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RAFD anabves was wsed (U)o assess the diversidy of digenos Piese abies within the French mosssk (alps, Jua
and Vasges) in comparizon wiih ihe Heroyno-Carpathian and Alpene domains (cemral Eurape); and (2} o exam ine
the molecular relmonships among provenances of ihese mossls and domains. One hundred and dhin vsseven
pohmanphic RAPD fragmens were soreened. Resulis showed dhat the phenoivpe diversiy estmotes wiihin ihe
cifferend mossifs and domain amabvsed wene smdflarhy high. Factonal conrespon dence and clirsier anahves rewakd
geographical siruciuring along a hifiudinal gradien among the Fench massids and o kngaudinal gradieni fram

eastern Furope do France. Provenances from the soudhern Fench Alps appeaned o be

gereiaally dising from ihe

ciher s, Hypathoiaal p.'.:rlg.'lu.....ﬂ pathways ima the French mosfs are propesed and ibe puioie mmplcation of an

ackzonal refuge konted inothe Tuscan Apennines & disoussed.
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[MNTRODUCTION

In both amimal and plant speces, the genetic varabality
olmerved over e matral distribution aea @ socined by
peographical conditions, ecological factors, mating ayatem
and alse by datoncal events such as glacial periods
iDumaohn-Lapéowe e af, 1997, Usually, the olwerved
varmbility i3 bower m marginal populations comparaed 1o
populitomn i omone centmal posiions of located o the
vicily of ancent glacial refuges. Indeed, populations
groayg At the lmis of tee watwral range generally orginate
from o few founding individuals amd thus have only
meoeived @ subsel of tee divesiy present i ozn el popila-
ponE, In addien, they often suffer from o medwcsd and
contineows wisdirectiomal gene flow (Mayr, 1970 Tiger-
stedt, 1973 Talerlet e af, 1998)

[ fomeat trees, swch a decrease i genetic varmbility
towards recently colomzed megions (species marging) las
been  reported for the angwedperms  Fages  sgdfvailcoa
(Demesune o aof., 19960, F e (Tomam e afl, 1997)
and urercses sp. (Dumolin-Lapdeue e af, 1997, a3 well a3
for the gymnosperms Piea meerenng (Ve er o, 198a),
Piooes kesse (Myburg and Harrs, 1997, P sseeiiieada
(Rpeinhofl er al, 1983, P rieicke (Gunies and Ledig, 1982)
and J".Hm'ur.urg.'.r e Eies g {L‘i and Adama, 1989, However,
i other  gynpespenn apecies awch as Peea gloca
(Trembly and Smoen, P99, P osbedensi (Yeh and El-
Baassaby, 1R800, Pl comnoria (Wheeker and Gurses, 1952),
Pooerewd (Furmer and Adama, 198a8), P osger (Scali-
soyiannes e al, 100 and P osdvesirds (Pros-Glowacki and
Stephan, 1994), marginal and central populibions were
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found to mamtain smdar level of gemetc divesity,
poaably i relition to the ecologeal amplitwde and mating
ayatem of these apeciea, the lack of effecuve barmers 1o
pue venl geme e and the small number of genemiions smee
the last degbcitiodn.

The presemt investigation 8 ooaoe med with ome of the
sl comumen forest trees i Europs, Presa afder L. Earst
iNorway aprucel, at te western lonat of (8 detrbu o
area. Morway spruce cocwrs throughout Fenneacandia and
Ewropean Rusaia fextreme nonh excluded)y, as well a3 along
the majer mowniams of eastern and ceniral Ewnepe.

The natwial minge of Pleea alier 13 wually divided o
thiee majer domaiins, (e the Baluco-Mordic, Hemyipo-
Carpatlian amd  Alpuwe  demains, which ae generally
comadensd to e the mesult of postglacal recolomz ton
frommn theee putative refuges becated me the Moscow anea, in
the Carpathans and in the Dinaric Alps, respeciively
(Huntley and Birks, 1983, Schoidi-Vogt, 19860 Morpho-
bomeal aind alleeyme varation acios tee whaole mige have
T atensmely investigated using [UFRO (Lnterationsl
Umon of Fomrstry Bessanch Organmabons) proves e -
festing  programmes  (Lagercrntz amd  Byman, 1990
Bomutzach, 19925 A chkar geegraplscal pattern of oo meic
var@ion along a nonhemiern-southwesiern transect was
mevenked, probably eflecing elavvely meoxni hsterncal
cve il related 1o the lwt ghoiation i Europe. Moreover,
e aumoien tof gedetic vaniatea wies consderalily reduced in
central Ewropean popubivons, pessbly duwe o drstic
mestrction of popukiton sz (bottlemsck effect) during ths
glactal pened { Lagercrant 2 and Ryman, 1900 Gonchamen ko
e al., 1995 Lewandowaki er o, 19970 In contmst, only a
few stwdies focused on the margnal popubiiiens. In the
B ltico- Mondie domaii, Tigerated t (1973 ) fownd that genetic
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diveraty was simdlar i margialand central populations. In
cotrast, [alian popubitions ot the southern hmdt of the
izt ral distribuiion area appeared 1o be more varable than
populatomn i central Ewnepe (Lagercraniz and Rymai,
190 Chammim e al, 1991 Buos and Menozsi, 1995 In
addivion, some populatens exlabied specfic allelic come-
poailions suepesiing a supplementary glacial refuge mo the
Tuscan M Pk e,

The westemmasl autechionous populitens studsed o
date ame arteated o Swizerkoed (20 populations: Midller-
Stanck, 1995), Germany {ome popubiton in the Blak
Fomeat: Konnert, 1991 and France (one populavon: Lager-
craniz and Ryman, 19900, As in sowihern Ewrope, high
peivetic diversity was olserved and several populatiens
appened to contam specific allebes.

Fremch awtochionouws populiions of Pleea afies are
becated at the western Bmit of the natweal detnbution area
and are pestricied 1o mownt@aineus egons such as Jum, Alps
annd Wodges, In the northe m Adps and Twm, vast populations
are atrwetered arownd geemerplobogic trais such as valleys
af phiteaus, Conversely, the speces 13 distabuted i
drconmous fragmented popubition in the southem Alps
and cocwrs 1 disemisied small stands in Yosges.,

Little i3 known abeuwt  these French  provemamos,
and further invesiigation & mequired. In this paper we
metiated @ comprehensive stwedy of moelecular vamation
among French proveranoes, using RAPD markera, W first
catimated e levels of plenotypic diversity within the
French massifs (Adp, Jum and Vesgesh and compared them
with the twoe central Ewrepean demains {Hercyno-Car-
peithian amd Aldpine). We teen esamaned e melationslps
amaong the French provenanos amnd Betwesn the French
and central Ewropean provermmos m oder to clarify the
poatglacial hatony at the western margn of Pleea abies’
i Lralud i it

MATERIALS AND METHODS
Pl mareriad

BAPD analyis wis performed on 90 adull P afler thees
g tralw ted 1 herow gheeut et e natw sl miege in Framos, Thirty
e {15 populalsonsd were sampled i aneffort 1o cover e
thiee French masafa: the Alp, Jum and Veages (Fig. 1.
Matenal from Tura and the Al was collecied i clonal-
et (IMWRA Clampenous, France), wlile matenal from
Veages was collected i the forest, These French trees wens
companed o 62 tees from both Heroyno-Carpathian
(33 treca) and Alpie (29 D) domaims (Fig 1 previously
analyaed (Collignon er af, unpubl res, These tress were
sampled e the miematonal TUFRO prove mnee st 1964/
1968 (Eoruimach, 19920 located m Ao ot { north-eas
Framwoz b The gecgraplical parametes of samphed trees ame
aven i Tabke 1.

DN A e i

DA was molated from 1 g of needkes wsing the Doyle
and Doyle (1987 protecel with 1% 2-me ncapios thanol
fwivi and 1% PVE AG0000 (wivh added to e CTAB

RAPD Variation in Norway Spruce at itn Western Margin

Fuce. 1. Garographical kcaton of the dhree French massifs and the iwo
cemral Furope domains.

extracion buffer. The extraciions were performed using
clilarefomm —octanael (24 1 istead of chloraform-—iaeanyl
alools] (24 1) and the esulung DMA Ellel was waled
with 7% ethanol before e fia] suspension step. DNA
Coapozit e wene determmed by compansen with seral
dilution of standand bmibsda DNA

RA P D evnedd i

DM A amplificaion was performed acceordmg 1o Willizams
ef ad. {1990, Thirty-ome mndom decimer promers ob @amed
frem Operon Technolges (Alameda, USAY and Geneaya
Bivtechnoleges (Cambridge, UK wene selecied from the
Ay erigially tesied for clanty and epreducibadily of
paittern produced (Tahle 2. Each amplification peac tioda
contarmad 1= eaction buffer (Gibos, BR L)Y, 200 py each of
dMNTPa, 3 mw of MgCl,, (4 1o 3 pw of prmer {Table 2,
12-5ng of genomee DMNA template and 04 wnits of Tag
DA polymemse (Gibeo, BRLY, ina wotal volume of 15 pl
The meaction mxiwes were overlad with mineral ol For
cach primer, amplification of tee 152 DNA samples was
carread out m -well plates wsing an MT Beseanch thermal
cycler (PTC- W wath the following programme: 3 mun al
W0, A% eycks of Lo ot 940, | mar at 3670, 2 mun at
T and 10hmun at 720, Reacuen products wee checked
oitte 1-3% agrese geb (wo gels per pamer), 2 cm wide
aind Alhem dong (OWL apparatwsh. 10 pl of each reaction
product wene mmed with 1 pl leading bufler (30% glyoeml,
(4% hromoplenol Blue, (4% xyleme c@nel) and rapadly
apphed to the mid-part (o avoud amilingy of three 42 well-
hies (apaced at megular 13 cmointervak) waing a mouli-
chamne] pipetie. Two wells per hne included a 1000 bp DA
budder (Gileo, BRL) a3 a aze marker. The electio plores
ool was runat 5V em ™' for 4 hin (-5 « TBE buffer (45 mwu
Tra ae, 45 ms bore ackd and 1w EDTA, pH 840
The theee pans of each gel wenre staied for 30min m
ethidium bromide (-5 pg ml ") and photographed under
L% liglut .
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TanLe 1. feopraphical peorameners of seomgpeled Dalividhends of Pioza alees

Lodinde  Longiude Lotiude Longaude
T coxdie Loscmian [ ] Wy Tree code Lz e [ iYW
Viasges (5] ] ]
12z Gaerardmer ( PC) E T [ IT 18 Gierardmer (FDY T [
14 Ladrardmer ( FD} 4ETL [ 9 I Gierardmer (FDY 4T a4 T
ih Gadrardmer ( P} 450 [ 3 Soulizeren (PO} 45T T
TE Ladrardmer ( FD)} 4TS 4R ol .t | Thah: (FC) 45T Godd
L] Jurassup (P} 4ET 4R L . Rébhaupal (PO 4T GodE
111X Lo Bresse (PO} 4ETL GeET T M Vabagne (FDjp 4ET [
13 14 Wal de Sencnes (FD) 4570 T i Haanie Meurihe (F D 40T HET
15 16 Sz (FC) 4ETL Tk
Alps [l
33z Charires: ( FL} 457X 48 4T 48 Chamrousse (PO} 45T AL
1y Aaesais (PO} 4545 g 49 50 Aunirarns (PO} LS I
L L i crsy e ( FI3 4400 TI% £ 52 Werdache (PO} 4471 [
1T 18 Muarzne (FCO)} 46710 48 £1 5 51 Biaen Davaluy (PO} 44742 By
19 40 Manirind (PO} A" 1 g 55 &4 Chamonix { FIV T [
41 42 Mivache ( BC) 45700 [t AT &% Lully (FLC} Ero ] [t
43 44 i Marien Visubie (PO} 4404 T8 ) Chdiel ( POy LT A
45 46 Sz (PO} 45717 L5
Jura (ki
hal & Bonndage (FOC 4711 GodE TG = o hamn pdircen ier (FC) 46711 &ear
Gl Gl Esserval Tarire { PO} ErA ] oL 21 & Massacre (FIC} 4728 T
G b GirandesCdie (PO i 4T G5 =L Bais [ Aencni (PO} i A
G e FI3 de Leveer (P} "7 T L Canaer (PO} Er T
a9 To La Fuvell: (F[3} i XT [ BT EE Moo= du Risowux i A
Tl T2 Massace: (FIC} 472 ST LU ] R=al (FD} ErAt Gk
T3 T4 Mignovillland (FC) i 48 [
TE Th FFlan des Cosaques (PC) Tt ] [
TT T8 La Joux  FI3} i 4 T
e meym- Campen bbam s il (7))
r'ﬁ TPalland 498 191 s Slevaks 490 19
G Traland s ol et bE Hlovalks 490 PER
1 Raormanm 46T ey 1L Slevaks 49 P
a4 Romanm Er ] ey 1] Hlovalks 490 i
5 Raormanm 47" g 1 Slevaks 49 191
G Ceoch Repuhl: 49E T 13 Giermany AT T
T Crech Repuhblc 498 L 14 (aermany LRt i
E Ceoch Repuhl: b 1575 115 Giermany 498 1
L] Crech Repuhblc Ay 1T 1 (aermany LRt i
HEH] Ceach Repuhl: 4G e 1T Giermany 491 L
bl Crech Repuhlc 498 13% 1 (aermany T i
pE Ceach Repuhl: 498 171 1% Giermany 45 1y
1t Crech Repuhlc 4578 145 14 (aermany 49 i
1o Ceach Repuhl: AL 1 1X Giermany L] g
1G4 Crech Repuhlc 49 IT% 1x (aermany '8 1%
HE Ceach Repuhl: 491 &1 1X1 Ausira 45 1575
1T Crech Repuhlc 49 IT%
Al dossais o8 )
1M (Germany L Ir s 115 Sarhin 439 195
124 Giermmny 450 ¥ T 140 Ausina 4678 141
13 (Germany 47" =5 141 Ausira 4T% 158
1¥7 Giermmny 47T 1¥g 142 Ausina 470 15
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1 Giermmny EL o 1¥2 144 Ausina 4T3 i
PRT] (Germany 450 =5 145 Ausira 4771 Ve
i3 Giermmny 450 e 14é Ausina 4T 14
132 (Germany 4571 =g 147 Ausira 474 152
133 Giermmny 45T IFa 145 Ausina 4T85 1
1M (Eermany 4571 I & 14% Ausira 4658 1471
115 (ienmmny 450 L BN Ausira 470 1475
114 {aermany 4571 ry 151 France LT [
137 Snaizerand 4675 =K 152 Prance 440 T3
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TanLe 2. Nieleopiale segences of the 30 selected primers, conceninniion awed in e PCR reaction (O] and ember of
vl e fregrme nix seoved (N

Primers e ¥ C M Prirners Hemd C ']
it Tl Claalal Tl -4 X OFDL: CACCGTATOC (i3 X
i Of A GTOT T -4 | OFDM ACOTGEE TN Oy 4
e GTEAT O A -4 4 OFE G CalTa GG T pE ] k]
L1 CANTOGOONT .4 T QFHIO COTACGTE Ay in th
LRI EE) Galadd T GAlGT .4 [ DR AGSG AL TATE 04 4
LRI K TG TE T O .4 | [P A Sy A s TadsEd 04 |
O pcE GTOCA A .4 T DRECAGSLY ALGTOACOGET 04 T
OFBL4 TECE T T s i 3 R AnSLS AT Lo T
QR GaTaAad s OGTE .4 X [BHE YL ATOC G CCT [iF3 T
Qs LT LG .4 5 [ LT s ATOGCOCTGT 04 3
PR T [FE T TR F TS -4 X DR AGRS CACTOGTOLT pE ] 3
LE1L A G T -4 T [P AnSEn Cafammm Ol o4 3
QR Lol G ad T Al -4 X [RHENETEL CATACGLOCT -4 9
QL AU A -4 3 [BHE LT COmCan AT o4 5
QPG GTOGOOGETEA -4 i DR AGETY COMGOOGEAAT -4 T
OGS L TELRETET -4 |

Dt ar evterlysds 13 Being polymorphic among French provemimees, wooe

Only clearand polymoerphc Fmgmen s were wsed for data
analyais, These fragments were scored independently as
pieseit 1 of absent () and a bisaey data matrs was
comtucted, Fragment frequences weme cloulated  for
cach of the mazifs and domains siudied, and o Fisher
cxact test was applied. Factoral cormespondeno: analysia
(FCA) ased on the ¢ distances and especially adapted for
qualitative data (Thiowlowse e af, 1997, wm wed 1o
btz gyithetie pretwres of plenot ypoe melecular vare o,
A ascendant memrchecal clasficaten (AHC) wang the
varmipo:  aggegiton of Ward (19530 amd  Jaocand's
drtamos (Jaccard, 19080 was abo performed 1o ageregate
md viduals inte majer chsters, FOA and AHC analyaes
were pefomed wing e ADEA progrmmme {Tleowlsuse
ef e, 19497

A analyais of molecular vamanoe (AMOVA: Excoffier
ef al., 192 ywas performed on a matrx of saquaned s tawdand
cucldean dstances. Differenuaten among masafE and for
domams and among the French massifs only, wee infered
froan deat valuwe. Signfficane: values were oblaimed wing
mesamp hing techigues with 5060 permwtat s,

Plenotypre divesity within each masaf and'or domam
wad quantfied by the Shannon’s dex (Bing and Schaal,
1989, Esumates of diversity were cakeulated (1) for aach
bcus 0 B = —Enlog, n, where nis the phenoiypic fre-
quenckes; and (2) awraged acreas ke H = (1/L)+ERk,
where L i3 the number of kot Diversity was also
pariiomed  within  (Hpop Hapd and  beiween [l =
iHpop — Hap iy Hap| compoments. Hpop provides a measwne
of the average dive ity within mazsifs and) or domainsg and
Hhap a measue of the diversity witlin species.

RESULTS
NAPD verririion

A total of 137 reproducible and polymerphic fragmenis
was produced by the 31 primers selected  (Talde 25,

were found to be masif- or demain-apecific. However,
most of the fmgments exhibibed siguificant  fregue ey
vare o (< (05 Petween masifi{Ed and'or domains).
The number of these mfemative fragmenis mrged from a
mummwm of 16 Beiwesn the Hercyno-Campathsan and
Aldpine demains o a maxmum  of A9 beiween  the
Heyno-Carpathian domain and the French Alps masaf
(Table 3). Conasdering the French masaifs exclusvely, 48
uifomnative fragments were detected, ermbling discnmin-
atton beiween the Alps and Voesges (299498 fragments), the
Adps and Tuea (35485, and Vosges and Tum (36/48) masidf.

Fere ol ¢ orie geelence atalyvsds (FCA ) el ¢ bister
epnerdindy

A FCA fnvolving all proveainoes 14 showi i Fig. 2. The
firmt two axes exphlined 13% of the total vamation, Clear
decrmmiation  Between the central Ewrope and French
provesibos was olsered along axe 1, which was found o
bz highly cormelated with longitwde {r= 629, P < 00005

The French provenanoes located in the nght e of the
pline were orgamzed aleag axs 20 The clster of Jwra
provemaios  was faedy well sepmied from e mone

TanLe 3. Newafer of FCrvensenns with sigificant fregieicy
i fferences benwveen ealh pairwive combiraiion of domeaiis
(120 amallor French masifs 34,5}

| 2 3 4 i
! Hewynos arpmbhion —_
Darmin
I Alpine Domain Ui (i} -
1 Vasges 40000y WOy —
4 French Alps 49 (19 42 00T ML) —
LT 0 T T | T L e | —

Fisher exocd desis were perionmed on frogmend frequencies with
either £ o 0085 ar & « 000 @En porentheses).
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correspandence anohss (FOA) compuied from 13T pobenonpbic
RAPFDs. Tree codes are indicmied én Table 0.

acattered  Fremch Alpine provenaness. Inocontrat, the
Viompes proveiEimos were irlerspersed among the ofher
masafa and domains, epecially the French Aldps and, 1o
soume extent, ceniral Eurmope.

Corelation analyas of Fremch tee oo-ondiaies oo axis 2
with gesgraphial parametes eveakd vartibon aleng a
bintwdimal gradient (0 = 0360 P < 0405, Howevwer, no
peopraplical atruwcture wias detected withmn each indiadual
NSEEH

Similar reaulis were obtained wang different Memnchical
croupig metheds such as UPGMA and Ward clustenng
based on M (1987 o Jaccand's distamos (data ot
alvewae .

MAomore preciss ivestigatea of te rebiiomhaps etween
the Fremwch Adpa, Twim and Voesges masaifs was performmed
two additienal FOA using either the 1300 polymorphic
fragmeints (Fig. 3) of the 48 mformative Tragmen s {Fig. 4.
The firsl two axes explimed 50 and X-53% of the total
varsmtion m each FOA, mspectvely. As fownd previously,
e dcrmimaion beiwesn the Tum and Al masils was
obviouws and mainly obained along axs 1. Concemng the
Viosges masaf, many provenanoss (0% clusiend apart
from the Jura and, 1o a ceram extent, from the Alpine
provernmoss i the aght lovwer side of the planes. Ths
separation & partcukely evedent in Fig. 4.

Cormelation amalyas beiwesn tree co-ordinates ather on
the first or the second axis of the PCA involving the
130 polymoerphic fragmenis (Fig. 3) and geographcal para-
miz ters wad performed . Latitud i) stroctune aloag axs 2
was detected when all provemsnees from the thee French
mwmaals wene pooled (r=0513, P < (001 Remarkally,
this kvt wdinal gradient wis alsoe detec ted within Che F rench
Alpa masifl {r= — 0480, F < 0401) The wesiernmest
provennnos  (Grande Chartewse, Autrans and Chame
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robsae) appeared o Be close o e Jum mosal cluster,
the norhem provemanees (Chamoms, Chitel, Montrond
and Lullyy were close o the Vospes masaf, whale the
souwthern  provenancess  (Sant-Marin-Yéuhe, MNevache,
Verdache, Sami- Enenne-en-Dévoluy and Lantosque) clus-
ered separately i the right top of the plane with the
cuceplion of tee nwmber 36,
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Hiemmchical grouping based on the JTaocard's dstanos
el ved the mdwviduak inte fowr mam clustes {Fig. 5. The
firmt contamed all the southern provenanss from  the
French Alps, the second contamed tes from the Jura
provesnipos, the thid was compossd of a oux of e
otz Adps and Jura provenanos and the kst consisied
of almeat all the Vosges provenane.

Plresriyprie aliversdty i o ffere tiatisn

The 137 polymomphee fragments wene wed 1o calowlabe
the phenciypic dveraty and differentiabion e imates
(Tabks 4 and 50 Shannon’s divesay mdex (H) within
cach masafl and deman showed a high level of diversity
(Table 4. H' ranged fron (0675 1o 5718, The olterved
Betweer-masif amd for  domsin differenes were ol
st

Low kwels of diferentation among masafs and jor
domams were eveaksd either with AMOVA ($al = 0463)
orf Shannoen's mdex (Bt = (0469). These valuwes wee lower
wlen e analyais was restricted v the three French masafs
(Tahk 3).

DISCUSSION
Diversity el aliffere nilaiion

[ thas RAPD imestigtion, Pieda afdes appears 1o mati-
G a high level of diversity a3 observed i most woody
plhins  (Hamrck e oaf, 1992) Comferous apocies m
particular often combine claraciersice such @ larpe and
conbiwous  popilitens, leng life oycles, oulcressing
breeding systema, and elatvely long dstano: pollen and
aoed movement that emure the preservabion of divesity, In
addivion, the level of diversity should largely mely on the
cvpluttonary lstory of the spoces. Specis expanding from
birge populaions are mdesd expected 1o man @in modne
varmion than speoes ongimating From a limited numbser of
med vid wals (Hamrick er af., 19925,

The values of diveraiy indios obtamed m the five large
argas sampled (Hercyno-Campathian and Alpine domains,
Voages, Twra and French Al am very siilar {14675 10
(T8, and | of the @me magnlwde o these estimeated from
BAPD: wathin several French populations{ Colignon ar af .,
winpieh . res b Theore toally, genetic vamation @ supposed 1o
e lower in margnal populion than i more ozl
populatens (Levin, 1900 Mayre, 1970 Lawion, 1993)
bocause of penetc dafi promoted by redwced pene fow
and founder effects (Me er al, 195 MeCommas  and
Bryant, 1990, Hewewer, efficent wid pollen- and seed-
dapersal assecabed with a high kvel of oulcrosing in
comfers can mwaintaim e gene flow o mwargieal
populatens (Tigemiedt, 19730 eaulung i smaar levek of
diveraty in both marginal and ceniral populatoens (Yeh
aind El-Eamaly, 1980 Wieeler and Guries, 1982 Funaer
and Adama, 1988 Tremblay and Simoen, 1989 Scali-
soyiamnes er af., 1994 Prus-Glowack: and Stephan, 1994
In addivioa, ther has probably ned Been enough dme sino:
the recent apangion of Plesa afifes m the French area
(A5 years age: de Beaulew, 1977 Wegmaller, 1977 Eala,

RAPD Variation in Norway Spruce at itn Western Margin

TanLe 4, Shenewt s diversiy Snabx within meeedf ol
dlwmruriny cerdeadaned frvm {37 RAP D nwvrlie s

Dormains ar mossds H + s

HercvnoCarpmbian domain O-T0E £+ G0
Adpine dommin 0TI £ G008
French Aldps O-TIE £ G000
T 0TS £ 00L0
Wasges O £ D00

TaRLE 5. Diversdiy pariidoodng exiinaed fhvn vearanee
et wovi s enmeld Slarinr v foelex

AMOYA Shannons index
ifq Hjpop Hsp 1=
Auncing mossf G0kt (KR 0. T8 [EFE
wnd/ar dcenaiins
Among French G0 RS 0. T4 [EFiLEE
Fr e H

1984 de Beawhew ar af, 1994) to allow effectie divergence
aof margimal populations by sekcton or drfl.

The prisenig of diversity ewaked that 93 1% of the
vargsbion wis  maintained  within the  central Euwrope
domains and/or French masafs. These resulis ane consisient
with e gemeral obdervation that woody speces and
capecially comfers matntain mest of ther vamation witlin
popi ke ((hamm o o, 190 Stechr and El-Emaaby,
1991, Hamnck er af, 1992 Miller-Stanck er af, 1992,
Erutevakii and Bergmann, 199355, dst (AMOVA), con-
adered to b the ks unbimed different@ison coefficent for
EAPD analyis (laabel er af, 1995, 1990, & of the same
nEgmiwde a3 the other phenatype coefficent (Shanmon’s
adexh. Although large amas (domams and maaifa) ave
Been comslernsd o populations, the diffecnmion coeffi-
cienl for the total sampled aea (8-3%) 13 10 the same order
m that generally expecied from single populitions of
comfiers and outhresding apecies swch as Plesa aldes
iHamrck e af, 1992). Lagercraniz and Byman { 19940
calculated the gene e differeni@muon of T populitons of
Picea afder distributed over the whoele Ewropean range 1o be
5%, wlile Cranming er af, (1991) mvestgated nine [alian
populations and fownd a Gt valwe of 4-4%. Maone recently,
Mlkr-Starck ( 1995 estmmated te genetic differen i@ tion of
A Svas population o be 4.3%

Lo agrrenprdvivad pevitern o modecadar variation b redarion o the
presiened posiglveind re-inamipranion madex

BAPD data have been treated in a gualitative faslion
and subjected 1o descrplive analyses such as cluster or
factonal analysa, This appreach & mricularly inienesting
o cormelate molecular varinons with geographical para-
meters duch @ ladiude, longiivde or aluiwde in order 1o
meveal posible chnal stwetwrmge The twe proncipal
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Fuce. & Ward hierarchicnl aggregaiion of %9 French spruces based an Jaccard’s disiances inferesd from 130 RAPD markers. Tree codes ane
sncliciied in Table §

gyithe i varmables stand for a low proporion of the
total variation amd he meria mie of the pripcapal axes i3
kwer than 10%. Ths stwabon contrasis markedly with
other molecular stwdies waing BAPDE w0 evaluate genetic
vartiion s iwes i :1.|h.'\.'iq.'.~\. (Chalmers e ad, 199040 o
Ity hefhaceous |!||..||l|:1. aco=aidad { Hewn o a, 1994

Oomee-Castills e af, 19940 where the two fird e
socownl for more than 45% of e variatiea. This could be
melated o part o the lamge number of mndom markers
analysed and the genomic chamoiersues of e spocies
studied . Confens do leve large genomes (29 pe20 m Pless

aftfen! Dellon, 19870 which are moinly composed of
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mepeitive and potentally variabl npon-encoding  [DMA
(15% 0 Thus, the total molecular variaten detected 13
Tagh and difficult 1o swmmarze on a factonal plamwe. Given
the large number of koo amalyed (137, i can e assumed
theat the varmton epresenied by the two firsd axes of e
FOA & oaignaficant (Lebart er af, 1997,

On the ass of both FCA and clusiers analyaes, v
il groupe can e disnnguished, oneinclwding the cen bl
Europe provemipos and the second the Fremch prove-
s, This patterm meveak a clear longitwdina] gradsemt
acroas e large area sampled amd supports e hypotliesia
of redmmigration i an eml-west direction from eastem
Ewrope o France, This majer migraiion path s commaonly
accepled from pollken data analyses (Huntky and Birks,
1983 amd from studes of morphologeal and isezyme
varmons a8 well {Lagercrantz and Byman, 19900, Dunng
the Holooeme, (he me-mnvasion of Europe by Plosa afdes
probably cocurred From glcial refuge zomes ocated in the
Moo area and m e emiern part of the major Eumopean
e ikt 4wl o e Carpathaam and the Dinarie Adps.
Spruce expanded steadily, bul elatvely slowly, along the
European mountains at mies of 8- 20 m year ', eaching
cmbern Switmerland SH-A8H yeas ago and the region
around Lake Geneva, as well @ the South Swiss Tura,
AR 280 years apge (Firion, 195 Wegnudller, 1977,
Biwrga, 1988 ) Thus, the spread of Picea afbdes withan Framee
probably started mothe Tum mowintains awd the ncontimesd
towards the Alps moa southerly direcion and the Vesges i
a portherly dimection.

Remarkably, we found evidence of bisiwdinal gradenis
at tee westernn bt of the matural fmipge of Pied alder ad
well s clear molecular relabionslaps Between Vosges and
Jura sprwces amd b twes o T amnd morthern al pome & prises,
aupporting, for the fist tme, the mam  re-tmomigrat s
paths frem the Jum mouwntains o the French Alps and
Vioages waing molecular markers {route 1, Fig. 6). However,
the Turgh malecular varialility obaerved m Vosges and, to an
evelt greater extent i the French Alps compand with the
Jura mouwntaing, sugeested additional recolomzaton path-
ways i {hese masafs, Conoe ming the Vosges, two dates of
posa ble expangion wene propesed from pollen data, eiler
50 years BF from e Jum mowniais o 2500 years BP
froan e Black Forest andior Swes plan (Kals, 1984).
Seane Vioages trees were inbemperaed with centmal Eunopean
proveEaibos on e factorml ploe, This strongly sugeesis
poar ble mugratory paths straight from central Swizerkwd
andioer the Black Forest, which are only 75 km away from
the Veagza (route 2, Fig. &)

The hagh level of diveraity obaerved in the Veages could
alao e expluned by anthropogene actions, Dndesd, the
amall and dsse i ted mdigenous stamds in thas massif ane
crpoasd o mirogresion from swrrowwding artificial popu-
Bsons which conssl mainly of allechionous material.

[ the Fremch Adps, latiedina] strociunng i3 evident and
thiee regiois could b discemed. The first one comssts of
the westermmest regwen (Grande Chartrewse) whach s
senetcally clese 1o the Jurm, the second consisis of the
porthern provenanoes (Chamon regionh and the thind of
the southernmest provenanoes. These southern Frencl Alps
differed memarkably from the oters e ther moleculas

RAPD Variation in Norway Spruce at itn Western Margin
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Fuee. é. Presumed posiglicial reimmigration paibs of Plea @bies in

cemiradl Ewrope. Block anrows represend dhe paibwms reponied by

SehonichVagi (19T, 1984), G e ol (990} and Burga (1985}

sucies. The rurobered blck oorows represem ibe paibs deduced firom
our BAPT dada (see Discussion).

pal ternand ane known to e apecially adapted vo Medier-
rmiean climate {Bouwvarel, 1961). Suwh adapuve differen-
tErbiod caiol e simply explamed by genetic defl i a
recolonEation scheme imtmted from e Twea mewtans
Because e pumber of genemiions 8 gemerally considensd
e aaall fabowt 5 generations) for mew mutatons o v
a potieable mpact (Mamyama and Fuerat, 1983, Lesica
and Allendorf, 1995).

[terestngly, the gemetic d ffemnos Beween doae [alian
iBorgheitn e o, 1988 Gumm e af, 1990 amd Swns
popikatons (Mlller-Stanck, 19955 i ther alkle compo-
asiion sugeeaied o postglical reammagration rowle from a
putative addiional efuge located in e Apenines (laly)
(Gmcoming, 1958, Ferraring 1977 Magind er af, 19800 and
menbiomed Ty Enitzsch (19920 Like many other species,
such aw Afes atlba and Oueras sp. (Konmert  and
Beromann, 199% Dumolin-Lapigue er af, 1997, Pieea
afries oould have skirved the Meditermmean sea from the
Tuscan  Apenmnes and frecolonwed the southernmesi
Fremch Alps Before the dates generally propeded (3000
vearas BP) {route 3, Figo6h This hypothess o cleardy
supported by the palynological obee vations of de Beawlew
1977 who mdeated the presence of Piea abies o the
Mercantowr {southeasterm Alpa) 404500 years ago.
Lniemstingly, ths author further inveked a rebciual glcal
refuge e the southem Fremch Alpa.
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