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Genetic variation in 5 natural stands of Quercus robur in Finland was analyzed
electrophoretically for 13 isozyme loci. Stands were on average polymorphic at 49.2 %
of the loci, with 2.1 alleles per locus. Observed heterozygosities, ranging from 13.6 % to
16.9 %, were slightly lower than estimates reported for German stands. The majority of
the species’ genetic variation was found within each studied stand, and only 5.5 % was
between stands. Mean genetic differentiation (d) was the same as that found in the
primary range of the species, but the differentiation estimates (D) for single Finnish
populations were more variable.
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1 Introduction

Forest genetic research and forest tree breeding
have in Finland mainly focused on the predomi-
nating forest tree species Scots pine (Pinus syl-
vestris), Norway spruce (Picea abies), and silver
birch (Betula pendula). Species with more re-
stricted natural distributions in Finland have
gained almost no attention despite the fact that
some, e.g. English oak (Quercus robur, syn. Q.
pedunculata), are of minor commercial impor-
tance. Though never a predominating species in
Finland, English oak forests in the coastal re-

gions of southwestern Finland were common a
few hundred years ago (e.g. Skult 1965). Since
then, agricultural activities have split the former
more continuous forests of English oak into frag-
ments and potentially resulted in restricted gene
flow between local stands. The selective cutting
of trees with straight trunks for ship building has
probably also affected the gene pools of English
oak.

Allozyme data show that tree species general-
ly exhibit more genetic variation at the species
level than other plants (Muona 1990). Among
oaks, the range of variation is as large as that
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observed in other plant genera (for a review see
Kremer and Petit 1993). Oak species with a wide
and continuous distribution, like sessile oak (Q.
petraea) and red oak (Q. rubra), exhibit espe-
cially high levels of gene diversity (e.g. Kremer
et al. 1991, Schwarzmann and Gerhold 1991,
Miiller-Starck et al. 1993). Genetic differentia-
tion among oak populations is low, which is in
agreement with the general trend for wind-polli-
nated, largely outcrossing tree species, with an
extensive gene flow among populations (see
Hamrick et al. 1992, Kremer and Petit 1993).

The English oak populations growing in Fin-
land represent the northern limit of this species.
Generally, marginal populations are expected to
differ genetically from the populations in the
primary range of the species. Data on marginal
populations of tree species is largely based on
allozymes and, on conifers. Some studies sug-
gest that marginal populations may be less varia-
ble than central ones (Yeh and Layton 1979,
Guries and Ledig 1982), but in many cases the
variability of marginal populations is at least on
the same level as that of the central populations
(Yeh and El-Kassaby 1980, Yeh and O’Malley
1980, Steinhoff et al. 1983, Furnier and Adams
1986). In addition to the possible marginal ef-
fect, Finnish stands of English oak are small and
isolated. Therefore the population structure of
oaks in Finland is likely to be different from the
predominating and more widely distributed con-
ifers and birches of Finland, and this should be
taken into consideration during reforestation prac-
tices. Moreover, information on the genetic struc-
ture allows for a more representative sample of
the species’ gene pool to be included in breeding
and conservation programs.

In this paper, we present preliminary results of
an investigation on allozyme variation within
and among English oak stands located near the
northern limit of the natural range of the species
in Finland. The objectives of this study were to
estimate the level of genetic variation within
stands, and to determine whether the heteroge-
neity among stands is high enough to have any
implications on the selection of seed sources.
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2 Material and methods
2.1 Stands and Plant Material

A total of 270 bud samples from five stands of
English oak were collected in January and Feb-
ruary 1994 and kept at —20 °C until analysis. On
average, samples from 54 randomly chosen over-
storey trees per stand were taken. The age of
these trees ranged from 50 to 250 years. The
study populations are located in the southwest-
ern part of Finland (Fig. 1), within the present
main distribution area of English oak in Finland.
All stands are regarded as natural, but we can not
totally exclude the possibility of past acorn trans-
fers. The stands can be roughly divided into
three categories according to their size: (1) Ruis-
salo, by far the biggest oak dominated forest in
Finland covering about 90 hectares; (2) Tenhola
and Halikko, ca. 10 hectares; and (3) Taivassalo
and Nyyndinen, 2-5 hectares. In Ruissalo, sam-
pling was restricted to a pure oak stand in the
central part of the larger oak dominated forest.
In other populations sampling covered at least
half of the stand area. Distances between the
populations ranged from ca. 20 km to 100 km.

2.2 Electrophoresis

Bud scales were removed and tissue from three
or four buds per tree was homogenized in 80—
100 pl of 0.1 M Tris-HCI extraction buffer,

Fig. 1. Locations of sampled English oak stands in
southwestern Finland: Taivassalo (1), Nyyniinen
(2), Ruissalo (3), Halikko (4) and Tenhola (5).
The dashed line indicates the northern limit of the
species natural distribution.
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pH 7.5 (Bousquet et al. 1987), modified by omit-
ting polyethylene glycol. Samples were assayed
for 11 enzymes by standard starch gel electro-
phoresis (12% Sigma Hydrolyzed Starch) and
three buffer systems. Buffersystem A pH 8.1
(Ashton and Braden 1961) was used to resolve
alcohol dehydrogenase (ADH, E.C.1.1.1.1), fluo-
rescent esterase (FEST, E.C.3.1.1.1), glutamate
dehydrogenase (GDH, E.C.1.4.1.3), glutamate-
oxaloacetate transaminase (GOT, E.C.2.6.1.1)
and  phosphoglucose  isomerase  (PGI,
E.C.5.3.1.9), buffersystem B Tris-citrate pH 7.1
(Shaw and Prasad 1970) for diaphorase (DIA,
E.C.1.6.4.3) and shikimic acid dehydrogenase
(SDH, E.C.1.1.1.25), and buffersystem C Tris-
citrate pH 7.8 (Shaw and Prasad 1970) for isoci-
trate dehydrogenase (IDH, E.C.1.1.1.42), malate
dehydrogenase (MDH, E.C.1.1.1.37), 6-phospho-
gluconate dehydrogenase (6PGD, E.C.1.1.1.44)
and phosphoglucomutase (PGM, E.C.2.7.5.1).
The enzyme activity staining protocols were ac-
cording to Cheliak and Pitel (1984) with slight
modifications. Genetic interpretation of banding
patterns was based on their subunit structure,
assumed Mendelian inheritance and codominance
(Kephart 1990, Miiller-Starck and Hattemer 1990,
Bacilieri et al. 1994). 13 loci were scored: Adh,
Dia-1, Fest-3, Gdh, Got-1, Idh-2, Mdh-1, Mdh-
2, 6Pgd-2, Pgi-1, Pgi-2, Pgm-2 and Sdh.

2.3 Genetic Analysis

For each population, and at the species level (all
populations pooled), the mean number of alleles
per locus and the proportion of polymorphic loci
(i.e. frequency of the most common allele < 0.95)
and variable loci (i.e. more than one allele was
observed) were calculated. Mean observed het-
erozygosity and Hardy-Weinberg expected het-
erozygosity (Nei’s 1978 unbiased method), H,
and H., respectively, were calculated for each
population over all loci. Genetic differentiation
was estimated by D- and o-statistics (Gregorius
and Roberds 1986, Hattemer 1991), where D
describes the difference in the genetic composi-
tion between a population and the total gene
pool, and d the mean differentiation among pop-
ulations.

3 Results
3.1 Polymorphic Loci

Two out of 13 loci examined (Mdh-1 and Pgi-1)
were monomorphic in all individuals. Popula-
tions were, on average, monomorphic for 3.8
loci: 3 loci in Ruissalo, Halikko and Nyyniinen,
4 in Taivassalo and 6 in Tenhola. The mean
percentage of polymorphic loci was 49.2 %, rang-
ing from 30.8 % in Tenhola to 61.5 % in Taivas-
salo and Nyyniinen (Table 1). The percentage of
variable loci ranged from 53.8 % in Tenhola to
76.9 % in Ruissalo, Halikko and Nyyniinen, with
a grand mean of 70.7%. Ca. 70 % of the variable
loci proved to be polymorphic. At the species
level the percentage of variable loci was 84.6.

3.2 Allelic Diversity

At the species level 2.7 alleles per locus were
observed. In the populations mean allelic diver-
sity per locus ranged from 1.8 to 2.3 with a mean
of 2.1 alleles per locus (Table 1). If monomor-
phic loci were excluded, mean number of alleles
per locus would be 2.3. Two alleles encoded by
Fest-3 and 6Pgd-2 were unique to Nyyniinen.
One allele was present only in Tenhola and Tai-
vassalo (in Dia-1), and another in Ruissalo and
Taivassalo (in Mdh-2). Their allelic frequencies
in the populations were below 0.03, except for
Dia-1 in Tenhola, where the frequency was 0.13.

3.3 Heterozygosity

The proportion of observed heterozygous indi-
viduals (H,) in the population samples ranged
from 0.136 in Tenhola to 0.169 in Nyyniinen,
whereas the range for expected heterozygosity
(H.) was from 0.148 in Tenhola to 0.218 in
Nyynidinen (Table 1). Standard errors of H,
ranged from 0.044 to 0.057, and of H. from
0.058 to 0.061. The observed heterozygosities
were slightly lower than those expected, but the
differences were not significant. The grand mean
over all populations was 0.155 for H, and 0.188
for H..
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Table 1. Mean sample size, mean no. of alleles per locus, percentage of loci polymorphic, observed and expected
heterozygosities per population. Population differentiation (D) per population and in the total sample (9).

Standard errors are given in parentheses.

Population Sample Mean no. Percentage Mean heterozygosity D
size of alleles of loci
per locus!) polymorphic?) observed expected?)

Ruissalo 51 22 539 0.152 0.191 0.031
(0.3) (0.044) (0.059)

Halikko 53 2.1 38.5 0.156 0.174 0.041
(0.2) (0.051) (0.058)

Tenhola 67 1.8 30.8 0.136 0.148 0.103
0.3) (0.057) (0.061)

Taivassalo 50 2.1 61.5 0.164 0.210 0.052
(0.4) (0.046) (0.059)

Nyyndinen 49 23 61.5 0.169 0.218 0.048
(0.3) (0.055) (0.059)

Grand mean 54 2.1 49.2 0.155 0.188 9= 0.055

1) including monomorphic and variable loci; 2)0.95 criterion; ) based on Hardy-Weinberg equation, unbiased estimate (see Nei 1978).

3.4 Population Differentiation

Genetic differentiation (D) between the popula-
tions and the total gene pool ranged from 3.1%
in Ruissalo to 10.3% in Tenhola (Table 1). The
mean population differentiation (D) computed
over loci indicates that the only substantially
differentiated stand, Tenhola, diverges from the
remainder of the populations at 10.3% of the
effective number of alleles at these loci. As meas-
ured by o-statistics genetic differentiation be-
tween the populations was 5.5%.

4 Discussion

The proportion of polymorphic loci in our re-
sults appears to be consistent with those of other
long-lived woody angiosperms (59.5%) reported
by Hamrick et al. (1992). The occurrence of one
predominant and a few rare alleles is common in
English oak populations (Kremer et al. 1991,
Miiller-Starck et al. 1993, see the allelic fre-
quency data of Bacilieri et al. 1993). Similarly,
in this study only ca. 70% of the variable loci
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were polymorphic reflecting a substantial fre-
quency of rare alleles. At the species level, the
proportion of variable loci, 73%, in the seed
samples from French stands of English oak (Kre-
mer et al. 1991) is comparable to our 84.6% in
mature trees.

The number of alleles per locus, 2.1, was in
our study equal to the value reported for other
angiosperm long-lived woody species (see Ham-
rick et al. 1992). Compared to other European
deciduous tree species (see Miiller-Starck et al.
1992), our stands of English oak had fewer alle-
les per locus than any oak (Quercus; 2.8-3.2),
beech (Fagus; 2.2-4.0) or fig-tree species (Fi-
cus; 2.7). The mean number of alleles within all
oak species is 2.4, but for European oak species
the estimate is as high as 3.8 (Kremer and Petit
1993). Our species level value was 2.7. Hence,
the allelic diversity in Finnish stands seems to be
slightly lower than that in central populations,
but more populations throughout the natural dis-
tribution area of the species should be analyzed
to confirm the possible difference.

The only published data on mature English
oak is based on one stand examined by Bacilieri
etal. (1993, 1994). From their allelic frequency-
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data (Bacilieri et al. 1993) it can be concluded
that at least three alleles per locus were present
in that stand, many of them with a frequency
below 0.05. In 2-year old German juvenile pop-
ulations the mean number of alleles per locus
was 3.2 (Miiller-Starck and Ziehe 1991, Miiller-
Starck et al. 1993). In our stands, allelic diversi-
ty was lower, only 2.1. However, Miiller-Starck
and Ziehe (1991) and Miiller-Starck et al. (1993)
scored genotypes only for polymorphic loci, and
the published data of Bacilieri et al. (1993) is
also based solely on polymorphic loci. Further-
more, a value of 2.7 has been reported for Eng-
lish oak (see Kremer and Petit 1993), where,
apparently, also the monomorphic loci have been
taken into account. If the monomorphic loci are
excluded from our study, the number of alleles
per locus only increases by 0.2 to 2.3, and is still
below that previously reported for the species.

Mean observed heterozygosity (H,=0.155) was
in our study lower than for other European tree
species (review by Miiller-Starck et al. 1992). In
our data, based on mature trees, H, was lower
than the previously reported values for English
oak, H.=0.264 for seeds (Kremer et al. 1991)
and H,=0.213 for juveniles (Miiller-Starck et al.
1993). The low heterozygosity in Finnish stands
might indicate a marginal effect, and is contra-
dictory to the suggestion of Miiller-Starck et al.
(1993) that the relatively low heterozygosity in
English oak compared to several other tree spe-
cies might characterize juvenile oak populations
but not the succeeding life stages. However, more
data is needed on heterozygosity in English oak,
both from mature trees in central populations
and Finnish juveniles.

In oaks, the level of population differentiation
is on average 6%, with extreme values of 1 to
17% (see Kremer and Petit 1993). Middle-Euro-
pean oak stands are only slightly differentiated
as indicated by the Gg-value of 0.02 for English
oak (Kremer and Petit 1993). In our study the
estimated mean differentiation of 9=0.055 is the
same as in German stands of English oak and
only slightly higher than in European beech
(Miiller-Starck and Ziehe 1991). However, in
Finnish stands the range of population differen-
tiation estimates (D= 0.031-0.103) is wider than
in German stands (D= 0.050-0.062) (Miiller-
Starck and Ziehe 1991). Considering the signifi-

cantly smaller area covered by our study this
may indicate a lower level of gene flow between
Finnish stands compared to German ones.

Our results indicate that Finnish stands of Eng-
lish oak are not only more differentiated than
e.g. northern Scots pine stands (Muona and Sz-
midt 1985), but they also have a number of rare
alleles. Nevertheless, the majority of the spe-
cies’ variation is found within each studied stand,
as is usual for a wind-pollinated tree species
(e.g. see Hamrick et al. 1992). Therefore each
stand, per se, could be used for seed collection
for reforestation purposes. However, all the stud-
ied stands are protected by law, and as produc-
tive seed orchards are lacking in Finland, only a
few cultivated stands are used for reforestation
purposes. We have no data on their genetic struc-
ture which may differ substantially from that of
natural stands.

Furthermore, these results have two additional
implications for practical operations. First, if the
genetic resources of English oak are to be con-
served e.g. in clonal archives, the presence of
rare alleles in natural stands must be considered
and the archives should be established with ma-
terial from as many stands as possible. Second,
the potentially lower overall variability in Finn-
ish stands must be taken into consideration when
breeding populations are established.
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