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ABSTRACT
Three relatively isolated stands and 9 allozyme loci (Got-B, Idh-A, Lap-A, Mdh-B, Mdh-C, Mnr-A, 6-Pgdh-A,
Pgi-B and Pgm-A) were used to study the mating system in European beech (Fagus sylvatica L.). Multilocus
outcrossing rates for the three stands were high (t,, = 1.015-1.025), but did not differ significantly from 1.
According to paternity analysis, the maximum selfing rates ranged from 5.6 % to 12.9 % while the most likely
selfing rate ranged from 1.2 % to 3.7 %. No evidence of biparental inbreeding was found. Mating system
parameters in two different years showed little difference. These results indicate that European beech within the
isolated stands is predominantly outcrossed but shows part of self-fertilization. The proportion of selffertilization should be considered for natural regeneration and for effective and representative seed collections.
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In addition, more evidence is required to explore the
level of inbreeding in European beech.
In this study, three isolated stands and seed samples
The mating system of a species is an important determinant of its genetic structure and evolution (ALLARD of two years were used to characterize the mating
system. The objectives of this study are to characterize
1975; BROWN1979; CLEGG1980; HAMRICK1989;
(I) the outcrossing rate based on a mixed-mating
MERZEAUet al. 1994). Detailed knowledge of the
model; (2) the selfing rate using paternity analysis and
mating system is necessary to understand the distribu(3) the temporal variation of mating system parameters.
tion of genetic variation within and among individuals,
gene flow within and between populations, and the
resultant substructuring of populations (BOSHIERet al.
1995). Information on mating system is also of practical
MATERIALS AND METHODS
importance to the success of breeding programs in
Seed materials and stands information
forestry. Knowledge of mating system could be used to
estimate the minimum population sizes for conservation
Three relatively isolated stands were used in this study
areas as well as minimum population densities in
(Table 1). Stand 34B1 and 10A,, are located in the
natural and managed forests (STACYet al. 1996).
forest district of Escherode. Another stand lOOC is
Estimation of mating systems in conifer have often
located in the Solling, which is in the area of a research
& RITLAND1986;
been reported (E.g., EL-KASSABY
et al. 1991; XE et al. 1991; EL-KASSABY project of the Forest Ecology Center (University of
MORGANTE
& RITLAND1998). However, temperate angiosperm
Gottingen). Stand 34B1is mixed with spruce, other two
trees have only poorly represented in the plant mating
stands are pure beech stands. Seeds in two different
system literature (BACLERI et al. 1996; MULLER- years (1994 and 1998) were collected for stand 10A,,
STARCK1996; ROSSIet al. 1996; GODT& HAMRICK (the seeds of stand 34B, and lOOC were collected in
1997; GEHLE1999).
1998). Seeds were sampled on the ground around each
adult tree at a radius of 3 m within three circles, which
European beech (Fagus sylvatica L.) is a monoecious and wind-pollinated species, characterized by the
were 40 cm in diameter and located north, southwest
possibility of self-fertilizaztion but generally showing
and southeast of the stem at angles of 120". All of the
etal. 1994; MULLER- seeds encountered in each circle were sampled. All of
high outcrossing rates (MERZEAU
STARCK1996; ROSSIet al. 1996). But till now, little is
the trees within the stands were tagged, and the location
known about the temporal variation of mating system.
of each tree was mapped.
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Table 1. Description of the beech stands in the forest district of Escherode and Solling, Northern Germany.
Stand

34B,

10An

Age
Area
Altitude
Disatnce to nearest beech stand (m)
No of adult trees
No of seeds
No of seeds

150
50 m x 70 m
530
300
24

180
6 0 m x 130m
500
140
70
1699
844

1954

-

51 1

1OOC
190
1 2 0 m x 160m
370
500
99

-

Table 2. Enzyme systems and enzyme coding gene loci.
Enzyme systems

E.C.No

Gene loci

Buffer system

Glutamate oxaloacetate transaminase
Isocitrate dehydrogenase
Leucine arninopeptidase
Malate dehydrogenase
Menadion-Reduktase
6-Phosphogluconatedehydrogenase
Phosphoglucose isomerase
Phosphoglucomutase

2.6.1.1
1.1.1.42
3.4.11.1
1.1.1.37
1.6.99.2
1.1.1.44
5.3.1.9
2.7.5.1

Got-B
Idh-A
Lap-A
Mdh-B, Mdh-C
Mnr-A
6-Pgdh-A
Pgi-B
Pgrn-A

Ashton
TC
TC
TC
Ashton
TC
Ashton
Ashton
--

TC-buffer: Tris citric acid buffer pH 7.8; Ashton-buffer: pH 8.6.

Electrophoresis

two alleles at any locus also carried by the adult tree.
The adult tree under which the seed was sampled was
regarded as seed tree. Then the seeds of the seed tree
Nine enzyme-coding gene loci were utilized for
were assumed to be either the result of selfing (s) or
multilocus genotyping (Got-B, Idh-A, Lap-A, Mdh-B,
random outcrossing (t), according to the mixed-mating
Mdh-C, Mnr-A, 6-Pgdh-A, Pgi-B and Pgrn-A). Genetic
model of BROWNand ALLARD(1970). Population
control and mode of inheritance of the respective
enzyme systems were"verified previously (MULLER- multilocus outcrossing rate (t,) was estimated using the
STARCK & STARKE1993). Enzymes were separated by
and JAIN(1981). The
multilocus procedure of RITLAND
standard horizontal starch gel electrophoresis. For
MLTR program of RITLAND(1996 version 1.1) was
survey of enzyme systems and gene loci see Table 2.
used for the computation of single locus (t,) and
multilocus outcrossing rates (t,,,). All variances were
estimated using 100 bootstraps.
One seed was considered to originate from selfData analysis
fertilization if none of all alleles in multilocus genotype
was different from the seed tree. This leads to the
The fixation index for a single locus is estimated
maximum selfing rate (smJ or potential selfing rate
according to the following equation.
based on the simple paternity exclusion method (ELLSTRAND 1984; HAMRICK
& SCHNABEL
1985). According to the most-likely method, the seed was regarded as
self-fertilization (s),
if the seed tree is the first most
likely pollen donor (MEAGHER1986; MEAGHER&
where F is the fixation index for single locus. p, and pi
THOMPSON
1987; DEVLINet al. 1988; ROEDERet al.
are genotype frequency and gene frequency of adult
1989). smxand s,, were estimated with help of CERVstand or seed generation (HATTEMER
et al. 1993).
US program of MARSHALL
et al. (1998 version 1.0).
Within stand, multilocus genotype exclusion method
was used to identify seeds, which carry at least one of

Table 3. Observed fixation index ( F ) and the results of X2 -tests.

Stand

Stand 34B,

Stand lOA,,

Stand lOOC

Year

Adult

S98

Adult

S94

S98

Adult

S98

Mean

0.01

0.0 1

0.12

0.04

0.03

0.05

0.02

* P.cO.05; **P<0.01; ***Pc0.001. N refers the no. of the trees or seeds.
RESULTS
Fixation index
The observed fixation indices for three stands (adult
trees and seeds from two years) were shown in Table 3.
Parts of these values were significant indicating a
deviation from random mating. Two loci (6-Pgdh-A
and Pgi-B)showed no difference from Hardy-Weinberg structure in all of the samples. The mean singlelocus F-values indicated a weak overall excess of
homozygotes. Most estimates of F calculated from
adult trees were not significantly different from zero in
all stands.

Outcrossing rate

..

Multilocus and mean single-locus estimates of
outcrossing rates based on MLTR program were
presented in Table 4 along with standard errors for each
based on 100 bootstraps. The adults for which more
than 12 seeds were analyzed were used to estimate the
multilocus andmean single-locus outcrossing rates. The
outcrossing rates were all larger than 1. However, the
multilocus outcrossing. rate (t,) was not significantly
different from unity.

Maximum selfing rate and most likely selfing rate
The maximum and the most likely selfing rates as well
as the average percentage of empty seeds (Pes) for
O ARBORA PUBLISHERS

three stands (only seed samples in 1998) were presented in Table 5. The maximum selfing rates ranged
from 5.6 % to 12.9 %, whereas the most likely selfing
rate ranged from 1.2 % to 3.7 %. The results based on
the seeds produced in two years in stands lOA,, showed
only slight differences.

DISCUSSION
Fixation index
Inbreeding is the likely cause of positive F-values only
if similar positive values are observed at most loci. The
heterogeneity of fixation indices implied no evidence
for a strong influence of inbreeding on the genotypic
structures of these isolated beech stands. Moreover,
significant negative F-values at Idh-A and Mnr-A were
found in this study. These results are consistent with the
reports that no evidence for an inbreeding structure was
revealed by the F-values in European beech (MERZEAU
1996; ZIEHEet al. 1998).
et al. 1994; MULLER-STARCK
The significantly positive F-values at several loci and
average positive fixation indices of single loci implied
presence of selfing, assortative mating and/or selection.
There are exceptionally large F-values at some gene
loci such as Lap-A but these are more probably due to
1995;
early viability selection (TUROK& HATTEMER
MULLER-STARCK
1996; ZIEHE et al. 1998; WANG
2001). Another reason of Variation in the fixation
indices in different life-cycle phases was observed,
indicating possible presence of selective processes
between seed set and sexual maturity (Ross1 et al.
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Table 4. Single-locus (t,) and multi-locus (t,) estimates of outcrossing rate.
Stand 34B1

Stand

Stand 10A2,

Stand 1OOC

Year
No of trees
No. of seeds

t,,, is the multilocus outcrossing rate, t, is the mean single locus outcrossing rate and SE is the standard error

Table 5. Maximum selfing rate and most likely selfing rate.

snlUx
(96)

No. of
seeds most
likely
selfing

s,,, (%)

Pes (%)

17

5.9

5

1.7

23.6

680
366

38
24

5.6
6.6

8
9

1.2
2.5

30.6

1,383

179

12.9

51

3.7

21.4

Stand

Year

No. of
seeds

Stand 34 B,

1998

289

Stand 10 A,,

1994
1998
1998

Stand 100 C

Number of
seeds
possibly
selfing

1996). The exceptionally large values of F in Lap-A
may also be due to the presence of a null allele, however, such situation is not confirmed in several studies
of European beech (TUROK& HATTEMER1995;
MULLER-STARCK
1996; WANG 2001). In addition,
assortative mating was found at gene loci Lap-A and
Mdh-B within stand 1OA,, and 1OOC (WANG2001).

Outcrossing rate and selfing rate
All of the multilocus estimates of outcrossing rates for
the three stands based on MLTR program were larger
than 1 but did not differ significantly from 1. Those
high outcrossing rates in more or less isolated stands of
European beech suggested wide dispersal of pollen.
MERZEAU
et al. (1994), in natural populations of beech,
estimated very high values of outcrossing rates, ranging
from 0.94 to 1. Ross1 et al. (1996) reported high values
of outcrossing rates ranging from 0.94 to 0.98 in two
Italian beech populations. In present study, the result tm
< t, could not be interpreted by inbreeding. When there
is inbreeding in addition to selfing, the multilocus
estimates of tmare expected to be higher than the mean
of the single-locus estimates t, (SHAWet al. 1981).
It was observed that the maximum selfing rate (s,,)
as inferred from paternity analysis ranged from 5.6 %

to 12.9 % for the three stands. MULLER-STARCK
(1996)
found maximum selfing rates of 2.2 %, 5.6 % and 6.6
%, respectively, for three seed trees and suggested that
selfing may be explained as one of the important causes
of empty seeds in beech. In the present study the
percentage of empty seeds ranged from 21.4 % to 30.6
% among the three stands. WERDER(2000) reported a
maximum selfing rate of 13 % in European beech. In
the present study, the most likely selfing rate (s,,) on
the basis of most likely paternity analysis ranged from
1.2 % to 3.7 % which indicated that 1.2 % to 3.7 % of
pollen possessed highest probability of fertilizing on
ovum of the same individual.
The estimates of outcrossing rate and selfing rate
indicate that European beech within isolated stands is
predominantly outcrossed but shows part of selffertilization. This is consistent with other studies in
European beech and several other temperate angiosperm tree species (MERZEAU
et al. 1994; BACILIERI
et
a1.1996; MULLER-STARCK
1996; R o s s et al. 1996;
1997).
GODT& HAMRICK
Generally, all of the three parameters (t,, ,s and
s,,) show the similar result that European beech is
predominantly outcrossed. However, smxindicates the
potential value of self-pollination and it is calculated
directly from the number of possible self-fertilized
seeds whiles,, reflects the proportion of seeds when the

seed tree is the first most likely pollen donor. tm is
estimated based on maximum likelihood method and
should be closer to the most likely selfing rate (s,,)
according to this point.

Temporal variation of mating system parameters
For stand 10A2,,seeds were sampled in two years of
abundant flowering. According to t-test, the difference
between the single loci fixation indices of two years
was not significant. Furthermore, multilocus outcrossing rates (t,) in stand 10A2, showed no difference
between two years. In addition, the maximum selfing
rate (sWJ and the most likely selfing rate (s,,) indicated
little difference between two years. Few studies were
done to compare the mating system realized in different
years. MORANand BROWN(1980) found that outcrossing estimates were highest in the oldest of three seed
crops in Eucalyptus delegatensis. BROWNet al. (1985)
reported temporal variation in outcrossing rate in one
population of Eucalyptus stellulata and showed that the
outcrosing rate in one of four years was above the
average of four years. CHELUKet al. (1985) found that
there was an approximately linear increase in the
apparent selfing rate from the oldest (1975) to the
newest (1978) crop in the cones of a natural population
of jack pine and explained these changes by selection
against selfed zygotes. PERRYand DANCIK
(1986) did
not find significant temporal variation in lodgepole
pine. BACILIERI
et al. (1996) reported multilocus outcrossing rate(tm)of two years in sessile oak, which were
and DANCIK
0.995 and 1.009, respectively. SPROULE
(1996) showed that there were no significant differences in outcrossing estimates among populations or
between years in black spruce. BURCZYK
(1998) studied
the mating system variation in a scots pine clonal seed
orchard and found that population multilocus estimates
of three years exhibited a decreasing trend (0.976,
0.966 and 0.962, respectively), but the variation was not
significant. It was reported that temporal variation of
outcrossing rate might result either from different
pollination patterns or from the time elapsed since
fertilization, if seed crops of different age were analyzed at one and the same time (MITTON1992).

Concluding remarks
In summary, the results indicate that European beech
within the isolated stands is predominantly outcrossed,
but shows part of self-fertilization. No evidence of
inbreeding was found within the three stands. Mating
system parameters in two different years showed little
O ARBORA PUBLISHERS

difference. Selfing may be one of the important factors,
which cause empty seed. The proportion of self-fertilization should be considered for decisions on where
and when to harvest seed and in the establishment of
seed production stands. Effective and representative
seed collections for ex situ conservation or for reafforestation and breeding demand knowledge of genetic
base being sampled.
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