

Brassicaceae. Squares represent endemic species, circles represent non-endemic species.  Broken lines 

represent óupper boundary regressionsô fitted to the five highest values in each óbinô (points filled in dark grey; 

points under the upper boundary curve are unfilled). Dotted lines = ±95% C.I. 

 

the estimated y intercept was much higher for endemics with respect to non-endemics (A = 164 

cf. 111, respectively), indicating that recently diverged species with higher numbers of 

chromosomes are more likely to 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 evident 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 (i.e. towards recent ages) 

highlighted the pattern of progressive multiplication of the chromosome set, with high 

concentrations of records corresponding to diploid, tetraploid and hexaploid counts (2n = 2x, 4x 

and 6x, respectively): this is particularly evident in Apiaceae, 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 family (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 ericaceous species. Despite 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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Fig. 5 The weakly significant positive trend 

between taxon age and chromosome number 

in Nymphaeaceae. Broken lines represent 

óupper boundary regressionsô fitted to the 

five highest values in each óbinô (points 

filled in dark grey; points under the upper 

boundary curve are unfilled). Dotted lines = 

±95% C.I. 

 

 

 

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 non-endemics with respect to the family-level 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 not exceed 9 Ma, with only seven species older than 3 Ma (i.e. Cochlearia 

aragonensis, Draba hederifolia, Streptanthus glandulosus, Vella asperum, Vella bourgaeana, 

Vella pseudocytisus and Vella spinosa). In these situations, the nature of the data requires careful 

consideration: four out of these species belonging to the same genus, Vella, are endemics of 

Spain and were dated relying on a single study (i.e. Simón-Porcar et al. 2015); independence of 

observations could not be assured, since V. asperum, V. bourgaeana and V. pseudocytisus are 

closely related (see also Siljak-Yakovlev and Peruzzi 2012). This is likely to have effects on 

species distribution: these species are also found in the same habitat (disturbed xerophytic 

shrublands on gypsum substrate; Gómez Campo 1993). With regard to karyotypes, the three 

species share the same basic chromosome number (x = 17), but while V. bourgaeana is diploid 

(2n = 2x = 34), V. pseudocytisus is mainly tetraploid (2n = 4x = 68), and V. asperum is hexaploid 

(2n = 6x = 102) (Simón-Porcar et al. 2015), further confirming the role of polyploidy in 

speciation events. For these reasons, detailed here for a single prominent case, all analyses based 

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 Ericaceae (82 Ma; Table S3). This suggests that for certain ancient 

clades polyploidization may not be the main driver of speciation, although Rosaceae, the oldest 
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clade (106 Ma), agreed with the hypothesis of higher polyploidy occurrence in recently diverged 

species. It is noticeable that some of these ancient families (i.e. Nymphaeaceae, Saxifragaceae, 

Rosaceae) showed high percentages of polyploid taxa, sensu Wood et al. 2009 (higher than 45%, 

Fig. S5). In Saxifragaceae, a high number of chromosomes in older taxa but a lack of a 

relationship over time could indicate an initial burst of speciation via polyploidy followed by a 

lesser involvement of polyploidy in speciation. Therefore, polyploidy could be relatively 

widespread even across ancient families, but it is evidently not the main driver of speciation for 

these families. 

Why recent polyploids are relegated to limited ranges is not immediately evident from our 

dataset. Polyploids are often adaptable species able to survive in harsh environmental contexts, 

and thus advantaged when colonizing new habitats (Flovik 1940; Brochmann et al. 2004; 

Manzaneda et al. 2012; te Beest et al. 2012; Mas de Xaxars et al. 2016; Paule et al. 2018; Stevens 

et al. 2020). Intriguingly, alteration of phenotype by polyploidy suggests that plant functioning 

and fitness may be fundamentally changed. However, a preliminary classification of the species 

in our dataset according to Grimeôs CSR ecological strategies (method of Pierce et al. 2017) 

showed that no particular strategy class was associated with polyploidy: species adapted to 

survive competition, stress or disturbance all exhibited an extremely wide range of chromosome 

numbers (data not shown). Rather than reflecting fitness and adaptation, the high incidence of 

endemic polyploids could depend mainly on limited time for dispersal and colonizing new areas, 

evident for certain species (Behroozian et al. 2020). It has been determined that polyploid plant 

species rely mainly on vegetative reproduction (Herben et al. 2017), which is usually ineffective 

for wide or rapid dispersal (Winkler and Fischer 2001; Herben 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 reproduction (Herben et al. 

2017). Another polyploid trait impacting dispersal, related to the ógiga effectô, is that of larger 

and heavier seeds (Stevens et al. 2020), of particular importance to wind-dispersed species. 

Moreover, some studies (e.g. Corneillie et al. 2019; Mo et al. 2020) have shown slower growth 

rates for 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 results. For example, 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 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

80 
 

and Campbell 1988; Sosef et al. 2017), species molecular dating, chromosome counts and 

distributions will provide further support to this analysis. This particularly applies to families 

with less complete records (e.g. Ericaceae, Magnoliaceae, Nymphaeaceae), in order to determine 

whether contrasting results for these families are indicative of truly different patterns or are data 

artefacts. 

 

Conclusion 

Chromosome 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 families, but some 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 to diploids. However, the majority of young species 

(both endemics and non-endemics) are diploid, and thus polyploidy is not an exclusive driver of 

endemism. 

 

Acknowledgements  

We thank Dr. Diego Fontaneto (CNR, Verbania Pallanza, Italy) for helpful comments on the 

statistical analysis, and two anonymous reviewers for comments that greatly improved the 

manuscript. The authors also thank Professor Daniele Bassi and the Department of Agricultural 

and Environmental Sciences for administrative help and organisation of the Postgraduate 

Programme, which made this study possible. 

Funding  

SV was supported by a Ph.D. Scholarship from the Department of Agricultural and 

Environmental Sciences, University of Milan, as part of the 35th round of funding in the Doctoral 

School of Agriculture, Environment and Bioenergy (Dottorato di Ricerca in Agricoltura, 

Ambiente e Bioenergia). 

 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

81 
 

References 

Amborella Genome Project (2013) The Amborella genome and the evolution of flowering 

plants. Science 342:1241089. https://doi.org/10.1126/science.1241089 

Beck J, Böller M, Erhardt A, Schwanghart W (2014) Spatial bias in the GBIF database and its 

effect on modeling speciesô geographic distributions. Ecol Inform 19:10ï15. 

https://doi.org/10.1016/j.ecoinf.2013.11.002 

Behroozian M, Ejtehadi H, Memariani F, Pierce S, Mesdaghi M (2020) Are endemic species 

necessarily ecological specialists? Functional variability and niche differentiation of two 

threatened Dianthus species in the montane steppes of northeastern Iran. Sci Rep 

10:11774. https://doi.org/10.1038/ s41598- 020- 68618-7 

Boakes EB, McGowan PJK, Fuller RA, Chang-qing D, Clark NE, OôConnor K, Mace GM 

(2010) Distorted views of biodiversity: spatial and temporal bias in species occurrence 

data. PLoS Biol 8(6):e1000385. https://doi.org/10.1371/journal.pbio.1000385 

Brochmann C, Rustan ØH, Lobin W, Kilian N (1997) The endemic vascular plants of the Cape 

Verde Islands, W Africa. Sommerfeltia 24:1ï356 

Brochmann C, Brysting AK, Alsos IG, Borgen L, Grundt HH, Scheen A-C, Elven R (2004) 

Polyploidy in Arctic plants. Biol J Linn Soc Lond 82:521ï536. 

https://doi.org/10.1111/j.1095-8312.2004.00337.x 

Cañadas EM, Fenu G, Peñas J, Lorite J, Mattana E, Bacchetta G (2014) Hotspots within hotspots: 

endemic plant richness, environmental drivers, and implications for conservation. Biol 

Conserv 170:282ï291. https://doi.org/10.1016/j.biocon.2013.12.007 

Cavalier-Smith T (2005) Economy, speed and size matter: evolutionary forces driving nuclear 

genome miniaturisation and expansion. Ann Bot 95:147ï175 

Cellinese N, Smith SA, Edwards EJ, Kim S-T, Haberle RC, Avramakis M, Donoghue MJ (2009) 

Historical biogeography of the endemic Campanulaceae of Crete. J Biogeogr 36:1253ï

1269. https://doi.org/10.1111/j.1365-2699.2008.02077.x 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

82 
 

Coelho N, Gonçalves S, Romano A (2020) Endemic plant species conservation: 

biotechnological approaches. Plants 9(3):345. https://doi.org/10.3390/plant s9030345 

Corneillie S, De Storme N, Van Acker R, Fangel JU, De Bruyne M, De Rycke R, Geelen D, 

Willats WGT, Vanholme B, Boerjan W (2019) Polyploidy affects plant growth and alters 

cell wall composition. Plant Physiol 179(1):74ï87. https://doi.org/10.1104/pp.18.00967 

Crowl AA, Visger CJ, Mansion G, Hand R, Wu H-H, Kamari G, Phitos D, Cellinese N (2015) 

Evolution and biogeography of the endemic Roucela complex (Campanulaceae: 

Campanula) in the Eastern Mediterranean. Ecol Evol 5(22):5329ï5343. 

https://doi.org/10.1002/ ece3.1791 

Doyle JJ, Egan AN (2010) Dating the origins of polyploidy events. N Phytol 186:73ï85. 

https://doi.org/10.1111/j.1469-8137.2009.03118.x 

Favarger C, Contandriopoulos J (1961) Essai sur lôendemisme. Bull Soc Bot Suisse 71:384ï408 

[in the French language] 

Ferreira PMA, Boldrini II (2011) Potential reflection of distinct ecological units in plant 

endemism categories. Conserv Biol 25(4):672ï679. https://doi.org/10.1111/j.1523- 

1739.2011.01675.x 

Fithian W, Elith J, Hastie T, Keith DA (2014) Bias correction in species distribution models: 

pooling survey and collection data for multiple species. Methods Ecol Evol 6(4):424ï438. 

https://doi.org/10.1111/2041-210X.12242  

Flovik K (1940) Chromosome numbers and polyploidy within the flora of Spitzbergen. 

Hereditas 26(3ï4):430ï440. https://doi.org/10.1111/j.1601-5223.1940.tb03246.x 

Gómez Campo C (1993) Vella L. In: Castroviejo S et al (eds) Flora Iberica, vol 4. Real Jardín 

Botánico, CSIC, Madrid, pp 414ï417 

Grünig S, Fischer M, Parisod C (2021) Recent hybrid speciation at the origin of the narrow 

endemic Pulmonaria helvetica. Ann Bot 127:21ï31. https://doi.org/10.1093/aob/mcaa145 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

83 
 

Hedges SB, Dudley J, Kumar S (2006) TimeTree: a public knowledge-base of divergence times 

among organisms. Bioinformatics 22(23):2971ï2972. 

https://doi.org/10.1093/bioinformatics/btl505 

Hedges SB, Marin J, Suleski M, Paymer M, Kumar S (2015) Tree of life reveals clock-like 

speciation and diversification. Mol Biol Evol 32(4):835ï845. https://doi.org/10.1093/ 

molbev/ msv037 

Herben T, Tackenberg O, Klimeġov§ J (2016) Reproduction by seed and clonality in plants: 

correlated syndromes or independent strategies? J Ecol 104:1696ï1706. 

https://doi.org/10.1111/1365-2745.12646 

Herben T, Suda J, Klimeġov§ J (2017) Polyploid species rely on vegetative reproduction more 

than diploids: a re-examination of the old hypothesis. Ann Bot 120(2):341ï349. 

https://doi.org/10.1093/aob/mcx009 

Hodgson JG, Sharafi M, Jalili A, Díaz S et al (2010) Stomatal vs. genome size in angiosperms: 

the somatic tail wagging the genomic dog? Ann Bot 105:573ï584  

Husband BC, Sabara HA (2004) Reproductive isolation between autotetraploids and their 

diploid progenitors in fireweed, Chamerion angustifolium (Onagraceae). N Phytol 

161(3):703ï713. https://www.jstor.org/stable/1514534. Accessed 12 Jan 2022 

Husband BC, Baldwin SJ, Suda J (2013) The incidence of polyploidy in natural plant 

populations: major patterns and evolutionary processes. In: Leitch IJ et al (eds) Plant 

genome diversity, vol 2. Springer, Wien, pp 255ï276 

Janssens SB, Couvreur TLP, Mertens A, Dauby G, Dagallier L-PMJ, Abeele SM, Vandelook F, 

Mascarello M, Beeckman H, Sosef M, Droissart V, van der Bank M, Maurin O, Hawthorne 

W, Marshall C, Réjou-Méchain M, Beina D, Baya F, Merckx V, Verstraete B, Hardy O 

(2020) A large-scale species level dated angiosperm phylogeny for evolutionary and 

ecological analyses. Biodivers Data J 8:e39677. https://doi.org/10.3897/ BDJ.8.e39677 

Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L, Ralph PE, Tomsho LP, Hu 

Y, Liang H, Soltis PS, Soltis DE, Clifton SW, Schlarbaum SE, Schuster SC, Ma H, 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

84 
 

Leebens-Mack J, dePamphilis CW (2011) Ancestral polyploidy in seed plants and 

Angiosperms. Nature 473:97ï100. https://doi.org/10.1038/nature09916 

Kandemir A (2007) A new Campanula (Campanulaceae) from east Anatolia, Turkey. Nord J 

Bot 25:53ï57. https://doi.org/10.1111/j.0107-055X.2007.00091_ 14.x 

Kluyver TA, Osborne CP (2013) Taxonome: a software package for linking biological species 

data. Ecol Evol 3(5):1262ï1265. https://doi.org/10.1002/ece3.529 

Kraft NJB, Baldwin BG, Ackerly DD (2010) Range size, taxon age and hotspots of 

neoendemism in the California flora. Divers Distrib 16:403ï413. 

https://doi.org/10.1111/j.1472-4642.2010.00640.x 

Kumar S, Hedges SB (2011) TimeTree2: species divergence times on the iPhone. Bioinformatics 

27(14):2023ï2024. https://doi.org/10.1093/bioinformatics/btr315 

Kumar S, Stecher G, Suleski M, Hedges SB (2017) TimeTree: a resource for timelines, timetrees, 

and divergence times. Mol Biol Evol 34(7):1812ï1819. 

https://doi.org/10.1093/molbev/msx116 

Landis JB, Soltis DE, Li Z, Marx HE, Barker MS, Tank DC, Soltis PS (2018) Impact of whole 

genome duplication events on diversification rates in angiosperms. Am J Bot 105(3):433ï

444. https://doi.org/10.1002/ajb2.1060 

Laport RG, Minckley RL, Ramsey J (2016) Ecological distributions, phenological isolation, and 

genetic structure in sympatric and parapatric populations of the Larrea tridentate 

polyploid complex. Am J Bot 103(7):1358ï1374. https://doi.org/10.3732/ajb.1600105 

Lavania UC (2013) Polyploidy, body size, and opportunities for genetic enhancement and 

fixation of heterozygosity in plants. Nucleus 56(1):1ï6. https://doi.org/10.1007/s13237-

013-0075-7 

Lavania UC (2020) Plant speciation and polyploidy: in habitat divergence and environmental 

perspective. Nucleus 63:1ï5. https://doi.org/10.1007/s13237-020-00311-6 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

85 
 

Lavergne S, Thompson JD, Garnier E, Debussche M (2004) The biology and ecology of narrow 

endemic and widespread plants: a comparative study of trait variation in 20 congeneric 

pairs. Oikos 107(3):505ï518. https://www.jstor.org/stable/3548237. Accessed 12 Jan 

2022 

Lazarina M, Kallimanis AS, Dimopoulos P, Psaralexi M, Michailidou D-E, Sgardelis SP (2019) 

Patterns and drivers of species richness and turnover of neo-endemic and palaeo-endemic 

vascular plants in a Mediterranean hotspot: the case of Crete, Greece. J Biol Res Thessalon 

26:12. https://doi.org/10.1186/s40709-019-0106-x 

Leebens-Mack JH, Barker MS et al (2019) One thousand plant transcriptomes and the 

phylogenomics of green plants. Nature 574:679ï685. https://doi.org/10.1038/s41586-019-

1693-2 

Levin DA (1983) Polyploidy and novelty in flowering plants. Am Nat 122(1):1ï25. 

https://www.jstor.org/stable/2461003. Accessed 12 Jan 2022 

Maers AA, Giller P (2013) Analytical biogeography: an integrated approach to the study of 

animal and plant distributions. Springer, Dordrecht 

Manzaneda AJ, Rey PJ, Bastida JM, Weiss-Lehman C, Raskin E, Mitchell-Olds T (2012) 

Environmental aridity is associated with cytotype segregation and polyploidy occurrence 

in Brachypodium distachyon (Poaceae). N Phytol 193(3):797ï805. 

https://doi.org/10.1111/j.1469-8137.2011.03988.x 

Mas de Xaxars G, Garnatje T, Pellicer J, Siljak-Yakovlev S, Vallès J, Garcia S (2016) Impact of 

dysploidy and polyploidy on the diversification of high mountain Artemisia (Asteraceae) 

and allies. Alp Bot 126:35ï48. https://doi.org/10.1007/s00035-015-0159-x 

Mayr E (1963) Animal species and evolution. Harvard University Press, Cambridge 

Médail F, Baumel A (2018) Using phylogeography to define conservation priorities: the case of 

narrow endemic plants in the Mediterranean Basin hotspot. Biol Conserv 224:258ï266. 

https://doi.org/10.1016/j.biocon.2018.05.028 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

86 
 

Miller WH (1961) Root tip cell squashes for the study of cell and chromosome morphology. Am 

Biol Teach 23(8):513ï515. https://doi.org/10.2307/4439736 

Mishler BD, Knerr N, Gonzáles-Orozco CE, Thornhill AH, Laffan SW, Miller JT (2014) 

Phylogenetic measures of biodiversity and neo- and paleo-endemism in Australian Acacia. 

Nat Commun 5:4473. https://doi.org/10.1038/ncomms5473 

Mo L, Chen J, Chen F, Xu Q, Tong Z, Huang H, Dong R, Lou X, Lin E (2020) Induction and 

characterization of polyploids from seeds of Rhododendron fortunei Lindl. J Integr Agric 

19(8):2016ï2026. https://doi.org/10.1016/S2095-3119(20)63210-5 

Noroozi J, Talebi A, Doostmohammadi M, Rumpf SB, Linder HP, Schneeweiss GM (2018) 

Hotspots within a global biodiversity hotspotðareas of endemism are associated with high 

mountain ranges. Sci Rep 8:10345. https://doi.org/10.1038/s41598-018-28504-9 

Olivieri I, Tonnabel J, Ronce O, Mignot A (2015) Why evolution matters for species 

conservation: perspectives from three case studies of plant metapopulations. Evol Appl 

9(1):196ï211. https://doi.org/10.1111/eva.12336 

Otto SP, Whitton J (2000) Polyploid incidence and evolution. Annu Rev Genet 34:401ï437. 

https://doi.org/10.1146/annurev.genet.34.1.401 

Parisod C, Holderegger R, Brochmann C (2010) Evolutionary consequences of autopolyploidy. 

N Phytol 186:5ï17. https://doi. org/10.1111/j.1469-8137.2009.03142.x 

Paule J, Dunkel FG, Schmidt M, Gregor T (2018) Climatic differentiation in polyploidy 

apomictic Ranunculus auricomus complex in Europe. BMC Ecol 18:16. 

https://doi.org/10.1186/s12898-018-0172-1 

Petrova G, Moyankova D, Nishii K, Forrest L, Tsiripidis I, Drouzas AD, Djilianov D, Möller M 

(2015) The European Paleoendemic Haberlea rhodopensis (Gesneriaceae) has an 

Oligocene origin and a Pleistocene diversification and occurs in a long-persisting refugial 

area in Southeastern Europe. Int J Plant Sci 176(6):499ï514. 

https://doi.org/10.1086/681990 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

87 
 

Pierce S (2014) Implications for biodiversity conservation of the lack of consensus regarding the 

humped-back model of species richness and biomass production. Funct Ecol 28:253ï257. 

https://doi.org/10.1111/1365-2435.12147 

Pierce S, Negreiros D, Cerabolini BEL, Kattge J, Díaz S, Kleyer M, Shipley B, Wright SJ, 

Soudzilovskaia NA, Onipchenko VG, van Bodegom PM, Frenette-Dussault C, Weiher E, 

Pinho BX, Cornelissen JHC, Grime JP, Thompson K, Hunt R, Wilson PJ, Buffa G, 

Nyakunga OC, Reich PB, Caccianiga M, Mangili F, Ceriani RM, Luzzaro A, Brusa G, 

Siefert A, Barbosa NPU, Chapin FS III, Cornwell WK, Fang J, Fernandes GW, Garnier 

E, Le Stradic S, Peñuelas J, Melo FPL, Slaviero A, Tabarelli M, Tampucci D (2017) A 

global method for calculating plant CSR ecological strategies applied across biomes 

worldwide. Funct Ecol 31(2):444ï457. https://doi.org/10.1111/1365-2435.12722 

Prance GT (1977) Floristic inventory of the Tropics: where do we stand? Ann Mo Bot Gard 

64(4):659ï684. https://www.jstor.org/stable/23952 93. Accessed 12 Jan 2022 

Prance GT, Campbell DG (1988) The present state of tropical floristics. Taxon 37(3):519ï548. 

https://doi.org/10.2307/1221097 

Pulquério MJF, Nichols RA (2007) Dates from the molecular clock: how wrong can we be? 

Trends Ecol Evol 22(4):180ï184. https://doi.org/10.1016/j.tree.2006.11.013 

Qiao X, Li Q, Yin H, Qi K, Li L, Wang R, Zhang S, Paterson AH (2019) Gene duplication and 

evolution in recurring polyploidizationïdiploidization cycles in plants. Genome Biol 

20:38. https://doi.org/10.1186/s13059-019-1650-2 

Ramsey J, Schemske DW (1998) Pathways, mechanisms, and rates of polyploidy formation in 

flowering plants. Annu Rev Ecol Syst 29:467ï501. 

https://doi.org/10.1146/annurev.ecolsys.29.1.467 

R Core Team (2018) R: a language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna. http://www.R-project.org/. Accessed 12 Jan 2022 

Rezende L, Suzigan J, Amorim FW, Moraes AP (2020) Can plant hybridization and polyploidy 

lead to pollinator shift? Acta Bot Bras 34(2):229ï242. https://doi.org/10.1590/0102-

33062020abb0025 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

88 
 

Schubert I, Lysak MA (2011) Interpretation of karyotype evolution should consider chromosome 

structural constraints. Trends Genet 27(6):207ï216. 

https://doi.org/10.1016/j.tig.2011.03.004 

Siljak-Yakovlev S, Peruzzi L (2012) Cytogenetic characterization of endemics: past and future. 

Plant Biosyst 146(3):694ï702 

Simón-Porcar VI, Pérez-Collazos E, Catalán P (2015) Phylogeny and systematics of the western 

Mediterranean Vella pseudocytisusïV. aspera complex (Brassicaceae). Turk J Bot 

39:472ï486. https://doi.org/10.3906/bot-1406-87 

Soltis PS, Soltis DE (2016) Ancient WGD events as drivers of key innovations in Angiosperms. 

Curr Opin Plant Biol 30:159ï165. https://doi.org/10.1016/j. pbi.2016.03.015 

Soltis DE, Albert VA, Leebens-Mack J, Bell CD, Paterson AH, Zheng C, Sankoff D, 

dePamphilis CW, Wall PK, Soltis PS (2009) Polyploidy and Angiosperm diversification. 

Am J Bot 96(1):336ï348. https://doi.org/10.3732/ajb.0800079 

Soltis DE, Visger CJ, Soltis PS (2014) The polyploidy revolution thenéand now: Stebbins 

revisited. Am J Bot 101(7):1057ï1078. https://doi.org/10.3732/ ajb.1400178 

Sosef MSM, Dauby G, Blach-Overgaard A et al (2017) Exploring the floristic diversity of 

tropical Africa. BMC Biol 15:art.15. https://doi.org/10.1186/s12915-017-0356-8 

Stebbins GL, Major J (1965) Endemism and speciation in the California flora. Ecol Monogr 

35(1):1ï35. https://doi.org/10.2307/1942216 

Stevens AV, Nicotra AB, Godfree RC, Guja LK (2020) Polyploidy affects the seed, dormancy 

and seedling characteristics of a perennial grass, conferring an advantage in stressful 

climates. Plant Biol 22:500ï513. https://doi.org/10.1111/plb.13094 

Tamayo-Ordóñez MC, Espinosa-Barrera LA, Tamayo-Ordóñez YJ, Ayil-Gutiérrez B, Sánchez-

Teyer LF (2016) Advances and perspectives in the generation of polyploid plant species. 

Euphytica 209:1ï22. https://doi.org/10.1007/s10681-016-1646-x 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

89 
 

te Beest M, Le Roux JJ, Richardson DM, Brysting AK, Suda J, Kubeġov§ M, Pyġek P (2012) 

The more the better? The role of polyploidy in facilitating plant invasions. Ann Bot 

109:19ï45. https://doi.org/10.1093/aob/mcr277 

Van de Peer Y, Mizrachi E, Marchal K (2017) The evolutionary significance of polyploidy. Nat 

Rev Genet 18:411ï424. https://doi.org/10.1038/nrg.2017.26 

Van de Peer Y, Ashman T-L, Soltis PS, Soltis DE (2020) Polyploidy: an evolutionary and 

ecological force in stressful times. Plant Cell 33(1):11ï26. 

https://doi.org/10.1093/plcell/koaa015 

Vimala Y, Lavania S, Lavania UC (2021) Chromosome change and karyotype differentiationð

implications in speciation and plant systematics. Nucleus 64:33ï54. 

https://doi.org/10.1007/s13237-020-00343-y 

Wickham H, Chang W, Henry L, Pedersen TL, Takahashi K, Wilke C, Woo K, Yutani H, 

Dunnington D (2020) RStudio: create elegant data visualisations using the grammar of 

graphics. R package version 3.3.3 

Williams SE, Williams YM, Van Der Wal J, Isaac JL, Shoo LP, Johnson CN (2009) Ecological 

specialization and population size in a biodiversity hotspot: how rare species avoid 

extinction. Proc Natl Acad Sci USA 106(2):19737ï19741. 

https://doi.org/10.1073/pnas.0901640106 

Windham MD, Pryer KM, Poindexter DB, Li F-W, Rothfels CJ, Beck JB (2020) A step-by-step 

protocol for meiotic chromosome counts in flowering plants: a powerful and economical 

technique revisited. Appl Plant Sci 8(4):e11342. https://doi.org/10.1002/aps3.11342 

Winkler E, Fischer M (2001) The role of vegetative spread and seed dispersal for optimal life 

histories of clonal plants: a simulation study. Evol Ecol 15:281ï301. 

https://doi.org/10.1023/A:1016080714200 

Wood TE, Takebayashic N, Barker MS, Mayrosee I, Greenspoond PB, Rieseberg LH (2009) 

The frequency of polyploidy speciation in vascular plants. Proc Natl Acad Sci USA 

106(33):13875ï13879. https://doi.org/10.1073/pnas.0811575106 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

90 
 

Zhang J-W, Nie Z-L, Wen J, Sun H (2011) Molecular phylogeny and biogeography of three 

closely related genera, Soroseris, Stebbinsia, and Syncalathium (Asteraceae, Cichorieae), 

endemic to the Tibetan Plateau, SW China. Taxon 60(1):15ï26. 

https://doi.org/10.1002/tax.601003 

Zozomová-Lihov§ J, Krak K, Mand§kov§ T, Shimizu KK, Ġpaniel S, V²t P, Lysak MA (2014) 

Multiple hybridization events in Cardamine (Brassicaceae) during the last 150 years: 

revisiting a textbook example of neoallopolyploidy. Ann Bot 113(5):817ï830. 

https://doi.org/10.1093/aob/mcu012 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

91 
 

Supplementary Information 

Table S1 is available online in Microsoft Excel spreadsheet format at 

https://doi.org/10.1007/ s11258-022-01223-y. 

Table S2 ééééééééééééééééééééééééééééééé92 

Table S3 ééééééééééééééééééééééééééééééé94 

Figs S1 ééééééééééééééééééééééééééééééé...96 

Figs S2 ééééééééééééééééééééééééééééé. é.....97 

Figs S3 ééééééééééééééééééééééééééééééé...98 

Figs S4 ééééééééééééééééééééééééééééé. é.....99 

Figs S5 ééééééééééééééééééééééééééééééé 100 

Figs S6 ééééééééééééééééééééééééééééé. é...101 

Figs S7 ééééééééééééééééééééééééééééé. é...102 

 

 

 

 

Literature cited:  

Noss RF, Platt WJ, Sorrie BA, Weakley AS, Means DB, Costanza J, Peet RK (2015) How global 

biodiversity hotspots may go unrecognized: lessons from the North American Coastal Plain. 

Diversity Distrib. 21: 236ï244. https://doi.org/10.1111/ddi.12278  

Williams KJ, Ford A, Rosauer DF, De Silva N, Mittermeier R, Bruce C, Larsen FW, Margules C 

(2011) Forests of East Australia: The 35th Biodiversity Hotspot. In: Zachos FE, Habel JC 

(Eds.) Biodiversity Hotspots. Distribution and protection of conservation priority areas. 

Springer-Verlag, Berlin, Heidelberg, pp 295-310 

 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

92 
 

Table S2. Area of worldwide hotspots of endemism referred to in the present analysis, following Conservation 

International (www.conservation.org). All data were extracted from the online database, except for the Forests 

of East Australia (Williams et al. 2011) and the North America coastal plan (Noss et al. 2015) 

Code Hotspot name 
Hotspot original 

extent (Km²) 

Hotspot 

vegetation 

remaining (Km²) 

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 Tumbes-Chocó-Magdalena 274,597 65,903 

6 Cerrado 2,031,990 438,910 

7 Chilean Winter Rainfall-Valdivia Forests  397,142 119,143 

8 California Floristic Province 293,804 73,451 

9 Madagascar and the Indian Ocean Islands 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  189,611 43,611 

22 Southwest Australia 356,717 107,015 

23 New Caledonia 18,972 5,122 

24 New Zealand 270,197 59,443 

25 Polynesia-Micronesia 47,239 10,015 

26 Madrean Pine-Oak Woodlands 461,265 92,253 

27 Maputaland-Pondoland-Albany  274,136 67,163 



Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

93 
 

28 Eastern Afromontane 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 Forests of 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 analysis. Estimated crown age, confidence intervals and 

estimated time since divergence for the oldest species were extracted from the TTOF database (www.timetree.org); number of accepted, unplaced and unassessed species were 

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

Family 

Estimated 

crown age 

of the 

family 

(Ma) 

95% 

Confidence 

interval 

(Ma) 

Estimated 

age of the 

most ancient 

species (Ma) 

Number of 

accepted 

species 

Number of 

unplaced 

species 

Number of 

unassessed 

species 

Total amount 

of species 

(sum of 

accepted, 

unplaced and 

unassessed) 

Number of 

species 

included in 

the analysis 

Proportion of 

species (per total 

species in the 

family) included 

in the analysis 

(%) 

Apiaceae 54 29 - 57 33 3,257 10 4,837 8,104 503 6.2 

Asteraceae 62 39 - 73 25 32,913 70 27,181 60,164 717 1.2 

Brassicaceae 46 19 - 71 14 4,060 9 2,693 6,762 156 2.3 

Campanulaceae 81 70 - 96 41 2,385 3 304 2,692 339 12.6 

Caryophyllaceae 52 39 - 62 19.4 2,456 8 4,247 6,711 169 2.5 

Ericaceae 82 43 - 113 24.6 3,554 9 3,889 7,452 110 1.5 

Euphorbiaceae 80 65 - 86 36 6,547 8 489 7,044 55 0.8 

Fabaceae 76 71 - 80 56 24,505 60 16,229 40,794 767 1.9 

Magnoliaceae 104 95 - 113 54 250 0 78 328 30 9.1 

Nymphaceae 89 53 - 125 25 70 0 252 322 12 3.7 

Orchidaceae 105 97 - 113 44 27,801 3 3,595 31,399 201 0.6 

Poaceae 76 56 - 88 20 11,554 3 3,065 14,622 457 3.1 

Primulaceae 82 42 - 107 17.4 2,788 13 2,195 4,996 66 1.3 

Ranunculaceae 81 75 - 88 31 2,377 1 3,422 5,800 334 5.8 

Rosaceae 106 41 - 161 45 4,828 28 16,996 21,852 234 1.1 
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Saxifragaceae 88 44 - 127 22.7 775 1 1,073 1,849 23 1.2 

Violaceae 72 67 - 77 27.1 806 10 1,811 2,627 37 1.4 

Total    130,926 236 92,356 223,518 4,210 1.9 
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Fig. S1 The negative upper boundary relationship between time since taxon divergence and number of chromosomes 

for examples of angiosperm families: a-c) Caryophyllaceae, all spp., endemic spp. and non-endemic spp., 

respectively; d-f) Rosaceae; g-i) Ranunculaceae; j-l) Primulaceae. Squares represent endemic species, circles 

represent non-endemic species. Broken lines represent óupper boundary regressionsô, or 3-parameter Lorentzian 

regressions fitted to the five highest values in each óbinô or 1 million year interval (bin value data points are filled in 

dark grey; points under the upper boundary curve are unfilled). Dotted lines = ±95% C.I. Note that x and y data 

ranges are different for each family. 
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Fig. S2 The negative trend of the number of chromosomes with increasing taxon age was generally less 

significant in: a-c) Apiaceae, all spp., endemic spp. and non-endemic spp., respectively; d-f) Orchidaceae; g-i) 

Violaceae; j-l) Magnoliaceae. Squares represent endemic species, circles represent non-endemic species. 

Broken lines represent óupper boundary regressionsô fitted to the five highest values in each óbinô (points filled 

in dark grey; points under the upper boundary curve are unfilled). Dotted lines = ±95% C.I. Note that x and y 

data ranges are different for each family. 
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Fig. S3 Significant negative relationships between the number of chromosomes and estimated taxon age in a) 

the entire family of Euphorbiaceae and c) non-endemic Euphorbiaceae; b) a non-significant trend in endemic 

Euphorbiaceae. Squares represent endemic species, circles represent non-endemic species. Broken lines 

represent óupper boundary regressionsô fitted to the five highest values in each óbinô (points filled in dark grey; 

points under the upper boundary curve are unfilled). Dotted lines = ±95% C.I. 
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Fig. S4 Overall, weakly significant positive relationships between taxon age and number of chromosomes in 

a) the entire family of Saxifragaceae, b) endemic spp. only and c) non-endemic spp. only. Squares represent 

endemic species, circles represent non-endemic species. Broken lines represent óupper boundary regressionsô 

fitted to the five highest values in each óbinô (points filled in dark grey; points under the upper boundary curve 

are unfilled). Dotted lines = ±95% C.I. 
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Fig. S5 Occurrence of polyploid taxa within each family, and for the total number of species (of all families) 

included in the analysis. 
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Fig. S6 Occurrence of chromosome numbers across bioclimatic zones. óTropicalô is defined as 232̄7ô latitude, 

óSubtropicalô between 232̄7ô and 35,̄ óTemperateô between 35 ̄and 66̄33ô, and Frigid (Polar, between 663̄3ô 

and 90̄, Alpine for altitudes above 2000 m a.s.l.). óCosmopolitanô are species found in two or more bioclimatic 

zones. 
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Fig. S7 Proportion of endemic species across bioclimatic zones. óTropicalô is defined as 232̄7ô latitude, 

óSubtropicalô between 232̄7ô and 35,̄ óTemperateô between 35 ̄and 66̄33ô, and Frigid (Polar, between 66̄33ô 

and 90̄, Alpine for altitudes above 2000 m a.s.l.). óCosmopolitanô are species found in two or more bioclimatic 

zones. 

Bioclimatic zone 
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Chapter 3: Phylogeographically informed species distribution 

models for the conservation of the steno-endemic chasmophyte 

Campanula raineri 
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Abstract  

Quaternary glacial-interglacial cycles have determined the distribution of rare mountain plant 

species, shaping population genetic structure. Increasing temperatures in recent decades have 

promoted the upward migration of mountain species, often limiting the extent of available 

ecologically suitable area. We investigated the consequences of climate fluctuations for 

Campanula raineri Perp. (Campanulaceae), as a model range-restricted chasmophyte from the 

Italian Prealps, combining population genomics with Species Distribution Modelling 

(SDMing). We hypothesised that: 1) the genetic structure of C. raineri populations reflects the 

climatic history of the region; 2) the current distribution area will no longer be environmentally 

suitable by 2070; 3) the population genetic structure will be decisive in determining the 

possibility of survival under predicted climate warming. The restriction site-associated 2b-

RAD approach was used for a genome-wide genotyping of 110 samples 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 2070. Genetic evidence 

suggests the existence of two main lineages of C. raineri, that probably differentiated during 

the Last Interglacial (~120,000 years bp) and survived in isolated in-situ refugia during the Last 

Glacial Maximum (~22,000 years bp), with the Valsassina 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 recent site-specific genetic 

differentiation and the definition 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 survival of the 

whole western metapopulation (Hypothesis 3).  

 

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

Population genomics · Prediction models · Single Nucleotide Polymorphisms 
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Introduction  

Current climate warming has already led to local population loss in approximately 50% of 

species under observation, which include many mountain-top species that are increasingly 

restricted to a reduced range and are at higher risk of extinction (Pörtner et al., 2022). 

Latitudinal and altitudinal range shifts in response to climate oscillations is a widely 

acknowledged and long-studied phenomenon (e.g. Hewitt, 1999; Root et al., 2003, Parmesan 

and Yohe, 2003; Chen et al., 2011; Lenoir et al., 2008; 2015; 2020), although contrasting trends 

across and within species often hinder prediction of the future distributions of particular species 

under current increasing temperatures (Rubenstein et al., 2020 and references therein). In 

addition, the production of reliable future climate projections 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 Reports; the document collating the most up-to-date 

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 (Representative Concentration Pathways; RCPs) that in turn would 

lead to different radiative forcing levels (from 2.6 to 8.5 W/m2) by the end of the century (van 

Vuuren et al., 2011). Worst-case scenarios for 2021 presented in early projection attempts (i.e. 

CMPI3, CMIP5 and CMIP6) have recently been confirmed as the most realistic, although this 

has been accompanied by widespread scepticism (Burgess et al., 2020; Hausfather and Peters, 

2020; Carvalho et al., 2022). The availability of reliable projections is therefore crucial 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 gradients. Consequently, mountain 

plants, adapted to harsh and variable environmental conditions, are strongly affected by 

climatic variations (e.g. Grabherr et al., 1994; Wick, 2000; Schoeneich and De Jong, 2008; 

Seddon et al., 2016; Zu et al., 2021). For example, chasmophytes (rock-dwelling 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 Glacial Maximum (LGM; ~22.000 years bp) forced many species in alpine regions 

into peripheral and limited ranges (Hewitt, 2004; Schonswetter et al. 2005; Pittet et al., 2020). 

In contrast, many cold-adapted species have migrated upwards during interglacial periods, 

following suitable environmental conditions, but the topography of high-altitude environments 
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limits the available land surface area (Grabherr et al., 1994; Hewitt, 1999; Lenoir et al., 2008; 

Engler et al., 2011). Indeed, the range of many plant species has become fragmented and 

limited, with isolated and disjointed populations (Lienert, 2004; Peredo et al., 2009; Garcia-

Fernandez et al., 2013; Holyoak and Heath, 2016). Such complex dynamics create conditions 

for local extinctions and allopatric speciation (Honnay and Jacquemyn, 2007; Aguilar et al., 

2008). For example, geographic isolation on different mountain tops was the main driver of 

allopatric speciation and thus diversity creation for species of the genera Primula, Soldanella 

and Androsace (Primulaceae) in the European Alps (Boucher et al., 2016). For this reason, 

isolated mountain habitats host a variety of relict and/or endemic taxa (Pawğowski, 1970; 

Montacchini and Forneris, 1997; Peredo et al., 2009; Noroozi et al., 2015; Steinbauer et al., 

2016; Yao et al., 2021), with consequences for the genetic structure of populations (e.g. 

Ellstrand and Elam, 1993; Young et al., 1996; Hewitt 2004; Leonardi et al., 2012; Heinken and 

Weber, 2013; Liu et al., 2020; Reġetnik et al., 2022). Range reduction and fragmentation, by 

reducing the possibility for 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 fitness (Keller and Waller, 2002; 

Oostermeijer et al. 2003). Inbreeding generally increases homozygosity within populations, 

and, in the long term, may completely eliminate heterozygosity (Ellstrand and Elam, 1993; 

Young et al., 1996). Indeed, plant population size and heterozygosity are usually positively 

correlated (Reed and Frankham, 2003; Leimu et al., 2006). Additionally, isolation leads to 

diversifying selection and thus to genetic divergence (Young et al., 1996; Willi et al., 2006; 

Lee and Mitchell-Olds, 2011). Thus, mountain environments favour biodiversity creation 

(adaptive radiation and speciation) in the longer term, but in the shorter-term mountain plant 

species are particularly sensitive to local-scale extinction. 

Population genomics introduces a genome-wide approach to population genetics 

(Luikart et al., 2003), the task of which is understanding changes in genetic variation (i.e. allele 

frequencies) within and between populations over time in response to genetic drift, gene flow, 

mutation and natural selection (Millstein and Skipper, 2007). This 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 selection, mutation 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 and, due to a high density and genome-wide distribution, are ideal for 

https://link.springer.com/article/10.1007/s10592-017-1031-x#ref-CR29


Villa S. 2023. Population genomics, distribution and reproductive ecology of an Italian stenoendemic chasmophyte, Campanula raineri. 
PhD thesis. University of Milan, Italy. 

107 
 

population genomics (Seeb et 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 detection of SNPs, and 

has revolutionized the fields of ecology, evolution and conservation (Brito and Edwards, 2009; 

Andrews et al., 2016). In addition, RADseq does not require comparison against a reference 

genome, and thus is the preferential approach for SNP detection and genotyping in non-model 

organisms, such as rare species (Helyar et al., 2011; Seeb et al., 2011; Andrews et al., 2016). 

Finally, RADseq is suitable for comparative studies between populations, because restriction 

enzyme recognition sites are generally conserved within a species (Andrews et al., 2016). 

Phylogeography can investigate the expected correlation between genome-wide 

divergence (revealed by neutral genetic markers) and geographical distance (Avise, 2000, 2007; 

Lee and Mitchell-Olds, 2011) and show the effects of isolation on genetic differentiation among 

populations and speciation events (e.g. Xie et al., 2017). Geographical subdivision among 

populations is evident from the clustering of different haplotypes (Andrews et al., 2016). 

Phylogeography can effectively inform conservation actions by clarifying migration routes, 

variations in geographical range in response to climate oscillations (e.g. Taberlet et al., 1998; 

McLachlan et al., 2005; Dering et al., 2017) and predict species responses to current and 

projected climate change (Tribsch and Schönswetter, 2003, Macqueen, 2012; Médail and 

Baumel, 2018; Wang et al., 2018). To this end, Phylogeography is often combined with Species 

Distribution Models (SDMs), which use the ecological requirements of target species (extracted 

from occurrence records and current environmental parameter values) and past-to-future climate 

projection to infer habitat suitability in different climatic contexts and address targeted 

conservation actions (e.g. Schorr et al., 2012; Guisan et al., 2016; Gargiulo et al., 2019; Bernardi 

et al., 2020). Model accuracy can be improved when óinformedô using genetic information, since 

single subpopulations may respond differently to environmental changes: this allows the creation 

of intraspecific-level SDMs (Chardon et 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 (Hülber et al., 2016). 

As a representative model chasmophyte, Campanula raineri Perp. (Campanulaceae) is 

particularly exposed to climatic insults. It is a range-restricted 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; Pignatti et al., 2018; Villa et al., 2021). The scattered populations and the extremely 

limited geographical range can be explained both by the particular ecological requirements of 

this species, adapted to calcareous cliffs and screes between 1000 and 2000 metres above sea 

level (m a.s.l.) (Aeschimann et al. 2004; Pignatti et al. 2018; Villa et al., 2021), and the complex 

climatic history of this region since the divergence of the species, approximately 4.67 million 

years ago (Mansion et al., 2012; TimeTree - The Timescale of Life: www.timetree.org). Climate 

oscillations during the Quaternary have significantly affected the vegetation and distribution of 

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 within in-situ refugia (i.e. ice-free mountain peaks or 

ónunatakô) and retreat to unglaciated peripheral areas (i.e. peripheral refugia) (Da Pan et al., 2020 

and references therein; see also Patsiou et al., 2014; Zhang et al., 2018). C. raineri is a Tertiary 

relict, such as other range-restricted calcicolous chasmophytes of the Eastern Alps relegated to 

the periphery of the Alpine chain, where they survived during Pleistocene glaciations 

(Pawlowski, 1970).  

Thus, for C. raineri knowledge of population biogeography (with particular reference to 

elevation) is urgently required to allow prediction of future distributional ranges and the survival 

of the species under future climate warming. Specifically, for C. raineri it is hypothesized that: 

(1) a fragmented pattern of geographically and 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 within in-situ nunataks or peripheral refugia 

during glacial 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 undertaken for the conservation 

of the species; (3) population genetic structure and intra-population variability will probably be 

crucial in defining the species' chance of survival under the increasing temperatures expected in 

coming decades. Testing these hypotheses with population genomics and SDMs, combined to 

obtain phylogeographically-informed models, will allow targeted conservation actions for this 

species, such as the status assessment of single populations and the production of plants for 

population reinforcements or assisted migration into new suitable areas. As no similar studies 

are reported on Conservation Evidence (www.conservationevidence.com/), neither for C. raineri 

nor for ecologically or phylogenetically similar species, this work will contribute towards 

improving conservation strategies for steno-endemic chasmophytes with fragmented ranges.  
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Material and methods 

Population genomics 

Sampling and DNA extraction. Leaves of 110 individuals of C. raineri were collected 

between July and September in 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 the extraction. Genomic DNA was extracted from ~130 mg of frozen tissue for 

each sample, pulverized using TissueLyser II (Qiagen; Hilden, DE) at 30 Hz for 2 minutes. 

The extraction was performed following a modified CTAB protocol: 1 ml of pre-heated 

extraction buffer (Tris-HCl 100 mM pH 7.5, 25 mM EDTA, 1.5M NaCl, 2% (w/v) CTAB, 

0.3% (v/v) ɓ-mercaptoethanol) was added to ground tissues; then samples were incubated for 

30 minutes at 65°C and periodically mixed. 24:1 Chloroform-Isoamyl Alcohol was added to 

the supernatant isolated by centrifugation. RNase A (5 ɛl, 5 mg ml-1) was added and left to 

react for 15 min at 37 °C, before a second treatment with 24:1 Chloroform-Isoamyl Alcohol. 

DNA was precipitated by incubation for 1 hour at -20 °C with 0.1 volumes of Sodium Acetate 

(3M, pH 5.2) and 0.7 volumes of Isopropanol, followed by centrifugation. The DNA pellet was 

washed in ethanol and finally suspended in 15 ɛl of elution buffer (Tris-HCl 10 mM, EDTA 

0.1 mM). Optimal DNA concentration (Ó 60 ng ɛl-1) and purity ratio (260/280 comprised 

between 1.8 and 2.0) were checked by using NanoDrop ND-1000 Spectrophotometer V3.8 

(NanoDrop Technologies, Inc.; Waltham, US-MA), while the integrity of the extracted DNA 

was evaluated by electrophoresis in 0.8% agarose gel. Extracted DNA was stored at -80 °C for 

six months until the preparation of 2bRAD libraries. 

2bRAD library preparation. Libraries were assembled following the procedure 

proposed by Wang et al. (2012), optimized for the target species by A.P. and F.F. at the 

Department of Life Sciences of the University of Trieste (Italy). Approximately 300 ng of 

genomic DNA from each sample were digested using the CspCI restriction endonuclease, in 

order to obtain uniform, short fragments of 35 bp (Morgan et al., 2005). Digested DNA was 

ligated to partially double-stranded custom adapters (5-ILL/c-ILL: 5-

CTACACGACGCTCTTCCGATCTNN-3/3- SpC3CGAGAAGGCTAGAP-5 and 3-ILL/c-ILL: 

5-CAGACGTGTGCTCTTCCGATCTNN-3/3- SpC3CGAGAAGGCTAGAP-5). Finally, the 

obtained 2b-RAD tags were amplified assigning to each sample a specific barcode and the 

adapters for Illumina 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, Morrisville, US-NC). Each amplified sample was 

quantified using Qubit 2.0 Fluorometer (Thermo Fisher, Waltham, US-MA), in order to ensure 

equimolarity of each sample in the libraries. Samples were pooled into two libraries (55 

samples each), subsequently purified 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 (Mag-Bind TotalPure NGS, Omega Bio-Tek Inc., Norcross, US-

GA) to remove TBE buffer. The purified libraries were finally quantified using the Qubit 2.0 

Fluorometer. The libraries were sequenced on the Illumina NovaSeq6000 platform with a 

2×150 cycle at IGA Technology Services (Udine, Italy), which also performed the reads 

demultiplexing and quality check.   

Bioinformatics. Forward and reverse raw reads of each sample were filtered and merged 

using Vsearch (Rognes et al., 2016) within the Qiime2 environment (Bolyen et al., 2019), 

setting parameters in order to maintain only perfectly matching forward and reverse reads with 

lengths comprising between 36 and 38 nucleotides, in accordance with cutting by CspCI. To 

detect and remove sequences derived from contamination, a screening of C. raineri reads was 

performed using DeconSeq software (Schmieder and Edwards, 2011), setting the program 

alignment options as follows: i = 85, c = 50, s = 10,000,000 and t = 30 

(https://deconseq.sourceforge.net/manual). The filtered and merged reads of each sample were 

matched against human and bacterial genomes (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 nematodes (i.e., Caenorhabditis inopinata N. Kanzaki, as 

representatives of Nematoda; Drosophila melanogaster Meigen, Tribolium confusum Duv and 

Apis mellifera L. 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_019155225.1, GCA_013841245.2, respectively). 

Clean samples were processed with Stacks 2.60 using the denovo_map and populations 

programs to build loci, identify SNPs and calculate population genomic summary statistics 

(Catchen et al., 2011; 2013). Some preliminary runs were performed to optimize the 

combination of parameters, in accordance with the Stacks manual 

(https://catchenlab.life.illinois.edu/stacks/manual/#params) and Paris et al. (2017) and Díaz-
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Arce and Rodríguez-Ezpeleta (2019). After parameters optimization, the best Stacks parameter 

combination for the de-novo assembly was found to be m = 3, M = 2, n = 1, N = 0, setting: -- 

max_locus_stacks 4. In the analysis with the population program the minimum number of 

populations per locus (p) was set to 2. Sample CrRG1 was excluded from the following 

analyses due to the high proportion (> 90%) of missing data (i.e. unsuccessful sequencing of 

RADseq loci; Cerca et al., 2021). The SNPs dataset obtained with Stacks was analysed using 

the Admixture v. 1.3.0 (Alexander 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 the --write-single-snp option in population 

program, and converted for admixture using plink program v.1.07 (Purcell et al., 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) was used to 

visualise the results and choose the best value of K. Admixture results were also plotted as pie 

charts on the map of C. raineri populations using R software v3.5.1 (R Core Team 2018; script 

modified from Davidson, 2022). FineRADstructure analysis was performed on the whole SNP 

dataset (Malinsky et 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/millanek/fineRADstructure) maintaining default 

parameters. Finally, a PCA was performed on the one SNP per locus dataset using the adegenet 

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

Genetic differentiation assessment. Some further analyses were performed to test the 

degree of genetic differentiation between the two main population clusters detected from RAD-

seq data analyses. The fixation index (FST) and patterns of genetic divergence (Dxy) between 

the two main population clusters were estimated using Stacks software (e.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 molecular markers, namely the standard barcoding trnHïpsbA 

intergenic spacer region (Pang et al., 2012) and the entire ITS1-5.8S-ITS2 region of the nuclear 

ribosomal DNA, were previously used for resolving both inter- and intra-specific relations 

within the genus Campanula by Galimberti et al. (2014) and Park et al. (2006) and Bogdanoviĺ 

et al. (2014), respectively. In particular, the first marker has already been tested on C. raineri 

(Galimberti et al., 2014). Specifically, the nucleotide sequences of these markers were 

developed for one individual per population of those included in the 2b-RAD analysis (i.e. 

CrSM1, CrGM10, CrRG13, CrGS13, CrSD3B, CrCA4, CrPA1, CrCO5, CrAR4, CrCV10, 
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CrPS12, CrVE8, CrAL5, CrAV12). The selected markers were amplified using the primer pairs 

trnH-psbA and 17SE-26SE (Sun et al., 1994; Hamilton, 1999). In the PCR reaction, performed 

in 25 ɛL reaction mixture (following Magoga et al., 2018), 100-200 ng of the DNA already 

extracted for 2b-RAD analyses were used as template. The thermal conditions for trnH-psbA 

and 17SE-26SE primer pairs followed Galimberti et al. (2014), shortening the elongation time 

from 7 to 3 minutes, and Park et al. (2006), respectively. Successful amplifications were 

checked by 1.5% agarose gel electrophoresis, and forward strands of the PCR products were 

sequenced by Microsynth SeqLab GmbH (Göttingen, 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 (Kumar et al., 2018). A haplotype network and a neighbour-joining tree were inferred 

starting from the sequences obtained with 17SE-26SE primer pair using the PopART v.1.7 and 

SeaView v.5.0 software, respectively (Leigh and Bryant, 2015; Gouy et al., 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). Occurrence data for C. raineri were obtained by Osservatorio 

Regionale per la Biodiversità (http://www.biodiversita.lombardia.it/) of the Lombardy Region 

(Northern Italy), and integrated with the personal observations of S. Villa. Occurrence records 

were filtered at the resolution of current bioclimate layers (see below) using the óSelect by 

locationô function in ArcMap and calculating the new coordinates as centroids of the selected 

cells. As a result, 29 presence points were retained and used in the following analyses. 

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 species distribution, according to the ecological 

requirements of the species evident also from C. raineri occurrence records (Aeschimann et al. 

2004; Pignatti et al. 2018; S. Villa and S. Pierce personal observations; see also Table S2). 

After testing for possible collinearity, bioclimatic variables included in the analysis were: bio1 

(mean annual air temperature), bio3 (isothermality), bio4 (temperature seasonality), bio6 (min 

temperature of coldest month, bio9 (mean temperature of driest quarter) and bio15 

(precipitation seasonality). Bioclimatic variables for current and future timeframes (2050 and 

2070) at a resolution of 30 arc-s were obtained from the WorldClim v.2.1 online repository 
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(https://www.worldclim.org/data/index.html, accessed in October 2022; Fick and Hijmans, 

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 different Global Circulation Models (GCMs, 

namely: CCSM4 [Gent et al., 2011], IPSL [Marti et al., 2010] and MIROC-CHEM [Watanabe 

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

obtain a single, weight-averaged model from different predictions. Genomic information was 

integrated in future SDM dividing C. raineri presence points (used to predict habitat suitability) 

into two different datasets, according to the geographic distribution of the two main genetic 

lineages (Table S2). Accuracy of each model was evaluated through the True Skill Statistics 

(TSS; Allouche et 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 (https://www.usgs.gov; Pawlewicz et al., 1997). All the raster layers were cut at the 

extension of the Alpine region (óExtract by maskô tool in ArcMap). Due to the relevance of 

substrate composition in the ecology of C. raineri (Aeschimann et al., 2004; Pignatti, 2018), 

substrate information of each presence point was extracted (óExtract values to pointsô tool), 

and used to further cut the bioclimatic raster layers, retaining habitat suitability information 

only for óTriassicô and óJurassicô substrate categories. 

 

Results 

Population genomics 

After demultiplexing and filtering, the raw data averaged 8.86 million high-quality reads per 

individual (SD = 2.95 million). After Stacks analysis, 113,863 polymorphic loci (mean length 

37.93 bp) and 110,494 variant 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 values (HetObs, Table S3) ranged 

from 2.12×10-3 (for the Sasso Malascarpa population) to 2.49×10-3 (Monte Alben), and were 

always higher than expected heterozygosity (HetExp, Table S3). The inbreeding coefficient (FIS) 

was always slightly negative (-8×10-4 <FIS< -4.3×10-4, Table S3), with the only exception of 

the single-sample population of Parlasco (FIS = 0). Genetic differentiation was low among 

populations, with the pairwise FST values (Table S4) ranging from 5.6×10-3 (found between 

Grigna Meridionale and Grigna Settentrionale) to 7.6×10-2 (found between Sasso Malascarpa 

and Monte Alben).  
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Fig. 1 Admixture analyses on C. raineri populations (K values from 2 to 10). Separate sections represent 

populations (CO = Concarena, RG = Monte Resegone, SD = San Defendente, SM = Sasso Malascarpa, PA = 

Parlasco, AV = Piani di Artavaggio, CV = Monte Cavallo, AR = Pizzo Arera, PS = Pizzo della Presolana, VE 

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

di Canzo). Each vertical bar represents an individual, divided into K coloured parts (Liu et al., 2020), and each 

colour represents a distinct, inferred ancestral population. Note that geographic locations of each population 

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

 

In the Admixture analysis, the lowest cross-validation (cv) was found to be associated 

with K = 2 (mean cv error = 0.257; Liu et al., 2020), while the best number of genetic clusters 

was found to be K = 9, according to MedMedK and MedMeaK statistics, and K = 10, according 
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to MaxMedK and MaxMeanK (Li and Liu, 2018). At K = 2, a clear distinction was found 

between the ówesternô group, comprising the populations of Monte Resegone, San Defendente, 

Sasso Malascarpa, Parlasco, Grigna Meridionale, Grigna Settentrionale and Corni di Canzo, 

and the óeasternô group comprising the remaining populations (Fig. 1). The populations of 

Monte Resegone, San Defendente, Parlasco and Grigna Settentrionale showed a slight and 

progressively decreasing haplotype contribution from the eastern 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 and Pizzo 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. Among eastern 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 individuals from Piani di Artavaggio and a lower mixing with the  

Fig. 2 Geographical distribution of the genetic diversity found in C. raineri (based on Admixture analysis 

with K = 2). Each pie chart represents an individual, and colours represent haplotype frequencies. 

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 Cavallo, AR = Pizzo Arera, AL = Monte Alben, PS = Pizzo della 

Presolana, CO = Concarena). Numbers indicate Como Lake (1) and the main valleys within the distributional 

range of the species (2 = Valsassina, 3 = Val Brembana, 4 = Val Seriana, 5 = Val di Scalve). The 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 of C. raineri populations and dendrogram (inferred using the FineRADstructure 

software). Labels indicate individuals, and acronyms indicate species name and sampling sites (Cr = 

Campanula raineri; CO = Concarena, PS = Pizzo della Presolana, CV = Monte Cavallo, VE = Monte 

Venturosa, AV = Piani di Artavaggio, AR = Pizzo Arera, AL = Monte Alben, RG = Monte Resegone, PA = 

Parlasco, SD = San Defendente, SM = Sasso Malascarpa, CA = Corni di Canzo, GM = Grigna Meridionale, 

GS = Grigna Settentrionale). Each pixel represents an individual co-ancestry coefficient: darker colours 

indicate progressively higher values of coancestry. The population tree was built using the Markov chain Monte 

Carlo (MCMC) clustering algorithm, and numbers over branches indicate posterior population assignment 

probabilities, reflecting the proportion of MCMC samples in which individuals 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 greater admixture with the San Defendente-Parlasco group (Fig. 1). A pie chart of  

the Admixture results for K = 2 clearly shows the east-to-west genetic distinction into two 

population clusters, separated by Valsassina, extending between Monte Venturosa and Piani di 

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 ówesternô and the óeasternô groups detected by the Admixture analysis 

with K = 2. Within these two main groups, a fine-level structuring can be detected, with a 

separate cluster for each sampling locality, based on relatively higher values of intra-population 

coancestry with respect to inter-population 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 into two relatively homogeneous groups. All these partitions are highly significant 

(posterior assignment probability = 1). 

PCA analysis results allow to identify four main clusters of individuals: two 

corresponding to the individuals from Concarena and Pizzo della 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, Sasso Malascarpa 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 of other populations, strongly clumped. The first two eigenvalues contribute 

for the 17.4% of the total variation in the data. 

Genetic differentiation assessment. Between the ówesternô and the óeasternô group, the 

mean FST and Dxy as revealed by the Stacks analysis were 0.036 and 0.004, respectively. The 

analyses of the nucleotide variability of the two selected markers (trnH-psbA intergenic spacer 

region and the ITS1-5.8S-ITS2 region) showed low but definite differences between the 

western and eastern groups. Specifically, in the amplified trnH-psbA region, an insertion of 

one base was 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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ITS1-5.8S-ITS2 region, a one-base 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 ócontrolô for the model, a habitat suitability map based on current climatic data was 

consistent with the current distribution of the species (Fig. 4). Future projections suggested an 

overall decrease of climatic suitability in the area currently occupied by C. raineri, with optimal 

conditions only at higher-altitude sites (>1500 m a.s.l.). Moreover, habitat suitability increased 

Fig. 4 Current habitat suitability and presence/absence records for C. raineri (a) the entire range covered by 

the presence/absence investigation, b) detail of the area currently occupied by the species). Environmental 

suitability is reported only for areas on calcareous substrates (https://www.usgs.gov): red areas = unsuitable 

conditions, blue areas = suitable conditions. Points represent C. raineri presence/absence records (light blue 

= presence; red = absence; see also Table S2).  
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with elevation evenly within the range, without revealing any appreciable lineage-dependent 

difference in the speciesô response to climate change (Fig. 5a-d). Moreover, habitat suitability 

showed a shift towards the north-eastern 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 compared with the correspondent 

RCP6 scenario (Fig. 5a,c). Finally, the RCP6 2070 projection (Fig. 5c) suggested increased 

habitat suitability in north-western part of the range with respect to the 2050 projection (Fig. 

5a). 
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Fig. 5 Future suitability maps for the area currently occupied by C. 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 substrates (https://www.usgs.gov): red areas = unsuitable 

conditions, blue areas = suitable conditions. Points represent current C. raineri presence/absence records (light blue = presence; red = absence; see also Table 

S2).  
 

 








































































































































































































































































