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Introduction

According to the last report of the IPCC (Intergoweental Panel on Climate Change),
eleven of the twelve last years (1995-2006) rankoragnthe twelve warmest years in the
instrumental record of global surface temperaturees 1850 (IPCC 2007). The temperature
increase is widespread over the globe. The glolammg is now unequivocal, and its connection
with the increase in global greenhouse gas emisssamce pre industrial time is now widely
accepted by the scientific community. Due to huraativities (huge consumption of fossil fuel
such as charcoal and natural gas, changes in tideclaver such as deforestation...), the global
greenhouse gas emissions have increased by 70%édreti®70 and 2004 (IPCC 2007). Together
with the increase in the atmospheric and ocean riegaperatures, the ongoing global change (GC)
is mainly characterized by a massive ice and sne¥img, a sea level rise and changes in the wind
and precipitation patterns. Observational eviddinom all the continents and most oceans show
that many natural ecosystems are impacted by ragmimate change, particularly temperatures
increase (Parmesan 2006). Mountain, arctic and feleenean ecosystems are the most affected by
the recent global warming.

Among the most documented and worrisome ecologioasequences of GC is the the
precocity of spring events (earlier bud burst, #oiwg, breaking hibernation, migrating, breeding),
(Roman-Amat 2007, Parmesan 2006). These phenolagfieenges have been shown to increase
mortality (risk of early or late plant frost) anaol affect species’ biological cycles such as thenim
between the life cycles of pollinator insects atmivéring plant. In addition, GC has already
triggered species distribution shifts in many paststhe world (Thuiller et al., 2005), with
simultaneous extension of warm-adapted communéigs contraction of range-restricted species
(particular polar and mountaintop species). Suclomshifts in species' locations alter species
composition within communities and thus speciesrattions.

European forests are important reservoirs of biokgdiversity (at gene, individual, and
community level) as a consequence of their complstory and environmental variation at local
and regional scales. Trees are keystone organisr&sinopean ecosystems; they directly support
rich plant and animal communities that rely on thend mediate nutrient and water ecological
cycles. Impacts of GC on European forests are ¢ggd¢o be acute, resulting in notable changes in
species range, ecosystem functioning and in tlegdotions among species (Thuilkgral, 2005).
Because they are long-lived and sessile, treeeitlaer disappear, disperse to other places or adapt
in situ to the ongoing GC over a reduced numbeeokerations.

The study of past recolonization events followihgcgl periods have shown the important
migration abilities of many tree species (e.g. Mdilanet al, 2005). Moreover, many modern
trees display adaptive differentiation in relatito latitude or elevation throughout their range
(Davis & Shaw 2001). It is thus likely that in tleose past, the interplay between selection and
gene flow contributed to rapid adaptation of enwin@ntal sensitivities of populations throughout
species range in conjunction with post-glacial migns (Davis & Shaw 2001). However, the
unprecedented rates of climate changes anticigatedcur in the future challenges this process by
imposing stronger selection and by distancing patpuis from environments to which they are
adapted According to several bioclimatics modekse species would have to shift their ranges
over several hundred of kilometres Northward by@Mithout adaptation, and without altitudinal
compensation (Badeaet al., 2004). However, a recent study based on molecudaken on the
postglacial recolonization of two North-Americamds, red mapleACer rubrum) and American
Beech Fagus grandofolig across North America, suggests that many temperae species
expanded at rates < 100 m/yr during the early Hwlec(McLachlanet al, 2005). The huge
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discrepancy between the tree migration rates agtuinfrom post-glacial recolonisation studies and
the migration rate that would be required to tr@dkt-century warming has lead some authors to
propose the use of non-native provenances or spéaierestoration plantations (O'Brieat al,
2007). However, such recommendations could be wasacy if other evolutionary processes
(adaptation, long distance gene flow) could miggaC consequences.

Different approaches are available to gauge thgeive roles of migration and adaptation
in the response of tree populations to GC (Reuch\&ood 2007): experimental selection under
future climatic conditions, temporal situ studies tracking evolutionary change through tinog,
spatial studies of populations differentiation asrospatial environmental gradients to infer
retrospectively past evolution. This last appro&iclearly the most feasible in many species,
especially in long-lived species like trees. Instbontext, URFM laboratory has initiated a long-
term multidisciplinary research program (ecophysi9l ecology and genetic) aiming at
understanding the European Bee&ladgus sylvaticaand silver Fir Abies alba functional and
evolutionary response to an attitudinal gradientMont Ventoux, South Eastern France. By 1850,
the site was almost entirely deforested due to-gr&zing by sheep and goat. Mixéd alba—F.
sylvaticaforests were reduced to small forest islands énntiost inaccessible parts of the mountain.
The decrease of grazing combined with the refotiestgprogram launched in the late 19th century
(using mostly pine and spruce) made it possibléAfalbaandF. sylvaticato gradually recolonize
the planted stands. In few generations, Beech stémdinstance spread over an elevation belt
ranging from 900 m to 1500 m, and some evidenceaddptive differentiation for budburst
phenology could already be observed (Davi comms.pe

The objective of our study is to document the récetonization history of European Beech
on Mont Ventoux, and its impact on the genetic dtme on present populations by combining
historical researches and a landscape genetic agprdhis is a first step in the retrospective gtud
of the respective roles of migration and adaptaiiorihe response of Beech populations to a
climatic gradient. The originality of this studytio focus on a local, landscape geographicaéscal
and on a recolonization process that date badketd 960's, that is to maximum 3 generations ago.
Indeed, these spatial and temporal scales areylarly relevant to address ecological processes
related to population dynamics. Moreover predici@md management guidelines are required at
the scale of a few generations in a regional cantex

In this study, we first conducted a series of mist researches to identify the distribution
and the importance of relict Beech populations ridyurine over-logging period, and to detect
possible restoration plantation events of Beecleniwe used SPOT satellite photographs combined
with vegetation classification analysis to map pinesent distribution of Beech. Finally, we used a
landscape genetic approach to document the recaliiom history of Beech based on patterns of
genetic differentiation among 38 populations. Akkse investigations were conducted on the North
face of Mont Ventoux.

Landscape genetics (Manetl al., 2003) has emerged as a new research are thatatgeg
landscape ecology, spatial statistics and populagenetics. This discipline provides information
about the interaction between landscape featuresetig discontinuity, gene flow and genetic
population structure. The two keys steps are thectlen of genetic discontinuities (geographic
zone of sharp genetic change), and the correlatiothese discontinuity with landscape and
environmental features (biotic, climatic, edaphiedaother conditions that compromise the
immediate habitat of an organism).

The genetic structure of the Beech stands was sedlysing software, the Bayesian
clustering approach of Guillat al (2005b). This approach allows inference of thealmn of
genetic discontinuities from individual georeferedcmultiiocus genotypes, without a priori
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knowledge on population units and limits (Guilkdtal., 2005a). The objectives of these clustering
analysis were: 1) to retrieve the positions of difeerent refugees of the Beech stands during the
period of over-logging and over-grazing and 2¢stimate the intensity of drift due to the reductio
in population size during this period and 3) tfeirthe re-colonisation routes followed from these
refugees. In particular, we want to assess wheliversities from different refugees mixed in some
particular crossways (highly structured case) oetwér long distance dispersal (LDD) led to a
much more even mixing at the scale of the forasti¢tured refugees and uniformly distributed

diversity elsewhere).
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Materials and methods

A. Study species and study site

A.1) The European BeechKagus sylvatica)

The European Beech is a deciduous tree belongitige family Fagaceae. It has a typical
lifespan of 150 to 200 years, exceptionally 300rged@rees typically grow up to a height of 20-
40 m but they can reach 40 m height and 1.5 m demg@&essier du Crost al., 1981) (Figure 1).
As all the other members of the Fagaceae familgcBdree is monoecious: each individual bears
male and female inflorescence. The catkins appleartlg after the leaves in spring (from the
middle of April to the beginning of may). The Euegm Beech starts to flower when it is between
60-80 years old and sometimes until 200 years. f€bendation give birth to two small, sharply
nuts inside a husk known as cupule (Figure 1). Begts are mature in September-October, then
the cupules release the seeds. The flowers areatelll by wind (amenophily) and the most
common mode of reproduction is allogamic. Root spng occur quite often. Beech nuts are
relatively heavy and the median seed dispersaarnlist is in the order of 10 m (Sagnatdal.,
2007; Bontemps 2008).

European Beech trees have great ecological amelitad particular a large edaphic
plasticity. However, the species is seldom foundstvongly acid hydromorphic soils, and where
soil is too dry (Tessier du Craat al., 1981). At early stages, Beech seedlings needdw gn a
shady place: they dread any excessive sunlightiéstaerant species). At adult stage, Beech trees
are usually dominant or codominant , and it is wexful competitor against other tree species. The
range of Beech forests cover wide areas in Eurfjpe the zonal vegetation from Southern
Sweden to the Alps and from central France to Wedd®land and the Carpathians (Rob 1992).
Beech tree is today the most important naturalgpeeies in central Europe. In the Northern part of
France it is mainly located in plains and rathami® in mountain region in the South. European
Beech has a great economic importance. It is amrllext firewood and it is one of the best
hardwood in the manufacture of the paper pulp dmiimerous objects and implements.

A.2) Mont Ventoux

The study was carried out in Mont Ventoux, a Frenmuntain located in the Provence
region. It is the highest peak of the Vaucluse depent. Culminating at 1912 meters, it rises from
the South-western end of the Southern Prealpsnéixig some 24 km from East to West and 15 km
from North to South (Merle & Guende 1978) (Figure Rlost of the mountain is made up of
Cretaceous limestone. Mont Ventoux is subject tdominant Mediterranean regime but the
elevation range results in a great diversity omaelie: from Mediterranean it evolves toward a
temperate climate at mid-slope and to a mountamimental climate at the top. The wind is
particularly strong and the precipitations are esgly abundant during spring and winter time.

The mountain shows very rich flora and fauna, ati@species is even found on the scree
slopes at the summit: the purple saxifra§axifrage oppositifoliaMany species are rare and
protected like the Orsini's viperpera ursini Some of them are endemicucojum fabreis a very
narrow endemic species, discover by Jean-HenrigRakbt880, only found in three locations on the
Southern slope. In 1990 the UNESCO recognized tbdical distinctiveness of the massif,
creating as a part of the program Man And Biosphigeebiosphere reserve of the Mont Ventoux, a
protected area of 89 408 ha. The core area hasdaefeed through six biotope protection ordered
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Zones.

The study sites are located on the Northern sldgdamt Ventoux, at an elevation range
from 1000 to 1500 m. There, the climate is cold amd, it is at this level of the massif that the
precipitations are the most abundant (1293 mm/yaverage at Mont Serein meteorological
station). The North face is very steep, especiaflyits oriental sector, which is broken by large
steep rocks like at the Serre Gros location wheeedlevation drops by 1,500 m on only three
kilometers. Avalanches occur quite often in thistemn sector, resulting in a mixing of forest st&and
and rock slides. Numerous Beech tree relics cafobed, saved from deforestation of the last
centuries. Most often, Beech occurs in mixed stanity silver Firs and mountain Pine. A part of
the site is inside a biotope protection orderedezoh 98 ha and two ZNIEFF (natural zone of
ecological faunistical and floristical interestleperve the area. On the western sectors, the study
area mostly correspond to Bedouin communal foraet] it is submitted to classical forest
management operations.

B. Historical research on Beech recolonisation history

Forest of Mont Ventoux are highly heterogeneous #rel official forest maps are not
accurate enough to give all the potential souréé&geches. In order to try to identify all the Ble
stands over the North face of Mont Ventoux, diffgrarchives were investigated. Old printed
materials (books, maps, newspapers, periodicatstoghaphies from the RTM...), forest registers
and local administration records were consultedhatVaucluse and the Drome local historical
archives and at the ONF branch in Avignon and \@@eiPart of the historical researches has been
done at the Requien Museum (natural history museufvignon) with the curator Marie Héléne
Grabié to have access to the scientific libraraldo exchanged some informations with some
researchers, historians and writers working orbtitanical aspects of the Mont Ventoux.

C. Digital satellite image processing

In order to identify all the present Beech standsrahe North face of Mont Ventoux,
digital image analyses were run on two multi s@@c@pot 5 satellite images using the Geographic
Information System (GIS) software GRASS (FigureT3je first satellite image was taken in winter
and the second one in summer (inside and outsigietaton period) in order to clearly identify the
Beech stands from the Fir and Pine (conifer) whesdkectance signals might be very similar to
those of Beech (deciduous).

The results of our image processing were confrotbed vegetation map established by
ONF (the French National Forest Office) and caltedlysis Units Maps (AU map). To establish
this AU map, Mont Ventoux has been divided in 22@inogeneous plots (units) established from
aerial photographs and of their crossing with thedl register. Then, random systematic field
inventories have been done in order to identify tiee species in each plots. Thus, the map of
stands where Beech is the main species (or thendet@ain) are available under GRASS (see
Figure 4).

C.1) Spot satellite images

The spatial resolution under the multi-spectral exa@d10 m for both of the satellite images
(60 km x 60 km). The two images were acquired @2h December 2006 at 10:43 and on the 23
Mai 2007 at 10:18 with an angle of incidence of°3a6d 28.1° respectively (Figure 3). The Spot
satellites images were delivered under the Lam@i@itoordinate reference system. The 4 spectral
bands are the infra-red IR (Red channel: 780-899 red (Green channel: 610-680), green (Blue
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channel: 500-590 nm) and the middle infra-red MMipha channel: 1.580-1.750 nm).
C.2) Radiometric preprocessing

The slope and its aspect, the atmospheric condititve sun location, could cause variations
in the brightness reflectance, which can lead tongrclassification results (Neteler & Mitosova
2008). The slope effects can be extremely highhenvery steep North face of Mont Ventoux. To
overcome this problem, an absolute image calibmatibumination correction) was performed
under GRASS to produce a normalized spectral rgihee*p, that we call thereafter the corrected
Spot image (Meygret 2006).

= Xk T
PEAG, E, cold)xu

X« is the raw spot satellite image and k the spetiaad.A, is the absolute calibration coefficient
and G is the analog gain depending on the gain numbeéFha.value of the produ@«.Gmn was
given with the ancillary data of Spot image as figsical gain. Eis the normalized solar
irradiance* calculated from an elevation modehds to be corrected hy the earth-sun distance
(depending on the orbit eccentricity and the mesation angle) O, the solar zenith angle* was
calculated from sun elevatioEL (6 =90- EL). All the calculations were done using
r.mapcalculatorandr.sunmodules under GRASS.

C.3) Image classification and analysis

Common multispectral classification algorithms tise multichannel images as explicative
variables and the class composition as outputbi@saln our case, the resulting classes correspond
to the main tree species over the forested afghe dNorth face. The first step in analysis of gaea
satellite data is to identify which spectral baads the most informative based on the pixel values;
this is done by looking at each channel histograowéng the frequencies of grey levels in a given
spectral bands. When classifying multispectrallsi@elata, the image data set is analysed at pixel
level, with the values of all informative bandsrgeitaken into account for each pixel. Within the
feature space, the classification algorithm treeséparate similar spectral signatures which vary
depending on the observed object types as soietatign, roads....Similar spectral signatures will
be assigned to the same class. All classes arllyfstared in a thematic map where each class
describes the dominating land use type.

The objective was first to use an unsupervisedsifleation on our satellite images. This is a
fully automated method based on image statistiessh(®s spectral band, reflectance index...). This
method consists of two main steps. First, imagencbls of interest are collected into an image
group usingi.group module. A clustering algorithm groups pixel valuggh similar statistical
properties depending on minimum cluster size arednilimber of clusterd.¢luster module). The
pixel clusters consist in image categories thatex@ected to be related to our land cover types.
Second, the classification is achieved usheymaximum likelihood algorithm.(nalix module): all
the pixels in the satellite image are assignednheo dpectral signatures (classes) derived by the
previous clustering process. Then, correspondebedween classes of spectral signature and
vegetation type (e.g. species) can be searchedhBse unsupervised classification, we first used
each band separately then all the bands togetimally-we tested classification combining a
Normalized Difference Vegetation Index (NDVI) angetunsupervisedlassification previously
done. NVID was computed as:
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NIR-R
NIR+ R
with R the reflectance and NIR the Near Infra-Rbdgosbance

NDVI=

Another common method for the classification of oéensensing data is the supervised
classification. In this case, training areas cowgrknown land use have to be digitized. Image
statistics are automatically derived from thesmimng areas and used for the final classificatids.
training areas, we intended to use the UA. Howesehort test showed us that we could not use
supervised classification, because in one UA thecBestands are often mixed with Fir and Pine
and therefore the land cover is not locally homegeris. We could have used training area smaller
than the UA, based for instance on aerial photdggavailable on some site. But in this case, the
low resolution of SPOT satellite image would haeerb limiting.

D. Genetic structure of Beech populations

The objective of this part of our study was to closerize the level and the organization of the
neutral genetic diversity at the level the Nortltefaof Mont Ventoux on the basis of 38
experimental plots and a total number of individuail 1599 (Figure 5).

D.1) Sampling design

The sampling design of the present Beech standslefned to cover the relic areas of the
oriental sectors (refuges areas during the ovagihggof the forest) and the main recolonization
axes over the North face (Figure 5). It consistéwin groups of plots, respectively identified as
RBI-x and VTX-x (x being the number of the plof}jgt, 24 experimental plots (noted RBI-x) were
chosen inside the biotope protection ordered zfvom) a network of plots previously installed by
ONF . Close to the Mont Serein station, three amthl new plots were set up in order to make a
link between the East and the West sector of thehNface (plots referred to as RBI-ext-X). On
each of these 27 plots, 30 adult Beeches weretedl@gthin the limit of the number of observed
individuals and according to their diameter: 15d“atdividuals” (the biggest of the stand) and 15
“young individuals” (small trees with a diametergher than 7 cm) were collected. In case of
resprouts , only the larger stems was sampled.aVbeeage number of individuals per experimental
plots ranged between 7 and 30, with a mean val&8oEach tree was georeferenced. Diameters
were measured at breast height. Some plant mafr@ales) was collected on each tree and stored
at INRA Avignon laboratory at — 20°C. The ages akdree of each cohort in each plot were
estimated by extracting incremental cores and aogiitee rings. All the collected individuals were
Sampling was done between thé"May and the 14 June 2009.

Second, to cover the West sector of the North &ddont Ventoux, 916 individuals were
sampled i14 experimental plots (called VTX-X) from a netwarkplots previously set up by Ph.
Dreyfus in the frame of ECOFOR project. In 11 loéde 14 plots, 30 individuals were selected
following the same rules as for the RBI-plots. Inf3he 14 plots corresponding to Intensive Study
Plots (VTX_N2, VTX 384 and VTX_257_2), individualgere exhaustively sampled, with 98, 293
and 176 individuals respectively. All these treesravpreviously mapped, their diameter was
measured and fresh material already collected torédsat — 20°C at INRA Avignon laboratory
(sampled in 2008, projects Ecoger and Evoltree)e Hverage number of individuals per
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experimental plots ranged between 7 and 293, @&lb trees on average.

D.2) Genotyping

D.2.a. Extraction of total DNA

Approximately 50 mg wet weight (optimal amount tdring material) of frozen leaves was
placed into collection microtubes racks* of 96 we#lach. The purification of total DNA from
frozen the tissues was done following to the DN&a8§ plant procedure from the firm QIAGEN.
DNeasyP Plants kits provide a fast and easy way to pubiA from plant tissue and provide pure
total DNA for reliable Polymerase Reaction ChailGR®. The principle of the DNA extraction
relies on the binding of the DNA on a silica columvhich has the faculty to link selectively the
DNA molecule in the presence of a high salt cont@md at optimal pH (7.5). After elution,
extracted DNA solutions were stored in microtubes 20°C. The concentration and the purity of
DNA were estimated by measuring the absorbanc&@nh and 280 nm in a spectrophotometer
(sample dilution for PCR should be adjusted accwlgl), and double-checked using pulse-field gel
electrophoresis (PFGE*) on agarose gel.

D.2.b. Microsatellite markers

Microsatellites or SSRs (Single Sequence Repess)efined as loci (regions within DNA
sequences) where shorts sequences of DNA of 16 fiiss are repeated 10-100 times in tandem
arrays. The length of sequences used most oftentrdj- tetra- nucleotides. Microsatellites are
considered as neutral markers* and co-dominanteyTiiave a high mutation rates compared to
other regions of DNA, 18 to 102 mutation per genome and per generation (De Vid988). The
number of time the sequence is repeated oftenssbgenveen individuals, even within population,
and this polymorphism in the number of repeats lsareasily revealed using Polymerase Chain
Reaction (PCR) and high definition electrophorésee below). Microsatellite thus usually display
a high degree of polymorphism, allowing to “fingenp’ easily individuals. They have become in
the last decade very powerful molecular markerspapulation genetic. The set of thirteen
microsatellite markers used in this study was agthpom markers developed fétagus sylvatica
Fsl 15, Fs3 04 (Pastorelli et al., 2003) or foepttiose species such Ragus crenata, Fagus
japonica: sfc0007_2, sfc0018, sfc0036, sfc1063, sfc114B mfic7 (Asuka et al., 2004; Samper
2007) and Quercus robur: cfs_05, cfs 06, cfs 25, cfs_29, 3df@npublished microsatellite
sequences from the Italian laboratory CNR, Corsiblazionale della Ricerche of Florefjc&he
information on marker sequences and amplificatmmddion is given in Appendix 3.

D.2.c. DNA Amplification

The sequences flanking the microsatellite regi@eed to design specific, around 20 bp
primers* for microsatellite loci amplification bydR. PCR amplifications were performed with the
QIAGEN® multiplex PCR kit and using thermal cyclers Eppanf® (Applied Biosystems).
Multiplex PCR is a powerful technique that enaliles amplification of two or more primers in
parallel in a single sample. This technique regutteat the different primer pairs do not make
hybrids and that the annealing temperature isdheedor all the primers of a multiplex. Moreover,
it is necessary to verify that the primer sequeraresnot complementary. Two multiplexes were
realized, 7 and 5 markers respectively. The bindihfiluorochromes* on the primers (Fam- green,
Tamra- yellow and Hex- bleu) has been chosen tadatlat the overlapping allele sequences
appear with the same colour on the allele profleRoig, INRA Avignon).

According to the QIAGERN protocol a PCR mix was realized for each samplé \the
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extracted DNA, a QIAGER! reaction mix and the primer mix. PCR programsdibtoci consisted
of an initial activation step (activation of the tdmrTa§ DNA polymerase*) at 94°C for 15 min,
30 cylces of 94°C DNA denaturation for 30s, 90gnmer annealing at 60°C and 60s of primer
extension at 72°C. Afinal step at 72°C for 30 mvas used to a complete primer extension.

D.2.d. Allele scoring

DNA fragment separation was done by electrophomsia MegaBACE¥ 1000 sequencer
at the molecular biology laboratory of INRA Avignoithe genotypes were scored with the
MegaBACE Genetic Profiler ©Amersham Biosciences 2@oftware version 2.2 against an
internal size standard* (ET400 DNA size markerg)tgdnatic allele assignation was checked and
revised manually twice to ensure consistency obggmnng.

D.3) Genetic analysis

D.3.a. Estimation of null allele frequencies

One of the main limitations of the use of microBageas molecular markers in population
genetic is the possible occurrence of “null allélesvhere microsatellites fail to amplify during
PCR reactions. Null alleles are usually consideiedesult from some mutations in the DNA
sequence where the hybridization of the primer mdQonsequently, the primer fail to hybridize :
there is no microsatellite amplification. Heteroayg individuals AN (N being the null allele and
therefore not detected) are scored as a homozydand homozygous individuals NN appear as
missing data in the population genotype profileullMlleles presence lead to an overestimation of
the homozygous at the locus level and thereforeeiftienation of the population genetic diversity
can be biased (Kalinowski & Taper 2006).

Thus, the frequency of null alleles was estimdtedach locus with the method of Kalinowskt

al. (2006) implemented in ML-NULL software . The adtege of this method is that it accounts
both for heterozygous deficiency and for missintada estimate null allele frequencies following a
maximum-likelihood procedure. The percentages dividuals with missing genotypes as well as
the number of population affected were computedréfnove missing data due to amplification
failure or human error, we performed a third mudip PCR on the individuals having no
amplification at some locus from the multiplex H&h

D.3.b. Standard population genetics analyses on the 38 plots
- Genetic diversity within population

The expected heterozygosity assuming panmixy hgsith He) and the observed
heterozygosityKlo) were estimated for each population using GeneA&Eoftware (Peakall and
Smouse 2006).The fixation indexFis of Wright (1969), describing the heterozygous deficy in
a population, was also estimated and its signiiealevel was assessed using the Bonferroni
procedure* implemented in FSTAT software (Goude®3)9 For each population, the number of
alleles Na) and the number of private alleldsf) were computed. Finally, linkage disequilibrium,
the non random associations of alleles at diffetecit was measured for each pair of loci using
Genetix software (Belkhir et al.)

He= 1-X (pi)2 Genetic diversity index of Nei (1973)
pi being the the frequency of the alléle
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Fis= 1- Ho/He)
- Genetic structure among populations

The average level of differentiation among popolati was measured by Wright Fst, and
estimated using analysis of molecular variance (AMDas implemented in GeneALEXx 6 software
(Peakall and Smouse 2006). Pairwise Fst values alsoecomputed among every population pairs
using FSTAT.

Under isolation by distance (IBD) in a set of p@tigdns, genetic differentiation among
populations increases with their geographical dista According to the theoretical works of
Rousset (1997), in an IBD model in two dimensioth® relation betweerfrst /1-Fst and the
logarithm of the distance between populations ipr@agmately linear: y=ax+ b. The slope
coefficienta provide an estimator of the produat Bs?whereD is the effective population density
ands?the axial variance of gene dispersal distance.

The hypothesis of IBD was tested by plotting pasevpopulation genetic differentiation
(measured afst/ 1-Fst) against the logarithm of the distance using tRA&GeDI 1.2 software
(Hardy & Vekemans 2002). The mean differentiaticalues were calculated over 8 distances
classes (100 m). The 95% confidence interval ofahi@correlogram was calculated via a Mantel
test* through 5000 permutations of the individuahgtypes on their geographical coordinates.

Finally, temporal differentiation among young antbl drees within each plot was
investigated using hierarchical AMOVA design.

D.3.c. Delimitation of genetic unitsusing Geneland

The Bayesian approach of Guillot et al (2005b) usessidual georeferenced multilocus
genotypes to partition individuals into K panmicpopulations without a priori knowledge on
populations limits and units. Particularly interegtfeatures of GenelLand model are its ability to:
(i) deal with an unknown number of population sitankously with the estimation of the other
parameters (location of individuals, number andatimn of tiles...) (ii) estimate the number of
populations in the studies areas, (iii) assignviadials to their population of origin and (iv) dete
migrants in populations (Guillat al.,2005a).

The model

The individual is the operational unit of study.efWwhole set of geo-referenced individuals
is viewed as belonging to one of several populatianHardy-Weinberg equilibrium (HWE), and
departure from HWE leads to the splitting of theuylation into K sub-populations. Individuals
within populations are assumed to be randomly &xtand linkage equilibrium is assumed between
loci. Allele frequenciesf at each locud and in each populatiok are drawn from Dirichlet
distributions which are assumed to be either inddpet or non-independent among populations. In
the last case, the model specifies the relatiowdst the frequencies in the present populations to
those of the ancestral population through a dafttdr d. The populations are assumed to be
spatially organized through the so-called coloregs$bn-Voronoi tessellation. This model consider
that the K populations occupy some sub-domains..., Ak, of the total spatial domaif. The
spatial domaim\ can thus be approximated by an union of convexquuls, denoted tiles. As one
color c is attributed to all the tiles of the same popalat this approach is denoted “coloured
Voronoi tessellation”. The amount of spatial depama® depends on how the spatial sub-donrains
xare fragmented in smaller polygons. Briefly, lowues ofm (the total number of tiles, an random
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parameter to estimate) correspond to weakly fragedemartitions ofA and thus to strong
dependence of the hidden spatial organization ptijadions, whereas large valuesnotorrespond
to high fragmentation and weak spatial dependesee Box 1).

To summary, the different unknown parameters tonesé from the data (that is the set of
georeferenced genotypes) are the following:

K : the number of populations

m: the number of sub-domains per population,

c: the colors of the domains

A: the spatial organisation of the domain

fu: the allelic frequencies at each locus within gaapulations

s: the true coordinates of the individuals, becahseobserved coordinates are assumed to
be affected by measurement errors.

Inference is performed via simulation of the pdstedistribution of parameters by Markov
Chain Monte-Carlo techniques (MCMC). The MCMC altfon is detailed in the AppendiX

Parameter values used for Geneland procedure

The MCMC was ran ten times (to check the conststeri the results), with the following
parameters: 1,000 000 MCMC iterations of which emery 100 was saved, no uncertainty attached
to the spatial coordinates, maximum rate of Poigsant process fixed to 100, maximum number
of nuclei in the Poisson-Voronoi tessellation @dx® 300, a minimum of K fixed to 1 and a
maximum K fixed to 8. We used the Dirichlet modslaamodel for allelic frequencies. The mean
logarithm of posterior probability for each of ti® runs was calculated and the run with the
highest value was selected. This procedure wadirgtnon all the 1599 individuals from the 38
plots, and then on 382 relic-trees from the 38spl@nly results for the run with 1599 individuals
were reported because the second series of rumed@Be relic-trees provided no results.

In order to map the geographical limits of eachstdy a post process was done on the
selected run. The posterior probability memberdioip each pixel of the spatial domain was
computed for each of these five runs with 350 abng the X axis and 150 along the Y axis (the
Mont Ventoux being along an East-West axis). Thelmer of clusters was determined as well as
the potential migrants in the inferred populatiol$ien, using GRASS software, the inferred
clusters were put in relation with the digitalve@on model to identify if topography can explain
physical barriers or corridors leading to the caation routes and the pattern of the different
populations.
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Figure 1A: European beech stand and beech shoot bearinghg gopule

Figure 1B: Eastern part of the study site.




Figure 2: Geographical location and elevation range of Mdaritoux.




Figure 3: SPOT satellite images used for vegetation cliassibn analyses, with summer (A) and
winter (B) views.

« Summer » Spot satellite image acquired on th#aiB32007 with an angle of incidence of 28.1°.
Mont Ventoux is located by the white rectangle. $dimck clouds covered the peak and a small
part of the North face. « Winter » Spot satelliteage acquired on the 22 December 2006 with an
angle of incidence of 3.6°. Mont Ventoux is locatgdthe black circle. In addition to some thick
clouds, the whole North face was in the shade.




Figure 4: Map of the “AU” (units of analyses) of vegetatiostablished by ONF: Top: in the
Western sector (RBI), and Bottom: in the EastentasgVTX) of the North face of Mont Ventoux.
Dark green correspond to areas where Beech is divespecies and light green to areas where
Beech is the second main species
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Figure 5: Sampling desig
for the 38 plots of the ¢
landscape genetic study.

Red dots correspond tci
plots within the biotope !
protection ordered zone

(RBI)

Blue dots correspond thjt
western zone of study ir

Note: this map needs to be ri:
edited, as some plots weree.
finally not included, and othe

were added.



Box 1: Geneland hidden model of spatial organisation thindvioronoi tesselation

Each populatiork of the set of K populations is supposed to occupyl@omaim\ for which the
borders are unknown. In order to approximate the pattern of populations spread across space,
the spatial domain is divided in polygons (also denoted tiles) indlby a set of random points.
The vectoru of the nucleus of all then tiles (m being itself random) is assumed to follaw
homogenous Poisson point process of parameteEach random point belongs to a polygon
consisting of all the points closer pthan to any other polygon (top, Voronoi tesselgtid’he
geographical coordinates of each individual willrbpresented in this space. Each polygon belongs
to one of thek populations depending on the individuals insideedach population is coded by a
colour for the graphical representation and itetty correspond to the union of the polygon o th
same colour (bottom). The probability of two indivgls to belong to the same population depend
on their localization and therefore on the geogiatdistance between them. The colour and the
localization of the Voronoi polygons has to berestied from the data set.

2 - \
Random tesselation of a unit square ™ | [ ]
into two spatial domain through a ;
colored Voronoi tiling (Figures . | = ; -
modified from Guillot et al, =] : -
2005a). The black square pattern is s f
the spatial spread of individuals .. i ‘
and the tiny black dots are the =7 * m
location of the centre of the_ ; Fa
polygons. In this example, the ".I S e
number of polygons m=5, the Z- m
number of individuals is n=10 and el gt - "
the number of population is K=2 '
0y

Top: Realization of a Poisson point = 3 .
process with Vornoi tesselation - n
with the random points spread _ s '
across space. -l : 1 1 ; :

0.0 0.2 0.4 0.5 0.8 1.0

Bottom: Partition obtained after the assignation of _[
individuals into populations and the union of tiles =
belonging to the same population (coded as two
colours). R




Results

A. Past Beech stands dynamic inferred from historical records

Mont Ventoux history is intimately related to humpresence. Beech stands showed a
complex dynamics of regression-recolonisation. éufjehrough time and human activities, these
forested landscapes have underwent various exteasib regression phases.

After the last glacial time, 12 000 years ago, tityfe of Mont Ventoux was colonized by a
mixed population of European silver fAbies alba Italian mapleAcer opalus Scots pinePinus
sylvestis and Mountain pinePinus uncinata(Thinon 2007). A forest of deciduous oaks was
present on the slopes of the mountain dependirthetopographic and exposure conditions. Thus,
at this time, European Beech was absent on the t@ourndeed during the last glaciation, the
populations of the common Beech were had takemgeefin the Southern Europe. And it is just 11
000 years ago that he common Beech begun to eeldhie continent from these meridional
refuges (Magret al.,2006).

Around 5000 years ago, the rich vegetation maddeofduous oaks was confined to lower
altitude by the arrival of European Beech and fhread of one other mountain tree species, the
European silver fir (Barbero & Quezel 1987). Atstlime, in the early neolithic age, human
pressure started to be significant on the foresteds of the massif with first clearing mainly
located down the valley. Then, the clearing reacklethe part of the mountain with a widespread
use of the stubble-burning culture at high altituBeech stands were progressively overlogged to
serve the huge demand for of wood from the shigeusl of the naval port of Toulon from the Xlith
century, but also because of the rise of metalltingy required the charcoal burner's clearing dnd o
the use of Beech as fire wood. No information wietend on the exact extent of Beech stands on
the massif during the firsts centuries and no palelmgical studies were performed on the North
face of the Mont Ventoux.

A French botanist, Michel Darluc, with its climbimg 1778 brought a valuable evidence of
the significant regression of the Beech standshenbbth faces: they would be just present in the
ravines on the Southern part of the massif whetkasstand on the North face looked more
preserved (Darluc 1782). Comparing to the amouttotdnical records found on the Southern part
of the Mont Ventoux, few archives were present lom Worth face to cover the XVIlith century.
Indeed, there were relatively few botanical expedg and climbings done on the North face of the
massif due to its accessibility (very steep slopés)early XIX century, it seems that the whole
Beech stands was reduced to the more inaccessilleeoNorth part of the massif. Nevertheless,
according to Martins (1838), there were still sostented Beeches from 900 m to 1550m on the
North face (from 1100 to 1660m on the South sidhefmassif) and the last old Beech stands were
found at the level of the Mont Serein. Up to 150Beech stands seemed to be very scarce and
dominated by the mountain pine. Beech spatial dynawas confirmed in part by the ONF records
(Série B of the local forest archives of Brantdd,&jer, Beaumont du Ventoux, 1821-1831).

Several documents found at the local historicahiaes (reports on the forest reclamation of
the Mont Ventoux) as well as a map established8ir61(Figure 6) provide some informations on
the extent and the composition of the forests dwerNorth face at the end of the XIX century. In
the South-East part of the massif, the local fooeddBrantes was made up of 281 ha of a slight
continuous populations of Beech and Fir aged frota 200 years old and located under the some
scarce mountain pines. The Beech stands of thé floesst of St Léger, situated underneath of the
Mont Serein, appeared as a fragmented populati@ ¢fa of Beech aged from 1 to 100 years old
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mixed up some mountain pine. On the West part®htlassif, 250 ha of Beech, mountain Pine and
Fir were found among 793 ha of forested land orldbal forest of Beaumont and Malaucéne.

A statement under oath drawn up by the forest mange the 17 June 1889 brought a
confirmation on the localization of the main Begefuge areas: The Beech stands were found on
the East part of the massif in a very thin transakeband between the very steep escarpments and
the stony summit cap. On the West part they wessgmt at the level of the Mont Serein and in the
upper part of the local forest of Beaumont and Medse"”. Documents from the land registers give
evidence that in this relic zones, in no case teedB populations were exclusive of any other tree
species.

The reforestation of the massif was officially labhad with the ministerial decree of the 22
march 1861 as part of the vast project called RRéstauration des Terrains de Montagne
(mountain land reclamation). Some pictures takemnduhe first phases (1888 and 1903) of the
RTM show the dramatically deforestation done onNloeth face of the massif and the very scarce
Beech stands left (Appendix 3). In 1890, Beech dgawere only represented as solitary trees
scattered in the higher part of the massif and fid#80 down to 1400m the Beech stands was a
stunted forest (Rouis 1895). The reforestation ¢lwerNorth face were launched after the decree of
the 26 July 1892, around 30 years after the fiatkes done on the South face. On North face, the
European black pineP{nus nigrg was the most introduced species as well as Suaots and
mountain pine. According to some documents andigatibns found on the RTM works, it seems
that none significant plantations of Beech werefquared on the North face (Ningre 1991,
Carmantrand 1995, Jean 2008 and Vaucluse lodalricel archives records). Nevertheless, three
limited attempts of Beech reintroductions have ¢oréported: at the Font du contrat close to the
Mont Serein (1892-1894) and above 1200 m at thgo&enand Frache pass (1895).

B. Present distribution of Beech stands inferred by SPOT images analyses

In order to clearly identify the Beech stands frother tree species over the North face of
Mont Ventoux, we intended to use both winter anchrser Spot satellite images. However, the
winter image was too shady and consequently vty Informative (Figure 7 bottom). In summer
thick clouds were also present (Figure 7 Jpput their area did not hamper the analyses. iBhis
why all the spectral bands of the saiellite imaigé®n during the winter were excluded from the
study and all taken during summer were used. Orstimemer Spot satellite image, the spectral
bands giving most of the information was the grefeannel.

First of all, a simple automatic classification wadsne with images both uncorrected and
corrected for slope effects, to determine if thagsl correction improves the results. The conclusion
was satisfactory: the unsupervised classificationedon the corrected Spot images were much
more homogeneous than those with the initial ra@ges (uncorrected for slope effects). But the
first unsupervised classification over all the spddands of the summer Spot satellite images gave
not reliable results. The maximum likelihood clésation algorithm fail to identify correctly the
beech stands and quite often tree species wereismhfbetween each other and between other
landscape features such as bare soil. Moreoveomelation was found with the UA map.

To improve the results, we analysed the link betwsgecies composition and the NDVI
vegetation index. To that aim, NDVI was computedefach tree species occurring in the study area
(Figure 8), and the resulting map confronted to U map Beech appeared as a species
significantly different from coniferous and othewohdleaves trees (p< 0,0001) using Turkey's test.
In other words, beech stands were characterizdudbycanopy density and therefore high NDVI.
Using the NDVI as additional variable to determtihe species composition thus appeared to be a
good option.
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Therefore, we have incorporated the NDVI in a newsupervised classification shown in
Figure 9 using in addition of the green band the/NBap. The beech stands were identified with a
quite good accuracy at stand levels (pink and egtép on the classification map). However, it was
not possible to establish an accurate map idengfyhe other tree species over the North face.
These results could still be improved because tRAES classification process confused some
beech stands with other landscape features faainnstsome pink and red pattern were present at
the bottom of the valley of the North face, in adtion where no beech stands occur (Figyre 8
Some identification error could be due to the pmeseof the clouds hidden a part of the beech
stands as is was shown Figure 7

C. Analysis of population genetic diversity and structure
C.1) Quality of the microsatellite data set

The null allele frequencies estimated for all the bnd within each population ranged from
0.002 to 0.364 (Appendix 6). Loci sfc_1063 and & seemed to be particularly affected by null
alleles, with respective mean frequencies of 0.85%% 0.034. Twenty-six populations over 38 had
null allele frequency different from 0O at the loafs_1063.

In order to test null allele frequencies significayFis-values were estimated for each plot
and their significance tested with FSTAT. Overah)y four loci (FS1_15, Sfc_18, Sfc_1063, and
cfs_5) had a significant positiv@s-value(indicating a heterozygous deficit) 3 plots (VTX_N2,
VTX 257 2, VTX_384) (Table 1). These 3 plots cop@msded to very large Beech populations
with a high level of genetic relatedness expectetha result of biparental inbreeding. In addition,
none of the loci had a significamiis over all the plots(Table 2). Thus, none the loci were
considered to be significantly affected by nulebds, and all microsatellite markers were kept for
the following genetic analysis.

The allelic diversity was high for most loci (Tal#te The number of allele per locus ranged
from 9 to 22 (with 12 on average), the loci FS1 hEng the most polymorphic. The effective
number of alleles ranged from 2 to 7.5, with anrage value of 3.7. This discrepancy among Na
and Nae value is typical of the L-shaped distrimutdf microsatellite alleles, with a combination of
few frequent alleles and numerous rare alleles. ddweirrence of missing data was overall small.
There was no significant linkage disequilibrium p@d the loci, there is no microsatellite marker
associations (data not shown).

C.2) Population genetic analysis on the 38 plots

Genetic diversity within plots and over the studied area

Genetic diversity was high within the different gidTable 3). The observed heterozygosity
frequency Ho ranged from 0,605 to 0,763, while Nexpected heterozygosity He ranged from
0,626 to 0,718 (Table 3). The average Fis valuer @lepopulation was 0,015, and was not
significantly different from 0. Only VTX_384 plotas a significantly positive Fis-value (average
Fis = 0,046 ). Twelve of the 38 plots had at least private allele with a total number of private
allele Np=24 (Table 4). VTX_164 plot had the highlp (5, among which 4 at locus sfc_1063).
VTX_ 384 plot also had a high Np-value (4), but ttes be due again to its large population size.
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Genetic differentiation among plots

Genetic differentiation among plots was small vatimean Fst-value of 2,57%. The pairwise
differentiation between plots ranged from 0,6 %t\{l@®n the plots VTX N2 and VTX 257 2
separated by 420 m) to 5,8 % (between RBI_256 and \I64, separated by 8 km).

Isolation by Distance (IBD) hypothesis was testgglotting mean pairwise differentiation
values calculated within 9 distances classes apgdistsince (Figure 10). Though the differentiation
value in the first distance class (for populati@parated by less than 150 m) was significantly
lower than expected by chance (see the 95% cormiedarterval), there was no overall significant
IBD pattern. Thus, linear distance did not contibsignificantly to the genetic differentiation
among the studied Beech plots. Consequently, thgedsal distance could not be estimated from
the slope of the autocorrelogram.

The analyses of differentiation among cohorts (gowersus old trees within each plot)
showed that the “among cohort” component of vasratwithin plot was low (1.1% of the total
variation), though significant (Table 5). The véina among plots was still important (4.5%). Using
these covariance components to estimate geneferehtiation, we obtained respectively: Rrt =
4.5% (among plots), Rsr = 1.1% (among cohort/m@ot) Rst = 5.5%. This means that 1.1% of the
variation within a subplot is because of temporfiecenciation.

C.3) Detection of genetic units using Geneland.

Running Geneland model on all 1599 young or rekeg , the posterior distribution of the
number of cluster K on the 10 runs displayed arcleade at K=5 (Figure 11). By contrast,
Running GeneLand model only on the relic-treesheflots (trees with a diameter equal or higher
than 1000 cm) gave no significant results. In teving, all the result are based on the full det o
1599 individuals. Individuals assignment into tieefclusters are mapped on Figure 12 and 13.
Three main clusters (1-3) were identified with 3820 and 372 individuals respectively and two
marginal clusters with only 3 and 2 individuals pestively. No individuals were assigned to
clusters 6, 7 and 8. According to Guillot et al@@pwe disregarded these populations which are no
modal populations for none of the individuals (ghpspulations) and considered the number of
non empty populations as the correct K. The mapthefposterior probability of beech trees to
belong to each cluster is shown on the AppendiAllZindividuals were assigned with a high
posterior probability, especially those of the tdu®. Note that maps presented in appendix 5 show
posterior probabilities to belong to a given clustemulated over all individuals; therefore, in€as
where just one individual has a significant posteprobability to belong to cluster X whereas all
other individual belong to another one, cluster )aymappear as poorly supported on these
cumulated maps. No potential migrants were cleddntified.

Almost all the RBI plots (Eastern sector) belondedcluster 2, while the main genetic
discontinuities appeared at the level of the VT&tql Looking in details in VTX sector (Figure 13),
most of the individuals were assigned to the chugtgoredominantly in the North part of the zone.
The two large populations, VTX 257 2 and VTX_N2 geassigned to cluster 3, which was poorly
represented in the eastern part of the massif. #evyindividual belonged to cluster 4 and none to
cluster 5. The genetics discontinuities of the emstzone were confronted to the landscape
features. No physical barriers such as roads cafaiexthe pattern of the different population
(Figure 13). The inferred populations were alsofi@nted to the digital elevation model. No clear
elevation barriers (very steep slopes) among godupdividuals assigned to different cluster could
be identified. The same analyses were done on &isé gart of the massif at the level of the RBI
plots and analogue results were found: the gewigmontinuities could not be explain neither by
the topography or other landscapes features.
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Figure 6: Map on the forested areas of the Mont VentouxJ@¥ 1876. The relic zones of the
beech groves are located with the white squaresc{\fae local historical archives).




Figure 7: Zoom on the SPOT images showing the area undey st summer and B: winter.




Figure 8: Variation of the Normalized Difference Vegetatiodéx (NDVI) computed over the
studied area from SPOT summer image (see matedatnethod for details). Dark lines delimit the
UA.




Figure 9: Results of unsupervised vegetation classificatgingigreen channel and NDVI as

variables for the classification process.




Table 1 Fixation index Fis) and null allele frequencies estimates in locusget combinations
where null allele presence were suspected. Ndllalfrequencies (NAF) were estimated with ML-
NULL Significance ofFis values were tested using Bonferroni correctionl@mented in FSTAT.

Locus Plot NAF Fis*

FS1 15 VTX_N2 0,096 0,207
Sfc_18 VTX 257 2 0,070 0,170
Sfc_1063 VTX_384 0,139 0,242
cfs 5 VTX 384 0,138 0,264

Table 2 Allele diversity per locus over all the populatgo Mas: Mean allele size (Pb), Na: mean
number of alleles per locus, Ne: mean effective Imemof alleles, Fis: index of the heterozygous
disequilibrium Abs %: percentage of individuals hwitissing genotypes, Nb Pop: number of
population affected by these missing genotypes..

Locus MAS (Pb) Na Nae Fis Abs % Nb Pop
FS1_ 15 215.3 22 7,5 0.006 0,6 11
FS3_04 203.2 5 2 -0.066 0,3 5

Sf07_2 152.4 9 48 -0.011 0,6 10
Sfc_18 168.7 14 4 0.059 0,2 4

Sfc_36 205.0 12 3,1 0.089 0,2 4

Sfc_1063 200.3 11 51 -0.048 14 23
Sfc_1143 123.8 16 53 -0.033 0,2 4

cfs_25 173.3 11 2,2 -0.050 11 19
cfs_29 145.0 11 2,2 -0.059 1,4 23
cfs_31 118.5 12 3,8 -0.014 1,1 19
cfs 5 166.1 10 4 -0.027 14 24
cfs_6 217.7 10 6,4 -0.043 1,2 21
mfc7 116.6 13 3,1 -0.016 0,9 15

All loci 169,7 12 3,7 0,8 12,2




Table 3: Estimates of population genetics summary stasisioc each population. Ho: observed
heterozygosities, He: expected under HWE andfixation index (* indicates ignificant Fis at the
nominal 5%level with the Bonferroni correction).

Plot Na Ho He Fis Plot Na Ho He Fis

RBI_10 6 0,682 0,662 -0,012 RBI_76 6 0,679 0,664 -0,005
RBI_132 6.8 0,651 0,656 0,023 RBI_91 7 0,730 0,684 -0,050
RBI_168 6.8 0,763 0,717 -0,047 RBI_ext_a 5.9 0,732 0,712 -0,010
RBI_170 6 0,703 0,682 -0,011 RBI_ext b 6.3 0,662 0,664 0,020
RBI_184 6.2 0,724 0,704 -0,011 RBI_ext c 5.9 0,728 0,685 -0,046
RBI_186 6.5 0,718 0,688 -0,026 VTX 122 4.6 0,615 0,626 0,093
RBI_188 6.4 0,682 0,682 0,017 VTX 142 6.8 0,671 0,678 0,027
RBI_191 6.2 0,613 0,631 0,045 VTX_164 6.5 0,655 0,660 0,027
RBI_203 5.6 0,733 0,658 -0,090 VTX 206 6.2 0,686 0,705 0,049
RBI_21 6.2 0,640 0,663 0,051 VTX 221 7.2 0,719 0,705 -0,007
RBI_217 6.2 0,666 0,646 -0,013 VTX_ 229 7.1 0,742 0,718 -0,021
RBI_224 6.3 0,605 0,660 0,101 VTX 257_1 6.3 0,678 0,692 0,035
RBI_243 6.7 0,687 0,665 -0,016 VTX 257 2 8.2 0,688 0,705 0,027
RBI_256 4.4 0,714 0,640 -0,040 VTX 263 6.8 0,684 0,701 0,038
RBI_259 6.3 0,710 0,687 -0,017 VTX_313 6.8 0,663 0,689 0,054
RBI_267 6.4 0,682 0,670 -0,001 VTX_ 362_1 6.4 0,697 0,677 -0,017
RBI_274 6.4 0,703 0,688 -0,004 VTX_362_2 6.8 0,691 0,687 0,008
RBI_28 6.2 0,723 0,697 -0,021 VTX_ 384 8.5 0,669 0,700 0,046*
RBI_61 6.1 0,697 0,687 0,003 N2 7.8 0,697 0,710 0,024

Mean 6.7 0,69 0,68 15




Table 4 Number and frequency of private alleles

Plot Locus Np Freq
N2 Sfc_1143 2 0,010
RBI_10 1025 1 0,017
Sfc0007 2 1 0,017
RBI_132  sSfc 1143 1 0,017
RBI_168 @ Sfc0007 2 2 0,033
FS1 15 1 0,017
RBI_191 1029 1 0,017
RBI_21 Sfc_0018 1 0,033
RBI_224 FS1 15 1 0,017
RBI_28 Sfc_ 0036 1 0,017
Sfc_1063 4 0,111
VTX_164 mfc7 1 0,019
VTX_229 mfc7 1 0,012
VTX_ 362 1029 1 0,014
2 1031 1 0,013
Sfc_1063 1 0,002
VTX_384 105 3 0,005




Figure 10: Correlogram of pairwise population differentiaticas measured by Fst/1-Fst, against
logarithm of distance. Abscise values corresponthéoupper limit of the distance intervals. Red
dashed envelopes correspond to 95% confidencevatserobtained through 10,000 random
permutation of genotypes on spatial locations. @emice intervals around observed Fst/1-Fst
values were obtained through a jacknife procedansisting in deleting each locus at a time.
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Table 5Nested analysis of molecular variation for genetidation among young and old trees
within the 38 Beech plots

Source of df SS MS Est. Var. % total
variation variance
Among plots 32 828.462 25.889 0.429 4.5%
Among cohort 35 376.204 10.749 0.102 1.1%
within plots

Within cohort 1097 9946.639 9.067 9.067 94.4%
Total 1164 11151.305 45.705 9.597




Figure 11: Posterior density distribution of the number ofstérs estimated from GenelLand
analysis at Kmin= 1, Kmax= 8 after 1000 000 MCMé€rattions.
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Figure 12 Spatial representation of the five significanhggc clusters inferred by Geneland.
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Figure 12 Identification of population discontinuities ineg western zone of the study area




Discussion

The combination of historical and geographical apphes with genetics data analyses
highlighted the recolonisation history of the bestdnds over the North face of the Mont Ventoux.
This study illustrated the power of landscape gesetpproach to provide valuable knowledge on
the delimitation of population units and give rbl@a informations on how various landscape
features influence genetic variation within andaszn population.

A. Main results and drawbacks of the different appoaches used in this study.
Past records investigation : The investigation of past history of Beech recaation on

North face of Mont Ventoux allowed us to get a éetyualitative image of Beech stands
distribution from the late XIX century to now. Thmain refuges areas, spared during the
deforestation period, were clearly identified. Hee® it was not possible to estimate population
sizes of Beech stands before and during the oggiig period. Our results highlighted the
difficulties in getting quantitative figures fromast records of forest management and history, even
in a site like Mont Ventoux where a lot of infornmat has been stored for a long time. A proper
historicist approach in collaboration with speatdimay help us to exploit with better efficiency
the historical records. However, such detailedrimftion as tree population size for a given species
are particularly difficult to retrieve, considerintpat 1) the different species were often not
distinguished from each other in past forest reggualess for plantation record, but Beech was not
planted) 2) the area covered by Mont Ventoux iseglairge. Records were particularly lacunar for
the North face of Mont Ventoux, as compared to Swoaith face, probably because 1) records
documents relative to North face were stored ireghdifferent places (Avignon Pope Palace,
Brantes and Valence) whereas those related to Sac¢hwere always stored in Avignon; 2) much
more attention was paid to the South slope whefferelgtation and soil erosion were more
important than on North slope.

SPOT image analyses and vegetation classification assisted by GRASS : The unsupervised
classification combining the vegetation index amel green spectral band allowed us to identify the
current beech stands on the North face with a cbaecuracy, as revealed by the comparison with
the previous vegetation map of the ONF (AU map)r @sult show the usefulness of satellite
image for vegetation cartography at stand scalen em mixed forest. Note however that if the
objective is to distinguish among species at thellef the individual tree, higher resolution image
would have to be used, such as aerial photographieair case, using only aerial photographies to
map Beech stand at the scale of Mont Ventoux wbalte been clearly impossible, because of the
high number of photographs required to cover treaand especially of the time required to
analyse them. However, a good strategy may be dgpdrclassification, with a first step based on
few aerial photographies analyses in order to &staBeech spectral signature with accuracy in
some standq of the North face, and then vegetatipervised classification of satellite image.

Landscape genetic approach: the spatial Bayesian clustering method implemernted
Geneland was applied on our data set of 1599 iddals scored at 13 microsatellite loci. Despite
the low overall differentiation among plots (2.57%Yye different clusters were clearly identified,
with a main population of 840 individuals (clus@®x By contrast running Geneland on the sub-
sample of 382 relic trees revealed no significaopypation structure (one single cluster was
inferred). Additionnal analyses need to be donenderstand whether these results indicate 1/ low
accuracy of the set of 13 markers and 382 indivglt@adetect differentiation, or alternatively £/ i
all the different relic trees an be considereddtmibg to the same population. To tell among these
different hypothesis, we intend to use simulatibased on an individual model already developed
in URFM and dedicated to the dynamics of BeechRingopulations on Ventoux.
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The main genetic discontinuities identified by Gand were located in VTX sector
(western sector), in particular at the level of tiwe large populations, VTX 257 2 and VTX_N2
assigned to the cluster 3 (rare in the other patthe massif). However, it was difficult to identif
whether some landscape feature contributed to liserged patterns of genetic discontinuities. We
could show that slope did not result in significaifterentiation. Additional analyses have to be
done to integrate more complex landscape featsues, as forest management units.

B. Patterns of genetic differentiation among Beechktands

Overall, standard population genetic analysescatdd a low, though significant genetic
differentiation among studied plots (Fst = 2.57%oam the 38 plots). This low level of
differentiation could be expected considering theal geographical scale of the the study, and very
recent recolonisation of Mont Ventoux by Beech. ldger, the combination of historical
investigation with landscape genetic analyses rbsgveral new insights on the observed patterns
of differentiation. First, historical records shaves that Beech stands were confined to a thin belt
at around 1400 m in elevation below the Mont Seramd to scattered fragmented stands in the
communal forests of Beaumont and Malaucene (seerd-i§). Though reduced in size, Beech
populations were thus never totally isolated framheother even at the period where forest cover
was minimal. In particular, Beech population lochiie the inaccessible parts of the massif (on the
top of a stony cliff, down a very steep slope) seérno have been completely spared during the
period of over-logging and over-grazing. Note ttias was not the case for other tree species at
lower elevation, as well as for Beech of the Sdatte. The distribution of relic Beech population
in a more or less continuous belt probably favowexdetic connection among fragments It is likely
that pollen mediated gene flow contributed to aydaextend to genetic exchanges between
fragments, as pollen is expected to be efficiedigpersed at medium and long distance in this
wind-pollinated species (Smouse and Sork 2004).

Consistently with the patterns of low genetideténtiation, no clear re-colonisation routes
could be identified at the scale of the North fdoethe eastern part of the studied sector (RBI) in
particular, most of the trees belonged to a siggleetic cluster (cluster 2), and there were norclea
physical or geographical barriers between treagred to this main cluster and the other rare trees
assigned to other clusters. The main genetic disaohes identified by Geneland were located in
western sector (VTX) at the level of administratibeundaries between the local forest of
Beaumont and the local forest of Malaucene. Thiemiftiation observed could be explained by
past different managements, but this hypotheses toelee confirmed by detailed analyses of forest
management records in this area.

Finally, historical record and patterns of genéiiterentiation both agree on the absence of
successful Beech plantations on the North face oftWentoux. All the present beech-trees thus
originate from the same weakly differentiated genpbol. Considering the large extend of present
Beech stands (see the UA map, Figure 4, and thétsed vegetation classification on Figure 9),
this mean that the recolonisation process was dagieand efficient. The absence of significant
isolation by distance also indicate that migratamlities did not limit the recolonisation process,
unless the limiting component of distance was dueomplex landscape features not accounted for
here. Recolonisation required both the large produn®f seeds, and their successful dispersal and
establishment. Previous studies of Beech seed rdmpeabilities revealed a combination of
preferential dispersal at short distance (mediapetsal distance = 6.5 in Sagnard et al. 2007) with
non negligible event of long-distance dispersal ni@mps 2008): for instance, up to 40% of
immigrant seeds were detected in a 4 ha plot (VTX). Mowever, the discrepancy between the
scale of the dispersal process inferred througlemage analyses (Bontemps 2008) and the low
differentiation overs ten of kilometres as obserwedhis study suggest that long-distance seed
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dispersal alone is not sufficient to explain thealwvspatial genetic structure.

The global picture of the recolonisation procesBeéch on Mont Ventoux based on present
and previous studies indicate that Beech progrelgsiecolonised the North face of Mont Ventoux
from a set of small but well connected relic-popiolas. Besides low spatial and genetic
differentiation among Beech relic sources of seedl the continuous distribution of Pine
plantations also provided overall important avaligb of sites for successful Beech seedling
establishment.

C. Future response of Beech population to climatehange (CC)

The past response of Beech population to a maskiwman induced population decline
illustrated the important migration and recolonizatcapacities of this species. While at the end of
the XIX century, beech stands were representealdarg groups of trees scattered in the higher
part of the massif, after a maximum of 3 generati®deech is present almost everywhere from an
elevation from 950 to 1500 m on the North face.sTisi reassuring, considering that in the next
future, Beech populations will have to face inceshdiabitat fragmentation, and reduction in
population size. However our results showed thatf#ist recolonisation pattern observed on the
North face of Mont Ventoux resulted from the conation of good seed production and dispersal
abilities with favourable conditions for seedlingsablishment, and continuous distribution of relic
populations.

The future response of Beech population to therebdgeand predicted climate change (CC)
is difficult to predict. The rate and the absolotagnitude of CC is expected to be greater than that
inferred at least for the last four million yeafsee responses to this CC is expected to resutt fro
the interplay between natural selection, which ¢ead to local adaptation, and gene flow
(migration), that can bring adapted or maladaptedeg within locally adapted populations
(Savolainen et al. 2008). Moreover, identical ggpes may differ in their phenotypic responses
due to variations of gene expression among difteeswironment conditions (genetic plasticity).
These different evolutionary processes will takacplat different levels, individual, population and
species.

Patterns of neutral genetic variation observedhia study over the North face of Mont
Ventoux showed high level of diversity and low Isveof differentiation. However, neutral
molecular markers can not be readily used as aypimxadaptive variation, and the molecular
variation in genomic sequences involved in adamatieeds to be investigated. Such studies will be
done in the next future, but they require high geltoresources currently not available in Beech.
However, the present study show that the recenbdeaphic history of population contraction and
expansion on Mont Ventoux did not significantly wedd the genetic diversity or increased genetic
differentiation among populations. This low impaé€tpopulation history is likely to hold also for
adaptive genes.
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Conclusion

This study brought significant new insights on theolonisation history of Beech on Mont
Ventoux in the late XIX-early XXth century. Using @mbination of historical record investigation
and a landscape genetic approach we showed thhe XElic Beech populations during the over-
logging and over-grazing period were distributedmsill but not isolated forest fragments on a belt
at around 1400 m in elevation 2) the size of beetib populations was reduced but not enough or
not long enough to let genetic drift results in iarportant lost of genetic variability and the
establishment of well structure refuges areas anth@& recolonisation process was quick and
resulted in a low pattern of genetic differentiatmmong the present Beech populations at the scale
on Mont Ventoux. These results concerning the pesponse of Beech to a major population
decline suggest that beech population of the Nfatle of the Mont Ventoux are able to resist to
quite level high level of disturbance without majeduction in genetic diversity of increase in
population differentiation.
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Glossary

Bonferroni correction: A correction used when several statistical tests lzeing performed
simultaneously (since while a given a-value mayppropriate for each individual comparison, it
is not for the set of all comparisons). In ordeawwid a lot of spurious positives, the a-valuedsee
to be adjusted to account for the number of corspasd being performed. Suppose we are testing
for Hardy—Weinberg proportions at 20 loci. Insteddising the traditional 0.05 a-level, we would
test at & of 0.05/20 = 0.0025 level. This insuteg the overall chance of making a Type | error is
still less than 0.05.

Co-dominant: In the case where both alleles contribute to thenptype.

Fluorochromes: Molecular label conjugated to a primer that enfiteorescent light within a
measurable color spectrum in response to a spewificelength of laser light or chemical
interaction(Fam- green, Tamra- yellow and Hex- pleu

HotstarTaq® DNA polymerase: Taq polymerase is an enzyme isolated from bacteafcatalyse
the polymerase chain reaction.Hotstart polymerases modified versions of the original taq
polylerase, modified in such a way that they neédl® minute activation prior to PCR, which is
convenient for reducing aspecific amplification andm temperature set up.

HWE: The Hardy—Weinberg principle states that both @llahd genotype frequencies in a
population remain constant, that is, they are inildgium from generation to generation unless
specific disturbing influences are introduced. Thatisturbing influences include non-random
mating, mutations, selection, limited populatioresirandom genetic drift and gene flow.

Mantel test Statisitical test of the correlation between tmatrices, commonly used in ecology,
where the data are usually estimaes of'tlistancé between organisms. For example, one matrix
might contain estimates of the genetic distancsvéen all possible pairs of species in the study
while the other might contain estimates of the gaplgical distance between the ranges of each
species and every other species.

Neutral markers: Molecular marker not affected by natural selection

NDVI: Normalized Difference Vegetation Index, simple muical indicator that can be used to
analyze remote sensing measurements, and to agseter the target being observed contains live
green vegetation or not. Computed as

_ NIR-Rwith R the reflectance and NIR the Near

NDVI= NIR + R Infra-Red absorbance.

PCR: Technique to amplify a single or few copies of acgi of DNA across several orders of
magnitude, generating thousands to millions of esmf a particular DNA sequence. The method
relies on thermal cycling, consiting of cycles epeated heating and cooling of the reaction for
DNA melting and enzymatic replication of the DNA.

PFGE: Pulsed-field gel electrophoresis (PFGE) is a methsed to separate high molecular weight
linear DNA fragments that are greater than 50 lak#s (kb) in size. Fragments are separated by
pulsing an electrical field across an agarose g#ler than applying the constant field used in
conventional electrophoresis.

Preprocessing level of 1ARadiometric correction of distortions due to difieces in sensitivity of
the elementary detectors of the viewing instrument.

Primer: Strand of nucleic acid that serves as a startirigtgor DNA replication. They contain
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sequences complementery to the DNA target regiongawith a DNA polymerase to enable
selective and repeated amplification.

Spectral reflectance:(of a surface). At each wavelength in the visilgectrum, the proportion of
incident light the surface reflects at that wavgtan

Size standard:
Solar irradiance: The amount of solar energy that arrives at a sigesiéa at a specific time
Zenith angle: angle between the local zenith and the line giitsio the sun
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Appendixes



Appendix 1: Detailed information of the thirteen microsatellites primers
used in DNA amplication by multiplex PCR.

Locus | Reference Repeat sequence Primer sequency (5'-3 ri:fgee
(bp)
FS1 15 (GA)26 TCAAACCCAGTAAATTTCTCA 95-135
Pastorelli GCCTCAATGAACTCAAAAAC
FS3_04 | etal, 2003 (GCT)5(GTT)3 AGATGCACCACTTCAAATT 201-207
(GCT)6 TCTCCTCAGCAACATACCTC
sfc0007_2 (AG)24 TGTCGCAAACATTGACAAGG 149-157
GTGGATGTGAGGTCGTTGG
sfc0018 (AG)17 GAAGCAGAGCATTGTATTGG 161-191
Asuka CATCTGTTTCAGTTCTGTAAAGG
sfc0036 | etal ., 2004 (TC)23 CATGCTTGACTGACTGTAAGTTC 6-942
TCCAGGCCTAAAAACATTTATAG
sfc1063 (CM13 TTTCCAACTACAACTTCATTG 188-222
AGTGCTCGCATCGTATG
sfc1143 (AG)21 TGGCATCCTACTGTAATTTGAC 96-136
ATTCCACCCACCATCTGTC
mfc7 Tanaka (GA)9 AAAATACACTGCCCCCAAAA 111-129
etal ., 1999 CAGGTTTTGGTTTCTTACAC
cfs_ 05 (TA)10 - 184
cfs_0p | Unpublished - rcy13 i 128
primer -
cfs_25 sequences (AD11 - 177
cfs_ 29 (CT11 - 142
cfs_ 31 (AG)12 - 116



Appendix 2 : Details on GeneLand Clustering method

Maximume-Likelihood estimate of the parameter afnext

The vector of parameters to be estimated by theelGard MCMC model i® =(K, m, u, c,
d, f, fa, s), with K, the number of populatiomm, the number of domain per populatian, the
location of the different domairt, the colours of tilesd the drift parameterd,.. andfa the allele
frequencies in the present and ancestor populaéepectively. Denoting the true location of
individual (geographical coordinates of the induads) andt the genotype of the sampled
individuals, the likelihood of the data(t,26 ) can be expressed as:

n L
mw(t, z|0) = w(t|0)w(z|t, 8) = w(t|O]][Tm(z:]0).

=1i=1

The term of the product is given by the alleliqqinencies,

Qﬂfuﬁﬁ if o 7
it if oo = .

".IT[_E’..:_,-': [ﬂ'... B]|H] =

Bayesian principle of inference by MCMC under Gemel

All parameters are randomly initialized from unifoprior. Then, the moves of the MCMC chains
are proposed as follows :

1/ update d

2/ upadta 4

3/ update §

4/ update dor j=1,...,m

5/ update for j=1,...,.m

6/ update dor j=1,...,n

7/discard or add a tile (increase or decrease f) by

8/ Split one existing population into two or metge to one (for instance increase or decrease K
by 1)



Appendix 3: Pictures taken in 1888 and 1903 and stwng the deforestation
impact

The north face of the massif in 1903. On the favagd the first artificial plantations done during

the RTM efforts are clearly visible. On the backgrd, the deforestation impact is obvious: there is
no trees left below an elevation of 1850m. The Bestands is reduced to the higher part of the
massif mixed up with fir just below some scarceepirtlose to the summit cap of the massif.
However at least at this part of the mountain, Beech stands was not totally fragmented into
isolated populations, there was still a slight cwmtus vegetation band.

Two isolated Beech saved from the overexploitagieriod on the north face. Around them the soil
Is definitly stony presenty no suitable conditia@r & rapid recolonization. A man is standing up



close to one tree, showing that the relic-treesewezll developed.

Appendix 4 : Estimation of allele null frequencies for each
locus in each experimental plots.

Values are given in percentage. - indicate a riglleanull frequencies.

FS1 15 FS3 04 Sf07_2 Sfc_18 Sfc_36 Sfc 1063 Sfc 1143 efsds 25 cfs 31 cfs 5 cfs 6 mfc7
VTX N2 9,6 - - 5 - 11 - - 1,6 1,9 - 1,4 0,6
RBI_10 4,8 54 - - 4.8 2,5 1,4 - - - 7,3 - 2,2
RBI_132 - 4.4 - 3,9 - 2,2 15 - - - 0,7 2,7 -
RBI_168 - 2,1 - - - - - - - - - 1,2 -
RBI_170 - - 3,4 - - - 2,5 3,1 - - - - -
RBI_184 - 2,6 - - - - - 4,3 - - 19 - -
RBI_186 - - 2,5 - - - - - - - - 8 -
RBI_188 - 3,6 - 2,5 - 2,5 - - - - 4.7 19 -
RBI_191 4.4 11,1 3,6 - 6,1 6,7 - - - - 3,4 -
RBI_203 - - - - - - - - 19,9 - - - -
RBI_21 - - 15 2,9 4.9 7,2 2,7 - 8,6 - - 0,9 3,3
RBI_217 - - 3,6 - - - - - - - - - -
RBI_224 - - - 6 0,5 36,4 0,8 - 13,9 - 1,4 - -
RBI_243 - - - 7,7 1 - - 2,4 11 - - - -
RBI_256 - - 5,9 1,8 - - - - - - - - -
RBI_259 5 - - 1,2 3,3 - - - 11 1,8 - - -
RBI_267 - 6,7 - 7,7 - 4.7 - - - - - - 6,1
RBI_274 3 - - 2,7 1,3 2,4 - - - - 0,7 2,7 -
RBI_28 2,6 - - - 2,3 - - - 7 - - 11 -
RBI_61 3,9 - - 14,4 - 7,3 - - - 3,5 - 2,4 -
RBI_76 - 11,5 - 3 - 6,1 - 2,1 - - 2,4 - -
RBI_91 7,1 - - - 4.4 - - - - - - - -
RBl_ ext a 14 - 2,1 6,8 - 0,7 - - - 4,1 - 2,8 -
RBI_ext_b - 3,2 - - - 5,3 - 3,1 - - 19 - 9
RBI_ext _c 2,3 - 6,5 0,3 3 - - - - - - - -
VTX 122 - 9,6 - 12,2 - 1,8 - 4.7 - - - - 7,2
VTX 142 1,6 - 4,2 2,9 - 6,6 1,7 - - - 3,7 3,6 -
VTX 164 8,3 - 9,2 - - 11,6 - 6,9 - - - - -
VTX_206 - - 5,9 5,7 - 5,3 9,4 2,4 - 5 17,7 - -
VTX_ 221 1,4 - 4.5 - - 27,2 - - - - - - -
VTX_229 - - - - - 4,3 - - 3.4 0,6 - - -
VTX 257 1 8,5 - 2,9 13,7 - 8,5 - - - - - - -
VTX 257 2 6,1 - 2,2 7,1 1,7 4,1 - - - - - 0,9 -
VTX 263 - - 3,8 4.4 - 18,1 - 5,6 - 5,8 - - -
VTX 313 - - - 54 5 6,2 0,2 8,2 18,5 - 12,1 - -
VTX 362 1 - - 0,6 1,3 - 9,1 0,2 - - - - - -
VTX 362 2 - - - 7,3 6 8,5 2 - - 4.4 - - -
VTX 384 - - - 2,7 - 13,9 2 - - - 13,8 - -
Mean 1,84 158 1,64 3,38 1,17 5,53 0,64 1,13 198 0,71 1,898 0,@,75




Appendix 5. Map of posterior probability of an individual t belong to one cluster,
based on the highest probability run at Kmax=8.

The assignment of pixels to the cluster 6 to 8rameshown, as no individuals were assigned to
them (ghost populations). The highest membershipegaare in light yellow and the curves
illustrate the spatial changes in assignment values

Map of posterior probability to belong to cluster 1
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Abstract

In this study, we investigated the genetic striectamd the recolonisation process of the European
beech Fagus sylvatichover the north face of the Mont Ventoux Mountaigsing of combination of
historical record investigation, vegetation mappifrgm satellite image and unsupervised
classification process, and a landscape geneticoapp. Mont Ventoux has undergone large
deforestation phases until the XIXth century dueoter-grazing and over-logging for woofd
supply. Historical records showed that the relie@epopulations were distributed as small but not
isolated forest fragments on a belt at around 1808 elevation. Vegentation classification based
on satellite images allowed to map with a corrextusacy the present distrribution of Beech on
North face of Mont Ventoux, and confirmed its mmese almost everywhere between 950m and
1500 m in elevation. Finally, we used the landscgeeetic approach implemented in Geneland
software in order to identify the delimitation obgulation units and to correlate the genetic
discontinuities to landscape features. Over 38 mxm@atal plots, we sampled 1599 individuals
divided in two cohorts (young beech stands andc-tedies), and genotyped them at 13
microsatellite loci. Standard population genetialgses showed small but significant genetic
differentiation among experimental plots (Fst =724). Moreover no significant pattern of isolation
by distance among plots was found. However the Gaamé model success to identified 3 main
clusters and 2 marginal populations. No obviousretation were found between the genetic
discontinuities and the topography or the landssdpatures. These results concerning the past
response of Beech to a major population declingesigthat beech population of the north face of
the Mont Ventoux are able to resist to quite ldugh level of disturbance without major impact on
their genetic structure.
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