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Abstract

To assess the effects of altitude on the level and structure of genetic diversity, a genetic

survey was conducted in 12 populations of sessile oak (Quercus petraea) located between

130 and 1660 m in two parallel valleys on the northern side of the Pyrenees Mountains.

Genetic diversity was monitored at 16 nuclear microsatellite loci and 5 chloroplast DNA

(cpDNA) markers. The cpDNA survey suggested that extant populations in both valleys

shared the same source populations from the plain. There was no visible trend of nuclear

genetic diversity along altitude, even if indirect estimates of effective population sizes

revealed a consistent reduction at higher altitudes. Population differentiation, although

low, was mostly present among populations of the same valleys and reached similar

levels than differentiation across the range of distribution of sessile oak. Contribution to

the overall differentiation in the valleys was mostly due to the genetic divergence of the

highest populations and the altitudinal variation of allelic frequencies at a few loci.

Bayesian inference of migration between groups of populations showed that gene flow is

preferentially unidirectional from lower altitudes in one valley to other groups of

populations. Finally, we found evidence of clonal reproduction in high altitude

populations. The introgression of Quercus robur and Quercus pubescens was also more

frequent at the altitudinal margin suggesting that this mechanism may have contributed

to the present migration and adaptation of Q. petraea and may also facilitate its future

upslope shift in the context of climate change.

Keywords: altitudinal gradient, chloroplast haplotypes, genetic diversity, hybridization, nuclear

microsatellites, Quercus
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Introduction

Altitudinal gradients encompass contrasted environ-

ments and impose strong adaptive challenges for

plants. At high altitude, environmental constraints as

cold temperatures, frost and shorter growing season

induce strong selection pressures that can affect repro-

duction and survival of populations (Premoli 2003).

Because located at the ecological margins of the species,
nce: Antoine Kremer, Fax: +33 557 12 28 81;

er@pierroton.inra.fr
these peripheral populations could exhibit peculiar

demographic and biological features as reduced popula-

tion sizes or ability for clonal reproduction (Ettl &

Peterson 2001; Premoli 2003). Isolation of populations

can also be strongly increased by the topographical bar-

riers and sharp variations of phenology between lower

and higher altitudes. These physical and temporal con-

straints on gene flow can limit the recruitment and may

consequently increase genetic drift. High altitude popu-

lations are not only exposed to extreme environmental

conditions, but they also face genetic and demographic

stochasticity, which may further challenge their survival
� 2010 Blackwell Publishing Ltd
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(Quiroga & Premoli 2007). As a result strong genetic

differentiation between high and low altitude popula-

tions may be expected not only for adaptive traits but

also for neutral markers (Premoli 2003; Quiroga &

Premoli 2007).

Interest for high altitude populations has risen

recently, as they may be expanding at even higher alti-

tudes due to climate change (Jump et al. 2006; Aitken

et al. 2008). Surveys of plant inventories have indicated

that during the last century their distributions have

shifted about 29 m per decade in altitude (Lenoir et al.

2008). Consequently, the populations that are currently

located at the altitudinal tree species line constitute

source populations for their altitudinal expansion. But

the upslope shift of these populations as a response to

changing climatic conditions will not only depend on

their evolutionary potential (i.e. the genetic variability

for adaptive traits) but will also depend on gene flow

(Byars et al. 2007). Gene flow may be particularly

important as alleles required for adaptation may actu-

ally be present at lower altitudes. In the context of cli-

mate change, evolutionary responses of populations at

their range limits may therefore be dependent on

alleles coming from warmer climates (Bridle & Vines

2007) contradicting the traditional view that gene

swamping from central populations will actually limit

species expansion (Kirkpatrick & Barton 1997). It is

therefore of upmost importance to draw attention to

the processes that shape the genetic diversity of popu-

lations located along altitudinal gradients (Engler et al.

2009). In Europe, as mountains are mostly present

under southern latitudes, altitudinal migration is

expected for a large spectrum of species whose south-

ern distribution will be challenged by climatic changes

(see for example Peñuelas et al. 2007). European white

oaks are designated case studies in this respect. Tem-

perate white oaks (Quercus petraea, Quercus robur) are

widely distributed across Europe from Spain to the

Ural Mountains and their southern extant limits extend

right at the southern slopes of European Mountains

(Pyrenees, Alps, Carpathians), where they cooccur with

some of the Mediterranean white oaks (mainly Quercus

pubescens and Quercus pyrenaica). Along their post gla-

cial migration from the glacial refugial zones (Petit

et al. 2002b), the two temperate oak species have also

expanded within valleys of European mountains

(Csaikl et al. 2002). Among the four temperate white

oak species present along the northern side of the Pyre-

nees Mountains (Q. petraea, Q. robur, Q. pubescens and

Q. pyrenaica), forest inventory data indicate that only Q.

petraea and Q. robur extend at higher altitudes and can

reach up to 1800 m. Relative abundance of Q. petraea

increases above 1600 m, where Q. robur is only occa-

sionally present. Q. petraea and Q. robur had already
� 2010 Blackwell Publishing Ltd
reached these limits between 11 000 and 10 000 BP (Au-

bert 2001; Belet 2001). A recent study on hybridization

dynamics among these four oak species showed that

introgression is possible between all species but

depends on species abundance (Lepais et al. 2009). A

comparative study of various broadleaved species dis-

tributed in the Pyrenees Mountains has suggested that

oaks may benefit more from climatic changes in terms

of growing season length and are prone to faster altitu-

dinal expansion than other species during the next dec-

ades (Vitasse et al. 2009a,b).

To understand the processes that may stimulate

future altitudinal expansion of oaks we have concen-

trated our attention to a retrospective analysis of the

processes that have shaped the current genetic variation

along altitudinal gradients in the Pyrenees. We chose to

focus on Q. petraea which reaches higher altitudes than

the other white oaks and monitored genetic diversity

along the altitudinal distribution of this species. The

investigations were replicated within two altitudinal

transects corresponding to two valleys. We used chloro-

plast DNA markers and nuclear microsatellites to

retrace the historical migration patterns along the val-

leys and to characterize the extant genetic differentia-

tion among populations. We wanted first to identify

historical and contemporary processes that may have

proceeded along the whole altitudinal gradient and

contributed to the current genetic structure of popula-

tions. Second, we attempted to check whether high alti-

tude populations located at the margin of the species’

range exhibit peculiar traits that would facilitate their

maintenance or future expansion as climate change is

proceeding.
Materials and methods

Study area and sampling

Twelve populations of Q. petraea were sampled along

two parallel valleys (Ossau and Luz) on the northern

side of the Pyrenees Mountains (Fig. 1a and b). These

two valleys are approximately 30 km apart and extend

South–North. Oaks are spread along the northern side

of the Pyrenees and occur in continuous stands at lower

altitudes and in scattered isolated stands at their higher

limits. Four species are present with relative abun-

dances decreasing from Q. robur, Q. petraea, Q pubescens,

to Q. pyrenaica. Q. pyrenaica extends only in lowlands,

while Q. pubescens spreads throughout the foothills

below 800 m (http://www.ifn.fr). The altitudinal range

of pedunculate oak (Q. robur) extends within the Pyre-

nees valleys up to 1600 m, with occasional stands pres-

ent up to 1800 m. Similarly the current altitudinal

distribution of sessile oak (Q. petraea) ranges from quite
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Fig. 1 Geographic maps of chloroplast

haplotype frequencies (a) localization of

the two studied Pyrenean valleys and

distribution of chloroplast haplotypes

along the Pyrenees foothills (adapted

from Petit et al. (2002a) and (b) localiza-

tion and chloroplast haplotype frequen-

cies of the studied populations. Pie

charts represent the haplotype frequen-

cies in the populations sampled in Petit

et al. (2002a). Blue: haplotype 7; Yellow:

haplotype 10; Orange: haplotype 12;

Black: any other haplotypes bulked

together. The two white rectangles indi-

cates the location of the two valleys in

which populations were sampled (O:

Ossau valley; L: Luz valley). * L1 is

located approximately 50 km north of

the position indicated on the map.
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continuous forests in the plains with tall trees of almost

30 m to stands of smaller trees distributed in scattered

populations at high altitudes (up to 1800 m), and is

more frequent at higher altitudes than Q. robur. We

explored the two valleys and used the data of the

French National Inventory (http://www.ifn.fr) to sam-

ple the study populations. In each valley, we sampled

natural populations distributed along an altitudinal gra-

dient varying between 131 and 1630 m (Table 1 and

Fig. 1) and over a distance of 80 km. At least 20 indi-

viduals were sampled in each population except in pop-

ulations O8 and O16 where only 10 and 14 trees,

respectively, were available. While the oak study popu-

lations at lower altitudes were sampled from wide-
spread stands (a few hundreds of hectares), study

populations at higher altitudes were sampled within

scattered patches of a few hectares and in two cases the

sampling was exhaustive (O8 and O16). The sampling

was therefore representative of the overall distribution

of oaks in the Pyrenees valleys. We collected either

leaves in mid-summer 2004 or buds in winter 2005 on a

total of 295 adult trees distributed among the 12 sam-

pled populations. The taxonomic status of each tree

was checked based on the leaf morphology (Kremer

et al. 2002) assessed during the growing season on fully

elongated leaves. DNA was extracted from buds and

leaves following a protocol adapted from Doyle &

Doyle (1990).
� 2010 Blackwell Publishing Ltd



Table 1 Description of the 12 natural populations these apostrophise sampled

Valley Site Code Sample size Altitude (m) Latitude Longitude Group

Luz valley Laveyron L1 20 131 43�45¢N 00�13¢W LL

Ibos L3 25 387 43�15¢N 00�00¢W
Adé L4 40 427 43�08¢N 00�00¢W
Chèze L8 22 803 42�55¢N 00�02¢W
Gèdre L12 32 1235 42�47¢N 00�01¢E LH

Gèdre haut L14 23 1349 42�47¢N 00�02¢E
Péguère L16 25 1630 42�52¢N 00�07¢W

Ossau valley Josbaig O1 28 259 43�13¢N 00�44¢W OL

Bager O4 22 422 43�07¢N 00�32¢W
Le Hourcq O8 10 841 42�54¢N 00�26¢W
Gabas O12 34 1194 42�53¢N 00�25¢W OH

Artouste O16 14 1614 42�53¢N 00�24¢W

Groups meanings:

LL: Luz valley low altitudes.

LH: Luz valley high altitudes.

OL: Ossau valley low altitudes.

OH: Ossau valley high altitudes.
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Chloroplast haplotypes genotyping

In this study we used a set of five chloroplast markers

(ldt1, tf42, dt73b, dt13, dt74b) described by Deguilloux

et al. (2003). These markers were initially developed in

oaks to reconstruct the colonization pathway of Quercus

sp. after the last glacial episode (Petit et al. 2002a) and

allow identifying the eight major haplotypes present in

France (Petit et al. 2002c). We used the same scoring as

in Petit et al. (2002c) and Deguilloux et al. (2003).
Nuclear microsatellites genotyping

A total of 16 nuclear microsatellite markers previously

developed on oaks species (Dow et al. 1995; Steinkellner

et al. 1997; Kampfer et al. 1998) were used in this study

(QpZAG110, QrZAG11, QrZAG112, QrZAG39,

QrZAG96, QrZAG20, QrZAG5, QrZAG65, QrZAG7,

QrZAG87, QpZAG15, QpZAG46, QpZAG9, QpZAG1 ⁄ 5,

QpZAG36, MSQ13). These dinucleotide microsatellite

markers are located on nine linkage groups of the Quer-

cus map (Barreneche et al. 2004), and were considered

as unlinked. They are anonymous markers, i.e. we do

not know whether they are located in coding or non-

coding regions of the genome. Among these 16 micro-

satellites, 10 markers were amplified in two multiplex

kits following Lepais et al. (2006) and the other 6 mark-

ers were grouped in two distinct multiplex kits

(QpZAG15 with QpZAG46, QpZAG9, and QpZAG1 ⁄ 5,

and QpZAG36 with MSQ13). Polymerase Chain Reac-

tion (PCR) amplifications were all performed in the con-

ditions described by Lepais et al. (2006). PCR product

electrophoresis were performed with a Megabace1000
� 2010 Blackwell Publishing Ltd
multicapillary sequencer (Amersham Biosciences

Molecular Dynamic, Uppsala, Sweden) and the geno-

types were scored and visually controlled using the

Fragment Profiler software version 1.2 provided by the

manufacturer.
Genetic diversity and population differentiation

The frequencies of each chloroplast haplotype were cal-

culated in each population.

Gene diversity statistics (gene diversity He (Nei 1987)

and allelic richness A) were estimated for nuclear

microsatellites using the program Fstat version 2.9.3.2

(Goudet 2001). Allelic richness (A) was calculated using

the rarefaction method developed by El Mousadik

& Petit (1996a). Rarefaction was done based on a mini-

mum sample size of nine diploid individuals, which

corresponded to the smallest number of individuals

successfully genotyped for a given locus in a popula-

tion. Pairwise differences of genetic diversity and allelic

richness were tested by means of a paired t-test, follow-

ing the method of Zhang & Allard (1986) with the

statistical program R (R Development Core Team 2005).

We performed Bonferroni corrections to account for

multiple testing.

For both the chloroplast haplotypes and the nuclear

microsatellites we measured among population differ-

entiation as Wright’s FST according to Weir & Cocker-

ham (1984) by performing a locus by locus analysis of

molecular variance (AMOVA) using Arlequin version 3.01

(Excoffier et al. 2005). We calculated the overall FST and

the FST between populations within each valley. A

hierarchical AMOVA was used to partition the genetic
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variation at three levels, among all populations (FST),

among populations within valleys (FSV) and among

valleys (FVT).
Selection imprints

We used the software package BayeScan version 1.0

(Foll & Gaggiotti 2008) to test for the neutrality of the

microsatellite markers. BayeScan extends Beaumont &

Balding’s (2004) Bayesian method that implements the

multinomial-Dirichlet likelihood, which arises in a wide

range of neutral population genetics models. The ratio-

nale is to discriminate between the effects on FST values

that are specific to each population and to each locus. A

locus is suspected to be under selection if the locus-spe-

cific effect is significantly different from zero. The

method developed by Foll & Gaggiotti (2008) uses a

hierarchical Bayesian approach to estimate the posterior

probabilities of two alternative models, one including

the effects of selection and one excluding it. The results

are expressed as a Bayes factor which indicates for each

locus the ratio of posterior probability of the selection

model against the neutral model and can be translated

as different levels of evidence of selection according to

Jeffreys’ interpretation (1998). We ran BayeScan with 10

pilot runs with a burn-in of 500 000 followed by 50 000

iterations each, a sample size of 50 000 and a thinning

interval of 20.

For each outlier locus, we examined the overall FST

and the FST within each valley and we inspected the

altitudinal variations of allelic frequencies along the

two altitudinal gradients in order to check for potential

clinal patterns of variation in both valleys. The loci

departing significantly from neutral expectation were

removed from further analyses of genetic structure and

gene flow (see below).
Genetic structure of populations

We used the Bayesian clustering method implemented

in Structure version 2.3.1 (Pritchard et al. 2000) to deter-

mine the genetic structure of the sampled populations.

We used the new clustering method implemented in

this version which is not only based on the individual

multilocus genotypes but also takes into account the

sampling locations (Hubisz et al. 2009). The LocPrior

model considers that the prior distribution of

cluster assignments can vary among populations. This

approach is recommended by the authors when the

genetic data are not very informative to help the detec-

tion of population structure. A parameter r indicates

the extent to which the sampling locations are informa-

tive (small values <1 indicate that locations are informa-

tive). We conducted five independent runs for each
value of K (the number of putative clusters) ranging

from 1 to 12 (the number of populations sampled). We

used the admixture model with sampling locations as

prior information (Hubisz et al. 2009) and assumed cor-

related allele frequencies among populations (Falush

et al. 2003). Each run consisted in 500 000 burn-in steps

followed by 106 iterations. To determinate the most

likely number of clusters we used the method devel-

oped by Evanno et al. (2005), based on an ad hoc statis-

tic, DK, which depends on the rate of change in the log

probability of the data between successive values of K

and we also followed the recommendations of the soft-

ware documentation (Pritchard et al. 2009). Once the

most likely K value was determined, we chose the run

with the higher posterior probability and lower vari-

ance for interpreting results.
Gene flow and population sizes

We used the Bayesian approach implemented in

Migrate version 3.0.3 (Beerli & Felsenstein 2001; Beerli

2006) to assess the direction and amount of gene flow

among populations. Based on the genetic data this soft-

ware estimates the scaled effective population size

(h = 4Nl) for each population and the scaled immigra-

tion rates (M = m ⁄ l) between each pair of populations.

The program Migrate calculates the posterior probabil-

ity distribution of these parameters, using a Metropolis–

Hastings algorithm to explore all possible genealogies.

A coalescent simulation explores the likelihood space

for h and M. Within each valley we grouped popula-

tions in two groups according to altitude (Table 1)

which limited the number of parameters to estimate.

We performed Migrate using the Brownian motion

model with starting values of h and M generated from

the FST estimates, exponential window prior for both

parameters (min = 0, mean = 5, max = 50 and D = 5 for

h; min = 0, mean = 5, max = 50 and D = 5 for M), slice

sampling (Neal 2003) for the proposal distribution, and

mutation rates calculated from data for each locus. We

replicated two long chains of 106 genealogies recorded

every 20 steps after a burn-in period of 20 000. Then we

used the resulting h and M estimates as starting values

for another run in order to test the reliability of the

analysis. We repeated this procedure until the starting

parameters and the resulting estimates were congruent.

If necessary we adjusted the D values of the exponential

window priors to get a better sample of the parameter

landscapes.
Introgression

We further used the software Structure for species assi-

gnment and introgression analysis since morphological
� 2010 Blackwell Publishing Ltd



Table 2 Frequencies of the chloroplast haplotypes and genetic

diversity (He) and allelic richness (A) of the nuclear microsatel-

lites

diversity

Chloroplast

haplotypes

frequencies Nuclear microsatellites

7 10 12 He A

L1 1.00 0.00 0.00 0.832 7.847

L3 0.00 0.00 1.00 0.820 7.823

L4 0.00 0.05 0.95 0.819 7.917

L8 0.00 0.00 1.00 0.837 8.231

L12 0.00 0.00 1.00 0.836 7.929

L14 0.00 0.00 1.00 0.829 7.653

L16 0.00 0.00 1.00 0.836 (0.833) 8.300 (8.133)

O1 0.00 0.65 0.35 0.819 7.896

O4 0.00 1.00 0.00 0.765 6.766

O8 0.00 0.78 0.22 0.823 7.136

O12 0.00 0.67 0.33 0.812 7.379

O16 0.00 0.50 0.50 0.844 (0.821) 8.089 (7.211)

Overall 0.06 0.26 0.68 0.822 8.400
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variation is multimodal but overlapping across trees of

different species (Kremer et al. 2002) and introgressed

trees could not be excluded. Introgression analysis was

previously performed by Lepais et al. (2009) using a lar-

ger sample of 2107 oak trees representing the four oak

species present in the study area (Q. petraea, Q. robur,

Q. pubescens, Q. pyrenaica) and including the sampled

trees and was conducted using a subset of 10

microsatellites (for details see Lepais et al. 2009). Bayes-

ian clustering of the trees was achieved by using Struc-

ture version 2.1 (Pritchard et al. 2000; Falush et al. 2003)

and results were analyzed for the most likely number

of clusters (K = 4). Each species was represented by one

cluster and the admixture coefficient Q, corresponding

to the assignment probability of each tree to each

cluster (Pritchard et al. 2000), was used to infer its taxo-

nomic status. Following Lepais et al. (2009), individuals

were classified as pure species for Q > 0.90 (or Q < 0.90

for one cluster but Q < 0.10 for the three others) and as

hybrids for Q < 0.90.
Allelic richness (A) was computed using the rarefaction

method (El Mousadik & Petit 1996a) based on nine

individuals. Values between parentheses correspond to the

genetic diversity (He) and allelic richness (A) of populations

L16 and O16 calculated when clonal copies are included in the

sample size.
Results

In the two higher altitude populations (L16 and O16), a

few trees shared the same multilocus genotype for the

16 loci and were assumed to be clonal copies. Two

multilocus genotypes were found in two exact copies

in the L16 population and four copies of a single geno-

type were found in the O16 population. In the L16

population trees sharing the same genotype were sepa-

rated by one meter, but in O16 population they were

located in a sloping avalanche corridor and separated

by 5 m each. In addition one tree exhibited a tri-

banded electrophoregram at 10 loci in L3 population,

which suggested a natural triploid genotype (Dzialuk

et al. 2007). These seven trees were excluded for the

genetic analyses, leading to a final data set of 288 geno-

types.
Table 3 Genetic differentiation statistics

FSV FVT FST Luz FST Ossau

Nuclear microsatellites 0.022*** 0.003** 0.018*** 0.028***

Chloroplast haplotypes 0.509*** 0.592** 0.901*** 0.106*

FSV: differentiation among populations within valleys.

FVT: differentiation between the Luz and Ossau valley.

FST Ossau: differentiation among populations within the Ossau

valley.

FST Luz: differentiation among populations within the Luz

valley.

Differentiation for nuclear microsatellites and chloroplast

haplotypes was estimated by AMOVA using Arlequin.

*p < 0.05; **p < 0.01; ***p < 0.001.
Chloroplast DNA diversity and differentiation

A total of 280 chloroplast haplotypes could be recon-

structed, out of 288, due to 8 incomplete genotypes.

Three chloroplast haplotypes were identified over the

12 populations (haplotypes 7, 10 and 12 according to

Petit et al. 2002a; see also Fig. 1b). According to these

authors who carried out a continental wide survey of

cpDNA variation, haplotypes 10 and 12 belong to the

western lineage (lineage B), and haplotype 7 to an east-

ern lineage (lineage A). These haplotypes were

unevenly distributed among the two valleys and popu-

lations (Table 2). Five out of seven populations of the

Luz valley were fixed for haplotype 12 and one (L1) for

haplotype 7. The remaining population of the Luz val-
� 2010 Blackwell Publishing Ltd
ley (L4) was almost fixed for haplotype 12 (38 out of 40

trees carried haplotype 12). In the Ossau valley, one

population (O4) was fixed for haplotype 10 and the

remaining populations were all of mixed composition

with haplotypes 10 and 12 distributed roughly as 70–

30% in each stand. Hence while the populations of the

Luz valley were almost all fixed for two haplotypes and

thus highly differentiated the level of differentiation

between populations in the Ossau valley was extremely

low (Table 3).



Table 4 Genetic statistics and neutrality test performed for the

16 nuclear microsatellites

Locus A He

Overall

FST

FST

Luz

FST

Ossau BF

QpZAG110 8.005 0.820 0.035 0.029 0.053 0.2

QrZAG11 6.617 0.757 0.018 0.021 0.013 0.5

QrZAG112 3.388 0.372 0.015 0.002 0.029 0.5

QrZAG39 9.357 0.844 0.047 0.039 0.038 270.7

QrZAG96 8.990 0.858 0.019 0.020 0.019 0.2

QrZAG20 9.181 0.878 0.016 0.008 0.026 0.3

QrZAG5 10.186 0.900 0.024 0.016 0.040 0.2

QrZAG65 12.428 0.937 0.022 0.022 0.022 0.2

QrZAG7 10.535 0.901 0.028 0.024 0.030 0.2

QrZAG87 7.862 0.843 0.016 0.004 0.011 0.3

QpZAG15 7.578 0.793 0.039 0.042 0.043 7.7

QpZAG46 8.094 0.859 0.015 0.012 0.010 0.3

QpZAG9 7.667 0.846 0.025 0.017 0.046 0.3

QpZAG1 ⁄ 5 7.622 0.842 0.020 0.019 0.022 0.3

QpZAG36 9.553 0.888 0.015 0.009 0.023 0.9

MSQ13 7.330 0.821 0.013 0.004 0.024 1.3

All 8.400 0.823 0.023 0.018 0.028

Genetic diversity (He) and allelic richness (A) were calculated

with Fstat, genetic differentiation (FST) was calculated with

Arlequin and the Bayes factor BF was obtained with BayeScan.

1.0
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Nuclear genetic diversity and allelic richness

Oak populations exhibited high levels of gene diversity

across all loci (Table 4). Fifteen of the 16 microsatellites

presented high levels of genetic diversity (from 0.757 to

0.937) and allelic richness (from 6.62 to 12.43). Only

locus QrZAG112 showed significantly lower levels of

genetic diversity (0.372) and allelic richness (3.388).

After Bonferroni corrections, no pairwise comparisons

of the average level of genetic diversity or the allelic

richness were significant. However, both parameters

were of similar magnitude across populations except

for the O4 population, in which we found the lowest

values as compared to the other populations (Table 2).

No difference of genetic diversity was noticeable

between the two valleys.
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Fig. 2 Allelic frequencies of allele 109 (locus QrZAG39) and

allele 113 (locus QpZAG15) along the two altitudinal gradients.

Plots in black: allele 109 of microsatellite QrZAG39. Plots in

grey: allele 113 of microsatellite QpZAG15. Bars represent the

95% confidence intervals.
Nuclear genetic differentiation among populations

The partitioning of genetic variance into different com-

ponents (between and within valleys) using AMOVA,

indicated that differentiation resides rather between

populations within valleys than between the two val-

leys. While the differentiation among all 12 populations

amounted to 0.023, FVT value between the two valleys

amounted only to 0.003 (p < 0.01; Table 3). Differentia-

tion was however higher within Ossau valley than

within Luz valley (FST = 0.028 and 0.018, respectively).

Larger differentiation within Ossau valley was mainly
caused by the divergence of O4 from the other popula-

tions as indicated by pairwise FST values (data not

shown). The BayeScan analysis revealed that two loci,

QrZAG39 and QpZAG15, presented patterns of genetic

differentiation among populations that were not com-

patible with neutral expectations (Table 4). For

QrZAG39, the model including selection effects was

clearly favoured (BF = 270.7) corresponding to a deci-

sive evidence of selection according to Jeffrey’s interpre-

tation (Jeffreys 1998), whereas QpZAG15 presented a

substantial evidence of selection (BF = 7.7). The Bayes

factors of the remaining 14 markers were lower than 1.3

which did not witness any selection signature.

Genetic differentiation within valleys varied across

loci (Table 4) with three loci, QrZAG110, QrZAG39 and

QpZAG15, contributing to most of the genetic differen-

tiation in both valleys. For loci QrZAG39 and QpZAG15

we detected congruent variation of allelic frequencies

with altitude. Allele 109 at locus QrZAG39 decreased

with increasing altitude and allele 113 at locus

QpZAG15 decreased with decreasing altitude (Fig. 2).

Although the trend of variation was the same in both

valleys, the linear regressions were significant in the

Luz valley (slope = )1.35 x 10)4, r = )0.87and p < 0.01

for QrZAG39, and slope = 1.70 x 10)4, r = 0.91 and

p < 0.01 for QpZAG15), but not in the Ossau valley.
Genetic structure

The logarithm of the probability of the data [LnP(D)] as

a function of K reached a peak for K = 4 (mean values:

LnP(D) = )18169.4, Var[LnP(D)] = 934.3) and then

decreased, but we found a higher DK value for K = 2

than for K = 4 using Evanno’s criterion (Evanno et al.

2005). According to the software documentation (Prit-

chard et al. 2009), we choose to interpret the results for

K = 4 because the two additional clusters exhibited

strong assignments with two existing populations (L12
� 2010 Blackwell Publishing Ltd
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for the blue cluster and O4 for the green cluster;

Fig. 3). For the most likely run the r value was 0.67,

indicating that the sample locations were informative

and helped greatly to find the population structure. The

genetic structure detected followed the altitudinal gra-

dient with many populations presenting high levels of

admixture and few populations almost completely

assigned to one cluster (Fig. 3). Low altitude popula-

tions were mainly admixed between the yellow and the

green cluster. The green cluster was considerably repre-

sented in populations located until 400 m with an aver-

age assignment probability amounting to 78.5% in

population O4 and lower values in the other popula-

tions (between 29.9% in O1 and 40.0% in L4). High

assignment probabilities to the yellow cluster were

found in populations L1, L3, L4, L8, O1 and O8

(between 42.1% in L4 and 74.7% in L8), whereas trees

of population L16 were almost totally assigned to this

cluster (87.0% on average). The red cluster character-

ized high altitude populations in Ossau valley where

assignment probabilities increased along the altitudinal
Table 5 Results from the Migrate analysis on groups of populations

tion rates (M)

(a)

hLLc hLH hOL

14.7 (11.6–17.9) 9.7 (7.7–11.8) 7.0 (5.1

(b)

LL LH

LL — 1.6 (0.4

LH 2.3 (1.0–3.5) —

OL 2.6 (1.4–3.9) 0.3 (0.0

OH 2.4 (1.0–3.7) 0.0 (0.0

h = 4Nel with Ne: effective population size and l: mutation rate per s

M = m ⁄ l with m: immigration rate.

Source groups of populations for migration rates are in columns and

parentheses correspond to the 95% confidence interval.

� 2010 Blackwell Publishing Ltd
gradient from 32.6% in population O8 to 77.5% and

68.5% in populations O12 and O16, respectively. Finally

the blue cluster was mainly represented in two high

altitude populations of Luz valley (67.2% and 35.2%

for L12 and L14 populations, respectively).
Gene flow and population size

After three runs of Migrate the results were congruent

and we choose the latter run for interpretations. We

observed a clear trend between groups of populations

located in the two valleys (Table 5). At a same altitudi-

nal level, populations located in Luz valley presented

higher h values compared to the Ossau valley. In both

valleys the scaled effective population sizes decreased

noticeably with increasing altitude. The LL group

showed thus the highest h value. Moreover, almost all

significant M values were found between this group

and the other groups of populations. The scaled immi-

gration rates M were higher from the LL group to the

OL group than to the two high altitudes groups
(a) scaled effective population sizes (h) and (b) scaled immigra-

hOH

–9.1) 2.9 (1.4–4.5)

OL OH

–2.7) 1.0 (0.1–1.9) 0.5 (0.0–1.4)

1.2 (0.2–2.2) 0.0 (0.0–0.7)

–0.7) — 0.0 (0.0–0.7)

–0.7) 0.0 (0.0–0.7) —

ite per generation.

sink groups of populations are in rows. Values between



Table 6 Number (and percentage) of pure species and hybrid oaks in the sampled populations

Q. petraea Q. robur Q. pubescens Q. pyrenaica HPetRob HPetPub HPetPyr HRobPub HRobPyr HPubPyr % Hyb

L1 16 2 1 1 20.0%

L3 16 4 3 1 33.3%

L4 38 1 1 5.0%

L8 17 2 1 1 1 13.6%

L12 24 2 3 2 1 18.8%

L14 16 2 2 3 30.4%

L16 12 8 1 1 1 47.8%

O1 23 4 1 17.9%

O4 21 1 4.5%

O8 7 1 1 1 20.0%

O12 27 3 2 2 20.6%

O16 6 2 1 1 40.0%

Total 223 1 4 0 31 10 14 3 1 1 20.8%

% 77.4% 0.3% 1.4% 0.0% 10.8% 3.5% 4.9% 1.0% 0.3% 0.3%

Assignment to pure species or hybrid status is based on the admixture coefficient Q (Lepais et al. 2009).

HPetRob: hybrid between Q. petraea and Q. robur.
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(MLL->OL = 2.6 against MLL->LH = 2.3 and MLL-

>OH = 2.4) whereas the reciprocal migration rates were

lower and preferentially within valleys (MLH->LL = 1.6

against MOL->LL = 1.0). Finally a low migration rate was

also found from low altitudes in Ossau valley to high

altitudes in Luz valley (MOL->LH = 1.2).
Introgression

The assignment of the sampled trees to the four oak

species showed that the sampled populations are

mainly composed by pure Quercus petraea trees at

77.4% (Table 6). However four trees were assigned to

the Q. pubescens cluster and one tree to the Q. robur

cluster and hybrid trees were present in all populations.

Among the 60 trees considered as hybrids, more than

half (31) were Q. petraea x Q. robur hybrids, 14 were Q.

petraea x Q. pyrenaica hybrids and 10 were Q. pet-

raea x Q. pubescens hybrids. Five trees were considered

as hybrids between other species than Q. petraea but

showing also sizeable assignment probabilities to the Q.

petraea cluster (>0.20). Along the altitudinal gradient we

observed a significant increase in the proportion of

hybrids with increasing altitude (regression coefficient

significant at p < 0.05), ranging 17.9% to 20% at low

altitude to 47.8% to 40% at high altitude in the Luz

and Ossau valley, respectively (Table 6).
Discussion

Oak colonization dynamics of Pyrenean valleys

Palinological historical reconstruction indicates that

deciduous oaks have colonized the northern side of the
Pyrenees between 13 000 and 12 000 BP stemming from

the Spanish glacial refugial areas (Reille & Andrieu

1995). Migration pathways from Spain skirted the Pyre-

nees on the western edge in the Basque region and oaks

spread on the northern foothills from west to east (Petit

et al. 2002b). An eastern colonization route coming from

the Mediterranean basin is also suggested from phylo-

geographical investigations (Petit et al. 2002c). There is

indeed a sharp geographical split in chloroplast lineages

(between the eastern lineage A and the western lineage

B) indicating that both movements met at mid distance

from the Atlantic ocean and the Mediterranean sea at

the northern side of the Pyrenees (Fig. 1a). We found

signatures of these records in our data set since all sam-

pled populations comprise two chloroplast haplotypes

that belong to the western lineage (haplotypes 10 and

12), and only one plain population is fixed for a haplo-

type belonging to the Eastern lineage (haplotype 7). Pol-

len records at higher altitude indicate that deciduous

oaks reached their upper limit (between 1700 and

2000 m) in less than 2000 years (Aubert 2001; Belet

2001) since the earliest records mentioned oak presence

between 11 000 and 10 000 BP. We suspect that both val-

leys were colonized by source populations located in

the plain and our data suggest that the source popula-

tions were composed of different haplotypes (haplo-

types 10 and 12 for the Ossau valley, and haplotype 12

for the Luz valley). Interestingly haplotype 10 is the

most frequent haplotype occurring in extant oak popu-

lations located in the plain along the Pyrenees Moun-

tains (Petit et al. 2002b), and the persistence of mixed

populations (haplotypes 10 and 12) in the Ossau valley

suggests past or recent contributions from the Luz val-

ley that is entirely fixed for haplotype 12. Persistence of
� 2010 Blackwell Publishing Ltd
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extant mixed populations can be obtained in only two

different scenarios. Either the founder populations were

already mixed and large enough to prevent the fixation

of one haplotype by drift over the 200 to 500 genera-

tions since foundation, or recurrent seed flow was

maintained from the source population of the neigh-

bouring Luz valley that is fixed for one haplotype. The

latter scenario is less probable as average seed-dispersal

distances were reported to be limited to less than 1 km

in oak species (Valbuena-Carabaña et al. 2005).
Preferential unidirectional pollen flow

Colonization along altitudinal gradients has generated

population differentiation within each valley (Table 3)

that has been tempered by pollen flow since establish-

ment of the populations. Because of the strong asymme-

try between pollen and seed flow in oak (El Mousadik

& Petit 1996b), we suspect that most of the gene flow

occurring since stand establishment is due to pollen

movement. Even if the FST estimates are low, they are

close to those observed over the entire natural range

(Mariette et al. 2002). The population clustering analysis

using Structure further showed that the overall differen-

tiation was mainly due to distinct altitudinal trends of

variation occurring in each valley. Whereas populations

located below 800 m are mostly admixed (with each

individual being assigned to several putative clusters),

populations located at higher altitudes are not (with

each individual being predominantly assigned to a sin-

gle cluster). In the Ossau valley, populations from the

highest elevations (O12, O16 and to a lesser extent O8)

appear as a distinct genetic cluster differentiated from

lower altitude populations. Similarly, in the Luz valley

populations located from 800 m upward exhibited dif-

ferences from lower populations. Populations L12 on

one hand and L16 and L8 on the other hand are each

assigned to a single cluster, whereas population L14 is

admixed between these two clusters. Divergence of

high altitude populations is observed even if the mark-

ers presumably under altitudinal selection are removed

from the analysis which indicates that the genetic differ-

entiation is caused by demographic events. Genetic dif-

ferentiation of high altitude populations is found in

several studies focusing on the genetic diversity of tree

species along an altitudinal gradient (reviewed by Ohs-

awa & Ide 2008). Our survey suggests that disruption

of gene flow along altitude or introgression (see below)

may cause the observed divergence. Limitations to pol-

len flow can be created by physical barriers such as the

mountain topography disrupting wind streams (Four-

nier et al. 2006; Herrera & Bazaga 2008). Differences in

flowering phenology between populations located at

extreme altitudes can also create temporal restrictions
� 2010 Blackwell Publishing Ltd
to gene flow (Schuster et al. 1989; Premoli 2003). Tem-

perature is the main environmental factor controlling

the vegetative and reproductive phenology of most tree

species (Chuine 2000; Vitasse et al. 2009b) and popula-

tions along altitudinal gradients are exposed to highly

contrasted temperature regimes. Leaf unfolding phenol-

ogy of the same oak populations that we sampled was

monitored by Vitasse et al. (2009b). Flushing dates

which are correlated to flowering dates, varied by 50

days between the earliest populations located at lower

altitudes to the latest at the highest altitudes. Even if a

large variation of flushing dates persisted also among

trees within populations (Vitasse et al. 2009b), such

delays between populations separated by only a few

tens of kilometres can limit pollen flow. Furthermore,

the Migrate analysis suggested that gene flow occurred

preferentially from lower to higher altitudes. This direc-

tional gene flow may be the direct consequences of alti-

tudinal variation in phenological dates and

demographic differences in population sizes. While

populations at higher altitudes flush later, they also

exhibit lower variations of flushing dates among trees

(F. Alberto, INRA—Université de Bordeaux, Bordeaux;

unpublished). Hence, because of the partial overlap of

flushing dates between altitudes and the larger between

tree variation at lower than higher altitudes, pollen

migration rates are expected to be higher from low to

high altitude than the reverse.
Imprints of natural selection

Among the 16 nuclear microsatellites, two loci

(QrZAG39, QpZAG15) exhibited divergence patterns

which deviated from neutral expectations. The congru-

ent allelic variations displayed by these loci in the two

valleys illustrate directional selection acting along an

environmental gradient. Previous studies have already

reported clinal variations of allozyme frequencies with

respect to altitude (Mitton et al. 1980; Belletti & Lanteri

1996; Kara et al. 1997). More recently, Jump et al. (2006)

found a sharp differentiation of AFLP markers in Euro-

pean beech populations located at different altitudes,

which departed significantly from neutral expectation.

Interestingly, QpZAG15 is located on linkage group 9

of the Quercus genetic map, where the strongest QTL

for bud burst is located (Derory et al. 2010). As genetic

differentiation for date of bud burst has also been

observed on the same populations in common garden

experiments (Vitasse et al. 2009c), one may conclude

that allelic frequencies have been shifted by hitchhiking

effects between the QTL of budburst and QpZAG15,

although strong linkage is needed between the micro-

satellite and QTL to prevent recombination in natural

populations. QrZAG39 is located close to one extremity
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of linkage group 5, with no known QTL position in its

vicinity, but hitchhiking effects with another adaptive

trait shaped by altitudinal variation cannot be excluded.

An alternative interpretation to the clinal variation of

allelic frequencies is selective introgression. As hybrid-

ization rates increase with altitude, allele frequencies at

loci involved in species divergence may vary along an

altitudinal gradient. Although located at less than

20 centimorgans (cM) from genomic hotspots of species

divergence, the reported interspecific FST values of the

two loci were in the range of neutral expectations, sug-

gesting that the loci are not affected by introgression

(Scotti-Saintagne et al. 2004). We therefore suspect that

the congruent variations of allelic frequencies are

caused by diversifying natural selection occurring along

the altitudinal gradients in the two valleys.
Maintenance of genetic diversity associated to a
decrease of population size

Gene diversity and allelic richness reached similar lev-

els across the altitudinal gradient and between the two

valleys except for one population located in low alti-

tude (O4). The small population size and the isolation

of this stand on a north-exposed mountainside may

have exposed O4 to drift. In their review on genetic

diversity of plants along altitudinal gradients Ohsawa

& Ide (2008) reported maintenance of diversity in 29%

of the studies. As an example, Truong et al. (2007)

found similar levels of heterozygosity in Betula pubes-

cens populations located between 450 and 1200 m,

which was explained by the maintenance of extensive

pollen and seed flow of this species along the altitudi-

nal gradient. On the opposite, in studies reporting stea-

dily decrease of genetic diversity, limitations of gene

flow, small population size or founder effects at higher

altitudes were advocated (Premoli et al. 2003; Quiroga

& Premoli 2007). In our study, despite the disruption of

gene flow suggested by genetic differentiation, genetic

diversity was maintained along the altitudinal gradi-

ents. However, we found a trend towards decreasing

population size with increasing altitude in both valleys

and population size was higher in Luz than in Ossau

valley. In both valleys, the scaled population size

parameter (h = 4Nel) was always lower at higher alti-

tude. The apparent paradox between maintenance of

diversity and decrease of population size can be

explained by the relationship linking diversity and pop-

ulation size (He = h ⁄ (h + 1)), at equilibrium between

drift and mutation and under the Wright Fisher model

(Hartl & Clark 1989). In the upper ranges of Ne

(Ne > �5000 for l = 5 x 10)4) population size may fur-

ther increase while diversity saturates (i.e. variations of

Ne will have little impact on He). Assuming an average
mutation rate of 5 x 10)4 for microsatellites (Selkoe &

Toonen 2006), our estimates of Ne vary between 1450

and 7350, corresponding to He varying between 0.744

and 0.936 which lie in the range where He is not line-

arly related to Ne (Table 2).
Peculiar reproductive characteristics at higher altitudes

The survey of genetic diversity across a wide range of

altitudinal variation showed that populations at the

higher margin of distribution share peculiar reproduc-

tive characteristics. First we found evidence of vegeta-

tive propagation. Clonal copies of trees sharing the

same multilocus genotypes were separated by more

than 5 m in O16 population, and at smaller distances in

the L16 population. Oaks are known to produce stumps

sprouts when they are logged or hedged but clonal cop-

ies may be separated at most by a few meters if

repeated over generations. Re-rooting of shrubby trees

(Copini et al. 2006), root suckers (Mayes et al. 1998; Val-

buena-Carabaña et al. 2008) or repeated stump sprout-

ing caused by snow coverage and avalanches may

cause vegetative reproduction of Q. petraea at high alti-

tudes.

Finally this study showed that the high altitudinal

Q. petraea populations in both valleys comprised a sig-

nificant proportion of hybrids between Q. petraea and

Q. robur or Q. pubescens, although species status was

checked from leaf morphology (Kremer et al. 2002). The

more frequent occurrence of hybrids at the margins of

the distribution fits to the scenario of species dispersion

facilitated by unidirectional gene flow between a recipi-

ent local species (Q. petraea) and the migrant species

(Q. robur or Q. pubescens) (Petit et al. 2004). Our study

indicated that hybridization occurred between one local

parental species (Q petraea acting as female) and one

distant species (acting as male parent Q. robur or Q. pu-

bescens). As Q. robur and Q. pubescens are present at

lower altitudes, our observations suggested that pollen

flow occurs from lower to higher altitude. Interestingly,

this is the reverse situation to the one observed at the

latitudinal margin of the species distribution, where

Q. robur is the local species and Q. petraea is the migrant

species. Our results therefore suggest that the mecha-

nism of dispersion facilitated by hybridization is bidi-

rectional depending on the spatial and demographic

distribution of the parental species. Additionally, as

suggested by Premoli (2003) for Nothofagus pumilio pop-

ulations, hybridization may also contribute to the main-

tenance of diversity in high altitude populations. By

providing new genetic variation and creating new com-

binations of alleles, hybridization increases genetic

diversity. Furthermore, this gain of genetic diversity

can improve the ecological tolerance of a species and
� 2010 Blackwell Publishing Ltd
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facilitate its adaptation to extreme environments (Le-

wontin & Birch 1966; Rieseberg et al. 2003). Under cli-

mate warming, introgression from species inhabiting

lower altitudes may rather enhance then constrain

adaptation. Hybridization may therefore play a major

role in the adaptation of Q. petraea along the altitudinal

gradients in the Pyrenees Mountains and these oak

populations represent an interesting case for the study

of natural hybrid zones (Lexer et al. 2004).

In conclusion our results show that Q. petraea popula-

tions maintain high level of genetic diversity at higher

altitudes despite a reduction in population size and

weak differentiation along altitudinal transects. Due to

the high overall level of population sizes, genetic diver-

sity is not affected by the altitudinal variation. Pollen

flow is preferential from lower to higher altitudes and

contributes to the maintenance of diversity. Hybrids are

more frequent at higher altitudes and the direction of

introgression is the opposite of the latitudinal limit of

the distribution suggesting that this mechanism

depends of the context of the local and migrant species.

Hybridization may play an important role in the adap-

tation of Q. petraea in these peripheral populations.

Consequently, by bringing new genetic variability, pol-

len flow and hybridization may both facilitate the

migration of oak at higher altitudes as a response to cli-

mate change.
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