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The spatial genetic structures of three French natural beech stands were analysed using poly-
morphic enzyme loci. Two methods were used: F-statistics and spatial autocorrelation statistics.
Within these stands where self-fertilization rate is 0, a low heterozygote deficit was observed which
may be due to a moderate level of mating between relatives. However, no increase of this deficit was
observed from one generation to the next. The spatial genetic structuring was low. Within one open
stand composed of several patches, founder events are invoked to explain a significant autocorrela-
tion. Within the two other stands, both dense, results are similar to those produced by simulations
of an isolation by distance model. The genetic structure seems not to be stable in space and time
which may be due to (i) a limited number of generations; (ii) an effective gene flow less limited than
hypothesized; and (iii) fertility differences or phenological incompatibilities between individuals.
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Introduction

In common with other species of forest trees (see
review in Müller-Starck et at., 1992; Hamrick et at.,
1992) a high genetic diversity has been found in beech,
Fagus sylvatica L. (Cuguen et at., 1985; Comps et at.,
1990, 1991). This variation is distributed within and
among populations, the within population component
being generally higher.

In temperate regions, most tree species, including
beech, are monoecious, wind-pollinated, allogamous
and self-incompatible. However, forests cannot be con-
sidered as genetically homogeneous panmictic popula-
tions. Indeed, their genetic diversity is often structured
in space and time and genetic differentiation can occur
over relatively short distances (Sakai & Park, 1971;
Mitton et a!., 1977, 1981; Linhart et at., 1981;
Knowles, 1984; Shea, 1985; Gullberg et at., 1985).
Such genetic differentiation may be the result of either
diversifying selection in an heterogeneous environment
or limited gene flow. The latter cause of differentiation
can be considered using an isolation by distance model
(Wright, 1943, 1946) in which for two individuals the
probability of mating is negatively correlated with their
geographical separation and reproduction is likely to
occur between related individuals. This mode of repro-
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duction has been proposed for beech populations
(Gregorius eta!., 1986; Cuguen etat., 1988; Comps et
a!., 1990, 1991), implying that genetic diversity of
beech populations is organized in space and time.

A number of methods has been used for the detec-
tion of spatial heterogeneity of genetic variation within
populations. In a population clearly fragmented into
patches or in a continuous population where physio-
gnomic units are visible, the distribution of genetic
variation can be studied among existing patches or
groups (Linhart et at., 1981). Within continuous popu-
lations, numerous methods have been employed to
study the spatial patterns of variation, ranging from
visual inspection of mapped variants (Tigerstedt, 1973;
Van Damme, 1986), linear transects (Hamrick et at.,
1979; Knowles, 1984; Knowles & Grant, 1985; Shea,
1985; Learn & Schaal, 1987) and comparison of
quadrat subsamples (Schaal, 1975). Such methods of
analysing population substructure are limited by the
need to choose an arbitrary quadrat size and the within
quadrat substructure may be ignored (Epperson &
Clegg, 1986).

Spatial autocorrelation analysis (Sokal & Oden,
1978) can reveal patterns of genetic variation at a wide
range of scale. In some conditions it can permit the
inference of evolutionary causes of spatial patterns
(Sokal & Wartenberg, 1983; Sokal et at., 1989; Epper-
son, 1990; Sokal & Jacquez, 1991; but see Slatkin &
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Arter, 1991; Sokal & Oden, 1991 for a reply). The
statistical analysis requires no a priori assumptions
regarding the scale of spatial patterning of genotypes.
Indeed, these statistics measure the dependence of a
character at each location on the character values at
other locations. This procedure has only recently been
applied to the study of genetic variation within plant
populations (see Heywood, 1991 for a review). Among
tree species, investigations of spatial autocorrelation in
lodgepole pine (Epperson & Allard, 1989) and black
spruce (Knowles, 1991) have indicated that single
locus genotypes are distributed in a nearly random
fashion whereas a significant small-scale genetic struc-
ture was detected in sugar maple (Perry & Knowles,
1990) and in a sympatric stand of Pinus banksiana and
Pinus contorta (Wagner et al., 1991).

in the present study, we have applied autocorrela-
tion analysis to allozyme data of three naturally occur-
ring beech populations varying in density of individuals
(Merzeau, 1991). Pollen dispersal is expected to be
greater in open stands than in dense forests (Rudin et
a!., 1974; Coles & Fowler, 1976; Cheliak et al., 1984;
Thiébaut et al., 1990). In each population two
successive generations have been sampled to check for
temporal changes.

Materials and methods

Studied populations

Three mature, naturally regenerated beech stands were
selected in the Pyrenees mountains and two genera-
tions were clearly identified in each stand. Stand 1 was
located in the Issaux forest (43°00 N—0°43 W, eleva-
tion 1000 m) while stands 2 and 3 were located in the
Lazerque forest (42° 90 N—0°42 W, elevations 1400 m
and 1600 rn, respectively). Each site is occupied by a
monospecific beech forest and the two forests are
separated by approximately 10 km.

In stand I Issaux), the population of adult trees was
subdivided into four groups on the basis of topographi-
cal differences. Young individuals were located in a
clearing which was subdivided into two groups along a
slope. Densities of trees are 160 trees/ha on average
for the adults and from 0.16 individuals/rn2 to 23/rn2
for the juveniles. A total of 164 adult trees and 154
juveniles was sampled and their positions were
mapped. Stand 2 (Lazerque dense forest) is located
within a continuous and densely forested area where
adult density is about 375 individuals/ha. Paired
samples were collected, 136 contiguous trees being
sampled and mapped. At each sampling site, the closest
juvenile to the adult tree was also collected. Stand 3
(Lazerque open forest) is located near the upper

altitudinal limit for beech in the region. The forest is
discontinuous and subdivided into several groups. Ten
groups were sampled and mapped, both adults and
juveniles being sampled.

Biochemicalstudy

Bud tissue was collected from each individual for
electrophoresis. Eight polymorphic enzyme loci were
resolved (GOT], IDHJ, 6PGD], PGIJ, PXJ, PX2,
MDHI and SOD]). Electrophoretic conditions were as
previously described (Thiébaut et al., 1982; Merzeau et
al., 1989).

Geneticalanalyses

F-statistics (Wright, 1951, 1965) were used to analyse
the subpopulation genetic structure in Issaux and
Lazerque open forests. The corrected method of Weir
& Cockerham (1984) was used for calculation. In
Lazerque dense stand, which is not subdivided into
groups, we estimated Wright's fixation index (Kirby,
1975; Nei, 1977, 1978).

Spatial autocorrelation analyses

Tests for non-random distribution of genotypes were per-
formed for each locus using spatial autocorrelation statis-
tics (Sokal & Oden, 1978; Cliff & Ord, 1981). Two
methods were used in which genotypes were con-
sidered as either nominal data or as interval data. In the
case of nominal data, the observed number of 'like-
pairs' of genotypes, in which both trees of a pair shared
the same genotype, were enumerated. 'Unlike-pairs'
were also enumerated. These numbers were compared
with expected numbers under the null hypothesis of a
random distribution of genotypes. Autocorrelation
statistics were computed as standard normal deviates
(SND). in the case of interval data, the genetic data
were coded such that single trees received allele
frequency values of 0, 0.5 or 1 for each allele at every
locus. Alleles with too low a frequency were excluded
and only one allele was considered at diallelic loci.
Moran's 1 was estimated (Moran, 1950).

Two criteria for considering any pair of individuals
were used. The first is Gabriel-connectedness (Gabriel
& Sokal, 1969). We made a Gabriel-connected graph
for each stand. This algorithm pairs two individuals A
and B if no other individual lies on or within the circle
whose diameter is the line AB. This connection model
is used to test for the lack of autocorrelation between
nearest neighbours.

Examination of spatial genetic structure, i.e.
behaviour of the autocorrelation statistics as inter-
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individual distance increases, was made through the
construction of correlograms. Euclidian distances
between the two trees of all possible pairs were calcu-
lated, permitting assignment of all pairs to distance
classes. Distance classes were defined using equal
intervals. For each stand, distance interval corresponds
to the mean distance between individuals connected
according to Gabriel algorithm: thus the first distance
class includes most nearest neighbours.

Results

Temporal variation of genetic structure

In each of the three stands there is no significant dif-
ference in allelic frequencies between generations
except for the PX2 and SODI loci in Issaux (Table 1).
The sign of the fixation index and of F,, varies from
one locus to the other within each generation (Table 2).
For the adults, a significant deficit was found in Issaux
(SOD]) and Lazerque dense (MDH1)whereas a signifi-
cant excess was observed in Lazerque open (PXI). For
the juveniles, a significant excess of heterozygotes was
found for two loci out of five in Issaux (PX2 and
MDH1). There is a trend for an excess of heterozygotes
in juveniles compared with adults for almost all loci: in
nine cases out of 12, and especially in Issaux forest, F
or F1, were lower in the juveniles than in the adults.
Within each of the three populations, the juvenile
multilocus value tends to be lower than that of the
adults.

In Issaux and Lazerque open, unilocus F5, values
were low, except for the locus GOT! in juveniles from
Issaux. Multilocus F5, were similar for the two genera-
tions whatever the population. F, differed significantly
from zero only for the juveniles from Issaux, indicating
a slight differentiation among groups in this generation.

Five unilocus F,, values out of 12 were significantly
different from zero and reveal (i) a heterozygote deficit
in adults from Issaux (SODI), and (ii) a heterozygote
excess in juveniles from Issaux (PX2 and MDHI) and
in both adults and juveniles from the Lazerque open
forest (PXI). Multilocus F,, was significantly negative
only for the juveniles in Issaux. Multilocus F,, was
higher for adults compared with juveniles in Issaux and
Lazerque open forest.

Spatialgenetic structure

Proximal distances. Particular attention has been
focused on the short distances corresponding to those
between nearest neighbours because most forms of
population structure are likely to produce greater auto-
correlation at short distance than at longer distance.

With the Gabriel-connectedness method, the auto-
correlation analysis yielded no significant results within
each stand for ordinal data. For nominal data, five
values among a total of 35 normal standard deviates
were significantly different from zero for the adults
from Issaux (MDHJ and GOT1 loci, Table 3). For
MDHI locus, there occurred both an excess of joins
between homozygotes 1 and a deficit of joins between
homozygotes 1 and heterozygotes, corresponding to a
grouping of homozygotes into homogeneous patches.
In contrast, for locus GO TI, there is an alternate spatial
distribution of these two genotypes. In juveniles from
Issaux the most interesting result was obtained for the
GOT! locus: an excess of neighbour homozygotes,
respectively 1 and 3, and a deficit of connections
between these two genotypes.

Within the Lazerque dense forest, adults present an
excess of neighbour homozygotes 1 at PXI and GOT]
loci (Table 3). At the PX2 locus there is (i) an excess of
connections between heterozygotes 2-2 in adults,
which disappears when grouping rare genotypes, and
(ii) a grouping of neighbour homozygotes 1 and a
deficit of connections 1 —3 in juveniles. At the GOT]
locus there is an alternate distribution of the two
homozygotes 1 and 3 in juveniles. In Lazerque open
forest there is only one significant value (connections
between heterozygotes 2-2 at PX2 locus, in adults).

Correlograms. Within the three stands studied, the
examination of allelic and genotypic correlograms
revealed in some cases the existence of spatial structur-
ing. Nevertheless, the number of significant values was
low. In juveniles from the Lazerque dense forest the
allelic correlograms for MDHJ locus indicates that
individuals possessing similar alleles were more often
proximal than expected purely by chance (Fig. 1). In
juveniles from Issaux, the allelic correlogram for the
GOTI locus was characterized by a large number of
significant values (Fig. 2). There is a quite monotonous
decrease of Moran's I statistics with increasing
distance. These results are confirmed by the genotypic
correlograms (Fig. 2) where significant excesses of like-
pairs of genotypes are observed in the short distance
classes. In adults from the Lazerque open forest,
Moran's I was significantly positive for PX2-40 and
PX2-46 alleles at distances corresponding to within
patch joins and negative at distances corresponding to
among neighbouring patch joins (Fig. 3).

In every other case, correlograms do not differ from
a random distribution.

Discussion

The prevailing idea concerning the mating system of
forest trees is that, within a population, an individual is
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Adult trees Young trees

F (S.E.) F, (S.E.) F,, (S.E.) F (S.E.) F5, (S.E.) F,, (S.E.)

Issaux
PXI —0.014(0.033) 0.004(0.014) — 0.010(0.029) —0.02 1 (0.079) — 0.006(0.008) — 0.027(0.010)
PX2 —0.033 (0.048) 0.019 (0.025) — 0.013(0.048) —0.112 (0.009)** 0.019(0.010) — 0.091 (0.010)**
GOT1 0.135 (0.152) 0.061 (0.034) 0.188(0.141) — 0.061 (0.106) 0.069 (0.029)* 0.013(0.071)
MDH1 0.020(0.037) 0.056 (0.074) 0.075 (0.08 1) — 0.153 (0.006)** 0.009(0.008) — 0.142 (0.009)**
SOD] 0.090 (0.037)* — 0.010 (0.002) 0.081 (0.037)* 0.020(0.042) 0.012(0.010) 0.031 (0.038)
Fm (SE.) 0.040(0.035) 0.027 (0.014) 0.066 (0.040) — 0.074 (0.030)** 0.023 (0.014)* — 0.049(0.033)

Lazerque: open forest
PXJ — 0.189 (0.087)* 0.130(0.017) — 0.174 (0.072)* — 0.107 (0.040)* 0.022(0.023) — 0,083(0.048)
PX2 0.091(0.101) —0.007(0.012) 0.084(0.103) —0.066(0.105) 0.034(0.028) —0.029(0.101)
GOTI 0.090(0.116) 0.081 (0.051) 0.164 (0.086) 0.042(0.117) 0.023 (0.038) 0.064(0.129)
Fm (S.E.) 0.011(0.099) 0.032 (0.026) 0.02 1 (0.111) — 0.041 (0.050) 0.025 (0.020) — 0.014 (0.048)

Lazerque: dense forest
F F

PXI 0.018 0.081
PX2 —0.031 0.089
GOT] — 0.069 — 0.074

MDH] 0.271* 0.020
Fm (SE.) 0.047(0.062) 0.036 (0.05 1)

F statistics (Weir & Cockerham, 1984) (Issaux and Lazerque open forest) and fixation index F (Lazerque, dense forest).
Fm: mean values; S.E.: standard errors.
**0fl <P<0.01;*0.01 <P<0.05.

likely to be preferentially pollinated by its close neigh-
bours. The major consequences of this for neutral
genes are an increase of relatedness and inbreeding
and within population differentiation. The effects are
amplified from one generation to the next with a
further reduction in gene flow being caused by forest
closing.

Temporal variation in genetic structure

Multilocus F5, values show a similar degree of differen-
tiation both in the stands, described here over short
distances, and in European beechwoods as a whole
(Cuguen, 1986). They are similar to those for other
anemophilous tree species (Knowles, 1984; Mitton et
a!., 1981), whatever the population physiognomy and
the generation.

lithe differentiation observed over short distances is
caused by mating between related individuals, inbreed-
ing must be more important than it is in the case of only
self-fertilization. In the stands studied, self-fertilization
was found to be equal to 0 (D. Merzeau et al., unpublish-
ed data) and the low heterozygote deficit observed
suggests a rather moderate level of inbred mating.

Moreover, such matings would induce an increasing
heterozygote deficit from one generation to the next.
Such an increase was not observed in the beech stands
studied here. The absence of heterozygote deficit in
juveniles could be due to their age (more than 10 years
old) or, in the Lazerque open forest, by unlimited gene
flow. An heterozygote excess can be explained by
differences in allelic frequencies between ovule and
pollen pools (Ziehe, 1983; Cheliak, 1985; Muona &
Szmidt, 1985). Such differences would have occurred
in Issaux forest where the regeneration occurs in
forest openings (gap-generation) (Cuguen, 1986;
Nakashizuka, 1984), a feature which would have
induced both an increase in pollen flow and a reduc-
tion in the number of mother-trees (and therefore of
the ovule pool) producing groups of allelic frequencies
which are not generally representative of the popula-
tion.

Spatial genetic structure

The small number of significant autocorrelation values
observed reveals a weak spatial genetic structuring. In
the cases of these significant values, two kinds of spatial
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Table 3 Genotypic autocorrelation standard normal deviate values Z

1-1 2-2 3-3 1-2 1-3 2-3

Issaux
PX1 1.86 0.24 0.50 —1.35 0.26 —0.89
PX2 0.80 —0.33 1.16 2.02* —1.79 —1.22

Adults GOT1 —0.36 1.66 2.95* —1.10 —1.19
MDHJ 3.08** 0.33 1.53 — 1.05 —0.16
SOD1 —0.26 —0.26 0.41 0.51 —1.43 1.01

PX1 0.74 1.10 0.92 —1.06 —1.02 0.57
PX2 2.50* 0.25 0.83 2.66* 2.07* — 1.24

Juveniles GOT] 3.01** 0.84 3.12** 0.45 —1.61
MDHI —0.64 0.21 0.06 —0.2 —0.57 0.92
SOD] —0.46 —0.89 0.92 0.24 —0.95 1.84

Lazerque: dense forest
PX1 394** 0.27 1.40 —1.78 —1.89 —0.34

Ad 1 PX2
u tS GOTI

—0.26
2.88**

2.04*
—0.75

—0.57
1.35

0.67
0.89

0.56
—1.35

—0.72
—1.05

MDHI —0.02 1.17 1.04 —0.24 —0.41 —0.76

PX1 1.13 1.09 —0.79 —1.18 —0.75 0.33
PX2Juveniles GOT]

4.83***
—0.39

1.66
0.55

1.49
—0.29

—0.03
—0.63 2.59**

—1.41
—1.44

MDH] 1.85 —1.57 0.39 —0.15 —1.36 1.05

Lazerque: open forest
PX1 1.66 0.54 —1.08 —0.54 —0.94 0.01

Adults PX2 3.26** —0.16 1.82 —0.29 — 1.20
GOT] 1.57 —0.07 1.57 0.17 —1.02 —0.09

PXJ 0.44 0.48 —1.62 —1.02 —1.03 1.90
Juveniles PX2 0.82 0.78 —0.08

GOTI 1.41 0.26 0.11 — 1.48 —1.18 1.77

1, 3: homozygotes; 2: heterozygote; for PX2 locus, 2 =heterozygote 40—46, all other joins are not reported on the table (no
significant values).
**J0J <P<0.01;K0.01 <P<0.05.

Altelic correlogram

a
0

Distances (m)

Fig. I Lazerque, dense forest, natural regeneration: spatial
autocorrelation at MDH1 locus.

0 tO 20 30 40

structuring can be described. With Lazerque open
forest, significant autocorrelation was found, positive
within patches and negative between patches. A selec-
tion hypothesis is not very likely on this scale. On the
contrary, this kind of spatial structuring is likely to have
originated from founder events (Sokal & Oden, 1978).
Within Issaux and Lazerque dense stands, the signifi-
cant correlograms are similar to those produced by
simulation of an isolation by distance model (Sokal &
Wartenberg, 1983; Sokal & Jacquez, 1991). However,
in most cases we observed no significant departures
from a random distribution of genotypes. A number of
spatial autocorrelation analyses in other studies have
failed to detect any significant spatial structuring in
plant populations (Waser 1987; Dewey & Heywood,
1988; Epperson & Allard, 1989; Knowles, 1991).
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Fig. 2 Issaux, forest clearing, natural regeneration: spatial
autocorrelation at GOT1 locus. (a) Joins between
homozygotes GOTJ -105(3-3), (b) joins between
homozygotes GOT1-100(1-1), (c) joins between the two
homozygotes (1-3).

In our study, for a given generation within a popula-
tion, autocorrelation values differ from one locus to
another whereas at equilibrium in an isolation by
distance model, without selection, one would expect
the same values at different loci. The observed hetero-
geneity among loci may indicate a lack of equilibrium
caused by the relative juvenility of the forests being
studied. Thus the observed distribution may be
influenced by the random genetic composition of the
earliest founders.

In conclusion, the genetic structure of the three
beech populations seems not to be stable, either in
space or time, a fact which generates at least three
alternative hypotheses. First, there may have been
only a limited number of generations since the founda-

tion of the populations. Indeed, optimal sexual
maturity is only achieved after 50 years leading to a
long generation time. On the other hand, a beechwood
experiences cyclic phenomena of colonization and
extinction due to human or natural perturbations.
Secondly, effective gene flow could be less limited than
previously suggested (Tigersted etal., 1982; Yazdani et
al., 1985; Yacine, 1987). The inability to detect spatial
structure could be explained by the possible leapfrog
nature of gene flow (Waser, 1987), i.e. the effective
pollen dispersal distance could be larger than the
immediate distance between close neighbours. Thirdly,
the probability of mating between two individuals may
not only be related to their geographical distance.
Other important factors may be involved, such as
fertility differences between individuals (Oswald, 1984)
and phenological incompatibilities (equivalent to a
temporal isolation between mates) (Comps et al.,
1987). For efficient reproduction, a tree has to be
pollinated by a synchronously flowering fertile
individual having a high resource allocation towards
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Fig. 3 Lazerque, open forest: spatial autocorrelation for
40 adult tree gene frequencies (PX2).
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male function, all characters which are subject to wide
inter-annual variation.
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