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Abstract

The genetic diversity and temporal genetic structure of four
isolated European beech (Fagus sylvatica L.) stands from Ger-
many were studied by using nine allozyme loci (GOT-B, IDH-A,
LAP-A, MDH-B, MDH-C, MNR-A, 6-PGDH-A, PGI-B and
PGM-A). The allelic multiplicity was higher in seed samples
than adult trees indicating gene flow from neighbor stands.
Genetic diversity ranged from 1.405 to 1.536 and average
observed heterozygosity ranged from 0.239 to 0.325 for the four
stands. The genetic differentiation in allelic frequencies
between the seed lots produced in two different years was low
(d0 were 4.2% and 5.4%, FST were 0.9% and 1.2% for two stands
10A21 and 10A22). Genetic differentiation in allelic frequencies
between seed trees and seed generations were rather low (d0
ranged from 4.1% to 6.2%, FST ranged from -0.9% to 0.4% for
two stands 10A21 and 10A22). Some aspects related to seed sam-
pling were discussed.
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Introduction

Genetic variation is an important attribute of forest tree pop-
ulations enabling them to survive spatial and temporal varia-
tions in environmental conditions. The genetic variation and
its structure within and between populations are also impor-
tant in conservation and management of genetic resources and
in applications in breeding and silviculture (BROWN, 1978; HAT-
TEMER, 1987, 1988, 1990; ZIEHE et al., 1989; FINKELDEY, 1993;
GREGORIUS, 1994). Genetic structure can also be an indicator of
adaptation and adaptational potentials (HATTEMER and ZIEHE,
1997; ZIEHE et al., 1999). 

Restricted gene flow, disruptive selection, genetic drift and
historical events are responsible for population genetic differ-
entiation in space and in time (LEVIN and KERSTER, 1974;
ENDLER, 1977). The extent and pattern of genetic diversity in
forest trees are strongly influenced by their mating systems
and the movement of genes (gene flow) between dispersed pop-
ulations of the same species (DAY, 1993). 

European beech (Fagus sylvatica L.) is a widespread, monoe-
cious and wind-pollinated tree species. It belongs to the major
forest tree species and is of importance in ecology and economy.
The genetic variation of beech populations has been investigat-
ed intensively (e.g. THIÉBAUT et al., 1982; MÜLLER-STARCK and
STARKE, 1993; LEONARDI and MENOZZI, 1995; PAULE et al., 1995;
HATTEMER and ZIEHE, 1996; KONNERT et al., 2000). Like many
other tree species (HAMRICK et al., 1992), beech reveals a high
level of genetic variation at allozyme gene loci (MÜLLER-STARCK

and ZIEHE, 1991). Since its pollen can be dispersed over wide
distances, genetic change can theoretically occur among very
distant populations. Generally, a great intrapopulational but
relatively small interpopulation variation is found (e.g.
MÜLLER-STARCK and ZIEHE, 1991; TUROK, 1996; PAULE et al.,
1995; LEONARDI and MENOZZI, 1995; HATTEMER and ZIEHE, 1996;

ZIEHE et al., 1998; KONNERT et al., 2000). The little differentia-
tion of populations suggests that gene flow between popula-
tions is extensive. The comparisons of genetic structures of
reproducing forest stands and the produced offspring made for
beech (Fagus sylvatica L.) proved changes of genetic structures
during reproduction (e.g. MÜLLER-STARCK and ZIEHE, 1991;
STARKE and MÜLLER-STARCK, 1992; HATTEMER et al., 1993;
MÜLLER-STARCK, 1996; ZIEHE et al., 1998). 

Studies on temporal genetic variation of European beech
were few and nearly all concentrate on comparing the genetic
differentiation between the seed generation and the respective
adult tree population (e.g. GREGORIUS et al., 1986; MÜLLER-
STARCK and ZIEHE, 1991; STARKE and MÜLLER-STARCK, 1992;
HATTEMER et al., 1993; PAULE et al., 1995; LEONARDI and
MENOZZI, 1995; HATTEMER and ZIEHE, 1996; MÜLLER-STARCK,
1996; TUROK, 1996; ZIEHE et al., 1998; WERDER, 2000; DOÚNAVI,
2000; KONNERT et al., 2000; JANSSEN, 2000). The present study
was made to (1) estimate the genetic diversity within stands;
(2) analyze the genetic differentiation between seed generation
and adult trees; (3) explore the genetic differentiation between
seed samples in two different years.

Materials and Methods 

Seed materials and stands information

Four relatively isolated stands were used in this study. Three
stands 34B1, 10A21 and 10A22 are located in the forest district
of Escherode, Kaufunger Wald. The other stand 100C is located
in the Solling, which is in the area of a research project of the
Forest Ecology Center (Forschungszentrum Waldökosysteme at
the University of Göttingen). Stand 34B1 is mixed with spruce,
other stands are pure beech stands. Seeds in two different
years (1994 and 1998) were collected from the ground under
each adult tree (the seeds of stand 100C were collected only in
1998). Seeds were sampled around each adult tree at a radius
of 3 m within three circles, which are 40 cm in diameter and
are located north, southwest and southeast of the stem at
angles of 120°. All of the seeds encountered in each circle were
sampled. All of the trees within the stands were tagged, and
the location of each tree was mapped. The principal features
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Table 1. – Description of the isolated beech stands in the forest district
of Escherode and in the Solling, northern Germany.
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and the seed amounts analyzed in laboratory are summarized
in Table 1. The seed sample of stand 34B1 in 1994 was small
because of fewer fruits within this stand in that year. The num-
ber of sampled trees for seeds is not identically with the num-
ber of adult trees, because no seed was found under part of
adult trees. For stand 100C, the number of analyzed seeds in
laboratory (1954) was sampled under 30 adult trees. 

Isoenzyme electrophoresis

Nine enzyme coding gene loci were utilized for multilocus
genotyping (GOT-B, IDH-A, LAP-A, MDH-B, MDH-C, MNR-A,
6-PGDH-A, PGI-B and PGM-A). Genetic control and mode of
inheritance of the respective enzyme systems were verified pre-
viously (MÜLLER-STARCK and STARKE, 1993). Enzymes were sep-
arated from crude homogenate by standard horizontal starch
gel electrophoresis. 

Statistical analysis

Intrapopulation variation was studied by means of allelic
multiplicity (M), genetic diversity (v), gametic diversity (vgam),
observed heterozygosity (Ho), total population differentiation of
gene pool (δT) (GREGORIUS, 1978, 1987).

Homogeneity of allele frequency distributions was tested
for statistical significance by the χ2-test. Rare alleles were
pooled in order to avoid problems with low expected frequen-
cies. Genetic distance among samples was calculated using D
(NEI, 1972) and d0 (GREGORIUS, 1974). FST is the proportional

deviation of overall expected heterozygosity from expected het-
erozygosity in the subpopulations. 

Allelic multiplicity (M), genetic diversity (v), gametic diver-
sity (vgam), observed Heterozygosity (Ho), total population dif-
ferentiation of gene pool (δT) and genetic distance d0 were com-
puted using the GSED program by GILLET (version 1.1, 1998).
F-statistics (WRIGHT, 1969) and genetic distance D (NEI, 1972)
were calculated with the computer program of BIOSYS-2
(SWOFFORD and SELANDER, 1997). The cluster analysis was per-
formed with NTSYS version 2.00 (ROHLF, 1997).

Results

Genetic diversity within samples

The results on allelic multiplicity for four stands are present-
ed in Table 2. More alleles in seeds than in adults were found
at the gene loci LAP-A and PGI-B within stand 34B1, at gene
loci MNR-A, 6-PGDH-A and PGI-B within stand 10A21, at gene
loci IDH-A, MDH-B and PGI-B within stand 10A22 and at loci
LAP-A, MNR-A and PGM-A within stand 100C. These new
alleles in the seed samples must have come from neighbor
beech stands through gene flow. There is one rare allele at
locus MDH-B in adult within stand 10A21, which was not found
in seed 94 but in seed 98. The identical number of alleles does
not mean identical alleles because of rare allele and new alleles
(e.g. S94 and S98 within stand 10A21).

Genetic diversity (v), gametic diversity (vgam) and average
total population differentiation (δT) are presented in Table 3. In
general, the genetic diversity (v) of single loci and gene pool of
the seed generation were a little higher than for the seed trees,
except for the S94 within stand 34B1 and S98 within stand
100C. 

The observed heterozygosities are shown in Table 4. The het-
erozygosity of seed generation was higher than that of seed
trees, except for stand 100C. It can be seen that observed het-
erozygosities differ markedly among gene loci with their genet-
ic diversity.

Temporal genetic structure

The allelic structure of seed trees and seeds of three stands
(34B1, 10A21 and 10A22) are presented in Table 5, 6 and 7,
respectively. The homogeneity test in allelic frequencies among
seed trees, seeds in 1994 (S94) and seeds in 1998 (S98) was
performed. Genetic distance (d0) and FST were also calculated. 

Within stand 34B1, the differentiation between seed trees
and seeds 98 is not significant but the differentiation between
seed trees and seed 94 is significant at the gene loci LAP-A,

Table 2. – Allelic multiplicity (M) in adult trees and seed samples.

Table 3. – Genetic diversity (v), gametic diversity (vgam) and average total population differentia-
tion (δT).

N refers number of adult trees, sample size of seed in 1994 (S94) and
1998 (S98). 
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MDH-C and PGM-A (Table 5). The differentiation between
seeds of two years is significant at more loci (GOT-B, IDH-A,
LAP-A, MDH-B, MDH-C, and PGM-A).  

Within stand 10A21, the differentiation between seed trees
and seeds 98 and the differentiation between seed trees and
seed 94 are significant at the gene locus LAP-A (Table 6). The
differentiation between seeds of two years is again significant
at more loci (IDH-A, LAP-A, MDH-B, MDH-C, MNR-A, and
PGI).  

Within stand 10A22, the differentiation between seed trees
and seeds 98 is not significant. However, the differentiation

between seed trees and seed 94 is significant at locus PGM-A
(Table 7). Just as in the two other stands, the differentiation
between seeds of two years is significant at more loci (GOT-B,
LAP-A, MNR-A and PGM).  

In summary, within two stands (10A21 and 10A22), the genet-
ic differentiation among samples was small. The gene pool dis-
tance (d0) between samples was never larger than 0.1 and the
FST were smaller. Within stand 34B1, the genetic differentia-
tion between S94 and seed trees, between S94 and S98 were a
little larger (d0 are 11.4% and 12%, respectively; FST are 4%
and 5.1%, respectively). 

Table 4. – Observed Heterozygosity (Ho).

Table 5. – Allelic frequencies and homogeneity test of stand 34B1.

* P< 0.05; ** P< 0.01; *** P< 0.001.  SD is standard deviation.
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Table 6. – Allelic frequencies and homogeneity test of stand 10A21.

* P< 0.05; ** P< 0.01; *** P< 0.001. SD is standard deviation.

Genetic distances between samples

The genetic distances between seed trees, seeds in 1994 and
seeds in 1998 for three stands were estimated based on the
basis of D (NEI, 1972) and d0 (GREGORIUS, 1974). Table 8 shows
the matrix of genetic distances. The genetic distance (d0) indi-
cated that there was small genetic differentiation among sam-
ples, except for the values between S94 from stand 34B1 and
other samples. The D is smaller than d0.

The UPGMA dendrogram based on d0 is presented in Figure
1. The sample of seeds 94 of stand 34B1 was somewhat differ-
ent from its seed trees and other samples. This is probably due
to the small sample size. Seed trees and their seeds in 1994
and in 1998 within stand 10A21 showed close similarity, they
were presented in one cluster. Seed trees within stand 10A22
and their seeds showed also similar structure.

Discussion

Genetic diversity 

This study shows the genetic diversity (v) ranged from 1.405
to 1.536 and the total genetic differentiation (δT) ranged from
0.290 to 0.351. These results are slightly higher than previous
results derived from beech stands (MÜLLER-STARCK and ZIEHE,
1992; PAULE et al., 1995; TRÖBER, 1995; MÜLLER-STARCK, 1996).
Interestingly, allelic multiplicity in the seed generation is
sometimes higher than in seed trees, especially at gene loci of
LAP-A, MDH-B, MNR-A, 6-PGDH-A and PGI-B. Those values

indicate that gene flow from neighbor stands is effective and
resulted in an increase of allelic variants due to external pollen
in seed generation as observed by MÜLLER-STARCK (1996) with-
in the isolated beech stand 100C. HAMRICK and GODT (1989)
have pointed out that levels of genetic diversity within popula-
tions were influenced by several characteristics of the species.
Seed dispersal, breeding system and geographic range all have
predictive value. Under the conditions of small population size,
genetic drift could lead to a rapid loss of alleles, particularly
rare alleles. However, the high reproductive capability, high
outcrossing rate and effective gene flow may have counteracted
this effect. 

The average degree of heterozygosity is one commonly used
measure of genetic variation of individuals and populations
and provides some information on the mating system.
Heterozygosity plays an important role for genetic applications
in tree breeding as well as gene conservation (ZIEHE and
HATTEMER, 1998). Heterozygosity has often been seen as evi-
dence of heterosis and numerous positive correlations between
allozyme heterozygosity and fitness-related traits have been
reported in the literature (see review of DAVID, 1998). Heterozy-
gosity showed greater values in the tolerant than in the sensi-
tive subpopulations of European beech under air-pollution
stress (MÜLLER-STARCK, 1989; ZIEHE et al., 1990). MÜLLER-
STARCK et al. (1992) summarized several studies in European
beech and reported that average heterozygosity ranged from
0.222 to 0.312. The present study revealed that heterozygosity
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Table 7. – Allelic frequencies and homogeneity test of stand 10A22.

* P< 0.05; ** P< 0.01; *** P< 0.001.  SD is standard deviation

Table 8. – Matrix of genetic distances: Genetic distance (d0) of GREGORIUS (1974) are
shown below the diagonal and genetic distance (D) of NEI (1972) are shown above the
diagonal.

varied between 0.239 and 0.325 and showed slightly higher
values than previously reported in European beech (MÜLLER-
STARCK and ZIEHE, 1991; PAULE et al., 1995; TRÖBER, 1995;
MÜLLER-STARCK, 1996). Hence, the small stands that formed
the experimental material for the present study are not at all
less variable than others and are fully eligible for natural
regeneration. 

Temporal genetic structure

The genetic distance d0 (4.2% and 5.4%) and FST (0.9% and
1.2%) between samples drawn from the seed crops produced in
two different years (1994 and 1998) for two stands 10A21 and
10A22, respectively (without the seed samples of stand 34B1),
are low. GREGORIUS et al. (1986) showed even lower genetic dif-
ferentiation between seeds of the same stand in two different
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Figure 1. – UPGMA dendrogram with gene pool distance between 9
samples. Where B1, A21 and A22 denote adult trees of stands 34B1,
10A21 and 10A22, respectively. S94 and S98 mean seeds samples for
stands 34B1, 10A21 and 10A22, respectively.

years (mean d0= 3.1% and FST= 0.4%). This could result from
local differences in flowering of trees in different years, as well
as non-random dispersal of the seed, but the reproducing parts
of the stand were genetically similar in both years (GREGORIUS

et al., 1986). LEVY and NEAL (1999) reported that temporal
variation in genetic structure of Phacelia dubia might be
shaped by fluctuations in population size over time and varia-
tion in seed output among plants. The most apparent temporal
changes at enzyme loci were observed in the presence and fre-
quencies of rare alleles but no loss of rare alleles. The homo-
geneity of genetic structure and genetic diversity among the
five age classes of Neolitsea sericea may reflect the occurrence
of similar reproductive events in different years as reported by
CHUNG et al. (2000). 

The genetic differentiation in allelic frequencies between
seed trees and seed generation were rather low (d0 ranged from
4.1% to 6.2%, FST ranged from -0.9% to 0.4% for the two stands
10A21 and 10A22) and significant only at few loci. The genetic
distances d0 between seed trees and seed samples are slightly
higher than the result reported by ZIEHE et al. (1998), which
ranged from 2.8% to 5.3% and similar to the result reported by
HATTEMER et al. (1993), which ranged from 2.5% to 6.5%.
MÜLLER-STARCK (1996) reported slightly lower genetic distances
(d0) between seed stand and seed samples, which ranged from
1.4% to 3.5%. Genetic differentiation in time is much less
marked than in space as observed by LINHART et al., 1981; GRE-
GORIUS et al., 1986; HOSSAERT-MCKEY et al., 1996. Genetic dif-
ference between seed trees and seeds samples may be
explained primarily as fertility selection and different degrees
of self-fertilization (ZIEHE et al., 1998). 

Seed collection

Seed collection methods have considerable impact on the
genetic quality of the seed. The gene-pool of the produced seeds
should be fully represented in those harvested. Gene frequen-
cies should not be unduly distorted, and the danger of inbreed-
ing should be at a minimum. A representative distribution of
the collected lot over the stand is more easily achieved when
the seeds can be collected from the ground. The exploitation of
rodent hordes should be only occurring as an exception (HATTE-
MER and MELCHIOR, 1993). It is clear that the genetic structure
of the seeds is expected to have some similarity with the parent
trees by which it is produced. However, it is certainly not iden-
tical because of external pollen flow, non-random mating and
selection. The seeds collected in a stand do hardly have precise-
ly the same genotypic structure as the adult trees themselves

(HATTEMER et al., 1993). The theoretical conditions for genetic
equilibrium in natural population are at best approximated. 

If the seeds were picked just under the sampled in the
canopy trees, their allelic structures resembled those of the
adult stand more closely than if they were caught in nets. This
result demonstrates both the complexity and the importance of
appropriate sampling of the seed population (HATTEMER, 1995).
However, genetic change is implied by most operations during
seed collection. The appropriate mode of sampling the seed pro-
duced by a population is rather complex. The complexity of
genetic structure is partially reduced by picking the seed off
the ground rather than collecting it from the trees. In beech,
two out of the many conceivable approaches to seed collection
were compared by ZIEHE et al. (1998). 

Comparisons between stands and their progenies provided
with first information about the suitability of material sam-
pling methods. The results of this study indicated that genetic
differentiation between seed trees and seed generation is not
significant by most gene loci. These showed the seed samples
have close genetic similarity to the parental genetic structure
as observed by ZIEHE et al. (1998). It has been suggested that
the seed collecting method of seeds like this study represents
the seed stand well (ZIEHE et al., 1998). JANSSEN (2000) sug-
gested that seed crop collections for conserving forest genetic
resources and supplying forest enterprise with seed should be
done in years of mast by considering as many as possible beech
trees that are distributed over the total plot. Within four
stands, multi-locus genotype exclusion analysis and parentage
analysis showed that seeds, from 38.46% for seed sample of
stand 34B1 (1994) to 78.22% for seed sample of stand 10A22
(1998) tend to fall under the seed tree and most seeds (from
65.56% to 84.79%) were dispersed within 20 m (WANG, 2001).
These indicated that seed collections should be close to seed
trees in order to represent the adult stands. 

Sample size is an important factor in seed collection. In the
present study, within stand 34B1, the seed sample of 1994 is
small (52 seeds) and comprised seeds sampled under 6 of 24
adult trees only. The gene pool diversity (v) and total popula-
tion differentiation (δT) are smaller than in the adult trees. The
allelic differentiation between seed trees and seeds of 1994 is
significant at the loci LAP-A, MDH-C and PGM-A. The gene
pool distance (d0) and FST are a little large (11.4% and 4%,
respectively). For stand 100C, although the number of seeds
analyzed with electrophoresis is very large (1954 seeds), these
seeds were sampled only under 30 adult trees (the total num-
ber of adult trees is 99). It can be seen from Tables 3 and 4 that
the gene pool diversity, gametic diversity, total population dif-
ferentiation and heterozygosity in the seeds were smaller than
those in the adult stand. These results indicated that seeds
should be collected under as many adult trees within a stand
as ever possible. In the case of clumped spatial genetic struc-
ture these trees should be evenly distributed.
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