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Allozyme diversity and genetic structure of
European populations of Sorbus aucuparia L.
(Rosaceae: Maloideae)

OLIVIER RASPE* & ANNE-LAURE JACQUEMART

Unité d’Ecologie et de Biogéographie, Université catholigue de Louvain, Flace Croix du Sud, 5, B-1348 Louvain-
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Genetic diversity at 10 loci encoding six enzymes was studied in 17 European populations of
Sorbus aucuparia L. (the rowan), distributed among five regions, from Finland to the Pyrences.
Levels of genetic diversity were high both at the species level (H. = 0.229) and within popula-
tions (mean H, =0.212), whereas levels of differentiation among populations were very low
(Gsr = 0.060). These values were comparable to those observed in other woody species with
similar ecological traits. Populations from the Plateau des Tailles (Belgium) exhibited an
unexpectedly high level of differentiation among populations, which was tentatively explained
by the recent history of colonization experienced by these populations. Despite the low overall
differentiation, geographical patterns were observed. Gene flow estimates and geographical
distances between pairs of populations appeared to be correlated (r = —0.483), resulting in a
pattern of isolation by distance, which was disrupted to some extent by the local dynamics of
the Tailles populations. Cluster analysis revealed that populations were genetically more
similar to populations from the same region compared to populations from other geographical

groups. Finnish populations, in particular, appeared to be highly differentiated from more
southerly populations.

Keywords: colonization, gene flow, genetic diversity, isolation by distance, population differ-

Received 20 January 1998, accepted 11 May 1958
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Introduction

Over the past two decades, a growing number of
investigations on the patterns of genetic variation
within tree species have been performed. Hence, the
availability of considerable data based on a common
methodology, i.e. isozyme electrophoresis, has moti-
vated the search for general patterns of population
genetic structure among woody perenmial species
(e.g. Hamrick & Godt, 1989; Hamrick eral., 1992).
Compared to nonwoody species, woody perennials
© maintain significantly more variation within species

and populations, but show lower differentiation

among populations. Despite average levels of
genetic differentiation among populations as low as
10% of the total variation, geographical patterns of
variation have often been detected in studies cover-
ing a wide ‘geographical scale (Lagercrantz &
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Ryman, 1990; Comps etal, 1991; Zanetto &
Kremer, 1995).

The review by Hamrick et al. (1992) on the factors
influencing levels of genetic diversity in woody
species stressed the importance of geographical
range and, to a lesser extent, of mating system and
seed dispersal mechanism. Only 16% of the varia-
tion in the level of differentiation among popula-
tions (measured by Ggyr) was explained by the seven
biological traits investigated by Hamrick efal.
(1992), which suggests that other factors play a signi-
ficant role in determining how genetic variation is
distributed within and among populations. Among
these factors, the evolutionary history of species
must have a major influence (Hamrick et al., 1992).
According to Bergmann (1991), the most important
aspects of species evolutionary history in shaping the
patterns of genetic variation within European forest
tree species are: (1) the number and types of glacial
refugia; (if) the migration routes during postglacial




538 O. RASPE & A.-L. JACQUEMART

periods; and (iii) human activities (silvicultural prac-
tices in particular). Range-wide patterns of genetic
diversity have, however, been studied in only a few
Furopean tree species, which consist almost exclu-
sively of those of economic importance such as
beech (Comps etfal, 1991), oaks (Zanetto &
Kremer, 1995) and Norway spruce (Lagercrantz &
Ryman, 1990).

Sorbus aucuparia (rowan) is a small, inscct-polli-
nated, self-incompatible tree (Raspé, 1998) wide-
spread in Europe, from Iceland and northern Russia
to the mountains of central Spain, Portugal, Italy
and the Caucasus, as well as in northern Asia Minor
(Clapham et al., 1962). The specnes is at its best in a
relatively wet (rainfall min. 750 mmyr™"), cool
climate (Rameau eral., 1989). Consequently, it is
confined to mountainous areas in the most southern
part of its range. The seeds are dispersed mainly by
birds (Snow & Snow, 1988), but also by mammals
(Grime er al., 1988). In many places (mainly at lower
altitudes) S. aucuparia often behaves as a hardy
pioneer or postpioneer species (Kullman, 1936;
Rameau et al., 1989), populations of which are later
replaced by late successional tree populations. At
higher altitudes, however, it is one of the few species
which can maintain the tree habit and its popula-
tions may be part of the late successional vegetation.
The ecology of S. aucuparia, therefore, contrasts to
some extent with the previously studied tree species
cited above, which are all wind-poliinated, late
successional species.

The purpose of this study is to quantify the
genetic variation within and among populations of
S. aucuparia using allozyme markers. The sampling
design, which consisted of several populations within
each of five regions distributed over a large
geographical scale, was aimed at detecting potential
heterogeneity among groups of populations in the
level and spatial pattern of genetic variation.

Materials and methods

Plant material

A total of 17 populations were sampled trom five
regions in Europe: three populations from the
Pyrenees; three populations from Auvergne (Central
France); two populations from Alsace (East France);
four populations from the Plateau des Tailles (East
Belgium); and five populations from Finland
(Fig. 1). From 25 to 51 individuals were sampled per
population, a total of 645 individuals. The sampled

populations were representative of a wide range or
ecological  conditions  (Table1). Geographical
distances between populations within regions ranged
from 1.8 to 536 km.

Electrophoresis procedures

Tissue from breaking buds was analysed by starch
gel electrophoresis according to Raspé et al. (1998).
Genotypes were obtained for 10 loci coding for six
enzymes: alcohol dehydrogenase (ADH, EC 1.1.1.1:
Adh-1), aspartate aminotransferase (AAT, EC
2.6.1.1: Aat-1), isocitrate dehydrogenase (IDH, EC
11.1.42: Idh-1, Idh-2), peroxidase (PRX, EC
1.11.1.7: Pm-1), phosphoglucomutase (PGM, EC
5.42.2: Pgm-1, Pgm-2, Pgm-3) and 6-phosphogluco-

- nate dehydrogenase (6PGD, EC 1.1.1.44: 6Pgd-1.

6Pgd-2). Genetic analysis of eight of these loci
(dat-1, Adh-1, Idh-1, Prx-1, 6Pgd-2, Pgm-1, Pgm-2.
Pgm-3} was in accordance with a single-locus codo-
minant mode of inheritance, except for Pgm-2, in
which partial dominance (because of a recessive null
allele) had to be included in the mode of inheritance
(Raspé etal., 1998). However, it was decided to
include this locus in the analysis because it showed
no peculiarities for parameters that could have been
affected by the presence of a null allele. More
specifically, the inbreeding coefficient was low and
not significantly different from zero in all popula-
tions and therefore it could reasonably be assumed
that the frequency of the null allele in populations
other than the one tested in Raspé etal. (1998)
should be very low, if not zero.

Data analysis

Except when otherwise stated, all computations and
statistical tests were performed using GEN-SURVEY, a
program written by X. Vekemans (Vekemans &
Lefebvre, 1997). Classical estimates of genetic varia-
tion were computed within each of the 17 popula-
tions, as well as at the species level: percentage of
loci polymorphic at the 95% level (P), mean number
of alleles per locus (4), and expected heterozygosity
(H.), which was corrected for small sample size (Nei.
1978). For each locus in every population, the
inbreeding coefficient (Fi5) was computed following
Kirby (1975), and an exact test for departure from
Hardy—Weinberg equilibrium was performed using
Ggenepop 3 (Raymond & Rousset, 1995a). The rejec-
tion level was adjusted for multiple tests by the
Dunn-Sididk method (Sokal & Rohlf, 1995), as
follows:
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o' =1—(1—a)",

where k is the number of tests.

Genetic differentiation among all populations, as
well as among populations within regions, was
investigated- with two approaches. An exact test for
homogeneity of allele frequencies among popula-
tions was performed using cenepop 3 (Raymond &
Rousset, 1995a). Gene diversity analysis after Nei
(1973) with corrections for small sample size (Nei &
Chesser, 1983) was also performed. Hy, Hs and Ggy
were computed for each locus and confidence inter-
vals at 95% were obtained for means over loci by
bootstrapping over loci. Furthermore, hierarchical
gene diversity analysis was performed by partitioning
genetic variation (Hy) into three components: within
populations (Hs), among populations within regions
(Dsr), and among regions (Dgy), with Dgy+
Dgr = Dgr. Idh-2 was excluded from all gene diver-
sity analyses, because only two copies of the gene
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(out of 1290} were found to be variable. Past gene
flow, expressed as number of migrants per genera-
tion (Nm), was estimated by the private allele
method (Slatkin, 1985) using the formula:

Inp(1)=a ln (Nm)+b,

where p(1) is the mean frequency of private alleles
(i.e. alleles restricted to a single population), and a
and b are coefficients which depend on the number
of individuals sampled from each population. The
coefficients a and b were estimated according 1o
Barton & Slatkin (1986) using generor 3 (Raymond
& Rousset, 1995a).

The pattern of gene flow among populations was
studied according to the method of Slatkin (1993)
based on the model of isolation by distance. The
extent of gene flow between two populations was
estimated as M = [(1/Fsr) —1)/4, where Fgp was esti-
mated according to Weir & Cockerham (1984). The
significance of the correlation between a similarity

Fig. 1 Geographical distribution of
sampled populations of Sorbus aucu-
paria. Py, Pyrenees; Au, Auvergne;

‘i.‘
L]

Ta-3 Ta4

Al-24 ALLL

Al, Alsace; Ta, Plateau des Tailles;

Fi, Finland.
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Table 1 Description of sampled Sorbus aucuparia populations

Population Latitude Longitude Altitude () Soil typet Demographic stage]

Py-1 42°58'N  00°%42'W 1500 S
Py-2 42°5T'N 00°46'W 1750  M+S7§
Py-3 42°48'N 00°32'W 1600 M+S
Au-l 45°30'N  02°55°E 1270 M
Au-2 45°32'N  02°56'F 170 M
Au-3 45°46'N  02°57'E 1200 M
Al-1 48°05'N  07°08'E 950 M
Al2 48°08'N  07°05'E 1250 P
Ta-1 50°14'N  05°42'E 630 M
Ta-2 50°15'N 05°47'E 565 P
Ta-3 50°14'N  05°47'E 500 M+P
Ta-4 SO°I3'N  05°48'E 565  MA4P
Fi-l 62°36'N  29°47'E 75 0

Fi-2 61°45'N  28°45'E 100 M
Fi-3 62°30'N 30°55'E 150 7

Fi-4 64°58'N 25°30°E 15 P

Fi-5 60°10'N  24°25'E 25 M

A=0Cc0oN8na0000n0C0

+M, mineral; P, peaty; S, skeletal.
1C, colonizing stage; O, old population.

§Uncertain because snow was covering the soil at the time of sampling.
1A few older trees at the edge of the population were also sampled.

matrix with pairwise M-values and a dissimilarity
matrix with geographical distances was tested by a
Mantel test. The Mantel statistic Z was standardized
into a product-moment correlation coefficient (). A
simple regression analysis of logw (M) was also
performed on the logarithm of geographical distance
(Slatkin, 1993). To describe further the geographical
pattern of genetic variation, Blosys-1 (Swofford &
Selander, 1981) was used to perform a UPGMA
cluster analysis on the Cavalli-Sforza & Edwards
(1967) arc distances between population pairs.

Genetic differentiation between the group of
Finnish populations and a group including the other,
more southerly, populations was tested a posteriont
(see below) as follows (Vekemans & Lefebvre,
1997). Genetic distances between pairs of popula-
tions were computed as the coancestry coefiicient
(Reynolds eral., 1983), which were then averaged
separately for pairwise comparisons within and
petween each group. Statistical significance of the
difference between the average-distance-within
against average-distance-between groups was investi-
gated using a permutation method (Sokal & Rohlf,
1995): one thousand samples were simulated by
randomly assigning populations to each group in
order to build the distribution of the statistic under
interest, then the observed difference was tested
against two-tailed critical values at 95% and 99% of
the distribution.

Results
Allozyme diversity at population and species levels

A total of 37 alleles were scored at the 10 loci across
the 17 populations analysed. The number of alleles
detected at each locus ranged from two (Idh-2 and
Pgm-3) to six (6Pgd-2), with a mean of 3.7
(SD = 1.25). The table of allelic frequencies is avail-
able from the authors on request. Levels of genetic
variability within each population are detailed in
Table 2. The ranges of percentage of polymorphic
loci (P), mean number of alieles per locus (4) and
expected heterozygosity (H.) were 50-80%, 1.9-2.6
and 0.159-0.277, respectively. Although the coeffi-
cient of variation (CV) among populations reached
15.7%, 16% and 6.7% for P, H. and A, respectively.
no significant differences were generally observed
among regions. An apparently significant exception
to this homogeneity was the lower level of expected
heterozygosity within Finnish populations compared
to more southerly populations. This difference.
however, appeared to result mainly from higher
frequencies of the common allele at only two loci
(Pgm-2 and Idh-I), which were highly polymorphic
in the other populations. Values of P, 4 and H, were
62.9%, 2.25 and 0.212, respectively, when averaged
over populations and 90%, 3.7 and 0.229 at the
species level (Table 2). The inbreeding coefficient

© The Genetical Society of Great Britain, Heredity, 81, 537-545.




(Fis) ranged from —0.132 in Ta-2 (Belgium) to
0.069 in Au-3 (Auvergne, France), with a mean of
—0.007 over all populations. The ratio of positive to
negative coefficients was §:9, iLe. as close as
possible to a 1:1 ratio. Out of the 124 exact tests
for departure from Hardy-Weinberg expectations,
only one was significant (P = 0.0003) after adjust-
ment of the rejection level (o' =0.0004 for
o= 0.05). This test concerned [dh-/ in Ta-1 and
corresponded to a fis of —0.047. These analyses
indicate that there is no tendency towards hetero-
zygote excess or deficiency within populations of
S. aucuparia.
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Spatial structure of variation and gene flow

Values of Ggr among the 17 populations were
consistently low over the 10 loci analysed, with an
average of 0.060 (Table 3). However, exact tests for
homogeneity of allele frequencies among popula-
tions revealed highly significant heterogeneity for all
loci {Table 3). Most of the variation among popula-
tions (Dgr) was distributed among regions (86¢),
with only little (14%) among populations within
regions (Dsg = 0.0024, Dpr = 0.0149). Some hetero-
geneity in the level of genetic differentiation among
populations within a region was observed among
regions (Table 4). Interestingly, the Tailles popula-

Table 2 Genetic diversity estimates and inbreeding coefficient in 17 populations
of Sorbus aucuparia, based on 10 allozyme loci —

Region Population N P A H, Fig
Pyrenees Py-1 50 70 24 0277 0.026
Py-2 50 70 23 0252 0.005
Py-3 36 60 22 0201 0.037
Mean 66.7 230  0.243 0.023
(SD) (5.7 (0.10) (0.039) (0.016)
Auvergne Au-1 49 50 23 0.234 0.065
Au-2 49 70 24 0241 —0.020
Au-3 25 50 1.9 0216 0.069
Mean 567 220 0230 0.038
(SD) (11.55) (0.26) (0.013) (0.0X0)
Alsace Al-l 29 80 2.1 0229 - —0.092
Al-2 36 80 22 0254 —-0.022
Mean 80.0 215 0.242 0057
(SD) (-} (0.071) (0.018) (0.049)
Tailles Ta-1 4 60 22 0220 —-0.037
Ta-2 40 70 23 0225 -—-0.132
Ta-3 47 50 22 0188 —0.1f"
Ta-4 30 60 22 0202 0.025
Mean 60.0 223 0209 -—0.066
(SD) (8.16) (0.050) (0.017) (0.0°D)
Finland Fi-1 30 50 22 0163 0.0+
Fi-2 51 60 22 0139 -0.072
Fi-3 25 60 23 017 0.011
Fi-4 28 60 23 0193 0043
Fi-5 36 70 2.6 0187 0.0+
Mean 60.0 232 0174 —0.021
(SD) (7.07)  (0.16) (0.013) (0.027)
Mean over all populations 629 225 0212 0047
(SD) (9.85) (0.15) (0.034) (0.059)

Species level

645 90 370 0229

N. sample size; P, percentage of polymorphic loci (0.95 criterion); A, number of
alleles per locus; H,, expected panmictic heterozygosity; Fis, mean inbreeding
caefficient: SD, standard deviation. ’
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Table 3 Gene diversities after Nei & Chesser (1983) and exact test for
homogeneity of allele frequencies (Raymond & Rousset, 1995b) for nine
allozyme loci in Sorbus aucuparia

Locus Na Hey Hs Dy Gst P
Pgm-1 5 0.423 0.399 0.024 0.056 <0.0001
Pem-2 3 0.444 0.370 0.073 0.165 <0.0001
Pgm-3 2 0.099 0.096 0.003 0.029 <0.0001
Prx-1 4 0.458 0.442 0.016 0.035 <0.0001
Adh-1 4 0.258 0.245 0.013 0.050 <0.0001
6Pgd-1 4 0.020 0.019 0.001 0.057 <0.0001
6Ped-2 6 0.086 0.085 0.002 0.019 <0.0001
Aat-1 3 0.184 0.180 0.004 0.021 <0.0001
Idh-1 4 0318 0.285 o 0034 0.105 <0.0001
Mean 0.254 0.236 0.019 ¢.060

(SD) (0.167) (0.151) (0.023) 0.047)

95% CI 0.152-0.356 0.142-0.328 (.007-0.034 0.035-0.090

tions exhibited the highest level of differentiation,
although the mean geographical distance between
them was lower than in any other region (Table 4).
However, the differentiation within the Tailles
region was significantly higher (nonoverlapping
confidence intervals) only when compared to

(M) and geographical distanec- (D): logy
(M) = —0.259 logy (D)+1.333, with the model
explaining 23% of the variation (R*= 0.233). These
results indicate a moderate but significant pattern of
isolation by distance.

As shown above, the Tailles populations exhibited

Auvergne. This was confirmed by tests of homo-
geneity of allele frequencies (highly significant
heterogeneity for the Pyrenees, Tailles and Finland
but nonsignificant for Auvergne and Alsace;
Table 4).

Gene flow among the 17 populations, estimated
using Slatkin’s private allele method, was high
(Nm = 4.62). A significant correlation was observed
between matrices of pairwise geographical distances
and gene flow estimates between pairs of popula-
tions (Mantel test; r= —0.433, P<0.0001). The
simple regression analysis on log-transformed data
yielded the following relationship between gene flow

an unexpectedly high level of differentiation (and
consequently a low level of gene flow) given the
small distances between -these populations. There-
fore tests were undertaken for isolation by distance
as above but with the Tailles populations excluded
from the analysis. This exclusion resulted in an

- apparently much greater isolation by distance

(r = —0.666; logy (M) = —0.467 logs (D)+2.019.
R} =0.444).

In the dendrogram obtained by upGma clustering
based on Cavalli-Sforza & Edwards (1967) arc
distances, populations tended to cluster according to
geographical regions with two exceptions: Py-3 and

Table 4 Genetic differentiation of Sorbus aucuparia populations within regions:
means and 95% confidence intervals for Gr and exact tests for homogeneity of
allele frequencies

Region N D (km) Gsr 95 confidence interval P of exact testt
Pyrenees 3 19.7 0.0183 0.0106 < Ger < 0.0258 <0.0001
Auvergne 3 207 0.0008 00044 <Ger<0.0063 (1.3856
Alsace 2 6.3 i i 0.9786
Tailles 4 40  0.0364 0.0190 < Gsr<0.0326 <(.0001
Finiand 5 302.8 00120 0.0062 < Ggr<0.01958§ <0.0001

N, number of populations; D, mean distance between populations (except for
the two Alsatian populations).

+Exact test according to Raymond & Rousset (1993b).

+Gsr not computed because only two populations were sampled.

§6Pgd-1 was excluded to compute Gsy because only one copy of the gene (out of
340) was found to be variable.
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Genetic distance
Fig. 2 upGMa cluster analysis of Cavalli-Sforza & Edwards
(1967) arc distances for the 17 populations of Sorbus
aucuparia.

Ta-3, which clustered with populations from
Auvergne. Moreover, Finnish populations were
separated out at the first level (Fig. 2). The mean
_pairwise genetic distance between these two groups
(Finnish vs. other populations) was significantly

greater (P <0.0001) than the mean pairwise genetic .

distance within groups, which confirms that the
Finnish populations are genetically diftferentiated
from the more southerly populations.

Discussion

Allozyme diversity at population and species levels

As pointed out by Hamrick & Godt (1989) and
Hamrick efal. (1992), long-lived woody perennials
usually maintain higher levels of genetic variation
within populations, as well as at the species level,
compared to species with other life forms. In
comparison to the mean values given by Hamrick
etal. (1992) for long-lived woody perennials
(P =49.3%, A =1.76, H. = 0.148 within populations:
P=650%,A4 =222, H.=0.177 within species). esti-
mates of genetic variation were higher in S. aucu-
paria for all parameters, both within populations
(P=62.9%, A =225, H, =0212) and within species
(P=90%, A=370, H.= 0.229). Among woody
plants, those species with large geographical ranges.
outcrossing breeding system and seed dispersal via
animal-ingestion, maintain more genetic diversity
within species and populations than woody species
with other combinations of traits (Hamrick eral.,
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1992). Sorbus aucuparia shows this particular
combination of traits. The high level of genetic van-
ation observed in the present study seems, therefore, .
consistent with the ecological attributes of the
species, and does not suggest the occurrence of
strong genetic bottlenecks during  postglacial
recolonization.  Although  Finnish  populations
appeared to show lower helerozygosity within popu-
lations than southerly populations, the -overal.
heterogeneity among -populations in levels of H.
(CV = 16%) was typical for an outcrossing plant
species (CV =1243%) as compared to the high
heterogeneity observed within  selfing  species
(CV =64 +15%) (Schoen & Brown, 1991).

Spatiaf structure of variation and gene flow

The overall level of differentiation, as measured by
Gsr, was very low; only 6.0% of the total diversity
was attributable to interpopulation variation. This
value is similar to the mean for woody species,
especially when compared to species sharing the
same ecological and life history traits (Hamrick
et al.,, 1992) and suggests high levels of gene flow in
S. aucuparia. High levels of gene flow through sead
and pollen dispersal are likely in . this species,
because seeds can be dispersed by birds aad
mammals which feed on the fleshy fruits (Grime
etal., 1988; Snow & Snow, 1988). Moreover,
S. aucuparia is insect-pollinated and self-incompat-
ible (Raspé, 1998) and, although insect pollination
was previously thought to result in very restricted
pollen dispersal (e.g. Levin & Kerster, 1974). a
recent review of direct estimates of pollen flow using
genetic markers (Hamrick efal,, 1995) suggestad
that gene flow mediated by insect pollination could
be extensive among populations separated by more
than 1000 m. It should be remembered, however.
that levels of gene flow inferred from genetic struc-
ture of populations (as in this study) actually reflect
past gene flow and integrate both realized gene flow
through seed and pollen dispersal between estab-
lished populations and the evolutionary history of
the populations (Slatkin, 1987). Furthermore. the
influence of the evolutionary history of populatuons
is probably stronger for long-lived (e.g. trees) than
for short-lived species, because fewer generations
are likely to have followed each other after magor
historical events such as postglacial recolonization.
In Finland, S. aucuparia shows an almost continucus
distribution (P. Vakkari, pers. comm.), but in
southern France it is confined to mountainous areas
because of its climatic requirements. Consequently,
important discontinuities arise in the distribution of
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the species among the southern regions (the Pyren-
ees, Auvergne, and to a lesser extent Alsace). There-
fore, the Jow level of pgenetic differentiation
observed over the whole sample might reflect
contemporary gene flow among Finnish populations,
whereas in southern areas it might represent both
present-day gene flow among populations within
regions and historical gene flow that occurred
among regions at a time when the climate was
cooler and wetter in southern Europe, allowing a
more continuous distribution of the species. Finally,
because S. aucuparia is often planted for ornamental
purposes, man-mediated gene flow cannot be
excluded a priori and might, in part, be responsible
for the low levels of differentiation observed.

It has been shown that some heterogeneity in the
level of differentiation among populations was
apparent among regions. In particular, differentia-
tion among the Tailles populations was unexpectedly
high given the high proximity of these populations.
It is interesting to note that the populations sampled
from the Plateau des Tailles have originated from
the recent colonization of clear-fellings in Picea
abies plantations (probably less than 25 years ago). It
may therefore be asked whether the relatively high
differentiation could result from these recent colo-
nization events. Indeed, theoretical studies have
shown that founding events may increase differentia-
tion among young populations, depending notably
on the number of individuals involved in the typical
founding event and on the number of source popu-
lations from which they are drawn (Wade & McCau-
ley, 1988; Whitlock & McCauley, 1990). A few
studies have tested the predictions of Wade and
McCauley on metapopulations of weedy species and
reported that colonization dynamics indeed
increased genefic variance between populations
(McCauley et al., 1995; Giles & Goudet, 1997).

Isolation by distance and geographical patterns

Although only weak differentiation was found
among the 17 populations analysed, some geographi-
cal patterns of variation could be observed. First,
when relating gene flow between populations and
geographical distances, a pattern of isolation by
distance was detected. This does not necessarily
mean that the populations are at equilibrium
between drift and migration, because other
processes can lead to apparent isolation by distance
(Slatkin, 1993). Without direct observations of
dispersal, it cannot be certain that the estimates of
gene flow from the present study actually reflect
effective dispersal. Moreover, local processes occur-

ring at the Plateau des Tailles which increased
genetic differentiation among populations may obvi-
ously have disrupted the pattern of isolation bv
distance.

Secondly, the present study showed by use of
cluster analysis that populations were more similar
genetically to populations from the same region
compared to populations from other geographical
groups. Finnish populations, in particular, appeared
to be highly significantly differentiated from more
southerly populations. Two hypotheses can be
proposed to account for the divergence of Finnish
populations. On the one hand, the greater
geographical distance separating the latter from the
southerly populations might be sufficient to allow for
the observed divergence to occur under isolation by
distance. On the other hand, the two groups of
populations might have originated from different
glacial refugia (or postglacial colonization path-
ways). The importance of the latter hypothesis has
been emphasized in several studies of other tree
species (e.g. Comps et al., 1990; Breitenbach-Dorfer
etal., 1992). Clearly, more research is needed to
discriminate between these hypotheses.
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