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ABSTRACT

Variation at 12 polymorphic isozyme loci was studied in the European beech on the basis of an extensive
sample of 389 populations distributed throughout the species range. Special emphasis was given to the
analysis of the pattern of geographic variation on the basis of two contrasting measures of genetic diversity,
gene diversity (H) and allelic richness, and to their relationship. Measures of allelic richness were corrected
for variation in sample size by using the rarefaction method. As expected, maximum allelic richness was
found in the southeastern part of the range (southern Italy and the Balkans), where beech was confined
during the last ice age. Surprisingly, H was lower in refugia than in recently colonized regions, resulting
in a negative correlation between the two diversity measures. The decrease of allelic richness and the
simultaneous increase of H during postglacial recolonization was attributed to several processes that
differentially affect the two diversity parameters, such as bottlenecks due to long-distance founding events,
selection during population establishment, and increased gene flow at low population densities.

N temperate regions, areas that have remained occu-
pied through long periods, during the last ice age
up to the present (i.e., refugia), are expected to harbor
higher levels of genetic diversity compared to those that
have been recolonized after the last ice age (HEwITT
1996). However, there is only limited evidence to sup-
port this hypothesis, partly because it is often difficult
to identify precisely these refugia with independent
(nongenetic) data.

The theory of bottlenecks or transitory reductions in
the effective population size predicts a strong decrease
of allelic richness and a more limited decrease of H at
neutral loci, since rare alleles will be more readily af-
fected by drift than the more frequent ones (NEI et al.
1975). But this theory may not be strictly applicable
to the founding events that have taken place during
postglacial colonization. In the context of a metapopula-
tion where the component populations are subjected
to extinction and recolonization, WADE and McCAULEY
(1988) suggested that a decrease in H and an increase
in levels of differentiation was to be expected in newly
founded populations, but SLATKIN (1977) insisted that
colonization could constitute a form of gene flow, when
the number of founders is large enough. While popula-
tion bottlenecks may initially reduce levels of genetic
diversity (CORNUET and LutkarT 1996; NEI et al. 1975),
admixture effects, which could take place when immi-
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grating populations meet, may result in a secondary
increase of diversity. Finally, selection during the early
phases of establishment could help maintain more gene-
tic diversity than expected using strictly neutral models.

Explicit empirical tests of historical factors that have
shaped levels of diversity within and among populations
remain scarce, especially in plant populations. An early
exception is the work of CwyNAR and MAcCDONALD
(1987). New opportunities to interpret patterns of diver-
sity of plants (and especially trees) emerge as more
becomes known of the past distributions and demo-
graphic processes during the postglacial colonization
(MacDoNALD 1993).

The European beech, Fagus sylvatica L. (Fagaceae), is
particularly suited for a detailed investigation of the
factors that have influenced levels of diversity across
its geographic range. Patterns of diversity of beech in
Europe are not complicated by the existence of interfer-
tile species, except for the presence of an allopatric
related beech species in Asia minor (F. orientalis). In
addition, a very detailed pollen record has been ob-
tained for this anemophilous species, because it has
colonized western and northern Europe relatively late
during the Holocene. This has allowed the identifica-
tion of the most likely refugia and colonization routes
(HuNTLEY and Birks 1983; European Pollen Database,
S. BREWER, R. CHEDDADI and J.-L. DE BEAULIEU, unpub-
lished data), which have been confirmed by chloroplast
DNA investigations (DEMESURE ¢l al. 1996). Finally, the
European beech is one of the species for which the
largest surveys based on isozyme markers exist. For ex-
ample, within Germany, a recent compilation reports
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multilocus data from >40,000 beech trees distributed
in 246 populations (KONNERT et al. 2000), and the spe-
cies has been used as a model to investigate viability
differences among isozyme genotypes (e.g., MULLER-
StArcKk 1993). The large isozyme data set that is the
basis of the present analysis covers most of the range
of the European beech and has been assembled during
the last decade. Only a limited part of the data has been
published so far (Comps et al. 1990, 1991, 1998; HAzZLER
et al. 1997).

Many empirical investigations consider only H, the
probability that two alleles sampled at random are differ-
ent, a parameter called gene diversity by Ne1 (1973). This
approach is restrictive, since allelic richness has quite
different dynamics and may be more useful to identify
historical processes such as bottlenecks (LUIKART et al.
1998) and population admixture (CHAKRABORTY et al.
1988). Here we use both diversity statistics to investigate
the patterns of distribution of genetic variation in the
European beech; the rarefaction method is employed
to correct for variation in sample size in the measure
of allelic richness (HURLBERT 1971; PETIT et al. 1998).

MATERIALS AND METHODS

The study species: The European beech is a monoecious
diploid (2n = 24) late-successional forest tree; forests domi-
nated by this species cover ~~17 million ha in Europe. As the
beech generally grows in a temperate and rather wet climate,
its populations occur at low altitudes in the north and at
higher altitudes in the south of its range. It is a highly outcross-
ing wind-pollinated tree species characterized by a self-fertil-
ization rate of 0-0.10 (MERZEAU et al. 1994). Beech does not
reproduce until it is 40-50 years old. The production of beech
nuts is characterized by irregular mast years. The European jay
(Garrulus glandarius) is the main long-distance seed disperser
(N1LssoN 1985), but the bulk of the seeds are disseminated
over small distances.

Material: A total of 389 populations of the European beech
(F. sylvatical..) were sampled through Europe over the natural
range of the species (Figure 1). The sampled populations are
considered to be of natural origin and were growing at alti-
tudes ranging from sea level to 1700 m. Regions not sampled
included Great Britain and mainland Denmark, where it was
difficult to ascertain the status of the beech forests due to the
presence of numerous artificial plantations, and Greece and
Bosnia. In each population beech twigs with dormant buds
were sampled from 50 nonadjacent individuals (to avoid the
sampling of related trees) chosen at random over a 3—-4-ha
area in a homogeneous environment.

Electrophoresis analysis: Enzymes were extracted from buds
and cortical tissue of each individual and were separated on
starch and acrylamide electrophoresis gels following the pro-
cedures of THIEBAUT et al. (1982), MERZEAU et al. (1989), and
MULLER-STARCK and STARKE (1993). Ten isozyme systems,
encoding 15 loci, were analyzed: A¢p (acid phosphatase, EC
3.1.3.2), Got (glutamate oxaloacetate transaminase, EC
2.6.1.1), Idh (isocitrate dehydrogenase, EC 1.1.1.42), Mdh (ma-
late dehydrogenase, EC 1.1.1.37), Mnr (menadione reductase,
EC 1.6.99.2), 6-Pgd (6-phosphogluconate dehydrogenase, EC
1.1.1.44), Pgi (phosphoglucose isomerase, EC 5.3.1.9), Pgm
(phosphoglucomutase, EC 2.7.5.1), Per (peroxidases, EC
1.11.1.7), and Sod (superoxide dismutase, EC 1.15.1.1).
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F1Gure 1.—Sampled beech populations. The shaded areas
indicate the range of the European beech (Fagus sylvatica).
The dotted line outlines the western distribution of . orientalis.
Four zones have been determined, corresponding to coloniza-
tion history. Zone 1 corresponds to the range of beech during
the last ice age, as inferred from fossil pollen. Zones 2 and 3
correspond to beech forests of intermediate age (older and
younger than ~4000 years, respectively). Zone 4 is the area
colonized most recently (<2000 years). Circles indicate the
position of each sampled population (389 in total). The open
circles correspond to populations that were not included in
any group.

Data analysis: To identify the broad-scale trends in genetic
differentiation throughout the species’ range, the populations
were combined into 55 groups of 5-9 populations (mean of
7), according to their geographical proximity. Six populations
were not included in any group: 2 were too isolated, and 4
had strikingly unusual allelic frequencies. These 4 populations
may have experienced particularly strong founding events
(Spain) or may be of artificial origin (western France, where
chloroplast DNA haplotypes of nonlocal origin have been
detected; DEMESURE el al. 1996). The groups were further
combined into four zones (excluding Crimea, due to its pe-
ripheral situation and ambiguous taxonomic position;
GOMORY et al. 1998), on the basis of the time since beech first
colonized each of these regions (Figure 1). Zone 1 consists of
5 groups originating from Bulgaria, Macedonia, and southern
Italy, and corresponds to the most ancient beech forests. In
these regions, beech has been detected continuously in paly-
nological sequences spanning the last ice age (Bulgaria, Boz-
HILOVA et al. 1989; Greece, TzEpAKIS 1993; Italy, LEONARDI
and MENO0zz1 1995; WATTS ef al. 1996; see also BENNETT et al.
1991; BERGLUND et al. 1996). Zone 2 includes 26 groups that
are relatively close to the inferred glacial refugia, whereas
zone 3 includes 16 more peripheral groups of populations.
The limit between zones 2 and 3 was based on published
(HuNTLEY and BIrks 1983) and unpublished (S. BREWER, R.
CHEDDADI and J.-L.. DE BEAULIEU, personal communication)
isopollen maps representing the inferred limit of distribution
of beech ~4000 years ago. Zone 4 was made up of the 7
westernmost and northernmost groups of populations, at the
extreme periphery of the species’ range, which were founded
2000 years ago or less: western Spain, Brittany, Denmark, and
Sweden (HUNTLEY and Birks 1983; BERGLUND et al. 1996).

For each population, the observed heterozygosity (H,), the
gene diversity (), and the heterozygote deficit (fy5) were
computed for each locus. For each group, mean within-popu-
lation gene diversity (Fs), total gene diversity (Hy), and the
coefficient of genetic differentiation (Fgr) were estimated
along with their variances following Pons and CHAOUCHE
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(1995). Computation of allelic richness for specified sample
sizes was based on the rarefaction method developed in ecol-
ogy by HURLBERT (1971). Under this method, allelic richness
is denoted as A[g] and corresponds to the number of different
alleles found when ggene copies—the specified sample size—
are sampled at the locus in question. If a total of N (N > g)
gene copies are examined at this locus, the expected number
of different alleles in a sample of size g may be obtained by
the formula

ot = 3o - [/ - sl - A

i

where N, represents the number of occurrences of the ith
allele among the N sampled gene copies.

Average sample size was 47.4 individuals per population,
with sample sizes of most populations exceeding 40 diploid
individuals (that is, 80 gene copies). We therefore chose to
compare allelic richness after rarefaction to a common sample
size of g = 80. The mean within-population allelic richness
was named Ag[g] and the total allelic richness Ar[g]. The
coefficient Asr[g] = 1 — (Aslgl — 1)/ (Ar[g]l — 1) was used
to measure the partitioning of allelic richness among popula-
tions (PETIT el al. 1998). It largely depends on the distribution
of rare alleles, notably whether they tend to be clustered in
some populations (high Agr) or are distributed more evenly
so that one population is representative of the whole species
(low Agr). For statistics at the group level, we estimated allelic
richness at a common sample size of 400 gene copies (the
smallest group comprising 225 individuals, i.e., 450 gene cop-
ies). For comparisons among zones, which varied between
1573 trees in zone 1 and 8638 in zone 2, we compared allelic
richness at a specified sample size of 1000 gene copies. A
simplified version of the program (CONTRIB) used to make
these computations is available at www.pierroton.inra.fr/
genetics/labo/Software/.

The significance of differences in genetic diversity parame-
ters between the four geographic zones was tested using a
Wilcoxon signed-ranks test in the Splus statistical package.
This nonparametric test for paired comparisons was appro-
priate because homologous loci were used in the different
populations. The test does not assume that the data are nor-
mally distributed (LUIKART et al. 1998). To further examine
the trend across loci for gene diversity in refugia vs. peripheral
populations, we included data from four additional loci ( Got-2,
Lap-1, Mdh-1, and Skdh-1) that have been studied in a separate
investigation of 186 distinct populations distributed mostly in
eastern and central Europe (GOMORY et al. 1999).

Bottlenecks were inferred for each population using the
program BOTTLENECK (CoOrRNUET and LUIRKART 1996),
which contrasts H with the heterozygosity predicted on the
basis of the observed number of alleles under the assumption
of mutation-drift equilibrium (Ewens 1972). This distribution
is obtained through simulating the coalescent process under
the infinite alleles model. For comparison, the corresponding
standardized deficit of heterozygosity (dH/SD; CORNUET and
LuUikarT 1996) and its associated P value were used.

The correlations between the geographic variables (longi-
tude, latitude, and altitude) and the diversity parameter esti-
mates were studied at the group level (54 groups, excluding
Crimea), and at the population level (376 populations in-
cluded in the 54 groups).

RESULTS

Overall diversity: At each of 15 allozyme loci, diploid
genotypes were obtained from an average of 18,440

trees distributed over 389 populations, resulting in the
scoring of a total of 497,146 allelic products. Three loci
were monomorphic in all populations (A¢p-2, Got-3, and
Pgm-2), although they are known to be polymorphic in
other species of Fagus (B. Comps, unpublished data).
The 12 remaining loci have 2-5 alleles per locus (total
of 41; Table 1). Thirteen of the 41 alleles studied were
present in all populations. Among the 28 remaining
alleles, on which all measures of allelic richness were
based, 8 were present in <5% of the 389 populations,
and 8 in >95% of the populations.

There were on average 2.26 alleles per polymorphic
locus and per population (standardized samples of 80
gene copies). At the specieslevel, the equivalent number,
i.e., based on a sample of 80 gene copies, is 2.45 alleles
per locus, so that the overall coefficient of differentia-
tion for allelic richness Ag[80] is 0.13.

The mean observed heterozygosity H, (0.275) was
slightly lower than the value expected for random mat-
ing populations (s = 0.282), indicating a limited het-
erozygote deficit (fis = 0.025). One of the 12 loci has
a significant heterozygote excess (A¢p-1), and 4 have a
significant deficit, particularly strong in the case of locus
Mdh-2 (Fs = 0.247). The overall value for Fy is 0.059,
and all 12 Fr estimates are highly significantly different
from zero, varying from 0.031 to 0.114.

Correlation between geographic variables and diver-
sity parameters: Significant correlations were found be-
tween latitude, longitude, altitude, and several diversity
parameters (Table 2). Longitudinal trends were usually
stronger than latitudinal ones, especially with allelic
richness measures. Altitudinal trends exist, but altitude
is strongly correlated with latitude (—0.82 at the group
level, —0.70 at the population level). In general, correla-
tions are higher at the group level. The strongest corre-
lations with geography are those between longitude and
allelic richness, especially for total allelic richness
(Ar[400]; r=0.73, P< 0.001). The positive correlation
between latitude and Hj is also noteworthy (r = 0.43 at
the group level, P < 0.001). The negative correlation
observed between the two measures of genetic variation
is remarkable (r = —0.45 between Hy and A{[400], P <
0.001).

Geographic patterns for genetic diversity estimates:
All genetic diversity parameters and fixation indices
were estimated for each of the 55 groups. Only the maps
representing the results at the group level are included,
since they provide a good overall synthesis. Figure 2A
illustrates the results for the mean within-population
gene diversity (Hs) [results for total group diversity (Hr)
are very similar and are not shown]. Southeastern popu-
lations are characterized by below average values of H;.
Above average values are found in the remainder of the
range. Strikingly, the pattern is the reverse for allelic
richness (Figure 2B): the highest values, at the group
level (A;[400]), are found in Italy and in southeastern
Europe. The mean within-population allelic richness
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TABLE 1

Diversity parameters across loci and across zones

N, N m A AJ[1000]°  AJ80]  A.[80]  H, H H, Fy® Fy"
Acp 17544  45.1 3 3.00 2.92 3.00 052 050 054  0.06%%%  —(.03%k
Got-1 18,200  46.8 4 282 2.04 2.10 0.25 027 030  0.17% 0.06%
Idir1 18,987  48.8 3 3.00 9.44 2.69 0.36  0.36  0.38  0.05%%* 0.01
Mdh3 18,810  48.4 2 200 1.97 2.00 0.36  0.36  0.38  0.04%%x 0.01
Mdh2 18,488 475 5 849 2.76 3.02 0.15 020 021  0.03%* 0.25%#5
Mnr1 19,186 49.3 5 438 2.32 2.85 0.12 012 013  0.03%x 0.00
Perl 18,279  47.0 2 200 2.00 2.00 0.39 041 043  0.04% 0.05%
Per2 18,377  47.2 3 3.00 2.93 3.00 0.39 039 040  0.04%%x 0.01
6Pgd-1 17,760 457 4 3.11 2.15 2.68 0.15 016  0.17  0.09%% 0.03*
Pgi-l 19,094  49.1 4 310 1.60 1.97 0.04 0.04 0.04 0.03%x 0.02
Pam-1 18,834 484 4 292 2.04 2.14 0.33 033 036 008  —0.01
Sod-1 17,725  45.6 2 200 1.99 2.00 0.25 025 027  0.09% 0.01
All loci 18,440 474 41 290 2.26 2.45 0.28 028 030 0.07 0.02
Zone 1 33 1,573 477 40 3.10 (a) 9.98 2.53 024 025 026 0.03 (a) 0.06 (a)
Zone 2 180 8,638 48.0 40  2.84 (b) 2.26 2.37 0.27 028 029 0.04 (a) 0.05 (a)
Zone3 116 5539 478 34 251 () 2.95 2.31 031 032 033  0.04 (a) 0.03 (a)
Zone 4 47 2,138 455 31  2.43 (o) 2.20 2.31 031 031 033  0.07 (b) 0.00 (b)

N,, number of populations included in each zone; N, total number of trees analyzed at each locus or in each of the four
zones; m, mean number of trees analyzed per population; A, number of alleles observed at the locus or within the zone; Ar[1000],
total allelic richness after rarefaction to 1000; As[80] and Ar[80], respectively, mean within- and total allelic richness after
rarefaction to 80; H,, Hs, and Hy, observed, within-population, and total heterozygosities; Iy and Iis, coefficient of genetic
differentiation and heterozygote deficit; *, **, #¥* levels of significance based on 5, 1, and 0.1% confidence levels, respectively.

“ Among zones, parameters (Ar, Fgr, Iis) with (a), (b), and (c) are significantly different based on the Wilcoxon signed-ranks

test.

has a similar pattern, except that Italian populations
are below average (results not shown).

Geographic trends for fixation indices (I and Fgr)
are very different from those observed for H and for
allelic richness. The coefficient of differentiation is
above average in northern Europe (Sweden and Den-
mark), in Brittany (western France), northwestern
Spain, and Rumania, as well as in Corsica, in southeast-
ern France, and in the Pyrenees (Figure 2C). Except
for Corsica and southeastern France, the same regions
are characterized by negative Fis values (i.e., heterozy-
gote excess; see Figure 2D). Geographic patterns of
differentiation for allelic richness (Agr; see Figure 2E)
resemble those observed for I (Figure 2C) and for
allelic richness (Figure 2B), as populations from both
zones 1 and 4 present higher levels of differentiation.
Finally, the analysis made to infer bottlenecks differenti-
ates southeastern European populations from the re-
maining ones, closely matching the results obtained for
Hg; out of 383 tests, 71 (19%) were significant at P <
0.05, none of them located in zone 1 (corresponding
to the oldest populations; Figure 2F).

Evolution of genetic diversity during colonization: Di-
versity parameters were computed in each of the four
zones corresponding to increasingly recent beech for-
ests (Figure 1 and Table 1). Despite the comparatively
small size of zone 1 (9% of the populations), all but 1
allele (Got1, allele 1) were detected in this zone. Simi-
larly, in zone 2 (48% of the populations), 40 of the 41

alleles are present. In zone 3, 7 alleles are lacking, and
10 are lacking in zone 4. After standardization to a
common sample size of 1000 gene copies, the highest
value was observed in zone 1 (3.10 alleles per polymor-
phic locus), followed by zone 2 (2.84), and zones 3 and
4 (2.51 and 2.43, respectively). Wilcoxon signed-ranks
tests across the 12 loci showed that all differences, ex-
cept between zones 3 and 4, were significant, indicating
a steady decrease in allelic richness during postglacial
colonization. Within-population and within-group al-
lelic richness, on the basis of a sample of 80 gene copies,
follow the same trend. For H; and Hs, the trend is
opposite, with larger values in newly colonized areas.
Total diversity Hy is 30% higher in newly colonized
regions than in refugia (0.33 in zone 4 vs. 0.26 in zone
1), and within-population diversity Hs is 24% larger
(0.31 in zone 4 ws. 0.25 in zone 1). The coefficient
of genetic differentiation among populations (f4r) also
increases away from refugia, especially in zone 4, where
itreaches 0.07, compared to only 0.03 in zone 1. Finally,
the heterozygote deficit Fjs, on the basis of the 12 loci,
decreases with time since colonization, from 0.06 in
zone 1 to close to 0 in zone 4.

Although the mean within-population gene diversity
Hjs increases from zone 1 to zones 3 and 4, the pattern
is not consistent over loci. For each of the 12 loci and
for 4 additional ones taken from a study by GOMORY et
al. (1999 and unpublished results), the average of H
for peripheral populations (zones 3 and 4) was plotted
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against the corresponding estimates for refugia (zone
1; Figure 3). Confidence intervals (P = 0.95) are pro-
vided. Six loci have higher gene diversity in refugia,
and 10 have higher gene diversity in peripheral zones.
However, 4 of the 6 loci for which gene diversity had
decreased during postglacial colonization had already
low levels of gene diversity in refugia.

0.85%#:

DISCUSSION

Changes in genetic diversity during colonization: In
population genetics theory, the distribution of the num-
ber of different alleles in a sample, at mutation-drift
equilibrium, is given by Ewens’ (1972) sampling for-
mula; this formula remains central to many recent devel-
opments in population genetics (e.g., CORNUET and
LUIKART 1996; see below). In empirical studies, the rar-
efaction method developed in ecology by HURLBERT
(1971) provides an efficient way to standardize allelic
richness. Using this approach, we could demonstrate
the existence of a significant and steady decline in allelic
richness during postglacial recolonization of Europe by
beech. This result was expected, because cumulative
founding events are predicted to lead to allele losses.
Because the mutation rates at isozyme loci are low (e.g.,
NEEL et al. 1988), much more time must elapse before
new alleles can restore the initial allelic diversity.

A more surprising result is the increase of H during
colonization, particularly if we consider that the de-
crease in allelic richness should have brought about a
simultaneous (though less marked) decrease in H. For
instance, for those loci that had lost all but their most
frequent allele at the outset of recolonization, it is clear
that no subsequent increase in A could occur. The nega-
tive correlation between the two measures of diversity
(r = —0.44 at the group level) and the positive but still
very low correlation at the population level (r = 0.15)
contrast with the values expected at mutation-drift equi-
librium for these sample sizes (0.70, CHAKRABORTY ef
al. 1980). The differences between analyses at the group
and at the population level reflect the fact that the
overall geographical trend is better captured by averag-
ing the diversity estimates over several local populations.
In comparisons among neighboring populations, those
characterized by higher allelic richness will tend to have
also higher gene diversities, whereas this does not hold
for populations further apart. The correlation between
the two diversity parameters is therefore scale depen-
dent. Contrary to distant populations, nearby popula-
tions are exposed to more similar environments and
are likely to originate from the same refugium and to
have been founded at the same time.

Bottlenecks and the distribution of variation among
populations: On the basis of the high number of signifi-
cant bottleneck tests (71) and their location away from
glacial refugia, it may be concluded thatfounding events
were indeed associated with postglacial recolonization

Long, longitude; Lat, latitude; Alt, altitude. Group level estimates are given above the diagonal, and population level estimates below (except for Hy, Fsr, and A, which

are defined only at the group level); As[80] stands for allelic richness at the population level. *, #*#, *** significant correlation coefficients at the 5, 1, and 0.1% levels, respectively.
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by beech. The method of identification of bottlenecks
is based on a contrast between allelic richness and H
(CorNUET and LuikarT 1996). Typically, bottlenecks
are characterized by large losses in allelic richness and
by concomitantly slight diminution of H, especially if
population size rebounds rapidly (NE1 el al. 1975; ELL-
STRAND and ErLLam 1993). In the present example, how-
ever, the measure of the intensity of bottleneck (dH/
SD) was strongly correlated with H, but less so with allelic
richness (Table 2). Directional increase of H (due to
selection, for instance) accompanied by more limited
losses of allelic richness could also result in significant
tests. However, in this case, the necessary assumption
of selective neutrality of the loci (CORNUET and LUIKART
1996) would not be met.

The maps for Iy and Fs estimates point to those
populations colonized most recently (zone 4), which
are characterized by higher differentiation and lower
heterozygote deficit. These fixation indices are known
to have different, more rapid dynamics compared to
that of H (e.g., CRow and Aoxr 1984). On the other
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hand, the measure of genetic differentiation for allelic
richness (Agr) roughly distinguishes the oldest and youn-
gest beech populations from those of intermediate age.
The different results for Fg; and Ag for populations
located in the refugia point again to different dynamics
for rare alleles and for the frequent ones. There are few
theoretical studies that consider the contrast between
intra- and interpopulation allelic richness. Using the
coalescent approach, WAKELEY (1998) has suggested
that a measure equivalent to our Agr could provide bet-
ter insights into levels of gene flow than the classical Fyr
approach.

Numerical demonstration that allelic richness and H
can change in opposite directions: Metapopulation
models indicate the conditions under which A may actu-
allyincrease during colonization (WADE and McCAULEY
1988). In the migrant pool model (colonists originating
from all preexisting populations with equal probability),
Hwill increase during colonization and Fgr will decrease
if k> 2Nm + 1, where k is the number of diploid
colonists (materialized by seeds in the case of the

FiGure 2. —FEstimates of diversity, allelic richness, and fixation indices, and detection of bottlenecks in 55 groups of the
European beech. Groups consist of 5-9 (mean of 7) geographically close beech populations. Values above average (or above
zero for Fg) are represented by solid circles, and values below average are indicated by open circles; circle sizes are proportional
to the deviation from the mean or from zero. (fs) Mean within-population gene diversity. (Ay) Total allelic richness per group,
after rarefaction to a common sample size of 400 gene copies (Ar[400]). (f%r) Coefficient of differentiation among populations
within each group. (/9s) Mean heterozygote deficit per group. (Asr) Partitioning of allelic richness among populations within
group (Asr[80]). (dH/SD) Measure of the intensity of bottlenecks; the number of significant bottlenecks per group is also
indicated.
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beech), and Nm is the number of migrants per genera-
tion (i.e., involving both seeds and pollen; Le CORRE
and KrReMER 1998; WADE and McCAULEY 1988). With
Fyr = 0.027 in refugia (zone 1; see Table 1), we have
Nm = Y(1/Fr — 1) = 9.0, and the required condition
for H to increase is k > 19. Unfortunately, allelic rich-
ness was not included in these models, so itis not known
if they yield conditions when allelic richness decreases
as H increases. Using the method of rarefaction, it can
be shown that the newly founded populations will have,
in the case of 19 diploid colonists taken from through-
out the refugia, a maximal allelic richness of ~2.28 (i.e.,
A7[38]). This estimate is slightly lower than the within-
population allelic richness actually observed in refugia
(As[95] = 2.34), indicating that H can increase while
allelic richness decreases. However, the situation de-
scribed above is not very realistic. Indeed, evidence ex-
ists that founding events involved very few seeds. De-
tailed analyses of chloroplast DNA structure in oaks
have revealed fixation of single haplotypes within small
regions, the likely consequences of rare long-distance
dispersal events during colonization (LE CORRE et al.
1997; PETIT et al. 1997). Similar results have been found
in beech (DEMESURE ¢t al. 1996; R. ]J. PETIT, unpublished
data).

Consequences of an increased pollen flow during col-
onization: A delayed version of the multiple colonists
model discussed above (by pollen rather than by seeds),
associated with a temporary increase of pollen flow dur-
ing colonization, could partly account for the increase
in H. Changes in gene flow rates during population
growth could have important genetic consequences
(INGVARSSON 1997). For species where pollen immigra-
tion is independent of the size of the population, such
as wind-pollinated trees, the rate of gene flow should
be highest in the first generations, resulting in higher
values of H compared with the situation where growth is
instantaneous. In beech, pollen flow is more widespread
where trees are far apart than within closely spaced
populations (THIEBAUT et al. 1990; MERZEAU et al. 1994).
The merging of beech populations originating from
separate refugia in southeast Europe during coloniza-
tion could have further facilitated this trend, although
genetic differentiation among populations is not very
large in the refugial zone (Fyy = 0.027).

Selection during recolonization: In the present study,
an increase of total diversity Hr (and not only of H)
was observed during colonization, so that the mere mix-
ing of populations from refugia does not suffice to ex-
plain the results. This could point to selective effects
acting directly or indirectly on the isozyme loci. Viability
selection under stress conditions, such as those that
prevail during establishment of new populations, could
promote an increase in observed heterozygosity at some
loci, beyond that caused by the removal of the more
inbred individuals (see, e.g,, MULLER-STARCK 1993).
THIEBAUT e al. (1992) have described a particularly

pronounced trend of increase of observed heterozygos-
ity with age when beech seedlings are growing under
high daylight intensity. Given the more open conditions
prevailing during postglacial recolonization, this selec-
tion differential could explain why newly established
beech stands maintain more diversity than expected at
some loci.

Concluding remarks: We suggest that a combination
of the factors discussed above has acted successively to
limit the initial loss of gene diversity and then possibly to
increase it above the initial values found in the refugia.
Simultaneously, allelic richness, which had decreased
as a consequence of the initial founding events, was
unable to recover, given the low mutation rates at iso-
zyme loci. Although it has became clear since 10-15
years ago that a detailed historical framework is the
precondition for interpreting patterns of geographic
variation in genetic diversity in many plant and animal
species, the direction of change during colonization
may sometimes differ from that predicted by simple
models.

We thank all people who have taken part in the sampling of beech
twigs, particularly Ladislav Paule and his team (Zvolen, Slovakia) for
their efficient help. Thanks are also due to the technicians of the
French National Forest Office and to R. M. Guilbaud for her efficient
technical assistance. Discussions with Valérie Le Corre helped to clarify
some of the genetic consequences of colonization, whereas Simon
Brewer kindly communicated unpublished maps on postglacial coloni-
zation of beech in Europe and provided many useful references. We
finally thank several anonymous referees for their thorough comments
on previous versions of the manuscript. R. J. Petit was supported by
a grant from the European Union dealing with genetic variation in
beech (FAIR3-CT96-1464).

LITERATURE CITED

BENNETT, K. D, P. C. TzEpAKIs and K. J. WiLL1s, 1991  Quaternary
refugia of north European trees. J. Biogeogr. 18: 103-115.
BERGLUND, B. E., H. J. B. BIRKS, M. RaLskA-Jasiewiczowa and H. E.
WRIGHT, 1996  Palaeoecological Events During the Last 15000 Years.

Wiley, Chichester, England.

BozuiLova, E., H. PaNovska and S. Tonkov, 1989  Pollen analytical
investigations in the Kupena National Reserve, West Rhodopes.
Geogr. Rhodopica 1: 186-190.

CHAKRABORTY, R., P. A. FUErsT and M. NkI1, 1980 Statistical studies
on protein polymorphism in natural populations. III. Distribution
of allele frequencies and the number of alleles per locus. Genetics
91: 1039-1063.

CHAKRABORTY, R., P. E. SmouUsE and J. V. NEEL, 1988 Population
amalgation and genetic variation: observations on artificially ag-
glomerated tribal populations of Central and South America.
Am. J. Hum. Genet. 43: 709-725.

Cowmps, B., B. TaiipauT, L. PAULE, D. MERZEAU and J. LETOUZEY,
1990  Allozymic variability in beechwoods (Fagus sylvatica L.)
over central Europe: spatial differentiation among and within
populations. Heredity 65: 407—417.

Cowmps, B., B. THIEBAUT, I. SUGAR, 1. TriNaJsTIC and M. PLAZIBAT,
1991 Genetic variation of the Croatian beech stands (Fagus syl-
vatica L.): spatial differentiation in connection with the environ-
ment. Ann. Sci. For. 48: 15-28.

Cowmrs, B., C. MATYAS, ]. LEToUuZEY and T. GEBUREK, 1998 Genetic
variation in beech populations (Fagus sylvatica L..) along the Al-
pine chain and in the Hungarian basin. For. Genet. 5: 1-9.

CORNUET, J.-M., and G. LUIKART, 1996  Description and power analy-



Genetic Diversity in the European Beech 397

sis of two tests for detecting recent population bottlenecks from
allele frequency data. Genetics 144: 2001-2014.

Crow, J. F., and K. Aoki, 1984 Group selection for a polygenic
behavioral trait: estimating the degree of population subdivision.
Proc. Natl. Acad. Sci. USA 81: 6073-6077.

CWYNAR, L. C., and G. M. MACDONALD, 1987  Geographical variation
of lodgepole pine in relation to population history. Am. Nat.
129: 463-469.

DeMESURE, B., B. Comps and R. J. PeTIT, 1996 Chloroplast DNA
phylogeography of the common beech (Fagus sylvatica L.) in
Europe. Evolution 50: 2515-2520.

ErrsTrRAND, N. C,, and D. R. Eram, 1993  Population genetic conse-
quences of small population size: implications for plant conserva-
tion. Annu. Rev. Ecol. Syst. 24: 217-242.

Ewens, W.J.,1972 The sampling theory of selectively neutral alleles.
Theor. Popul. Biol. 3: 87-112.

GOMORY, D., I. SHVADCHAK, L. PAULE and J. V¥SnY, 1998  Genetic
diversity and differentiation of beech populations in Crimea.
Russ. J. Genet. 34: 63-70.

GOMORY, D., L. PAULE, R. Brus, P. ZHELEV, Z. ToMmovIC el al., 1999
Genetic differentiation and phylogeny of beech on the Balkan
Peninsula. J. Evol. Biol. 12: 746-754.

HazLER, K., B. Comps, I. SUGAR, L. J. MELOVSKI, A. TASHEV ¢t al., 1997
Genetic structure of Fagus sylvatica L. populations in Southeastern
Europe. Silv. Genet. 46: 229-236.

Hewrrt, G. M., 1996 Some genetic consequences of ice ages, and
their role in divergence and speciation. Biol. J. Linn. Soc. 58:
247-276.

HuntLEY, B., and H. ]J. B. Birks, 1983 An Atlas of Past and Present
Pollen Maps for Europe, 0—13000 Years Ago. Cambridge University
Press, Cambridge, UK.

HURLBERT, S. H., 1971 The nonconcept of species diversity: a cri-
tique and alternative parameters. Ecology 52: 577-586.

INGVARSSON, P. K., 1997 The effect of delayed population growth
on the genetic differentiation of local populations subject to
frequent extinctions and recolonizations. Evolution 51: 29-35.

KONNERT, M., M. ZIEHE, U. TROBER, W. MAURER, A. JANBEN e/ al.,
2000 Genetische Variation der Buche (Fagus sylvatica L.) in
Deutschland: gemeinsame Auswertung genetischer Inventuren
tiber verschiedene Bundeslinder. Forst Holz 55: 403-408.

LE CORRE, V., and A. KREMER, 1998 Cumulative effects of founding
events during colonisation on genetic diversity and differentia-
tion in an island and stepping-stone model. J. Evol. Biol. 11:
495-512.

LE CORrRE, V.,N. MACHON, R.J. PETIT and A. KREMER, 1997  Coloniza-
tion with long-distance seed dispersal and distribution of mater-
nally inherited diversity in forest trees: a simulation study. Genet.
Res. 69: 117-125.

LeoNarDpI, S., and P. MENozz1, 1995 Genetic variability of Fagus
sylvatica L. in Italy: the role of postglacial recolonization. Heredity
75: 35-44.

LuikarT, G., W. B. SHERWIN, B. M. STEELE and F. W. ALLENDORF,
1998  Usefulness of molecular markers for detecting population
bottlenecks via monitoring genetic change. Mol. Ecol. 7: 963-974.

MacDonNALD, G. M., 1993 Fossil pollen analysis and the reconstruc-
tion of plant invasions. Adv. Ecol. Res. 24: 377-394.

MEerzeAu, D., F. D1 Giusto, B. Comps, B. THIEBAUT, J. LETOUZEY et
al., 1989  Genetic control of isozyme systems and heterogeneity

of pollen contribution in beech (Fagus sylvatica L.). Silv. Genet.
38: 195-201.

MERrzEAU, D., B. Comps, B. THIEBAUT and J. LETOUZEY, 1994 Estima-
tion of Fagus sylvatica 1. mating system parameters in natural
populations. Ann. Sci. For. 51: 163-173.

MULLER-STARCK, G., 1993  Auswirkungen von Umuweltbelastungen auf
genetische Strukturen von Waldbestinden am Beispiel der Buche (Fagus
sylvatica L.)., Schriften aus der Forstl. Fak. d. Univ. Gottingen
u. d. Niedersichs. Forstl. Versuchsanst., Vol. 112. Sauerlinder’s
Verlag, Frankfurt a. M., Germany.

MULLER-STARCK, G.,and R. STARKE, 1993  Inheritance of isoenzymes
in European beech (Fagus sylvatica L.). J. Hered. 84: 291-296.

NEEL, ]. V., C. SATOH, P. SMOUSE, J.-I. AsAkAwA, N. TAKAHASHI et al.,
1988 Protein variants in Hiroshima and Nagasaki: tales of two
cities. Am. J. Hum. Genet. 43: 870-893.

NEr, M., 1973 Analysis of gene diversity in subdivided populations.
Proc. Natl. Acad. Sci. USA 70: 3321-3323.

NerI, M., T. MARUYAMA and R. CHAKRABORTY, 1975 The bottleneck
effect and genetic variability in populations. Evolution 29: 1-10.

NILssON, S. G., 1985 Ecological and evolutionary interactions be-
tween reproduction of beech Fagus sylvatica and seed eating ani-
mals. Oikos 44: 157-164.

PeTIT, R. |., E. PINEAU, B. DEMESURE, R. BACILIERI, A. DUCOUSSO et
al., 1997  Chloroplast DNA footprints of postglacial recoloniza-
tion by oaks. Proc. Natl. Acad. Sci. USA 94: 9996-10001.

PeTIT, R. J., A. EL. MOUsapIk and O. Pons, 1998  Identifying popula-
tions for conservation on the basis of genetic markers. Conserv.
Biol. 12: 844-855.

Pons, O., and K. CHAOUCHE, 1995  Estimation, variance and optimal
sampling of gene diversity. II. Diploid locus. Theor. Appl. Genet.
91: 122-130.

SLATKIN, M., 1977 Gene flow and genetic drift in a species subject
to frequent local extinctions. Theor. Popul. Biol. 12: 253-262.

THiEBAUT, B., R. LUMARET and P. VERNET, 1982 The bud enzymes
of beech (Fagus sylvatica L..). Genetic distinction and analysis of
polymorphism in several French populations. Silvae Genet. 31:
51-60.

THiEBAUT, B, J. CUGUEN, B. Comps and D. MERZEAU, 1990  Genetic
differentiation in beech (Fagus sylvatica 1.) during periods of
invasion and regeneration, pp. 379-390 in Biological Invasions in
Furope and the Mediterranean Basin, edited by F. p1 CAsTRI, A. J.
HAaNsSEN and M. DeBuUssCHE. Kluwer Academic Publishers, Dor-
drecht/Boston/London.

TaiEBAUT, B., B. CompPs and A. LEROUX, 1992 Relation hauteur-
génotype dans une régénération naturelle de hétre (Fagus sylval-
ica L..), équienne et agée de 18 ans. Ann. Sci. For. 49: 321-335.

Tzepaxrs, P. C., 1993 Long-term tree populations in northwest
Greece through multiple Quaternary climatic cycles. Nature 364:
437-440.

WabpE, M. J., and D. E. McCaULEY, 1988 Extinction and recoloniza-
tion: their effects on the genetic differentiation of local popula-
tions. Evolution 42: 995-1005.

WAKELEY, J., 1998  Segregating sites in Wright’s island model. Theor.
Popul. Biol. 53: 166-174.

Watts, W. A., J. R. M. ALLEN, B. HunTLEY and S. C. FriTz, 1996
Vegetation history and climate of the last 15,000 years at Laghi
di Monticchio, southern Italy. Quat. Sci. Rev. 15: 113-132.

Communicating editor: A. H. D. BRowN



