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Abstract

Aim: Plants occurring on high-alpine summits are generally expected to persist due

to adaptations to extreme selective forces caused by the harshest climates where

angiosperm life is known to thrive. We assessed the relative effects of this strong

environmental filter and of other historical and stochastic factors driving plant com-

munity structure in very high-alpine conditions.

Location: European Alps, �Ecrins National Park, France.

Methods: Using species occurrence data collected from floristic surveys on 15 sum-

mits (2,791–4,102 m a.s.l.) throughout the �Ecrins range, along with existing molecu-

lar sequence data obtained from GenBank, we used a mega-phylogenetic approach

to evaluate the phylogenetic structure of high-alpine plant species assemblages. We

used three nested species pools and two null models to address the importance of

species-specific and species-neutral processes for driving coexistence.

Results: Compared with the entire species pool of the study region, alpine summits

exhibited a strong signal of phylogenetic clustering. Restricting statistical sampling to

environmentally and historically defined species pools reduced the significance of this

pattern. However, we could not reject a model that explicitly incorporates neutral colo-

nization and local extinction in shaping community structure for dominant plant orders.

Between summits, phylogenetic turnover was generally lower than expected. Environ-

mental drivers did not explain overall phylogenetic patterns, but we found significant

geographical and climatic structure in phylogenetic diversity at finer taxonomic scales.

Main conclusions: Although we found evidence for strong phylogenetic clustering

within alpine summits, we were not able to reject models of species-neutral pro-

cesses to explain patterns of floristic diversity. Our results suggest that plant com-

munity structure in high-alpine regions can also be shaped by neutral processes, and

not through the sole action of environmental selection as traditionally assumed for

harsh and stressful environments.
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1 | INTRODUCTION

High-elevation ecosystems experience among the most severe cli-

mates on earth where plant life thrives (K€orner, Paulsen, & Spehn,

2011). Such harsh environments have repeatedly triggered speciation

and the evolution of novel traits to cope with strong winds,

extended periods at low temperatures, ultraviolet radiation and

shortened growing seasons (K€orner, 1995). Often remote and diffi-

cult to access, high mountains have also been relatively less

impacted by anthropogenic pressures and are considered the “last

refugia” for a large number of species, many of which are endemic

to a single mountain range (Lomolino, 2001). At the same time,

alpine ecosystems are anticipated to be at one of the highest risks

of alteration from a changing climate (Dullinger et al., 2012; Elsen &

Tingley, 2015). High-alpine ecosystems thus harbour relatively

important and threatened biodiversity, but also raise fundamental

questions regarding the origins of biodiversity and the drivers of spe-

cies distributions and coexistence under climatically extreme envi-

ronments. Due to their relative isolation and steep environmental

gradients, alpine areas are well suited for studying the mechanisms

of biodiversity origins and species coexistence (K€orner et al., 2011).

Community phylogenetics consists of quantifying, from vegeta-

tion survey data, phylogenetic diversity (PD) within (a) and turnover

between (b) sites by comparing observed patterns to the patterns

expected under null models of random assemblages drawn from a

given species pool. This approach is useful for linking the macroevo-

lutionary history of speciation and lineage diversification with cur-

rent mechanisms of community assembly and species coexistence

(Gerhold, Cahill, Winter, Bartish, & Prinzing, 2015), but has only

recently been applied to alpine plant ecosystems (Jin, Cadotte, &

Fortin, 2015). Interpretations of community assembly from PD pat-

terns are often presented as two opposing forces: on one hand envi-

ronmental filtering is expected to produce phylogenetic “clustering,”

due to closely related species sharing similar environmentally

selected traits (e.g. stress tolerance in the alpine environment); on

the other hand, resource competition is expected to cause phyloge-

netic “overdispersion” because distantly related species tend to

coexist locally due to non-overlapping niche spaces (Webb, Ackerly,

McPeek, & Donoghue, 2002). These expectations depend on the

assumption that niches are phylogenetically conserved, which is gen-

erally debated (reviewed in Munkem€uller, Boucher, Thuiller, &

Lavergne, 2015). However in alpine ecosystems, there is evidence

for niche conservatism in particular clades of plants (Boucher,

Lavergne, Basile, Choler, & Aubert, 2016; Boucher, Zimmermann, &

Conti, 2015; Boucher et al., 2012). An additional criticism of the

community phylogenetic approach is that phylogenetic clustering

may also be generated by interspecific competition when community

structure is mainly shaped by competitive hierarchy fitness differ-

ences (Mayfield & Levine, 2010). In high-alpine environments, how-

ever, it is widely expected that competitive interactions will be

reduced and that plant–plant interactions will be dominantly positive

through ecological facilitation (Choler, Michalet, & Callaway, 2001).

Therefore, alpine areas are well suited for studying the mechanisms

of biodiversity origins and species coexistence using a comparative

community phylogenetic approach.

High mountain ranges typically constitute “sky islands” due to

their climatic isolation from surrounding lowlands (K€orner et al.,

2011), and plants in high-alpine ecosystems are expected to respond

to a variety of different environmental factors (Billings & Mooney,

1968; Bliss, 1962). In particular plant clades, these harsh environ-

mental conditions have been linked to diversification in the Euro-

pean Alps (Boucher et al., 2012). At the community level,

environmental variation is strongly associated with turnover among

summits in the Rocky Mountains (Jin et al., 2015), and multiple cli-

matic drivers shape alpine diversity across the Northern Hemisphere

(Kikvidze et al., 2005). In general, we expect PD of alpine plant com-

munities to increase with niche heterogeneity (as higher dimension-

ality will support a greater number of distantly related species), and

decrease under more extreme environmental and climatic conditions

(as species with traits adapted to these extremes will be selected;

summarized in Table 1).

The dynamic evolutionary history of mountain ranges may have

also affected patterns of community PD in high-alpine summits

(Table 1). The prevailing climate during glacial cycles of the Pleis-

tocene was unprecedentedly cold, in particular during the Last Gla-

cial Maximum (LGM; Clark et al., 2009), and profound alterations to

ecosystems may have strongly impacted current-day biodiversity

patterns (Hewitt, 2000). Nevertheless, multiple lines of evidence

have shown that some areas across the European Alps functioned as

climatic refugia, allowing certain species to persist during inhos-

pitable periods of the Quaternary climate cycles by emerging above

ice sheets at high altitudes (so-called nunataks; Sch€onswetter, Steh-

lik, Holderegger, & Tribsch, 2005). Mounting genetic evidence sup-

ports that allopatric speciation likely contributed to the diversity of

at least some lineages of alpine species (e.g. Boucher et al., 2012,

2015; Roquet, Boucher, Thuiller, & Lavergne, 2013; Schneeweiss

et al., 2013; Valente, Savolainen, & Vargas, 2010; Wallis, Waters,

Upton, & Craw, 2016). Although allopatric speciation may have

occurred at a larger spatial scale than an alpine mountain range, spe-

cies distributions may still bear an imprint of past speciation (range

disjunction), even at a smaller scale than the one of speciation pro-

cesses. If so, these endemic species could drive local phylogenetic

clustering due to repeated speciation followed by environmental fil-

tering of closely related species into high-alpine environments. How-

ever, allopatric speciation can also produce a pattern of phylogenetic

overdispersion if species-neutral colonization and local extinction

shape community structure, because older species have a higher

probability of colonizing (Table 1; Pigot & Etienne, 2015).

Plants with a cushion habit seem to facilitate the establishment

of other species that are less suited to alpine ecosystems (Butterfield

et al., 2013), and this putatively convergent trait has repeatedly

evolved in response to harsh environmental conditions (Aubert, Bou-

cher, Lavergne, Renaud, & Choler, 2014; Boucher et al., 2016). Posi-

tive biotic interactions have been shown to increase with increasing
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environmental stress and should be pervasive in the high-alpine

areas of temperate mountains (Callaway et al., 2002). Therefore, we

expect that biotic interactions in high-alpine environments could also

lead to phylogenetic clustering if facilitation occurs between closely

related species, or overdispersion if facilitation occurs between dis-

tantly related species (Table 1).

Noticeably, most explanations of species coexistence in alpine

communities predict the importance of traits that are adapted to

harsh environmental conditions. However, species-neutral processes

are also expected to influence diversity patterns (Hubbell, 2001;

MacArthur & Wilson, 1967). This is especially true for island-like sys-

tems, where stochastic variation in rates of colonization and local

extinction alone can lead to realistic patterns in community structure

(Rosindell & Phillimore, 2011). Alpine communities are often consid-

ered island-like, and therefore, dispersal ability is expected to

increase rates of colonization between summits that are separated

by shorter distances (Table 1), generating distance decay of b-diver-

sity. At the same time, larger summit areas promote species and lin-

eage diversity as extinction rates (due to ecological drift) are

reduced (Hubbell, 2001). As a result, PD of high-alpine summits

should increase with current and historical areas—such as refugia

through the LGM—by allowing long-term coexistence of different

lineages (Rosenzweig, 1995). Such stochastic processes are expected

to have important consequences for community diversity (Rosindell,

Hubbell, He, Harmon, & Etienne, 2012), but explicit null models of

neutral assembly have been lacking (Pigot & Etienne, 2015). Impor-

tant progress in community phylogenetics has recently been made

with sophisticated null models such as the DAMOCLES (Dynamic

Assembly Model Of Colonisation, Local Extinction and Speciation)

framework, which simulates neutral assembly of single communities

by allopatric speciation, colonization and local extinction (Pigot & Eti-

enne, 2015). This approach has been shown to help elucidate neutral

processes of community structure in other island systems (Burbrink

& Myers, 2015), but has yet to be assessed in alpine environments.

In this work, we addressed the factors driving plant species coex-

istence at high elevations by studying the PD across alpine summit

communities of a range of sky islands in the French Alps (Figure 1a).

We compared observed PD to two null models—a randomization

approach and the DAMOCLES approach, which directly models his-

torical processes as null communities are assembled. To distinguish

between the parallel patterns of community PD predicted under

environmental, historical and biotic hypotheses (Table 1), we used

three nested species pools (Chalmandrier et al., 2013) to generate

null distributions of expected diversity on alpine summits in the
�Ecrins under the two null models (Figure 1b): (1) a regional pool of

species occurring anywhere in the greater �Ecrins (“Regional” species

pool), (2) an environmentally restricted pool of all species from the

combined summits (“All Summits”), and (3) a pool of species that cur-

rently occur on alpine rock surfaces predicted to have been exposed

above glaciation during the LGM (“LGM”) to account for potential

historical geographical restrictions. These serial reductions of the

species pool restrict the expectation of community PD to certain

environmental (All Summits) or historical (LGM) conditions, thusT
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significant patterns remaining after each reduction have specific

implications (Eiserhardt & Svenning, 2013). Reducing the species

pool from the Regional �Ecrins to All Summits restricts the random-

ized resampling of PD to species occurring in a more extreme envi-

ronment, and should reduce the signal of clustering if environmental

filtering for phylogenetically conserved traits is an important assem-

bly process. Similarly, restricting the species pool to the LGM bound-

ary should remove the effect of dispersal limitations following the

LGM. Therefore, significant patterns that remained after each scaling

of the species pool were caused by mechanisms other than environ-

mental filtering (for the All Summits pool) or dispersal limitations (for

the LGM pool). Finally, we tested if variables that relate to specific

environmental, historical, biotic and neutral hypotheses (Table 1)

could explain the patterns of PD we observed in these plant assem-

blages that ride on the physiological limits of plant life.

2 | MATERIALS AND METHODS

2.1 | Study area

The �Ecrins National Park (hereafter referred to as the �Ecrins) is one of

the most remote and protected natural areas in France. Located in

south-eastern France, this national park covers about 1,784 km2 (Fig-

ure 1a). The �Ecrins are characterized by mountainous to alpine ecosys-

tems and contain over 2,000 plant species of varying ecological

specialization (Boulangeat, Lavergne, Van Es, Garraud, & Thuiller,

2012). Within the park, there are several tens of mountain peaks, the

tallest of which is 4,102 m (Barre des �Ecrins, Figure 1a). The sharp

topography that characterizes these peaks is due to the high rates of

orogeny that formed the Alpide belt (the range extending from the

Pyrenees to New Guinea; Hergarten, Wagner, & St€uwe, 2010), which

began around 40 Ma and continues today (Nikonov, 1989).

2.2 | Reconstruction of the glacier extent at LGM

The ice extent within the massif during the last glacial episode was

reconstructed by building on previous studies by Cossart (2005) and

Van Der Beek and Bourbon (2008) for the western and eastern part

of the �Ecrins-Pelvoux massif, respectively. Identification of geomor-

phic features characteristic of past glacial occupation available from

the literature, including trim-lines, roches mouton�ees and erratic

boulders, was complemented by additional observations from the

inner parts of the massif (Delunel, 2010), and these locations were

implemented in a Geographic Information System (GIS) database.

The GIS database was then spatially interpolated using a spline

method, considering the 12 nearest neighbouring features in ArcGIS.

2.3 | Alpine plant surveys

Seed plant (Spermatophyta) occurrences were obtained from an

intensive campaign of vegetation surveys (relev�es) within the �Ecrins

from 2009 to 2014 along elevation gradients ranging from 2,500 to

4,102 m a.s.l. on 15 high summits. The taxonomy of clades with a

tendency to apomixis followed the recent systematic synthesis pro-

vided in Tison and de Foucault (2014). This led us to cluster micro-

species together rather than split them, which then limited the

artificial multiplication of phylogenetic branches in our phylogenetic

tree. Occurrences were combined with the vegetation-plot database

of the National Alpine Botanical Conservatory (CBNA) to generate

the Regional species pool of the �Ecrins. We defined alpine areas by

estimating the tree line upper limit (~2,000–2,500 m a.s.l.), using the

F IGURE 1 (a) Map of the �Ecrins National Park, France (within
the red box), relative to the European Alps (orange outline).
Magnified sample area (lower panel) shows the summits that were
considered (coloured triangles) and the results of the spatial
interpolation to reconstruct ice extent during the last glacial period
(blue fill). (b) Diagram illustrating the three nested species pools:
species that occur in the greater Regional �Ecrins National Park,
species that occur on All Summits, and species that currently occur
in areas that persisted through the LGM. Summaries of the total
species sampled in each relev�e (Nobs) and total sequences recovered
from GenBank (NGenBank) are listed for each species pool
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French National Forestry Inventory (IFN). GPS coordinates from

relev�e localities were used to assign each plant species occurrence

to one of the 15 study summits and the three species pools (Fig-

ure 1b; see Appendix Table S1.1 in the Supporting Information for

community matrix).

2.4 | Phylogeny estimation

The Regional �Ecrins species pool (i.e. the most inclusive) was used to

estimate a community phylogeny of all Spermatophyta, which could

then be pruned for all other species pool comparisons. We retrieved

sequence data for five gene regions (atpB, rbcL, matK, trnTLF and

ITS) from GenBank (release 209) using the PHLAWD pipeline (Smith,

Beaulieu, & Donoghue, 2009). Details for using the resulting super-

matrix to estimate a time-calibrated maximum likelihood (ML) com-

munity phylogeny of the �Ecrins are described in Appendix S2 in Sup-

porting Information.

2.5 | Patterns of phylogenetic diversity

Diversity within each summit community (a-diversity) was assessed

for all Spermatophyta and separately within five orders with the

greatest species richness to account for taxonomic scale (Munkem€ul-

ler et al., 2014) by calculating two widely used measures of phyloge-

netic distance: the mean nearest taxon distance (MNTD) and the

mean pairwise distance (MPD), to capture more recent and phy-

logeny-wide patterns, respectively (Webb et al., 2002). Beta phylo-

genetic diversity between all pairs of summits was also estimated

using the PhyloSor index (as in Leprieur et al., 2012).

To assess if patterns within summits deviated from random assem-

bly, we first compared the observed phylogenetic a-diversity (MNTD

and MPD) within each local community (i.e. summit) relative to a null

expectation of phylogenetic diversity obtained by randomly resam-

pling from the three nested species pools (Regional, All Summits and

LGM)—this is referred to as the random draw (RD) null model (Webb

et al., 2002). We also assessed the PD of the combined species occur-

ring across alpine summits (All Summits community) and the combined

species occurring above the boundary of the LGM (LGM community)

relative to the Regional and All Summits species pools.

To explicitly model stochastic assembly processes, we generated

an expectation of community structure under a species-neutral model

of colonization and local extinction that accounts for inferred phyloge-

netic history of past speciation events (assumed to be allopatric) (Pigot

& Etienne, 2015). Separate ML parameter estimates for rates of colo-

nization (c) and local extinction (l) were calculated from observed PD

of a given species pool (e.g. Regional) to a given community (e.g. All

Summits community) in the R package DAMOCLES 1.1 (Pigot & Eti-

enne, 2015). These parameter estimates were used to simulate 999

null communities under an equal-rates scenario (where the parameters

are independent of species traits). MNTD and MPD were recalculated

from the null DAMOCLES communities, generating an expected distri-

bution of a-diversity with colonization and local extinction rates that

are indifferent to the species present in the community.

Observed MNTD and MPD were compared to both null expecta-

tions by calculating the standardized effect size (SES) as described in

picante 1.6-2 (Kembel et al., 2010). Significance of each SES pattern

was assessed from ranks of observed diversity compared to each of

the null models (SESRD and SESDAMOCLES) with two-tailed p-values

(a = .05). Negative SES values indicate observed phylogenetic dis-

tances lower than expected under the null model (phylogenetic clus-

tering), while positive values indicate higher than expected distances

(phylogenetic overdispersion). We used a paired t-test to quantify

the changes in the SES pattern resulting from species pool scaling.

To compare the RD and DAMOCLES results, we followed Pigot and

Etienne (2015) and standardized both null models to the RD null distri-

bution (SESDAMOCLES_RD and SESRD_RD). If the observed SESRD fell within

the distribution of SESDAMOCLES_RD, then we could not reject a species-

neutral null model of colonization and local extinction. If the observed

SESRD fell within the SESRD_RD distribution, then the RD null model

where species are equally likely to be present could not be rejected.

2.6 | Drivers of phylogenetic diversity patterns

To identify specific environmental or species-neutral drivers that explain

phylogenetic a-diversity patterns in the high-alpine communities

(Table 1), we extracted geographical characteristics (such as maximum

elevation, total summit area and mean slope; see Table S1.2) using GIS,

and climatic variables were compiled from BioClim (Hijmans, Cameron,

Parra, Jones, & Jarvis, 2005; see Table S1.3) for each summit. Due to

their collinearity, we classified each climatic variable as a factor used to

test one of three general hypotheses that have been used to explain

patterns of alpine diversity (following Moser et al., 2005; detailed in

Appendix S2): available energy (e.g. Annual Precipitation), stress (e.g.

Precipitation of the Driest Quarter) and stability (e.g. Temperature Sea-

sonality). A principal components analysis (PCA) was used to reduce

dimensionality of variables that were combined into one descriptive cat-

egory, and the three main axes of variation (>90%) were used in the sta-

tistical analyses described in the following section (Table S1.4). Due to

the low number of comparisons, we used ranks to correlate each com-

posite geographical or climatic factor with each SES for all three species

pools by calculating Spearman’s rho statistic. All statistical analyses were

conducted in R version 3.2.3 (R Core Team 2015).

3 | RESULTS

3.1 | Surveys, species pools and community
phylogeny

A total of 1,345 plant species were identified in the relev�es within

the �Ecrins National Park (Regional species pool), 101 of which are

endemic to the Alps (Figure 1). The 15 summits contained 306 spe-

cies total (All Summits), and 235 of these currently occur in areas

that would have been exposed above the glaciers during the LGM

(LGM). We retrieved 79% (N = 1,065) of the total diversity from

publically available sequences (70% of All Summits, and 71% LGM;

Figure 1b). The most species-rich orders in the Regional species pool
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were Asterales (N = 142), Poales (N = 142), Lamiales (N = 108), Ros-

ales (N = 74) and Caryophyllales (N = 74, see Fig. S1.1). ML esti-

mates of species relationships from individual gene regions (see

Fig. S1.2) and the concatenated alignment (Figure 2; see Fig. S1.3)

showed that most of the deep phylogenetic relationships were well

supported and are concordant with the APGIII classification (Bremer

et al., 2009). However, there were a few unexpectedly long branch

lengths due to incomplete sequence data for some gene regions (e.g.

trnTLF; see Fig. S1.2d).

3.2 | Patterns of phylogenetic diversity

3.2.1 | Random draw null model

When we compared observed diversity to what was expected under

the RD null model sampling from the Regional species pool,

Spermatophyta were significantly phylogenetically clustered within

11/15 of the summits for MNTD (Figure 3a, top panel; see

Table S1.5 for values). Clades with a higher species richness (Aster-

ales, Poales and Rosales) were more clustered than clades with

fewer species (Lamiales and Caryophyllales). Within Spermatophyta,

only two summits showed significant MPD patterns (Figure 3b, top

panel), one being overdispersed (Mont Pelvoux) and the other clus-

tered (les Rouies). Phylogenetic b-diversity measured by PhyloSor

was generally lower than expected between alpine summits

(Fig. S1.4), with some pairwise comparisons showing a turnover

lower than random expectations (see Table S1.6 for values).

Restricting the sampling to the environmentally defined All Sum-

mits pool removed the significance of phylogenetic clustering for

both a-diversity metrics (Figure 3, middle panel). This was especially

obvious for the Spermatophyta, the highest taxonomic level investi-

gated, where the pattern for MNTD on almost half of the summits

F IGURE 2 Community phylogeny of the flora of the �Ecrins (Spermatophyta). Nodes thatwere congruent with the reference timetree
(“congruified”) are indicated by black circles (see Appendix S2 for details). Nodes with a light grey dot have bootstrap support (BS) between 75 and 95,
and thosewith a black dot have BS support ≥95. The fivemost species-rich clades are indicated by dark grey bars. Occurrence of each species across
summits is indicated by colours along tips. Tip labels coloured black highlight alpine species, and asterisksmark species that are locally endemic
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shifted from strongly clustered to random. The reduction of emer-

gent phylogenetic clustering was even stronger above the LGM

boundary, where none of the summits remained significantly clus-

tered (Figure 3, bottom panel). Significance for patterns of MPD also

shifted from clustering towards overdispersion, particularly for Ros-

ales, but this was not significant. Paired t-tests confirmed that the

reduction in clustering (i.e. increase in SESMNTD and SESMPD) was sig-

nificant for both species pool restrictions across each clade

(Table S1.7, Fig. S1.5).

3.2.2 | DAMOCLES null model

The mean ML of the parameter estimates for rates of colonization

(c) and local extinction (l) per million years for the All Summits com-

munity given the Regional species pool were prohibitively high for

Spermatophyta (c = 1,137, l = 6,359) and Rosales (c = 3,368,

l = 971), and the likelihood surface of parameter estimates within

Poales was complex with several local optima (Table S1.8, Fig. S1.6-

1.7), possibly due to highly clustered species-rich clades within these

orders. Therefore, we considered only three species pool-community

comparisons for Asterales, Lamiales and Caryophyllales: the Regional

species pool to the All Summits and LGM communities, and the All

Summits species pool to the LGM community.

Within the Regional species pool, the observed SESRD for both

metrics fell within the null distributions of both null models

(SESRD_RD and SESDAMOCLES_RD) for all clades except Lamiales, which

was significantly clustered for MPD in the All Summits community

(Figure 4a), and for MNTD in the LGM community (Figure 4b).

Within the All Summits species pool, inferred rates of colonization

and local extinction were substantially reduced compared to the

Regional pool (e.g. for Spermatophyta, c = 13, l = 4; Fig. S1.8), yet

each clade remained neutral (Figure 4c).

To assess how phylogenetic uncertainty might have impacted the

results, we repeated parameter estimation across a subset of 100

bootstrap replicates on a reduced dataset, the LGM community com-

pared to the All Summits species pool. Mean estimates of both

parameters differed significantly between the ML phylogeny and the

bootstrap subset for Spermatophyta and Rosales (Fig. S1.9), but not

for Asterales, Poales, Lamiales or Caryophyllalles. However, these

rates do not change our main finding: the LGM community was still

neutral relative to the reduced All Summits species pool (Fig. S1.10).

3.3 | Environmental and neutral drivers

Only environmental drivers of SESRD were considered because

SESDAMOCLES was not calculated for each summit community. The
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strength and direction of the correlation between environmental fac-

tors and SESRD varied between taxonomic groups and summits,

especially as the species pools were restricted (Figure 5). Within the

largest (Regional) species pool, SESMNTD was only significantly (nega-

tively) correlated with climatic stress (Caryophyllales), while SESMPD

was correlated with stress (Caryophyllales) and stability (Spermato-

phyta). When restricted to the All Summits pool, results were almost

unchanged. Above the LGM boundary, topography became positively

correlated with SESMNTD across all Spermatophyta, and maximum

slope was positively correlated with SESMNTD for Caryophyllales. The

only environmental factor that was consistently correlated with SES

was climatic stress for Caryophyllales. This can be attributed to “pre-

cipitation of the driest quarter,” which was the only variable for

stress that contributed >90% to the PCA loading (Table S1.4).

Available refugial area became significantly negatively correlated

with SESMNTD as the species pools were restricted across all Sper-

matophyta (Figure 5). Distance did not significantly explain phyloge-

netic turnover between summits (Table S1.9).

4 | DISCUSSION

In this study, we analysed phylogenetic diversity patterns of plants

in environments that are known to be the most extreme for vascular

plant life. Therefore, on the high-alpine summits investigated, we

predicted to find closely related species coexisting due to intense

environmental stress filtering species with a similar level of climatic

tolerance. Indeed, compared to expected phylogenetic distances by

randomly sampling species from the Regional �Ecrins species pool,

high-alpine summits showed strong signals of phylogenetic clustering

for tip-wise comparisons (MNTD), but non-significant (random) struc-

ture tree-wide (MPD, Figure 3). Besides Mont Pelvoux, there was

little evidence for phylogenetic overdispersion. Relative to the regio-

nal flora of the �Ecrins, clades of closely related species interspersed

throughout seed plants coexist within summits (Figure 1). Overall,

this pattern suggests that the high-alpine flora emerged through

repeated adaptation towards extreme climates, in distantly related

clades (more or less randomly distributed across the angiosperm

phylogeny), and that closely related species tend to occur locally due

to strong environmental selection.

This general structure of phylogenetic clustering across the

whole flora was reduced when we lifted the blanket of the environ-

mental filter (i.e. reduced the species pool to plants occurring on

summits) and considered historical range restrictions (i.e. reduced the

species pool to an area that persisted as putative refugia through

the LGM). Over half of the summits lost significant clustering under

the RD model (Figure 3, bottom two panels). This implies that envi-

ronmental and historical filtering of certain taxa could explain most

diversity patterns within the summits that had diminished clustering

when the species pools were reduced (Eiserhardt & Svenning, 2013).

More variation in phylogenetic patterns for both metrics became

apparent, and a few clades (e.g. Lamiales) and summits (e.g. Sirac)

shifted towards phylogenetic overdispersion, indicating that adaptive

speciation involving phylogenetically divergent traits, or allopatric

speciation, might also shape phylogenetic patterns on high-alpine

summits.

We also tested whether the phylogenetic structure on these “sky

islands” may be greatly influenced by species-neutral processes, such

as colonization and local extinction (assuming allopatric speciation),

which can generate patterns of phylogenetic overdispersion within

island-like systems (Pigot & Etienne, 2015). Using the DAMOCLES

null model, we were unable to reject species-neutral colonization

and extinction for certain clades of seed plants, such the Asterales

and Caryophyllales (Figure 4). We note, however, that the
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distributions of SESDAMOCLES_RD and SESRD_RD mirrored each other

and that inferred rates of colonization and local extinction were

extremely high. Under these conditions, the DAMOCLES null model

may fail to detect non-random assembly processes (Pigot & Etienne,

2015). Indeed, the inferred rates were smaller when fitting DAMO-

CLES with only summit species as the reference species pool, thus

suggesting that the estimated rates are inflated by processes of

strong environmental filtering acting on only a very small subset of

the regional flora—hence the high estimated rate of immigration.

Still, we could reject both null models for the Lamiales, which may

indicate that species-specific adaptations to different alpine

environments shape community phylogenetic structure within this

plant lineage.

To further explain phylogenetic structure, we explored abiotic

environmental factors and extrinsic geographical characteristics (Fig-

ure 5). Abiotic variables did correlate with some of the residual clus-

tering within summits, but not necessarily as predicted. Correlations

with PD were not observed across seed plants unless the species

pool was restricted to a historical geographical area—species cur-

rently occupying areas that were predicted to persist through the

LGM. Summits with a higher topographic heterogeneity had less

phylogenetic clustering, suggesting that lithology does not explain
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the residual phylogenetic clustering in the �Ecrins flora as it has in

other regions (Lalibert�e et al., 2013). Summits with a larger available

area promoted coexistence between close relatives across all seed

plants, opposite to what is predicted for island–area relationships

(MacArthur & Wilson, 1967), possibly because of increased chance

of coexistence due to availability of spatially separated favourable

micro-habitats (spatial coexistence due to local environmental

heterogeneity). More arid summits (i.e. higher stress) appear to drive

higher phylogenetic clustering for Caryophyllales, and phylogenetic

clustering in Asterales may be driven by higher precipitation (i.e. high

available energy). Therefore, it is possible that selection due to

extreme or changeable environments is contingent on the clade, and

only certain species will be adapted to the most stressful climatic

conditions. The environmental stress that is correlated with

increased diversity of a few clades may also facilitate the survival of

species belonging to more distantly related clades (Callaway et al.,

2002), thus explaining the nested diversity patterns that we

observed. All of this said, climatic factors explained relatively little of

the residual phylogenetic clustering that persisted through the reduc-

tion of the species pools. In fact, observed patterns of b-diversity

between summits were lower than expected under random draw

models. This suggests that summit-specific conditions have only a

limited influence on the structure of plant communities across the

study landscape of alpine sky islands. This corroborates results from

the DAMOCLES dynamic null model and suggests that neutral pro-

cesses could be driving homogenization of species diversity across

summits in the �Ecrins.

In summary, we found evidence for strong phylogenetic cluster-

ing in the flora of high-alpine skyline islands. However, after

accounting for this phylogenetic clustering, we could not reject neu-

tral processes of community assembly for some clades and summits.

In other words, while harsh climatic conditions may select for and

drive local speciation within protected glacial refugia for some partic-

ularly well-adapted clades (e.g. Roquet et al., 2013), species-neutral

processes could explain low turnover between summits in many sce-

narios. For instance, protection within large refugial areas may have

allowed increased time for local speciation of certain distantly

related clades that were present prior to the LGM, while secondary

sympatry due to post-glacial re-colonization could have homogenized

species across summits (Aguil�ee, Claessen, & Lambert, 2013). Alter-

natively, summits may not have been as isolated and island-like

through the LGM, and dispersal could have continuously homoge-

nized species throughout repeated cycles of glaciation (Ram�ırez-Bar-

ahona & Eguiarte, 2013). Our results thus suggest that, at the scale

of our study, neutral processes of community assembly can also

shape patterns of plant PD within and between high-alpine environ-

ments. This contrasts with the widely accepted assumption that the

biota of environmentally severe regions are shaped by the sole

action of ecological selection, and that ecological neutrality may only

emerge in species-rich, environmentally uniform, tropical forests

(May, Huth, & Wiegand, 2015).

The relative importance of species-specific traits or species-neu-

tral processes is debated (McGill, 2003), and rarely explicitly tested

in studies of community diversity (Chave, 2004). This is especially

true in alpine ecosystems, which hold strong preconceptions about

the strength of environmental filtering processes. Although our

results indicate that environmental filtering may be important for

some specific clades, alpine communities could be less impacted by

summit-specific conditions. Relatively low levels of environmental

heterogeneity between summits might explain this, but it remains

that a neutral structure largely emerges, at least at the scale of our

study, across plant communities on high-alpine summits of the �Ecrins

mountain range.

At the most fundamental level, ecologists and evolutionary biolo-

gists seek to understand the processes that derive natural biological

diversity. This study illustrates how regional floristic surveys and publi-

cally available sequence data can be utilized to test general macro-

ecological hypotheses of diversity dynamics and community assembly.

Specific hypotheses and nested scale approaches like those employed

here can help to distinguish between processes that are contributing

to the diversity we observe (Whittaker, Willis, & Field, 2001). Expand-

ing these methods to an explicit comparative phylogenetic framework

across mountain ranges in various latitudinal or climatic regions will be

necessary to further evaluate the relative importance of diversification

and stochastic structuring in alpine regions.
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