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Supplementary material S1: supplementary material and methods
Plant collection and sampling design
The sampling of the 21 alpine plant species was standardised using a spatial grid of 12'–20' latitude–longitude resolution (approximately 22.3 km and 25.0 km, respectively), which was superimposed onto the Alpine Arc (Figure S1). Each species was sampled in each cell where it occurred, in a single location representing species-specific habitat requirements. For the whole region of the Alpine arc, between 39 (Trifolium alpinum) and 137 (Carex sempervirens) locations (Table S3) were sampled for each study species. Approximately 4,904 individuals were sampled overall. Between 33 (Geum reptans) and 126 amplified fragment length polymorphism (AFLP) loci (Phyteuma hemisphaericum) were screened for each species, giving a total of 2,483 AFLP loci for all species together. Among these, we considered only the 1,428 loci containing alleles with at least 10 occurrences in the data set.

Environmental variables and OMIp map
Environmental variables, such as temperature and precipitation are highly variable in the Alps, and are often related to topography and geography (Figure S2). The climate is particularly warm and dry in the Southwestern Alps, which is associated with particularly high OMIp scores in this region. Other marginal conditions are found in various elevated sampling sites spread across the Alps, which generally present colder and wetter environments than lower elevation sites. 

Selection of potentially adaptive loci

We aimed to test whether allele frequencies were significantly related to 14 climatic variables (Table S1). To reduce the number of climatic variables, we ran a principal component analysis (PCA) on all climatic variables and extracted the two first axes (Table S2), which were then used as explanatory variables. The allele frequency at each locus was then regressed against these PCA axes, using logistic regressions fitted by general estimating equations (GEEs). We considered that a locus was adaptive if it was significantly associated with at least one of the two PCA axes. We used two criteria to decide whether the locus was adaptive or not: the QIC (the equivalent of the Akaike’s Information Criterion in Generalised Estimating Equations, Pan 2001) and the Wald test. We computed and compared the QIC values for four models: one model without environmental variables (intercept model), two models with one environmental variable each, and one model with both environmental variables. The locus was considered adaptive when the two following criteria were satisfied: 

– the QIC of a model with at least one environmental variable was the lowest of the four models fitted for a given species;
– the P-value of the Wald test corresponding to this same model was below the threshold of 0.05 divided by the number of loci tested for this species (Bonferroni correction; Rice, 1989). The GEEs were implemented in the R-packages “gee” (Carey et al., 2012) and “geepack” (Yan et al., 2010). The R script of the analysis is provided in Supplementary File S1 ("File S1.script_GEE.txt"). 
Supplementary material S2: detailed results for each species

We ran the selection procedure described above for all AFLP loci and all species. We thus obtained 93 loci that were either associated with the first PCA axis (68 loci), or with both the first and the second PCA axes (25 loci; Figure S3, Table S3). No locus was found to be associated only with the second PCA axis. Therefore, most loci suspected of being under selection were related to the first PCA axis, which captures variation in local temperature and altitude. 


The number of potentially adaptive loci varied between species: among the 93 outlier loci, 27 loci concerned Arabis alpina, 11 were found in Rhododendron ferrugineum and 8 in Carex sempervirens. We found between 0 and 6 loci for all the other species. No adaptive locus was found in Luzula alpinopilosa and Gentiana nivalis (Table S3). It is not entirely clear why we detected no potentially adaptive loci in these two species. One possibility is that our sampling design does not fully encompass the climatic niche of these species, but such a bias remains unlikely, given that a wide range of environmental conditions was covered by our sampling (Figure S4). Some authors have proposed that Luzula alpinopilosa and Gentiana nivalis are be poor dispersers (Table S4, Meirmans et al., 2011a). It is possible that this low dispersal ability flattens out any allele–environment relationship, thus rendering our analytical method inefficient in detecting local adaptation. Finally, it is also possible that climatic conditions are not particularly important factors for the environmental niche of these species. 


Once potentially adaptive loci had been identified, we proceeded to the allele transformation described in the main text: the rare allele of each locus was considered as adaptive (i.e., the one with the fewest occurrences in the niche), so that adaptive alleles were related to marginal niche conditions. We could then track the distribution of these alleles throughout species niches. We mapped the frequency of adaptive alleles at each sampling site and investigated whether adaptive alleles were clustered or widespread in the Alps (Figure S5). The distribution of adaptive alleles showed markedly different geographic patterns according to different species. Firstly, for some species, adaptive alleles were mostly present in the Southwestern Alps, such as for Arabis alpina, Gypsophila repens, Hedysarum hedysaroides, Rhododendron ferrugineum and Trifolium alpinum. Secondly, the adaptive alleles of other species, such as Sesleria caerulea, Phyteuma hemisphaericum, Cerastium uniflorum or Campanula barbata were clustered in a particular region within the central Alps. Finally, for Carex firma, Dryas octopetala and Hypochaeris uniflora, adaptive alleles were widespread and probably concerned repeated adaptation to similar localised environmental conditions. For most study species, the frequency obtained from the mean of all adaptive allele frequencies at each given site was low in most sampling sites except a few (often fewer than 10 sites), where the mean local frequency increased above 0.5. This observation implies that for these few sites, selective pressures are probably strong and act on several loci simultaneously. In Carex sempervirens, the local frequency of potentially adaptive alleles was particularly high in a large number of sites, which might be explained by an effective dispersal ability, as suggested in the literature for this species (Table S4, Meirmans et al., 2011a).

We then decided to study the relationship between the frequency of the adaptive alleles and the environment captured by the first PCA axis, whose higher scores correspond to warmer and lower altitude environments. To do this, we split the PCA axis into 10 evenly distributed classes. Then, we examined the variation in the number of individuals, as well as the number and the frequency of adaptive and neutral alleles between these classes, both separately for each species and for all species together (Figure S7 and S8). We found that the number of individuals and the number of alleles followed hump-shaped curves along the environmental axis. When the alleles were pooled, the frequency of adaptive alleles tended to increase drastically towards higher values of the first PCA axis, whereas the frequency of neutral alleles remained stable and low (Figure S7). This suggests that the frequency of adaptive alleles increased in high temperature/low altitude environments (and a few of them in low temperature/high altitude environments). 

However, when analysing the results for each species independently, the trends were less obvious. We found that the frequency of adaptive alleles were either (i) positively associated, (ii) negatively associated or (iii) not associated with the first PCA axis. 

(i) For most species, the frequency of adaptive alleles tended to increase with scores along the first PCA axis: Arabis alpina, Carex firma, Gypsophila repens, Hedysarum hedysaroides, Hypochaeris uniflora, Loiseleuria procumbens, Phyteuma hemisphaericum, Rhododendron ferrugineum and Trifolium alpinum. We can classify these species into two categories: in the first category, for Arabis alpina, Gypsophila repens, Hedysarum hedysaroides, Rhododendron ferrugineum and Trifolium alpinum, we found a strong spatial clustering of adaptive alleles in the Southwestern Alps, which might be responsible for this positive relationship (Figure S5). Such a geographic clustering of adaptive alleles might be due to a hotspot of local adaptation in alpine environments that experience a Mediterranean influence; or due to a common history of post-glacial recolonisation leaving consistent signatures on neutral alleles, independent of natural selection. This second possibility is, however, less likely given that Pleistocene refugia might have been relatively dispersed across the Alps (Schönswetter et al., 2005), and that all studied species are unlikely to have experienced similar post-glacial re-colonisation. More studies on the biogeography of these species are needed, to understand how history and adaptation have shaped spatial patterns of genetic variation. In a second category, for Carex firma, Hypochaeris uniflora, Loiseleuria procumbens and Phyteuma hemisphaericum, the adaptive alleles were not clustered within any particular region. This might imply that potentially adaptive alleles are present in many locations where environmental conditions are marginal (mainly at high temperature, Figure S3), regardless of geography.

(ii) Adaptive allele frequencies were higher at low temperature/high altitude for Ligusticum mutellinoides, Campanula barbata and Androsace obtusifolia. This suggests that for these species, high frequencies of locally adaptive alleles are found in high-altitude sites (Figure S5).


(iii) Finally, no clear relationship was found between the first PCA axis and the frequency of locally adaptive alleles in Carex sempervirens, Cerastium uniflorum, Dryas octopetala, Geum montanum, Juncus trifidus and Sesleria caerulea; this counterintuitive result might be due to different alleles conferring adaptation to diverging local conditions (e.g., the upper or lower edge of the environmental gradient).

Supplementary material S3: theoretical model
Description of the model

We developed a model to simulate the expected frequencies of adaptive and neutral alleles across a species niche. In this model, allele frequencies varied according to drift, selection and migration processes. Individuals were represented by the cells of a triangular matrix of 5,000 cells in total (see (a) in Figure S10). The matrix consisted of 100 columns (x-axis), which represented populations along an axis of niche marginality. This axis is similar to the OMIp scores described in the main text. The centre of the niche is on the left of the x-axis and the niche margin is on the right. The rows (y-axis) of the triangular matrix represent individuals (each cell is an individual). The triangular shape of the matrix implies that population size decreases from left to right, as it decreases from the centre to the niche margin. This assumption of asymmetry of individual numbers between central and marginal niche conditions is well supported by our data set (see (a) in Figure 2). It is important to note that the size of the triangular matrix does not change over time (the population size is fixed). 


The model makes the implicit assumption that individuals reproduce without recombination and possess one of the two possible alleles: either the allele “0”, which is selectively neutral in all cases, or the allele “1”, which can either be adaptive or neutral (depending on the selection parameter, see below). Our model aims to simulate the spread of a new adaptive (or neutral) allele across the niche space, according to the relative strength of drift, selection and migration forces. Our ultimate objective was to investigate the influence of the origin of a novel mutation (as captured by the OMIp value of the population where it originated) on the final observed local frequencies of this novel allele across the niche gradient. We tested several scenarios with all possible origins for the new mutation and then followed the future spread of this novel allele. To do this, we simulated 100 scenarios of emergence, one for each column of the matrix (from the centre to the border of the niche, i.e., for each population occurring across the niche gradient – or OMIp score). These simulations were replicated for each set of parameters (selection, drift and migration; 12 models considered, Figure S11). 


The simulations were run as follows. At the beginning of each simulation, all individuals carried the allele “0”, and each novel allele (“1”) was created only once (i.e., de novo mutation) for each simulation, by transforming one individual in a given population (see (b) in Figure S10). This simulates a new mutation event, corresponding to the emergence of a potential adaptive allele. In each generation following mutation, this new allele evolved under the action of drift, selection or migration forces (parameters described below). Simulations were stopped when the “1” allele disappeared, leaving all individuals with the original “0” allele; then the same exact model was run again. Preliminary tests of the model revealed two important behaviours: (i) most simulations failed very rapidly, due to stochasticity, typically in fewer than five generations, (ii) when the novel allele “1” did not disappear, its frequency across the niche gradient (i.e., as a function of the OMIp scores of populations) reached an equilibrium distribution in generally fewer than 100 generations. In the simulation results presented in this manuscript (Figures 1 and S11), we display allele frequencies as predicted by the model after 1,000 generations. For each parameter combination and each possible origin of the allele “1” (i.e., each column), we ran 100 tries – this represents 10,000 simulations overall for each combination of drift, migration and selection parameters. Occasionally, allele “1” disappeared in all 100 simulations, which we considered as a situation where the emergence of any adaptive allele was highly unlikely. When allele “1” remained in the simulation after the 1,000th generation, we also recorded the previous number of attempts where allele “1” disappeared. This number of attempts represents the probability of success of a new allele invading the niche as a function of its environmental distance to the niche centre. This probability of success for an emerging allele is shown in Figure S11 (fourth column), where a full red bar of “100 tries” means no success for a population occurring at a given OMIp.
Drift: Each population at generation t+1 was assembled at random (with replacement) from a given proportion d, of the individuals present in the same population at generation t, while 1-d individuals of the population remain unchanged. This is equivalent to considering that each population (i.e., each column in the diagonal matrix) follows an instantaneous bottleneck of intensity d, and returns to its population size at every time-step. We simulated two different drift intensities: d = 0.5 (intermediate drift, model runs #1–4, 6–9 and 11–12 in Figure S11), d = 0.8 (strong drift, model runs #5 and 10).
Selection: Under positive selection, an individual carrying allele “1” has a fitness advantage s (coefficient of selection) that increases its probability to be maintained in the next generation. The coefficient s is assumed to be constant across generations. We tested three shapes of selection curves along the niche gradient: 

Case 1 (“negative-positive selection gradient”: model runs #1–6 in Figure S11): s was assumed to be negative in the centre and positive in the margin, and increased linearly with the distance to the centre of the niche. This case depicts alleles that are deleterious in the centre but adaptive in the margin of a species niche (we tested three different slopes of the selection gradient: weak: model run #3, intermediate: model runs #1 and 4–6, and strong: model run #2).

Case 2 (“neutral-positive selection gradient”: model runs #7–8 in Figure S11): s was assumed to be zero in the centre of the niche (s = 0 in populations with a low OMIp score), but increased linearly in marginal conditions (to reach a maximum value in the last column on the right). This case represents alleles that confer no selective advantage under central niche conditions, but become adaptive at the niche margins. We tested two different slopes of the selection gradient; namely, weak (model run #8) and strong (model run #7).

Case 3 (“neutral selection”: model runs #9–12 in Figure S11): s was zero throughout the niche gradient, to mimic the behaviour of an allele under neutral selection.

We did not consider cases for which selection was positive in the centre of the niche, because we wanted to compare the theoretical predictions obtained here with the empirical results of the main text, i.e., alleles adaptive under marginal niche conditions. 
Migration: migr is the coefficient that measures the migration strength. At each generation, we first determined the direction of the potential migration affecting each cell. One cell can potentially be affected either by migration from the centre of the niche (with a probability of 0.5), or by migration from the margin of the niche (with a probability of 0.5). If the cell is affected by migration from the centre, there is a probability migr that the value of the cell will be replaced by the value of a cell randomly chosen in the column on the left of the cell (conversely, there is a probability 1-migr, that the value of the cell will not change). Consistent with the model of conservatism and evolution of the niches of Holt (1996), here, we only tested cases for which migration rates were identical in both directions, i.e., from the centre and from the margin. In Holt’s model, the difference in population size between the centre and the margin of the niche drives the strength and the direction of migration. We tested three different migration strengths: weak (migr = 0.01, model runs #6 and 11 in Figure S11), intermediate (migr = 0.1, model runs #1–3, 5 and 7–10) and strong (migr = 0.5, model runs #4 and 12).
The R script of the theoretical model is provided in the File S2 (File S2.script_theoreticalmodel.txt).
General results obtained from the theoretical model

Here, we describe the main results obtained from our simulations (Figure S11):
Drift: Intermediate drift caused allele frequencies to increase in populations somewhat independently of the niche gradient (Figure S11, model runs #1–4, 6–9 and 11–12). There was a tendency that emerging alleles (labelled “1”) almost never became fixed in any population after 1,000 generations (as shown in the fourth column, Figure S11), in all scenarios of pure drift (s = 0).
Selection: for case 1, of “negative-positive selection gradient”, allele frequencies were logistically associated with OMIp (i.e., the environmental distance to the niche centre), with high frequencies in the margin and low frequencies in the centre (Figure S11, model runs #1–6). This logistic association was more robust when the selection gradient was strong (model run #2). When selection was weak, the increase in the adaptive allele frequency towards the niche margins was impeded by drift. Weak selection yielded more labile dynamics (depending on the origin of the allele) and allele frequencies were more stochastic, with some alleles showing high frequencies in the centre of the niche (model run #3). The probability of success was highly associated with selection strength: the probability that the emerging allele remained at the end of the simulations was low where selection was negative (i.e., in the centre of the niche), whereas it was high where selection was positive (i.e., in the margin, model runs #1–3).

For case 2 of the “neutral-positive selection gradient”, results were similar to those of the “negative-positive selection gradient” models in the margin of the niche: allele frequencies was logistically associated with OMIp, especially when positive selection was strong in the margin (model run #7), and with an altered pattern for weak selection (model run #8). 


For case 3 of “neutral selection” (model runs #9–12, in Figure S11), we found that the alleles frequencies were highly variable and were not strongly associated with OMIp. Nonetheless, allele frequencies were slightly higher in the margin (model runs #9–12), probably due to a higher probability of reaching a high frequency by chance in the small populations of the margin. The probability of success was not strongly associated with OMIp and was, on average, rather low compared to models with positive selection (compare model runs #1–3 and model runs #9–12).
Migration: The most notable effect of migration was that an increased migration rate allowed the fixation of novel alleles where they are adaptive, i.e., at niche margins (compare model runs #4 and #6). This is due to increased genetic mixing throughout the niche under strong migration, which further increased the effect of positive selection at the niche margins (model run #4, Figure S11). Migration allowed alleles to mix across the niche gradient, e.g., an allele could disperse and reach a high frequency in many locations, even outside its population of origin. In comparison, when the migration strength was weak, alleles were not well mixed in the niche gradient, e.g., in each generation, the alleles favoured by positive selection increased in frequency close to their point of origin without migrating (model run #6). Under weak migration, many alleles did not reach a high frequency in the entire portion of niche space where they are advantageous (compare model run #6). 

Link between selection strength and OMIp range in the niche (Figure S11, column 3): The ranges of OMIp scores of alleles with no selective advantage (s = 0) were generally narrower than for alleles under positive selection (e.g., compare OMIp ranges between model runs #1–2 with model runs #9–12; Figure S11). This difference was even stronger when positive selection was strong (e.g., compare OMIp ranges between model runs #1, 2 and 3; Figure S11). It is possible that for neutral alleles, the OMIp ranges are smaller, because drift only increases allele frequencies in few populations and rarely leads to the fixation of alleles in the whole niche gradient (e.g., see the stochasticity in the allele frequencies for model runs #9–12). 
Link between origin of the allele and simulation success (Figure S11, column 4): the probability of success was lower for alleles originating in the centre of the niche than in the margin, especially when alleles were under positive selection in the margin and under negative selection in the centre (e.g., model runs #1–3). Alleles that originated in the niche centre were only successful when selection was neutral (or weakly negative) in the niche centre (e.g., model runs #7–8). 
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