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F-statistics are often used to study allozyme polymorphism in populations and the estimates provide a good basis to
better understand selection and mating system effects. In this paper, computer simulation has been developed to
determine the effects of the polymorphism level on F, estimates in finite samples. It is shown that finite samples
present mostly negative F, estimates when allelic polymorphism is low. In these conditions, the high frequency of these
apparent heterozygote excesses is not a consequence of frequency dependent selection acting on rare heterozygotes but
only a statistical effect caused by the low probability of encountering rare homozygotes in the samples. The genetic
structure of 250 European beech stands was studied using three electrophoretically detectable protein loci. F-statistics
were estimated using the Weir and Cockerham method. The beech shows the highest interpopulation genetic
differentiation estimates among the anemophilous pollinated forest trees. At the population level, an heterozygote
deficit can be observed. Selfing estimates are not sufficiently high to explain these deficits. This suggests that limited
gene flow exists in these populations and that forests of anemophilous pollinated trees are not panmictic and that these
populations will be better understood using neighbourhood concepts.

INTRODUCTION

Theknowledge of natural population genetic struc-
ture contributes to a better understanding of the
role selection and the mating system play in their
evolution. Since the theoretical works of Wright
(1951, 1965), Cockerham (1969, 1973), Kirby

(1975) and Nei (1977), genetic structures are often

analysed using F-statistics.

The definitions of these parameters are based
on the following hypothesis: genetic drift is the
main evolutionary force which acts on the evolu-
tion of the studied characters. Inter- and intragroup
genetic differentiation levels are a function of gene
flow intensity in and between groups, and are also

§ Present address: Laboratoire de Genetique Ecologique et de
Biologic des Populations Végétales, Université des Sciences et
Techniques de LiUe, 59655 Villeneuve D'Ascq Cedex, France.

a function of the number of generations since their
separation. Three parameters were proposed to
describe the properties of hierarchically sub-
divided natural populations (Wright 1951, 1965).
These parameters were defined in terms of the total
population (T), subdivisions (S) and individuals
(I).

In a diploid individual, the two alleles of a
gene may or may not be identical by descent
(Malécot 1948). In a group of individuals, associ-
ation between two identical alleles occurs with a
given frequency. And this frequency varies from
one group to another, according to the degree of
dependence between identical alleles in a group.
Therefore,

F,3 is the average over all subdivisions of the
correlation between identical alleles that unite
to produce the individuals, relative to the
gametes of their own subdivision,
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F is the correlation between randomly
chosen identical gametes within subdivisions,
relative to gametes of the total population,
"coancestry" in the sense of Cockerham (1969,
1973).

F is the correlation between uniting iden-
tical gametes, relative to those of the total popu-
lation, "inbreeding" (Cockerham ibidem).
As pointed out by Wright, the list can be exten-

ded if there are further subdivisions. The above
three F-statistics are not independent and Wright
(1951) demonstrates that:

(1 — F) = (1 — F)(1 — F')
For example, when subdivisions are panmictic

and isolated for a long time: F. = 0 in each group
and F, is positive and increases with the number
of generations. In this case, F =F',.

However, when subdivisions are constituted of
selfed individuals, the equilibrium values of F,
F and F are one.

The theoretical points of view of Wright and
Cockerham encounter difficulties in the study of
natural populations: firstly, without pedigrees it is
not possible to recognise alleles identical by des-
cent. Secondly, these authors do not consider direct
selection effects which can strongly affects genetic
structures.

In natural populations, identity between alleles
is generally estimated according to the different
allelic forms of a polymorphic gene. But the rela-
tion between alleles identical by descent and alike
in state ones is not simple. When two alleles are
different, it is clear that they have no parental allele
in common. But when they are alike, they can be
identical by descent or only alike in state. The
correctness of an estimate of identity in and
between individuals may be increased by consider-
ing many polymorphic loci.

In a population and for a diallelic locus, the
estimate of Fl, is often calculated according to the
following formula:

F,= 1 —H/2p(1 —p)
where H is the observed heterozygote frequency
in the population and 2p(l —p) is the expected
heterozygote frequency according to the Hardy-
Weinberg law, calculated from allelic frequencies
also estimated from the same sample.

This estimation shows a great sampling vari-
ance. Several authors have tried to estimate it (Ras-
mussen, 1964; Brown eta!., 1975; Vasek and Hard-
ing, 1976). Based on different hypotheses, results
differ and are therefore difficult to interpret. That
is why we chose another method for analysing

empirically the various biases due to sampling and
the F1, estimation method. In order to do that, we
performed sampling simulations on theoretical
populations, perfectly known, and estimated Fl, in
each sample.

Furthermore, 250 beech stands have already
been sampled in Europe in order to study the
alloenzymatic polymorphism of beech (Fagus syl-
vatica L.). So we dispose of an important number
of observations in many different natural popula-
tions.

Fl. variations were examined in relation to
sample polymorphism, in theoretical and natural
populations. Then the organisation of those vari-
ations were compared between simulated and
natural situations. So, in this paper, we will try to
answer the following three questions:
(a) considering the simulation results, how are F1,

variations organised in relation to sample
polymorphism?

(b) In European beechstands, does the organisa-
tion of F1, variations depend on the estimation
method or do other mechanisms count, par-
ticularly mating system characteristics?

(c) In this case, what are the mating system
characteristics which are responsible for the
observed differences between simulations and
natural populations: selfing and/or isolation
by distance?

MATERIALS AND METHODS

Simulations

We performed sampling simulations on theoretical
populations using the Monte-Carlo method.

Creation of theoretical populations

In theoretical populations, the mating system fol-
lows the mixed mating model. Populations are
assumed to have reached the inbreeding equili-
brium and for a diallelic locus, the proportions
of the various genotypes are a function of allelic
frequencies and the fixation index:

AA' =p'2+p'q'F,
aa' = q'2+p'q'F,
Aa' = 2p'q'(1 — F,)

where AA' and aa' are respectively the homozygote
frequencies for alleles A and a, Aa' the frequency
of heterozygotes, p' and q' the frequencies of alleles
A and a, and F, the fixation index (=s/2—s,
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Haldane, 1924). Ten theoretical populations were
created with the following allelic frequencies:
p=O•5O, 045, 0•40, 0.35, 030, 025, 020, 0.15,
0.10, 005. Two selfing rates were chosen: 0 per
cent for total panmixia and 13 per cent according
to the selfing estimates in the case of beech (Nielsen
and Schaffalitsky de Muckadell, 1954), which
means that 20 theoretical populations were created.

Sampling simulation

The sample size is 50, which corresponds to the
average sample size for European beech stands.
The genotype of each individual is randomly gen-
erated using the pseudo-random function of the
computer, from an infinite theoretical population.
One hundred samples of 50 individuals were con-
stituted from each theoretical population.

European beechstands

Two hundred fifty beech stands were sampled in
Europe out of the whole beech area in as different
as possible ecological conditions, representing the
ecological amplitude of the species. The enzymatic
polymorphism has been analysed at three loci, two
peroxidases, Pxl and Pc2, and one glutamate-
oxaloacetate transaminases GOT1. For inheritance
and the electrophoretic methods see Thiébaut et
a!., 1982.

F-statistics

Wright's initial formula (1951) are:

F=1—H/2p(1—p)
F5 =var (p)/(l —)
F1=1—H/2j3(1—p)

where 2p(l —p) is the average over the samples of
expected heterozygote frequencies, H the observed
heterozygote frequency in the populations as a
whole, the average allelic frequency, var (p) the
variance of the allelic frequencies among the popu-
lations. These formula must be corrected according
to the number of samples and sample size.

For each sample, whether obtained from simu-
lation or from natural conditions, an estimation of
1. is made for each allele at each locus following
the corrections of Kirby (1975):

where H1 is the observed heterozygote frequency
in population i (i = 1, 2, . . . , r), for locus 1 (1 =
1,2 m) and for allele u (u =1,2,. . . , v);
is the estimated frequency of this allele and n,1 the
sample size for locus 1 in population i. The average
F, for a locus is a weighted average (Wright, 1965;
Kirby, 1975; Nei, 1977):

—
u1 Pilji —p11jF11

V

p(i —p)
u=1

Estimates of the three F-statistics were made for
the whole group of beech stands following the
method of Weir and Cockerham (1984).

In order to realise an estimation of the variance
of these estimates, a jacknife procedure was
employed (Miller, 1974; Reynolds et a!., 1983;
Weir and Cockerham, 1984). The estimates are
given the standard error.

RESULTS

Simulations

Panmictic situation

Fig. 1 shows F1. variations as a function of sample
polymorphism, expressed here as the expected
heterozygote frequency in a panmictic situation
(H = 1 pu2). These variations are impor-
tant, especially when polymorphism is high.

On the contrary to what may have been expec-
ted in panmictic populations, there are more
samples with an excess of heterozygotes (F1 <0)
than with a deficit (F >0). The differences are
significant (table 1) and the tendency is stronger
in the case of low sample polymorphism. Therefore
we can define two parts.

The former, when polymorphism is high, with
expected heterozygote frequencies lying between
025 and 050. The shape of the set is rather sym-
metrical and the number of samples with an excess
of heterozygotes does not differ significantly from
those with a deficit. The average 1. over the
samples is equal to zero.

The latter, when polymorphism is low, with
expected heterozygote frequencies lower than 025.
the set is very assymmetric, with many F5 negative
values. These negative values are aggregated.
However, even with the dissymmetry, the F5
average remains equal to zero.

Therefore, in a complete panmictic situation,
we did not obtain an equal proportion of samples
with a deficit or an excess of heterozygotes.

F =1 H1

2p (1 —

(1+ _)
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Selfing effect

The selfing rate is 13 per cent. variations are
important, especially when sample polymorphism
is high (fig. 2). The general shape of the set is
similar to the precedent, obtained in a complete
panmictic situation. But we can observe a displace-
ment to the upper side, in the direction of a

• heterozygote deficit.
• The number of samples with a heterozygote
• deficit is greater than those with an excess. The

• . differences are highly significant with respect to
• the hypothesis of an equal probability of excess

or deficit. When the sample polymorphism is low,
we can still observe an excess of samples with
negative F, and an aggregation of these excesses
(fig. 2 and tables 1 and 2). However, when poly-
morphism is high, the number of samples showing
heterozygote deficit is significantly greater than the
number of samples with excess (tables 1 and 2).

Between the two investigated situations, com-
plete panmixia and mixed mating, F,distributions
differ significantly in relation to polymorphism
except when the sample polymorphism is low
(table 2).

European beech stands

Px 1

This set of points shows the same general pattern
as in the case of simulations (fig. 3). In particular,

Table 1 Distribution of the number of samples which have negative or positive F in function of expected heterozygote frequencies
in panmixia (H = 1 pu2)

Simulations European beech stands

selfing =0 selfing = 13% R1 Pv2 GOT1

expected H (a) (b) (a) (b) (a) (b) (a) (b) (a) (b)

0•0—0•1
0'1—0'2
02—03
03—04
04—05
05—06
total
(c) x2
P(2)

8
36
60
84

263
—
451

923
<001

55
85
76
92

239
—
547

13
61
76

117
360
-—-

627
6567
<0001

48
66
52
62

143
—
371

1

20
32
40
56

—
149

3113
<0001

10
13
9

15
20
—

67

0
7

32
58
58
23

178
5370
<0001

3
10
9

21
18
3

64

1

12
35
32
39

—
119

293
009

22
17
16
17
22
—
94

(a) =number of samples which have a positive
(b) = number of samples which have a negative F,
(c) =comparison with a chi-square test of the distributions of positive and negative F according to the hypothesis P(FS> 0)
P(13 <0)df= 1
Expected heterozygote frequencies of F2 can reach 067 because there are three alleles at this locus

• •••.

.- —• •• •• •

fxatien index
F5

.60

50

40

30

20

10

2 . 2b 3b • 40' •. 50 expected

• • • •.:' heterezygosity

10 ••_ ••••
. .5

••s••
• $

20

30

Figure 1 Variations of F1, according to expected heterozygote
frequencies in panmixia. Sampling simulations in theoreti-
cal panmictic populations, without self fertilisation.
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the assymmetry becomes very important when
polymorphism decreases. However, we can
observe a displacement to the upper side. There-
fore, heterozygote deficit is greater in natural popu-
lations than in simulated populations even with 13
per cent selfing.

Among the beech stands, the number of
samples showing heterozygote deficit is sig-

• nificantly greater than the number of samples with
excess (table 1). F,. distributions significantly differ

• between natural populations and panmictic simu-
lations, except when the expected heterozygote
frequencies are lower than 010 (tables 1 and 2).
However, the distributions do not differ between
the beech stands and the 13 per cent selfing simula-
tions.

Considering all of the beech stands, the F-
statistics estimates were: F,, =O151 F,, =
OO78±OOO8 and F,=O217±OO16.

Px2

Here too, we can observe more heterozygote
deficits than excesses (fig. 4 and table 1). However,
when polymorphism is low, the aggregation of the
excesses is less pronounced than for Pxl. A first
explanation is that there are three alleles at this
locus instead of two for the preceding.

The simulations are made for a two allele locus
and therefore we cannot statistically compare the
results for this locus with those from simulations.
However, in natural populations the aggregation

Table 2 Comparison with a chi-square test of the distributions of samples which have positive or negative F,, in function of
expected heterozygote frequencies in panmixia (H = 1 pu2), df= I

Expected het
00-01

erozygote frequencies
01-02 02-03 03-04 04-05

selfing=0%/ x2 3106 1956 188 036 115

P(F,,>0)=P(F,)<0
selfing=13%/
P(F,>0)P(F)<0
selfing=0%/
selfing =13%
Pi/

P(°)
x°
P(2)
x2
P(°)
x2

<0001
1951
<0001

163
020

(a)

<0001
020
066
869

<001
1067

017
450
003
615
001

1453

055
1690

<0001
1124

<0001
1053

028
9362
<0001
3923
<0001
1210

selfing=0%
Rl/

P(2)
x2

—
(a)

<001
166

<0001
559

<001
103

<0001
015

selfing= 13%
GOT1/

P(2)
x2

—
(a)

020
145

<002
891

031
474

0'70
292

selfing=0%
GOT!!

P(2)
x2

—

(a)
023
042

<001
133

003
000

009
153

selfing =13%
Pi/
GOT1

P(°)
x2
P(2)

—

(a)
—

052
228
013

025
102
031

099
067
041

022
1'Sl
022

(a) Insufficient sample size to compute a chi-square test

fixation index
F

70-

40-

20-

10-

+
0

10

20

30

S ••
• ••• •.p

• • ••-
S

• I. •%.•... •:-
S •

•.
• . • S..
•

•
•

..

'. 1ib

,*1.s.

expected
heterozyqosity

Figure 2 Variations of F,, according to expected heterozygote
frequencies in panmixia. Sampling simulations in theoreti-
cal panmictic populations, with 13 per cent of self fertili-
sation.
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0

Figure 3 Variations of F, according to expected heterozygote
frequencies in panmixia: peroxidases 1.

of the heterozygote excesses when polymorphism
is low, and the heterozygote deficit when poly-
morphism is high are similar to those of the simula-
tions.

The F-statistics estimates
0122±0010, F, =0035±0003
0l53 0.010.

GOT1

For this locus, the F. distribution pattern is the
same as for the two first loci, but the upward
tendency is less pronounced (fig. 5).

The number of samples with negative F, values
does not statistically differ from the number with
positive F. values, although there is a tendency
for a heterozygote deficit (table 1).

J. CUGUEN, D. MERZEAU AND B. THIEBAUT

Figure 4 Variations of F, according to expected heterozygote
frequencies in panmixia, peroxidases 2.

The observed distribution differs from that of
the panmictic simulations, except when poly-
morphism is low (tables 1 and 2). However there
are no differences with results obtained with 13
per cent selfing.

The three estimated F-statistics are: F =
0082±0013, F1=0084±0008 and F=
0159±0013.

DISCUSSION AND CONCLUSIONS

Simulations

Whether for a simulation or for a beech stand, the
theoretical population and the natural population
are both objects which we study through images:
samples.

When is estimated in a small sample, the
estimation shows great variations. Theoretically,
F, is an interesting parameter for the study of
genetic population structures in relation to selec-
tion and mating system. But it would be dangerous
to interpret the estimates from such limited
samples. The corrections given by Weir and
Cockerham (1984) make it possible to estimate this
parameter and other F-statistics with less biases

fixation index
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fixation index
sample. Indeed, for a diallelic locus, allelic
frequencies are estimated from observed genotypic
frequencies:

for a group of populations. But under these condi-
tions, becomes an average and can mask inter-
population variations. And these variations are
precisely the most interesting ones, because they
reflect the diversity of the evolutionary forces in
natural populations.

The organisation of F. variations is not the
same whatever the sample polymorphism. When
this polymorphism is low, with or without selfing,
the F, negative values are more frequent than the
positive ones. When the polymorphism is high, in
a complete panmictic situation, the negative and
positive values are equifrequent, while with 13 per
cent selfing, positive values are always more
frequent than negative values.

When the polymorphism decreases in the
sample, the assymmetry and the aggregation of the
samples have a statistical origin caused by the
allelic frequency estimation method used in a finite

p=Aa/2+AA1 (1)

where H and Hi are respectively the observed
frequencies of Aa heterozygotes and AA homo-
zygotes. Substitutilig 2pq by the estimate, F,
becomes:

Aa
1

2(Aa/2+AA1)(1 —Aa/2—AA1)

When p tends toward zero, the frequencies of AA
homozygotes and Aa heterozygotes also tend
toward zero because:

AA1 —p2+pqF

Aa =2pq(1 —Ft)

But, as AA decreases faster than Aa, there is a
progressive estimation dependence between p and
Aa. According to (1), when AA is near zero, p is
mostly estimated from Aa. And when AA is equal
to zero, p = Aa/2. Under these conditions, the
fixation index is estimated according the following
simplified formula:

= 1—1/(1 —Aa/2)

Here we can see the total dependence between F,,
and the observed heterozygote frequency. What-
ever the observed Aa, 1 — Aa/2 is still lower than
one, and F,, shows a systematic heterozygote
excess in the sample.

The F,, values are positioned on a graph whose
equation is given by the latter formula. When an
allele is rare, the probability of finding it as a
homozygote in the sample is low. Most often, it is
only found as a heterozygote. Under these condi-
tions, there are only two genotypes in the sample
instead of three. In this case, the heterozygote
sampling still respects the binomial distribution
whereas the rare homozygote sampling already
respects the Poisson distribution. The probability
of rare homozygote absence in the sample can be
estimated according to the Poisson formula:

P(O) =

with p = N(p2+pqFj,). When p increases, this
probability decreases and tends toward zero. Thus
the three genotypic forms reappear in the sample,

and
q=i—p=i—H/2—H1

2pq =2(Aa/2+AAI)(1 —Aa/2—AAI)

Fs
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• .. •.

10 20 • 30 • .40 .50 expectod

heterozygocity
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Figure5 Variations of F,,, according to expected heterozygote
frequencies in panmixia, glutamate oxaloacetate trans-
aminases.
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and when the sample size N increases, P(0)
decreases. The proportion of samples with only
two genotypes decreases as the polymorphism and
the sample size increase.

Therefore the interpretation of the sign and the
absolute value of F, estimated from a finite
sample, is different according to the polymorph-
ism. In samples with a low polymorphism,
especially when only two genotypes are present, it
is normal to find more heterozygote excesses than
deficits. The frequency of these excesses is not a
consequence of overdominance or frequency
dependent selection but only a statistical effect
caused by the low probability of encountering rare
homozygotes in the samples.

Natural populations

In beech stands, the positive F, values are more
frequent than the negative ones. If we consider all
of the sampled populations, they present the same
tendency for a heterozygote deficit at the three loci.
The average F, at each locus is estimated at:
0l51±0016 (F1), 0122±0010 (P2) and
0082±0013 (GOT1). The average F,, over the
three loci is 0120. These estimates are all positive
and this trend suggests an influence due to the
mating system.

The differentiation coefficient, F,1, varies
among the loci: 0078±0008 (P1), 0035±0003
(F2) and 0084±0008 (GOT1). The average F,,
over the three loci is 0064.

The estimated F-statistics of beech can be com-
pared to those of other species, also estimated on
the same scale, over the whole distribution area
(table 3). The beech shows the highest estimates

among the anemophilous forest trees, only Pinus
banksiana has similar estimates. However her-
baceous species can present higher estimates, in
relation to their less allogamous mating system but
also to their low longevity and therefore to a higher
average population age. The estimates currently
realised were obtained from more than 200 beech-
stands and are very accurate for each of the three
loci. But the number of sampled loci is low and
we must be careful about generalising our interpre-
tations.

As pointed out by Brown (1979), allogamous
species often exhibit a heterozygote deficit relative
to panmixia while autogamous species show the
opposite phenomenon, a heterozygote excess. That
is what he called the "heterozygosity paradox".
And among the different origins he listed, two can
be applied to the beech.

Selfing

Although the beech is essentially allogamous, there
can be some self-fertilisation. Nielsen and
Shaffalitsky-de-Muckadell (1954) did auto-polli-
nations on 23 trees. Under these conditions, the
estimated average selfing rate approaches 13 per
cent. However, the selfing rate may widely vary on
several levels: intraindividual, interindividual and
interpopulation (Shen et al., 1981; Shaw and
Allard, 1982). The estimate proposed for beech
may be imprecise because of the few traces studied.
Plus the fact that autopollination without competi-
tion with allopollen may have made the authors
overestimate the selfing rate in regard to natural
conditions. Nevertheless, 13 per cent selfing is
similar to the estimates realized on open pollina-

Table 3 F-statistics of some plant species (in part from Guries and Ledig, 1982)

Species
Number of
of loci F,, F,, F,, authors

Herbaceous
Polygonum pensylvanicum 3 067 012 071 Kubetin and Schaal, 1979
Liatris cylindracea 15 041 007 043 Schaal, 1975
Sarracenia purpurea 4-5 —010 023 — Schwaegerle and Schaal, 1979
Phlox cuspida 5 067 041 080 Levin, 1978
Phlox roemariana 4 004 021 0.54 Levin, 1978
Oenothera laciniata 5 013 024 037 Ellstrand and Levin, 1980
Oenothera grandis 6 004 009 019 Ellstrand and Levin, 1980
Desmodium nudflorum 5 004 017 020 Schaal and Smith, 1980
Forest trees
Pinus rigida 21 001 002 003 Guries and Ledig, 1982
Pinus contorta 21 002 002 004 Dancik and Yeh, 1983
Pinus banksiana 21 010 002 012 Dancik and Yeh, 1983
Fagus sylvatica 3 012 006 018 Present study
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tions which vary between 0 and 15 per cent in
anemophilous forest trees (Squillace, 1974).
Although low, this selfing rate can produce a
heterozygote deficit at the inbreeding equilibrium.
This deficit can be estimated throughout the
fixation index with the Haldane formula (1924).
On one hand, if we admit to 13 per cent selfing,
we should expect F,5 to be equal to 0069. Com-
pared to the observed F,. in natural conditions,
there should be a residual F,5 equal to 0051 which
is not trivial. On the other hand, if only self-
fertilisation is responsible for the observed deficit,
the selfing rate should, according to the Haldane
formula, be equal to 21 per cent in order to obtain
F,, =0•120. This last average selfing rate is too high
for an anemophilous forest tree. Consequently,
seif-fertilisation can explain only a part of the
observed heterozygote deficit and another origin
must be invoked.

Limited gene flow

The beech stands present very different physiog-
nomies according to where they are located in the
area of the species. In the optimal zone, in latitude
as well as in altitude, beech stands are continuous,
monospecific, with millions of individuals. In
contradiction with the general view of the
anemophilous forest trees mating system, it is likely
that reproduction occurs between closely spaced
individuals and that neighbourhoods exist in these
forests. On the contrary, on the outskirts of the
distribution area, the forests are often discon-
tinuous with a small population effective size and
little interpopulation gene flow because of distance
and phenological differences. In the first case,
genetic structures could best be described by an
isolation by distance model (Wright, 1943, 1946)
and in the second case, by an island model (Wright,
1931) or a stepping stone model (Kimura, 1953;
Kimura and Weiss, 1964). These two kinds of
genetic models lead to a relatedness between
individuals in the populations, therefore to a
heterozygote deficit and an inter- and intrapopula-
tion genetic differentiation.

In the first case, intrapopulation pollen flow is
limited to the nearest neighbours. Consequently,
there is an increasing relatedness between
individuals in the population and a decrease of
heterozygote frequency in relation to neighbour-
hood size and the number of generations since the
population foundation. Simulations of reproduc-
tion, following the "Isolation by distance" model,
with different pollen effective sizes, make it poss-
ible to establish a relation between neighborhood

size and heterozygote deficit (Cuguen, 1986;
Cuguen and Thiebaut, in preparation). Under
these conditions, the F,, = O051 not explained by
selfing may correspond to a neighbourhood size
varying between 25 and 50. This indirect estimate,
although very imprecise, would allow an estimate
of the average neighbourhood size of beech,
difficult to estimate with inductive methods.
According to Wright (1946), a neighbourhood size
lower than 200 can produce an intrapopulation
genetic differentiation.

In the second case, where the populations are
quite discontinuous, the limited effective size does
not allow the constitution of distinct neighbour-
hoods. Under these conditions, reproduction is
mostly panmictic in such small and isolated popu-
lations. However, here too the finite effective size
in these marginal beech stands leads to an increas-
ing relatedness between individuals and a diminu-
tion of heterozygosity.

Therefore limited gene flow between
individuals and self fertilisation are likely to be at
the origin of the genotypic structures of European
beech populations.
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