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Genetic responses to environmental changes take place at different spatial scales. While the effect of environment on the distribution of species' genetic diversity at large geographical scales has been the focus of several recent studies, its potential effects on genetic structure at local scales are understudied. Environmental effects on fine-scale spatial genetic structure (FSGS) were investigated in four Alpine conifer species (five to eight populations per species) from the eastern Italian Alps. Significant FSGS was found for 11 out of 25 populations. Interestingly, we found no significant differences in FSGS across species but great variation among populations within species, highlighting the importance of local environmental factors. Inter-annual variability in spring temperature had a small but significant effect on FSGS of Larix decidua, probably related to species-specific life-history traits. For Abies alba, Picea abies and Pinus cembra, linear models identified spring precipitation as a potentially relevant climate factor associated with differences in FSGS across populations; however, models had low explanatory power and were strongly influenced by a P. cembra outlier population from a very dry site. Overall, the direction of the identified effects is according to expectations, with drier and more variable environments increasing FSGS. Underlying mechanisms may include climate-related changes in the variance of reproductive success and/or environmental selection of specific families. This study provides new insights on potential changes in local genetic structure of four Alpine conifers in the face of environmental changes, suggesting that new climates, through altering FSGS, may also have relevant impacts on plant microevolution.

Introduction

Environmental changes, including climate change, are rapidly modifying plant community composition [START_REF] Franks | Sensitivity of plants to changing atmospheric CO2 concentration: from the geological past to the next century[END_REF]. For example, during the last decades, the Alps experienced an increase in minimum temperature of about 2°C, three times the global average [START_REF] Ipcc | Summary for policymakers[END_REF], with changes being more acute at higher altitudes [START_REF] Haeberli | Climate change and its impacts on glaciers and permafrost in the Alps[END_REF][START_REF] Auer | HISTALPhistorical instrumental climatological surface time series of the Greater Alpine Region[END_REF][START_REF] Brunetti | Climate variability and change in the Greater Alpine Region over the last two centuries based on multi-variable analysis[END_REF][START_REF] Philipona | Greenhouse warming and solar brightening in and around the Alps[END_REF].

Global warming has also increased the frequency and intensity of extreme events (e.g., floods; [START_REF] Wilhelm | Palaeoflood activity and climate change over the last 1400 years recorded by lake sediments in the[END_REF]). As a consequence, range shifts and vegetation community changes are strongly affecting Alpine ecosystems [START_REF] Theurillat | Potential impact of climate change on vegetation in the European Alps: a review[END_REF][START_REF] Thuiller | Climate change threats to plant diversity in Europe[END_REF][START_REF] Pauli | Signals of range expansions and contractions of vascular plants in the high Alps: observations (1994-2004) at the GLORIA master site Schrankogel, Tyrol, Austria[END_REF]. Environmental effects on genetic variation of Alpine keystone plants, such as forest trees, are still understudied. So far, research has focused on the macro-geographic scale of population genetic structure while environmental effects at local scale, i.e. within natural populations, have often been neglected [START_REF] Manel | Ten years of landscape genetics[END_REF][START_REF] Richardson | Microgeographic adaptation and the spatial scale of evolution[END_REF]. Several recent studies point to genetic variation within natural populations as a potential source of evolutionary change that could mitigate new environmental impacts (see references in [START_REF] Scotti | Fifty years of genetic studies: what to make of the large amounts of variation found within populations?[END_REF][START_REF] Valladares | The effects of phenotypic plasticity and local adaptation on forecasts of species range shifts under climate change[END_REF].

Abiotic factors, such as climate or soils, shape the genetic makeup of individuals, populations and species at different spatial scales [START_REF] Tl | Population resequencing reveals local adaptation of Arabidopsis lyrata to serpentine soils[END_REF][START_REF] Fischer | Population genomic footprints of selection and associations with climate in natural populations of Arabidopsis halleri from the Alps[END_REF]. In Alpine plants, temperature and precipitation together with soils (calcareous vs. siliceous) play a central role in shaping plant genetic variation at macrogeographical spatial scales [START_REF] Alvarez | History or ecology? Substrate type as a major driver of spatial genetic structure in Alpine plants[END_REF][START_REF] Manel | Broad-scale adaptive genetic variation in alpine plants is driven by temperature and precipitation[END_REF]Mosca et al. 2012a[START_REF] Mosca | Environmental versus geographical determinants of genetic structure in two subalpine conifers[END_REF]. Temperature and plant physiology are strongly correlated, influencing plant growth and survival. Several studies suggested that forest tree species may require exposure to chilling (0-10°C) or freezing (<0°C) temperatures to acquire maximum cold tolerance [START_REF] Bigras | Cold acclimation and deacclimation of shoots and roots of conifer seedlings[END_REF][START_REF] Beck | Plant resistance to cold stress: mechanisms and environmental signals triggering frost hardening and dehardening[END_REF][START_REF] Søgaard | Effect of frost nights and day and night temperature during dormancy induction on frost hardiness, tolerance to cold storage and bud burst in seedlings of Norway spruce[END_REF]reviewed in Strimbeck & Kjellsen 2010), and many species also need a chilling period to prevent budburst during midwinter warm periods [START_REF] Harrington | Modeling the effects of winter environment on dormancy release of Douglas-fir[END_REF]. Moreover, the increase of temperature associated with climate change causes shifts in the timing of bud burst (i.e., earlier flushing; [START_REF] Bissolli | European phenological response to climate change matches the warming pattern[END_REF], extending the length of the growing season, with shifts in the flowering phenology affecting plant fecundity, an important fitness component [START_REF] Vitasse | Assessing the effects of climate change on the phenology of European temperate trees[END_REF]. Recent studies suggest that, in the absence of sufficient plasticity, environmental changes will affect the distribution of genetic diversity at the macrogeographical scale (e.g., [START_REF] Jaramillo-Correa | Molecular proxies of climate maladaption in a long-lived tree[END_REF], due to species migration and/or genetic adaptation in situ (reviewed in [START_REF] Aitken | Adaptation, migration or extirpation: climate change outcomes for tree populations[END_REF]. We hypothesize that phenological and physiological changes caused by new environments will also have important consequences for genetic structure at the micro-geographical scale.

Fine-scale spatial genetic structure (FSGS), i.e., the non-random distribution of genotypes within populations, is determined by the combined effects of dispersal [START_REF] Hardy | Isolation by distance in a continuous population: reconciliation between spatial autocorrelation analysis and population genetics models[END_REF], genetic drift and natural selection [START_REF] Epperson | Spatial autocorrelation of genotypes under directional selection[END_REF][START_REF] Rousset | Genetic Structure and Selection in Subdivided Populations[END_REF]). High FSGS often just reflects higher relatedness between neighboring individuals, compared to more distant ones, due to restricted dispersal (i.e., isolation by distance, IBD; Wright 1943), while low FSGS is associated with a random distribution of genotypes. Typically, life-history traits related to pollen and seed dispersal determine the strength of FSGS [START_REF] Hardy | Fine-scale genetic structure and gene dispersal inferences in 10 neotropical tree species[END_REF], with wind-pollinated and/or outcrossing species showing lower FSGS than animal-pollinated and/or selfing species [START_REF] Vekemans | New insights from fine-scale spatial genetic structure analyses in plant populations[END_REF][START_REF] Dick | Spatial scales of pollen and seedmediated gene flow in tropical rain forest trees[END_REF]). In addition, FSGS is higher in fragmented/peripheral populations than in continuous/core ones [START_REF] Gapare | Strong spatial genetic structure in peripheral but not core populations of Sitka spruce [Picea sitchensis (bong.) carr.][END_REF][START_REF] De-Lucas | Spatial genetic structure in continuous and fragmented populations of Pinus pinaster Aiton[END_REF]Yao et al. 2011;[START_REF] Leonardi | Effect of habitat fragmentation on the genetic diversity and structure of peripheral populations of beech in central Italy[END_REF][START_REF] Pandey | Higher fine-scale genetic structure in peripheral than in core populations of a long-lived and mixed-mating conifer-eastern white cedar (Thuja occidentalis L.)[END_REF]. Importantly, [START_REF] Audigeos | Molecular divergence in tropical tree populations occupying environmental mosaics[END_REF] showed that divergent selection caused by heterogeneous microenvironments (i.e., seasonally flooded bottom lands versus seasonally dry soils) can also shape the genetic structure within populations of forest trees. In such cases, isolation by environment (IBE) is expected [START_REF] Nosil | Heterogeneous genomic differentiation between walking-stick ecotypes: "isolation by adaptation" and multiple roles for divergent selection[END_REF][START_REF] Andrew | Adaptation with gene flow across the landscape in a dune sunflower[END_REF]. IBD and IBE are not mutually exclusive and can both contribute to FSGS (Van Heerwarden et al. 2010).

The strength of FSGS is relevant for plant populations at evolutionary time scales as strong FSGS can lead to bi-parental inbreeding and thereby decrease genetic diversity (reviewed in [START_REF] Heywood | Spatial analysis of genetic variation in plant populations[END_REF].

Despite several recent FSGS studies (e.g., [START_REF] Duminil | Relationships between population density, fine-scale genetic structure, mating system and pollen dispersal in a timber tree from African rainforests[END_REF]Fajardo et al. 2015;[START_REF] Sork | Impact of asymmetric male and female gamete dispersal on allelic diversity and spatial genetic structure in valley oak (Quercus lobata Née)[END_REF][START_REF] Torroba-Balmori | Altitudinal gradients, biogeographic history and microhabitat adaptation affect fine-scale spatial genetic structure in African and Neotropical populations of an ancient tropical tree species[END_REF], the effects of environmental factors on spatial genetic structure within populations are yet to be investigated.

Different non-exclusive processes could contribute to environmental effects on FSGS, being climate effects of particular relevance in Alpine species, where spring phenology is triggered by climate factors and not by photoperiod (Zohner et al. 2016). First, high spring temperatures can result in early growth resumption after winter, which in turn leads to longer growing seasons [START_REF] Cleland | Shifting plant phenology in response to global change[END_REF][START_REF] Hänninen | Tree seasonality in a warming climate[END_REF][START_REF] Linkosalo | Models of the spring phenology of boreal and temperate trees: is there something missing?[END_REF]. Early spring warming can increase flowering synchrony [START_REF] Wang | Plant phenological synchrony increases under rapid within-spring warming[END_REF], which could in theory blur FSGS but would also make trees more prone to late frost events (increasing the variance of reproductive success and thus FSGS, see next point). Second, because climate is strongly associated with fecundity, it can affect the variance of reproductive success, a key mating parameter that strongly influences FSGS (see, for example, [START_REF] De-Lucas | Spatial genetic structure in continuous and fragmented populations of Pinus pinaster Aiton[END_REF]. Sites with more favorable years for growth and reproduction (e.g., cool years with high spring precipitation; see, for example, Oberhuber 2004 for Pinus cembra), with few or no late frosts, may reduce the variance of reproductive success, and in turn FSGS, by allowing most trees to contribute to reproduction, while in sites experiencing hotter, drier years, many trees might be effectively sterile, increasing FSGS. Third, masting events (i.e., the interindividual synchronization of seed crops in particular years) are driven by climate factors, in particular spring/summer temperatures and rainfall [START_REF] Bisi | Current and future conifer seed production in the Alps: testing weather factors as cues behind masting[END_REF][START_REF] Kelly | Of mast and mean: differentialtemperature cue makes mast seeding insensitive to climate change[END_REF]. Climate could then affect the variance of reproductive success, and thus FSGS, in forest trees with marked masting, such as Larix decidua, Picea abies or Abies alba. Fourth, local environment can also affect genetic structure patterns due to uneven post-dispersal mortality. For example, low spring precipitation could favor high mortality due to intraspecific competition, selecting particular families with higher competition ability (e.g., [START_REF] Vizcaíno-Palomar | The role of population origin and microenvironment in seedling emergence and early survival in Mediterranean maritime pine (Pinus pinaster Aiton)[END_REF], and thus also increasing FSGS.

Hence, environmental factors responsible for phenological and physiological traits could, at least in theory, influence both IBD and IBE processes, thus affecting the strength of FSGS.

The knowledge on which environmental factors may contribute to FSGS would improve our understanding on how changing environmental conditions affect genetic variation and fitness within natural plant populations. Twenty-five natural populations of A. alba, L. decidua, P. abies and P. cembra were sampled across the eastern part of the Italian Alps. For each population, we examined FSGS using Single Nucleotide Polymorphism (SNP) markers and determined differences across species and across populations within species due to non-climatic factors known to be relevant in Alpine environments (i.e., biogeographic regions, elevation and soils). Then, we estimated the effects of different climatic variables related to temperature and precipitation, which are closely associated to plant physiology and growth, on FSGS while considering other relevant factors in Alpine ecosystems.

Material and methods

Study species and sampling

Alpine forests are characterized by the presence of several conifer species, with natural populations growing across a wide altitudinal range (c. 800-2,250 m a.s.l.). The eastern part of the Italian Alps is covered by pure and mixed stands of A. alba and P. abies, substituted by pure stands of L. decidua and P. cembra, and mixed pine forests of P. cembra and Pinus mugo, at higher elevation. Alpine conifer species have different preferences for light, temperature and water availability. A. alba tolerates a wide range of soils but it is sensitive to moisture availability and temperature [START_REF] Mauri | Abies alba in Europe: distribution, habitat, usage and threats[END_REF]. P. abies is a shade-tolerant species and has its optimum on deep, nutritious and humid soils [START_REF] Skrøppa | EUFORGEN Technical guidelines for genetic conservation and use for Norway spruce (Picea abies)[END_REF]. L. decidua is a typical pioneer that grows on disturbed soils but it suffers from the competition with other species (Matras & Pâques 2008). P. cembra is well adapted to the severe upper subalpine climate [START_REF] Ulber | EUFORGEN Technical guidelines for genetic conservation and use for Swiss stone pine (Pinus cembra)[END_REF]). Moreover, Alpine conifer species show different strategies to cope with environmental stress. For example, L. decidua is a deciduous species that sheds its needles, reducing winter transpiration to 2.3% of its annual photosynthetic carbon gain [START_REF] Havranek | Physiological processes during winter dormancy and their ecological significance[END_REF], whereas P. cembra has strong roots that penetrate a large volume of soil in their search for water. [START_REF] Bisi | Current and future conifer seed production in the Alps: testing weather factors as cues behind masting[END_REF] found marked inter-annual variation in cone production, with years resembling masting events in P. abies, A. alba and L. decidua, whereas P. cembra had less inter-annual variation in cone-crop size. All species are wind-pollinated and seeds are exclusively dispersed by wind in A. alba, L. decidua and P. abies, whereas in P. cembra seed dispersal is tightly associated with a bird, the European nutcracker (Nucifraga caryocatactes), and establishment is strongly affected by biotic interactions [START_REF] Neuschulz | Biotic interactions and seed deposition rather than abiotic factors determine recruitment at elevational range limits of an alpine tree[END_REF]. In this study, five to eight natural populations per species (total of 25 populations) of A. alba, P. abies, L. decidua and P. cembra, four Alpine conifer species with distinct life-history traits (Table S1), were sampled in the eastern Italian Alps (Figure 1), covering their environmental variation in altitude and soils (see Table S2). For each population, coordinates of each tree (latitude, longitude, and elevation, as provided by GPS; Trimble Technologies, Sunnyvale, CA, USA), geographic position of the sampling site (East or West) relative to the Adige River, which constitutes an important biogeographic barrier [START_REF] Thiel-Egenter | Break zones in the distributions of alleles and species in alpine plants[END_REF], and soil types (calcareous or siliceous), were recorded in the field. Fresh needles were sampled from 65 adult trees in each population for molecular analyses (see Mosca et al. 2012a for sampling details).

Climatic variables and ecological indexes

For each sampling site, monthly and annual cumulative precipitation for the period 1981-2010 were obtained from the European Climate Assessment & Dataset time series (spatial resolution of 0.25 degrees; [START_REF] Haylock | A European daily high-resolution gridded data set of surface temperature and precipitation for 1950-2006[END_REF], and temperature data from daily reconstructed MODIS LST time series data for the period 2002-2012 (resolutionpixel size-of 250 m; [START_REF] Neteler | Estimating daily Land Surface Temperatures in mountainous environments by reconstructed MODIS LST data[END_REF][START_REF] Neteler | Time series processing of MODIS satellite data for landscape epidemiological applications[END_REF]. In conifers, high temperatures from late winter to early spring cause an earlier initiation of cambial activity and consequently a longer annual growth period [START_REF] Rossi | Evidence of threshold temperatures for xylogenesis in conifers at high altitudes[END_REF]). Cambial activity is also regulated by rainfall and photoperiod [START_REF] Begum | Regulation of cambial activity in relation to environmental conditions: understanding the role of temperature in wood formation of trees[END_REF]). Thus, we focused the analysis of climate effects on FSGS on the minimum April temperature (tmin) and the spring (April 1 st to June 30 th ) precipitation (precQ2). These two variables were uncorrelated (Pearson's r of 0.10) and thus appropriate to be combined in linear models (see below). We also included inter-annual variability in spring temperature, defined as the mean of the standard deviation of March, April and May average temperatures between 2000 and 2010 (Zohner et al. 2016). Sites with high inter-annual variability in spring temperature have also a higher probability to experience late frost events. Moreover, to account for the effect of winter temperature on plant growth resumption, two ecological indexes were calculated using daily mean temperature: chilling degree days (CDD) and freezing degree days (FDD). Since in Alpine conifers cambial activity occurs only above a mean daily temperature of 5.8-8.5°C [START_REF] Rossi | Evidence of threshold temperatures for xylogenesis in conifers at high altitudes[END_REF]), we calculated CDD as the number of days with mean temperature between 0°C and 5°C in the period from January 1 st to March 31 st . Moreover, as Alpine trees only suffer damage from freezing below -10°C [START_REF] Neuner | Frost resistance in alpine woody plants[END_REF], we computed FDD as the number of days with mean temperature below -10°C in the period from November 1 st to the end of February [START_REF] Greuell | Evaluation of five hydrological models across Europe[END_REF].

CDD and FDD were calculated for each year and averaged for the period 2000-2010.

Both averages for the period 2000-2010 and outlier years/periods (i.e., years/periods with low correlation with the average), which in our case corresponded to year 2005 for CDD and period 2006-2007 for FDD, were used in the models (see below).

SNP genotyping

For each species, a SNP-genotyping assay was designed based on SNPs obtained from Sanger re-sequencing with PCR primer pairs from P. taeda (see details in Mosca et al. 2012b;[START_REF] Scalfi | Micro-and macro-geographic scale effect on the molecular imprint of selection and adaptation in Norway spruce[END_REF][START_REF] Pierro | Climaterelated adaptive genetic variation and population structure in natural stands of Norway spruce in the South-Eastern Alps[END_REF]. SNP genotyping was carried out at the Genome Center of the University of California, Davis, using the Golden Gate platform (Illumina, San Diego, CA, USA). After standard filtering and visual inspection with GenomeStudio software (Illumina, San Diego, CA, USA), a total of 231, 233, 455 and 214 high-quality SNPs were retained for FSGS analyses in A. alba, L. decidua, P. cembra and P. abies, respectively.

Genetic diversity and differentiation

Expected heterozygosity, HE, was computed for each population following [START_REF] Nei | Estimation of average heterozygosity and genetic distance for small number of individuals[END_REF] and averaged for each species. Global F-statistics (FIS and FST) and pairwise genetic differentiation (FST) among populations within species were calculated following [START_REF] Weir | Estimating F-statistics for the analysis of population structure[END_REF]. Significant levels for FIS and pairwise FST were obtained by 10,000 permutations. All genetic diversity and differentiation statistics were computed using SPAGeDi v1.4 [START_REF] Hardy | SPAGEDi: a versatile computer program to analyse spatial genetic structure at the individual or population levels[END_REF]) and Arlequin v3.5 [START_REF] Excoffier | Arlequin suite ver 3.5: a new series of programs to perform population genetics analyses under Linux and Windows[END_REF]).

Fine-scale spatial genetic structure (FSGS) Fine-scale spatial genetic structure (FSGS) was analyzed by linear regression of pairwise kinship coefficients on the logarithm of inter-tree distances using SPAGeDi.

The average kinship coefficients were calculated for six distance classes with similar tree-pair numbers (Table S3), following Nason's method (reported in [START_REF] Loiselle | Spatial genetic-structure of a tropical understory shrub, Psychotria officinalis (Rubiaceae)[END_REF]. The significance of the regression slope, b-log, was assessed by 10,000 permutations. For each population, we computed the Sp statistic, defined as the negative ratio between the regression slope, b-log, and (1-F1), where F1 is the mean kinship coefficient in the first distance class [START_REF] Vekemans | New insights from fine-scale spatial genetic structure analyses in plant populations[END_REF]). Previous FSGS studies in tree species have revealed Sp-values varying from 0.03934, indicating strong FSGS in Vouacapoua Americana, over Sp=0.00031, indicating weak FSGS in Virola michelii, to non-significant, undetectable FSGS (reviewed by [START_REF] Vekemans | New insights from fine-scale spatial genetic structure analyses in plant populations[END_REF]). To test for FSGS differences among species and among populations within species, a standard ANOVA was performed in R environment (R v3.3.1, R Core Team 2016). In addition, Student's t-tests and Pearson's r, also performed in R environment, were used to investigate correlation of FSGS with soil types and biogeographic regions, and elevation, respectively (i.e., main non-climatic factors that may also affect FSGS in the Alpine ecosystems).

Effects of climate on FSGS

Linear regression models were used to investigate a potential association of temperature/precipitation variables (April minimum temperature, tmin; inter-annual variability in spring temperature, SD_springTemp; and cumulative spring precipitation, precQ2) and ecological indexes (CDD and FDD, see above) with FSGS, as evaluated by Sp, while considering other relevant factors (i.e., species, soil types and biogeographic regions; see above). Species, soil types and biogeographic regions were introduced in the models as covariates, while climatic variables and ecological indexes as linear predictors of Sp. The step function, a standard stepwise selection method based on the minimum Akaike's Information Criterion (AIC) was used to select which variables/factors would remain in the final model that best fitted the data. Previous to analyses, continuous variables were normalized using the scale function. Final models were fitted using the lm function. All analyses were performed in R computing environment.

Results

Genetic diversity and differentiation

Genetic diversity (HE) was similar across tree species, except for significantly lower values in L. decidua (mean HE=0.170 in L. decidua vs. mean HE=0.237-0.264 in the other tree species; Student's t-test=-14.7086, P<0.00001). Genetic diversity was also similar for conspecific populations sampled at sites with contrasting elevation, soil type and geographic position with respect to the Adige River, an important biogeographic barrier (Table 1). Inbreeding coefficients (FIS) were close to zero in all species, ranging from -0.132 in L. decidua to 0.027 in P. abies (Table 1). Genetic differentiation among populations was lower in A. alba and P. abies (FST values of 0.0092 and 0.0068, respectively) than in P. cembra and L. decidua (FST of 0.0191 and 0.0255, respectively).

Most pairwise FST values were highly significant, with the highest values often involving pairs of populations from different biogeographic regions (Table 1).

Fine-scale spatial genetic structure (FSGS) Significant fine-scale spatial genetic structure (FSGS) was found for 11 out of 25 populations tested (44%), involving one (P. cembra) to four (A. alba) populations per species (Table 2 andFigure 2). Average Sp ranged from 0.0018 in P. cembra to 0.0035 in L. decidua (Table 2 andFigure 3), but differences among species were not significant (as shown by ANOVA;P=0.771). Interestingly, however, Sp varied greatly among populations within species, for example from 0.0005 (P-value for b-log of 0.3819, i.e., no significant FSGS detected) to 0.0113 (P-value for b-log of 0.0003, supporting a relatively strong FSGS) in L. decidua (Table 2), highlighting the importance of local site environmental factors. No overall significant correlation of Sp with soil types, biogeographic regions or elevation was found (Figure S1).

Effects of climate on FSGS

The best linear model associated FSGS, as evaluated by Sp, with inter-annual variability in spring temperature (SD_springTemp), mean chilling degree days (CDD) and CDD of the extreme year 2005 (CDD2005), while retaining species and soil types as significant fixed factors (adjusted R 2 =0.413, P=0.018; Table 3, Model A). This model showed a significant positive effect of SD_springTemp (P=0.008) and mean CDD (P=0.083) on FSGS while CDD2005 had a negative effect (P=0.011). Among the fixed factors, a significant species effect for L. decidua (P=0.006) and P. cembra (P=0.033) as well as for soil type (P=0.042) was found. Removing SD_springTemp variable rendered the model non-significant (Table 3, Model B). Further exploratory analyses for L. decidua, the species with the strongest fixed effect, revealed that SD_springTemp was significantly correlated with FSGS in this species (Pearson's correlation of 0.807; P=0.015; Figure 4), while for other climate variables and ecological indexes correlations were not significant. For the other species, the best linear model removing L. decidua (Table 3, Model C) included only a significant negative effect of spring cumulative precipitation (precQ2) on FSGS (adjusted R 2 =0.2163, P=0.034), with no significant fixed factors. However, this relationship was not significant when P16, a P. cembra outlier population with very low precQ2 and very high Sp, was removed from the analyses (Table 3, Model D).

Discussion

By studying within-population genetic structure in four keystone Alpine tree species with distinct life-history traits, we aimed at improving our understanding of the complex interactions between geography, environment and genetics at local scales.

Importantly, most of the genetic variation found in forest trees resides within populations [START_REF] Scotti | Fifty years of genetic studies: what to make of the large amounts of variation found within populations?[END_REF]) and this variation may prove to be of great value for evolutionary responses to climate change. Although identified correlations of FSGS with climate factors were weak and sensitive to the choice of populations and variables, our study suggests that, depending on the species, changes in inter-annual variability in spring temperatures and spring rainfall regimes may have consequences for population microevolution in Alpine forests.

Fine-scale spatial genetic structure (FSGS) across species

The strength of FSGS did not vary significantly among the four studied Alpine conifer species although it was slightly lower in P. cembra and the strongest was detected in L. decidua. Usually, differences in FSGS among species have been related to differences in life-history traits that influence pollen and seed dispersal (see, e.g., [START_REF] Dick | Spatial scales of pollen and seedmediated gene flow in tropical rain forest trees[END_REF][START_REF] Vekemans | New insights from fine-scale spatial genetic structure analyses in plant populations[END_REF]). In our study, differences in seed dispersal (by wind in A. alba, L. decidua and P. abies vs. by birds in P. cembra) did not affect FSGS. Both wind-and bird-mediated seed dispersal can render long dispersal distances. In the specific case of P. cembra, which produces cones with large seeds that are an attractive food source for the European nutcracker [START_REF] Tomback | The impact of seed dispersal by Clark's nutcracker on whitebark Pine: multi-scale perspective on a high mountain mutualism[END_REF], seed dispersal up to 15 km from the mother tree has been observed [START_REF] Mattes | Die Lebensgemeinschft von Tannenhaher und Arve[END_REF]. Seed dispersal by wind can also reach long distances, for example up to about 50% of seeds went over 3 km in Fraxinus excelsior [START_REF] Bacles | Effective seed dispersal across a fragmented landscape[END_REF]. Other factors such as soil types, elevation or biogeographic regions did also not affect patterns of FSGS. These results contrast with a study by [START_REF] Nardin | Genetic differentiation of European larch along an altitudinal gradient in the French Alps[END_REF] in L. decidua, where the intensity of FSGS was found to vary with elevation. However, the authors interpreted their findings rather as the effect of human activities and recent re-colonization than as an effect of changing environmental conditions along the altitudinal gradient.

Environmental effects on FSGS Interestingly, we found more variation in FSGS among populations of the same species than among species, highlighting the importance of local site environmental factors.

Overall, our results suggested that, depending on the species considered, high interannual variability in spring temperature (L. decidua) or lower spring precipitation (A. alba, P. cembra and P. abies) may result in increased FSGS. Although the latter correlation was weak and sensitive to the choice of populations, the result was in agreement with our expectations. It also pointed to a potential effect of climatic extremes since the significant correlation was driven by an outlier (P. cembra) population living in exceptionally dry conditions. Our study is exceptional in that it includes a large number of sites (total of 25 populations) for which FSGS could be assessed, but still this sample size is insufficient to reveal weak effects associated with extreme environmental conditions. Thus, the associations between FSGS and climate discussed below, although pointing to relevant environmental factors to be considered in further studies, must also be taken with caution.

High variability in inter-annual spring temperatures is associated to a higher risk of late frost events that, in turn, could increase the variance of reproductive success and thus FSGS in L. decidua. Interestingly, L. decidua is the only deciduous species in our study and the one that flushes and flowers the earliest (Zohner & Renner 2014; Table S1). In this species, cones are produced every 3-6 years (Poncet et al. 2009 and personal observations), and specific responses to climate in masting patterns may have also enhanced FSGS. In contrast to L. decidua, spring cumulative precipitation, especially in very dry sites, seemed to play a more relevant role than temperature in shaping FSGS in the other species. Lower precipitation in spring can both reduce the number of individuals that contribute to reproduction and increase post-dispersal mortality, resulting in unequal representation of genotypes in the next generation and, as suggested in this study, greater FSGS. [START_REF] Mathiasen | Fine-scale genetic structure of Nothofagus pumilio (lenga) at contrasting elevations of the altitudinal gradient[END_REF] obtained similar results for Nothofagus pumilio, where high elevation populations growing under harsher environmental conditions showed stronger FSGS than low elevation populations. However, N. pumilio is a partly clonal species and other factors such as disturbance regimes played also a role in their study, impeding direct comparisons.

Other environment-related population features could also underlie the observed FSGS patterns. From those, the potentially most important is population density. Lower density populations are expected to have higher FSGS [START_REF] Vekemans | New insights from fine-scale spatial genetic structure analyses in plant populations[END_REF]). Thus, environment could interact indirectly with FSGS by modifying population density, for example if low-density populations typically grow in environments with lower spring precipitation and/or less adequate soils. However, correlations between the climate factors selected in the linear models in this study and a proxy for population density in regular stands (basal area in m 2 /ha) for the four Alpine tree species studied were not significant (Table S2), allowing us to discard this possibility.

Expected trends under climate change

In the Alpine region, climate change is expected to increase temperature (about +2.7ºC in spring at the end of the 21 st century) but not to change overall annual precipitation, according to current models [START_REF] Gobiet | 21st century climate change in the European Alps-A review[END_REF]). However, a different distribution of the precipitation along the year, with less precipitation in summer (-20.4%) and more precipitation in winter (+10.4%) is also predicted [START_REF] Gobiet | 21st century climate change in the European Alps-A review[END_REF]. Reduced water availability during spring and summer could be exacerbated by the expected reduction of snow amount and duration (i.e., an upward snowline shift of over 300-600 m by the end of the 21 st century; [START_REF] Gobiet | 21st century climate change in the European Alps-A review[END_REF]. Our results suggests that these changes (i.e., reduced water availability during reproduction and seedling establishment) may result in increased FSGS in Alpine tree species, affecting tree population microevolution, as higher FSGS may, in the long-term, increase population inbreeding [START_REF] Frankham | Introduction to Conservation Genetics[END_REF]. Climate is also expected to become more unpredictable in the Alps, with sudden decreases in temperature after cambial reactivation becoming more frequent (late spring frosts). This may enhance FSGS in temperature-sensitive Alpine species, as our study suggests for L. decidua. [START_REF] Bisi | Current and future conifer seed production in the Alps: testing weather factors as cues behind masting[END_REF] showed that spring and summer temperatures and precipitations of one and two years prior to seed maturation influence cone-crop size in Alpine conifer species. Based on their model and taking into account climate change scenarios, they do not expect marked changes in masting patterns in Alpine forests. However, inter-annual spring temperature variability was not taken into account in their study.

Climate and other environmental changes will have profound impacts on Alpine ecosystems. We suggest that new environments will not only modify how genetic diversity is distributed among populations at large geographical scales but will also affect, in complex ways, how fine-scale spatial genetic structure builds within populations, being relevant for plant microevolution. contributions from DBN, EADP and KBB. All authors read, edited and approved the final manuscript. 
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