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resulting in smaller sampling errors of the estimates of type B
genetic correlations. 
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Abstract

Sessile oak (Quercus petraea) and pedunculate oak (Q. robur)
are two closely related, interfertile taxa. They are the most
frequent oak species in Switzerland. Allelic and genotypic
structures at 17 isozyme gene loci were observed in 21 popula-
tions from Switzerland. Twelve populations of Q. petraea, six
populations of Q. robur, and three “mixed” populations (Q.
petraea and Q. robur) were investigated. The species status of
the populations was confirmed by Principal Component Anal-
ysis (PCA) based on leaf morphological traits. All populations
are highly variable at enzyme gene loci. Differentiation among

the taxa is reflected at allelic structures at several enzyme
gene loci (ACP-C, GDH-A, IDH-B, NDH-A, PGM-A). An excess
of homozygotes relative to corresponding HARDY-WEINBERG

structures was observed in all populations. Moderate levels of
inbreeding are likely to contribute to these genotypic structu-
res, but heterogeneity of inbreeding coefficients among loci
suggests that deviations from random mating are not the only
cause of the homozygote excess at particular loci (AAP-A, 
PGM-A). On average, expected heterozygosity is highest in the
“mixed” populations, but observed heterozygosity of the “mixed”
stands is in-between Q. petraea and Q. robur. A plausible
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explanation is partial reproductive isolation of both species 
in “mixed” forests resulting in a “Wahlund effect”. Seed pro-
curement in “mixed” oak forests is encouraged. The species
status of populations is of prime importance for the selection of
oak genetic resources in Switzerland.  

Key words: differentiation, diversity, isozyme, homozygote excess,
Quercus petraea, Q. robur, seed procurement, Switzerland, Wahlund
effect.

Introduction

Sessile oak (Quercus petraea) and pedunculate oak (Q. robur)
are widely distributed forest tree species in Europe. The taxa
are closely related and interfertile. Most pollination experi-
ments revealed an asymmetric success of artificial pollination;
interspecific crosses are usually more successful if female Q.
robur flowers are pollinated by Q. petraea pollen rather than
vice versa (e.g. AAS, 1998). Natural hybridization is very likely
to occur, but the extent of hybridization is not exactly known
(BACILIERI et al., 1995, 1996). The species can neither be un-
ambiguously distinguished at isozyme gene markers (ZANETTO

et al., 1994) nor at molecular markers such as RAPDs
(BODÉNÈS et al., 1997) or cpDNA haplotypes (DUMOLIN-LAPÈGUE

et al., 1997).

The ecological preferences of Q. petraea and Q. robur are
different (AAS, 1998), but “mixed” forests with both species are
frequent in Central Europe. The genetic structures of “pure”
and “mixed” oak forests have rarely been investigated in detail.
Harvesting of reproductive material has mainly been confined
to “pure” forests in the past. Current regulations do not encour-
age the use of progenies from “mixed” populations for planta-
tion establishment in most European countries.

Q. petraea and Q. robur are the most frequent oak species in
Switzerland; 1.4% of all trees with a diameter at breast height
above 12 cm are Q. petraea and 0.6% are Q. robur (BRASSEL

und BRÄNDLI, 1999, loc. cit. p. 133). An investigation of cpDNA
polymorphisms revealed that oaks migrated to Switzerland
from two different glacial refugia (MÁTYÁS and SPERISEN, in
press). Pedunculate and sessile oak are commercial species in
Switzerland and have been exploited for centuries. Thus,
anthropogenic seed transfer has an impact on today’s distribu-
tion of the species and possibly also on patterns of genetic
variation within species. However, the spatially structured
occurrence of cpDNA haplotypes suggests a limited influence of
human seed transfer over long distances on genetic structures
of oaks in Switzerland (MÁTYÁS and SPERISEN, in press). The
origin of most oak forests in Switzerland is uncertain. Clear
evidence of autochthony, e.g. based on historical records, is
usually lacking.     

Results presented here are part of a comprehensive genetic
inventory based on isozyme marker loci and leaf morphological
traits in oak populations from Switzerland (FINKELDEY,
submitted). I will specifically address the following questions:
Are there different levels of genetic variation in “pure” and
“mixed” oak stands? Is the species’ status of populations reflect-
ed at particular isozyme gene loci? Are genotypic structures of
mature oak forests influenced by inbreeding and/or a “Wahlund
effect”?

Materials and Methods

Material 

Material was collected in 21 oak populations from Switzer-
land (Table 1). With few exceptions (e.g. population “Schoren”
and “Magden”) populations have a minimum size of 10 hectares
and are regarded as potentially suitable for the in situ conserva-

tion of oak genetic resources in Switzerland. All stands are
mature, reproducing forests. Oaks are dominating species in all
forests, but in most cases they occur in mixture with other,
mainly broad-leaved species. 

Table 1. – Investigated oak populations, their approximate
altitude, and location.

One hundred oak trees were randomly selected and tem-
porarily marked in each stand. The minimum distance between
trees was 30 m whenever possible. Twigs with at least 20
dormant buds were harvested from each tree. Small parts of
twigs (approx. 1 cm) with dormant buds were frozen at –80°C.
In each population, 100 oak leaves were collected from the
ground during the dormant season. One leaf was randomly
sampled approximately every 30 m in the same area where
buds were harvested. Leaves were dried and kept in an herbar-
ium for the analysis of morphological traits. 

Methods

From each leaf (100 leaves per population) the following data
were recorded: petiole length (PL), lamina length (LL), number
of intercalary veins (NV), abaxial lamina pubescence (HR),
basal shape of petiole (BS), and number of lobes (NL). NV and
NL were directly counted, PL and LL measured in mm, and HR
and BS assessed on a relative scale ranging from 0 to 6 and 0
to 9, respectively. The petiole ratio (PR) was computed as 
PR = PL/(LL+PL). Principal component analysis (PCA; BACK-
HAUS et al., 2000, loc. cit. 252ff.) was performed based on five
characters: PR, NV, HR, NL, BS. Previous studies proved the
suitability of these traits to differentiate between Q. petraea
and Q. robur (GRANDJEAN and SIGAUD, 1987; DUPOUEY and
BADEAU, 1993). Factor scores of the first and second component
were computed for all leaves and plotted in two-dimensional
graphs. Leaves were assigned to one of three groups (Q. petraea,
Q. robur, or intermediate) according to their factor scores of the
first and second component.

Fourteen polymorphic enzyme systems were observed:
(Alanine)-aminopeptidase (E.C.-No. 3.4.11.1; AAP); aconitase
(E.C.-No. 4.2.1.3; ACO); acid phosphatase (E.C.-No. 3.1.3.2; ACP);
alcohol-dehydrogenase (E.C.-No. 1.1.1.1; ADH); glutamate-
dehydrogenase (E.C.-No. 1.4.1.3; GDH); glutamate-oxaloacetate-
transaminase (E.C.-No. 2.6.1.1; GOT); isocitrate-dehydrogen-
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ase (E.C.-No. 1.1.1.42; IDH); malate-dehydrogenase (E.C.-No.
1.1.1.37; MDH); menadione-reductase (E.C.-No. 1.6.99.2;
MNR); NADH-dehydrogenase (E.C.-No. 1.6.99.3; NDH); 
6-phosphogluconate-dehydrogenase (E.C.-No. 1.1.1.44; 6-PGDH);
phosphoglucose-isomerase (E.C.-No. 5.3.1.9; PGI); phosphoglu-
comutase (E.C.-No. 2.7.5.1; PGM); shikimic-acid-dehydrogen-
ase (E.C.-No. 1.1.1.25; SKDH). Allelic and genotypic structures
based on 100 trees per population were computed for 17 iso-
zyme gene loci: AAP-A; ACO-A; ACP-C; ADH-A; GDH-A; 
GOT-B; IDH-A; IDH-B; MDH-A; MNR-A; NDH-A; 6-PGDH-A; 
6-PGDH-B; PGI-A; PGI-B; PGM-A; SKDH-A. Laboratory
methods and genotyping followed standard procedures
(MÜLLER-STARCK et al., 1996; ZANETTO et al., 1996) with slight
modifications as described in FINKELDEY (submitted). The
genetic control of isozyme phenotypes has been studied for
most gene loci (MÜLLER-STARCK et al., 1996; ZANETTO et al.,
1996), but not for ACO-A, ADH-A, IDH-A, MDH-A, NDH-A,
and PGI-A. Enzyme phenotypes were empirically interpreted
at these putative loci. Genotyping was straightforward at these
loci since clear and repeatable banding patterns were observed.
Only the A and B zones of the IDH enzyme system overlapped.
These zones could unambiguously be separated by their dif-
ferent staining intensity.   

Genetic variation within populations was computed as the
average number of alleles per locus (A/L), expected heterozygo-
sity (He) (e.g. BERG and HAMRICK, 1997), which equals the “dif-
ferentiation within populations” δT according to GREGORIUS

(1987), and hypothetical gametic multilocus diversity vgam
(GREGORIUS, 1978). Allelic differentiation among populations
was assessed following NEI (1973) and GREGORIUS and ROBERDS

(1986), and illustrated as cluster diagram (UPGMA; SNEATH

and SOKAL, 1973) based on genetic distances d0 (GREGORIUS,
1984). Heterozygosities expected under HARDY-WEINBERG

assumptions (He) and observed heterozygosities (Ho) were com-
pared. Differences between He and Ho were tested for statisti-
cal significance by a goodness-of-fit test (G-test; SOKAL and
ROHLF, 1995; loc. cit. pp. 686ff.). Inbreeding coefficients (F)
were computed as F = 1 – (Ho/He).

The following computer programmes were used for the com-
putations: BIOSYS 1.7 (SWOFFORD and SELANDER, 1981), GSED
1.1d (GILLET, 1994), and WinSTAT 3.1 (BRAEUNIG und FITCH,
1998).    

Results

Leaf morphological data

Multivariate analysis of leaf morphological data revealed
that most of the leaves can be assigned to one of two main
groups. For the majority of leaves it holds: factor score (1st com-
ponent) > [–1.5 × factor score (2nd component)]. These leaves
are of the “Q. petraea-type”. The other main group consists of
leaves with factor score (1st component) < [-1.5 × factor score
(2nd component) – 1]. These leaves are of the “Q. robur-type”.
Intermediate forms are comparatively rare (Figure 1). The
frequency of leaf types based on scores of their 1st and 2nd com-
ponent are reported in table 2 for each population. Six popula-
tions predominantly contain leaves of the “Q. robur-type”
(Table 2 and Figure 2a). However, a few trees of the “Q.
petraea-type” and intermediate forms were observed in all of
these populations. The “Q. petraea-type” clearly dominates in
twelve populations (Table 2 and Figure 2b), but intermediate
forms and leaves of the “Q. robur-type” were observed in most
of these populations in low frequencies as well. Three popula-
tions contain leaves of the “Q. robur-type” and the “Q. petraea-
type” in roughly equal frequencies (Table 2 and Figure 2c).
Intermediate forms are comparatively rare in these popula-
tions as well.

Genetic variation within populations and differentiation among
populations

Genetic variation at isozyme gene loci is high within all
investigated populations (Table 3). A total of 70 alleles were
observed at the 17 gene loci (4.12 alleles per locus). The aver-
age expected heterozygosity He is 0.247 for all 21 populations.
Levels of genetic variation are slightly higher in Q. petraea
populations as compared to Q. robur. On average, all computed
measures of genetic variation within populations (A/L, He, and
vgam) are highest in the “mixed” populations (Table 3).  

Figure 1. – Principal component analysis (PCA) of morphological data
from 2100 oak leaves collected in Switzerland. Further explanations in
the text.

Table 2. – Frequencies of leaf types based on PCA of morphological data
in oak populations from Switzerland. Sample size: 100 leaves in each
population.
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Figure 2a to 2c. — Principal component analysis (PCA) of leaf morpholog-
ical data in Swiss populations dominated by Quercus robur (Figure 2a),
Q. petraea (Figure 2b), and in "mixed” populations (Figure 2c). Further
explanations in the text. 

The allelic differentiation among populations δ (GREGORIUS

and ROBERDS, 1986) of the gene pool of 17 isozyme gene loci is
0.067. Quercus robur populations are more strongly differ-
entiated from their respective complements as indicated by
comparatively high values of Dj (Figure 3). The Dj-values of
“mixed” populations are small, i.e. they represent the overall
allelic structures well. A hierarchical partitioning of the total
genetic variation according to NEI (1973) reveals that 94.0% of
the genetic variation is within populations, 1.7% is among
populations within species, and 4.3% is among species, if the
“mixed” populations are disregarded. Inclusion of the “mixed”
populations at the highest level of differentiation as a separate
“type” yields corresponding values of 94.7% for the variation

within populations, 1.5% for the variation among populations
within “type”, and 3.8% for the variation among the three dif-
ferent “types” (Q. robur, Q. petraea, and “mixed”). Clustering
based on genetic distances d0 and UPGMA reveals that the Q.
robur populations form a separate cluster. The “mixed” popula-
tions belong to a single branch of the Q. petraea cluster
(Figure 4). 

The variation component due to differentiation among
species is high for the gene loci ACP-C, IDH-B, and PGM-A

Table 3. – Genetic variation at 17 isozyme gene loci in oak populations
(Q. petraea and Q. robur) from Switzerland. A/L: average number of
alleles per locus; He: expected heterozygosity; vgam: hypothetical gametic
multilocus diversity; Ho: observed heterozygosity.
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(Table 4). Allele frequencies are reported for these loci in
table 5. Non-overlapping ranges of allele frequencies for Q.
robur and Q. petraea populations were observed at these gene
loci. The “mixed” populations show intermediate frequencies of
the discriminating alleles. Non-overlapping ranges of allele fre-
quencies for Q. robur and Q. petraea populations were also
observed at GDH-A and NDH-A (Table 6) although the dif-
ferentiation among populations is much lower at these loci. 

Genotypic structures and heterozygosity

Genotypic structures were analysed by testing deviations
between observed heterozygosities (Ho; Table 3) and correspond-
ing heterozygosities based on HARDY-WEINBERG structures
(expected heterozygosities He) for statistical significance.
Goodness-of-fit tests (G-Tests) were only performed if the abso-
lute number of expected heterozygotes was at least 5 (SOKAL

and ROHLF, 1995, loc. cit. 698ff.). Thirty-one tests out of 259
tests which could be performed resulted in deviations between
observed and expected heterozygosities at a significance level
of at least 5%. A significant excess of observed heterozygotes
relatively to the expectation was observed in a single case only
(Population “Schoren” at locus GDH-A). All other significant
deviations resulted in positive inbreeding coefficients F, i.e. an
excess of observed homozygotes relatively to HARDY-WEINBERG

proportions. 

Significant deviations between observed and expected
heterozygosities were observed in 14 out of the 21 investigated
populations at AAP-A and in nine populations at PGM-A.
Deviations at all other loci (218 tests) were observed at the 5%
level of significance in five cases only and at the 1% level in
three further cases, i.e. roughly in a frequency as expected by
chance alone.

The high frequency of heterozygote deficiencies at the AAP-A
and PGM-A gene loci may not be caused by inbreeding or other
peculiarities of the mating system but may have different
causes (see below). Particular attention was paid to gene loci
showing unambiguous differentiation between Q. robur and Q.
petraea. Thus, inbreeding coefficients [F = 1 – (Ho/He)] were
calculated for different sets of gene loci (Table 7): All 17 investi-

Figure 3. – Differentiation of the gene pool (17 loci) among 21 oak popula-
tions from Switzerland (Dj according to GREGORIUS and ROBERDS, 1986).
Numbers as in table 1; grey: Quercus robur populations; white: Q. petraea
populations; black: mixed populations.

Figure 4. – Cluster diagram (UPGMA based on genetic distances d0 of
the gene pool (17 loci)) illustrating allelic differentiation among 21 oak
populations from Switzerland. 

Table 4. – Hierarchical partitioning of
genetic variation (NEI, 1973) at single
gene loci for 18 oak populations (six Quer-
cus robur and twelve Q. petraea) in
Switzerland. GPS: Variation component
due to differentiation among populations
within species. GST: Variation component
due to differentiation among species.
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gated gene loci, 15 investigated loci (i.e. all loci excluding 
AAP-A and PGM-A), the five loci with non-overlapping allele
frequencies for Q. robur and Q. petraea (i.e. ACP-A, GDH-A,
IDH-B, NDH-A, PGM-A), four of these gene loci (i.e. without
PGM-A), the three loci showing strongest differentiation (ACP-A,
IDH-B, PGM-A), and twelve loci showing poor differentiation
between Q. robur and Q. petraea (i.e. all loci but not ACP-A,
GDH-A, IDH-B, NDH-A, PGM-A).

Inbreeding coefficients are moderately positive in all popula-
tions if all 17 loci are considered (Table 7). The coefficients
decrease in most populations if AAP-A and PGM-A are exclud-
ed, but are still positive for 18 of the 21 populations. Thus,

Table 5. – Allele frequencies at the isozyme gene loci ACP-C, IDH-B, and PGM-A in 21 oak popula-
tions from Switzerland. Frequencies may not add to unity since frequencies of rare alleles are not
reported. 

Table 6. – Allele frequencies at the isozyme gene loci GDH-A and NDH-A
in 21 oak populations from Switzerland. Frequencies may not add to
unity since frequencies of rare alleles are not reported.

Table 7. – Inbreeding coefficients F in 21 oak populations from Switzer-
land based on different sets of gene loci: Values of F for all 17 investigat-
ed isozyme gene loci, for 15 loci (i.e. without AAP-A and PGM-A), for 5
loci (ACP-C, GDH-A, IDH-B, NDH-A, PGM-A), 4 loci (ACP-C, GDH-A,
IDH-B, NDH-A), 3 loci (ACP-C, IDH-B, PGM-A), and 12 loci (all but not
ACP-C, GDH-A, IDH-B, NDH-A, PGM-A).

there is some evidence for weak inbreeding in most of the popu-
lations even though at single gene loci the observed heterozygo-
sities are only rarely significantly different from expected
heterozygosities. The average inbreeding coefficients are high-
er for the “mixed” populations than for Q. petraea and Q. robur
populations irrespective of the chosen set of gene loci. However,
differences between “pure” and “mixed” populations are small
if the set of twelve loci showing low differentiation between the
species is taken. On the other hand, the average inbreeding
coefficient of “mixed” populations is considerably higher than
the average F of both types of “pure” populations, if only loci
are considered showing unambiguous differentiation between
Q. petraea and Q. robur populations (three, four, and five loci). 
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Discussion

Leaf morphology and species status

A principal component analysis based on the observation of
six leaf morphological traits allowed to assign the majority of
the sampled leaves to one of the two “types” Q. petraea or Q.
robur. Only few intermediate types (average frequency: 3.8%)
were observed. These intermediate types may be the leaves of
species hybrids, but they may also be within the natural varia-
tion range of one or both species. Similiar results, i.e. the possi-
bility to separate Q. petraea and Q. robur based on simple
morphological traits with few intermediate forms, were also
obtained in previous studies (e.g. DUPOUEY and BADEAU, 1993).
Thus, the observation of leaf morphological traits is suitable to
confirm the species status of populations. The overall frequen-
cy of sampled Q. petraea and Q. robur leaves (62.3% and
33.9%, respectively) is comparable to the relative abundance of
both species in Switzerland (70% and 30%, respectively; cf.
BRASSEL und BRÄNDLI, 1999, loc. cit. p. 133).  

Most of the investigated populations are dominated by a
single species, but leaves with characteristics of the alternate
species were sampled at low frequencies in all populations
dominated by Q. robur and most populations dominated by Q.
petraea. Leaves were sampled from the ground after leaf fall.
Thus, it cannot be ruled out that leaves from surrounding
stands were transported by the wind into the sampled popula-
tions. However, sampling was mainly within the closed forest
and is unlikely to be strongly disturbed by long-distance wind
transport of leaves. Direct observations on trees during the
growing season confirmed the occurrence of both species in the
majority of Swiss oak forests, although the frequency ratio
seems to be highly unbalanced in most stands. 

Three “mixed” forests with both species occurring in roughly
equal frequencies were sampled. The average frequency of
intermediate types is only slightly higher in theses stands as
compared to stands dominated by a single species (Table 2).
Thus, species hybrids which can be identified by the chosen
method seem to be rare both in “mixed” stands and stands
dominated by a single species. The observation of a compara-
tively high number of intermediate leaf types in population
“Castaneda” possibly reflects the occurrence of Q. pubescens s.l.
trees in this population rather than a high frequency of
hybrids.       

Genetic variation within and differentiation among populations

Genetic variation is high within all investigated populations.
The average number of alleles per locus (A/L) varies from 2.59
to 3.06, and the average genetic diversity (He = δT) lies between
0.229 and 0.261. The average levels of genetic variation are
very similiar for Q. robur and Q. petraea. Comparable levels of
variation at enzyme gene loci for both species were reported in
previous studies on a regional or range-wide scale in spite of
different sets of investigated loci (e.g. ZANETTO and KREMER,
1995; HERZOG, 1996). All computed measures characterising
the allelic variation in “mixed” populations are slightly higher
than the corresponding average values in stands dominated by
a single species (Table 3). However, this does not hold for the
average level of observed heterozygosity, which is highest for
populations dominated by Q. petraea (Table 3). “Mixed” popula-
tions do not only show high levels of genetic variation; they
also represent the overall genetic structures well as indicated
by small genetic distances between the populations and their
respective complements (Dj; Figure 3). 

Allelic differentiation is mainly among species (4.3%) and is
very weak among populations within species (1.7%) in Switzer-
land. ZANETTO and KREMER (1995) investigated seven pairs of
populations of Q. petraea and Q. robur. They found the among
populations within species component and the among species

component of the total gene diversity in the same order of
magnitude (3.1% and 3.3%, respectively). The contrasting
results from the two studies may be explained by the locations
of sampled populations: ZANETTO and KREMER (1995) investigat-
ed populations from a wide geographic range from Scandinavia
to Southwest France and Romania. Differentiation among
populations within species is likely to increase if populations
are sampled from such a wide range.   

The comparatively strong differentiation of Q. robur popula-
tions (Figure 3) is an effect of an unbalanced representation of
populations from different species in this study and in Swiss
forests. Most populations are of the Q. petraea type, and the
respective complements of all populations are thus also domi-
nated by Q. petraea. 

Differentiation patterns among populations are not uniform
for all loci. Strong differentiation is evident for the loci ACP-C,
IDH-B, and PGM-A (Tables 4 and 5). Similiar allelic structures
differentiating Q. robur and Q. petraea were observed at these
three loci by HERTEL und DEGEN (1998, 2000) in German
oak populations and by ZANETTO and KREMER (1995) in popula-
tions from a wide geographic range. Non-overlapping ranges of
allele frequencies for Q. petraea and Q. robur populations at
least for a single allele were also observed at the gene loci
GDH-A and NDH-A (Table 6). Differentiation among species is
low for all other loci (Table 4). These contrasting differentiation
patterns suggest that evolutionary forces and in particular
selection act differently on the investigated enzyme gene loci.      

Differentiation among populations within species is very low,
but reflects the geographical location of populations to a cer-
tain extent. For example, population “Magadino” (pop. no. 6) is
most strongly differentiated from all other populations
(Figure 3) and forms a separate branch of the „Q. robur cluster“
in figure 4. “Magadino” is located in Ticino and the only Q.
robur population sampled south of the Alps. Similar, “Gorde-
vio” (pop. no. 20), „Cavergno“ (pop. no. 19), and “Castaneda”
(pop. no. 21) are the three Q. petraea populations sampled in
Ticino. The allelic differentiation from their respective comple-
ments is also above average (Figure 3), and they belong to a
common main branch of the „Q. petraea cluster“ in figure 4.

Genotypic structures and heterozygosity

Expected heterozygosities are higher than observed hetero-
zygosities in all populations (Table 3). Thus, inbreeding coeffi-
cients are positive if all gene loci are considered (Table 7).
However, significant deviations between observed and expected
heterozygosities are mainly confined to two gene loci: AAP-A
and PGM-A. Misinterpretation of enzyme phenotypes at these
loci is an unlikely cause of the observed heterozygote deficit
since both enzymes are monomeric. Thus, homozygotes and
heterozygotes are easily identified by the occurrence of one and
two bands, respectively. BACILIERI et al. (1994) also found posi-
tive inbreeding coefficients F for both loci in the Q. petraea and
the Q. robur demes of a “mixed” population. They suspect the
occurrence of null-alleles at both loci to be responsible for the
positive F-values. Their hypothesis is supported for AAP-A by
the observation of a single tree of population “Castaneda”
showing no activity in the AAP-A zone. Strong staining of the
sample was observed for all other investigated enzyme systems
and for the AAP-B zone, which was not interpreted in this
study. Electrophoresis of this sample was repeated twice and
the duration of the staining was extended, but still no enzyme
activity was detected in zone AAP-A. Thus, the tree is appar-
ently homozygous for a null-allele at AAP-A.

As expected, inbreeding coefficients decrease if AAP-A and
PGM-A are excluded from the computation, but remain slightly
positive for most populations (column „15 loci“ in Table 7).
STREIFF et al. (1998) observed similiar inbreeding coefficients
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for both species at isozyme and microsatellite gene loci. 
F-values are rather homogeneous across loci if AAP-A and
PGM-A are not considered. Weak inbreeding, possibly mainly
by preferential mating of neighbouring, related trees, is a plau-
sible explanation for the slightly positive F-values in most
populations (BACILIERI et al., 1994).

Average inbreeding coefficients are higher in “mixed” popula-
tions as compared to populations dominated by a single species
irrespective of the chosen set of gene loci. These differences are
particularly pronounced if only those loci are considered which
show differentiation among species. A „Wahlund effect“ is the
likely cause of the inflated F-values in “mixed” populations.
Genotypic structures of the offspring generation will be affect-
ed by a „Wahlund effect“ only if genetically differentiated popu-
lations, which are at least partially isolated from each other,
contribute to the next generation (HATTEMER, 1982). It seems
reasonable to assume that differentiation patterns, which were
repeatedly observed between “pure” populations of Q. petraea
and Q. robur, also exist in “mixed” populations and differenti-
ate a Q. petraea deme from a Q. robur deme in these popula-
tions. This assumption is corroborated by the observation of
intermediate frequencies of discriminating alleles in “mixed”
populations (Table 5). The observed genotypic structures pro-
vide strong evidence for partial reproductive isolation of Q.
robur and Q. petraea demes in “mixed” populations based on
this premise.         

Consequences for seed procurement and the conservation of
genetic resources

This study confirms previous findings that sessile oak and
pedunculate oak maintain high levels of genetic variation with-
in species. Neither comparatively small population sizes (e.g.
populations “Schoren” and “Magden”) nor apparent isolation of
populations (e.g. populations “Magadino”, “Cavergno”, “Gorde-
vio”, and “Castaneda” in Ticino) resulted in losses of genetic
variation. Variation levels are similiar for both species. No
recommendations are given concerning the selection of genetic
resources or populations for seed procurement based on the
moderate differences of genetic variation within populations for
the populations dominated by a single species. Inbreeding is
low at least at the age stage of adult, reproducing trees, and
has only little impact on genotypic structures.  

Genetic differentiation is mainly among species. Allelic struc-
tures at several gene loci allowed to unambiguously group the
populations to either one of the two “pure” species or to “mixed”
populations. This observation confirms the genetic basis of the
morphological differentiation between sessile and pedunculate
oaks although no qualitative differentiation was detected at
any locus. The selection of populations for seed procurement
and for the conservation of genetic resources should primarily
be based on the distinction of two different taxa, which show
well-studied morphological and ecological differentiation (e.g.
AAS, 1998). Selection of populations should also take into
account the weak, but recognisable differentiation among geo-
graphical regions within species as exemplified by the differ-
entiation between populations from Ticino and regions north of
the Alps for both species.

Several observations point towards “mixed” populations as
suitable targets for seed procurement and conservation meas-
ures: “Mixed” populations contain high levels of genetic varia-
tion within species and they represent the overall genetic con-
stitution of the investigated area well. This may be expected
from genetically differentiated species mixtures; results pre-
sented here confirm the expectation at the level of genetic
structures at single gene loci. An important reason for the
exclusion of “mixed” populations from seed procurement and
conservation measures has been the putative formation of

species hybrids with unknown morphological, ecological, and
adaptational properties. However, the genetic structures observ-
ed in “mixed” forests clearly indicate at least partial reproduc-
tive isolation of Q. petraea and Q. robur even if they grow in a
balanced mixture. The occasional formation of species hybrids
may even add to the adaptive potential of progenies from
“mixed” populations. Seeds or seedlings from “mixed” popula-
tions should be preferably used on sites with spatially alterna-
ting microhabitats suitable for either pedunculate or sessile
oak e.g. due to small-scale heterogeneity in water supply.   

The apparent partial reproductive isolation between Q.
petraea and Q. robur also implies that gene exchange and
hybridization among species may be limited in forests dominat-
ed by a single species but with trees of the other species occurr-
ing in low density. The majority of the investigated populations
and probably the majority of oak forests in Switzerland fall
into this category. Seeds collected from trees of the dominating
species may contain species hybrids in negligible frequencies.
However, more detailed studies on pollen flow and the mating
system in “pure” and “mixed” oak forests (e.g. BACILIERI et al.,
1996) will be needed in order to assess the frequency and
importance of possibly asymmetric hybridization between
sessile and pedunculate oak.    
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Abstract

Obtaining accurate and precise genetic parameter estimates
is fundamental to determining breeding strategies, and for
choosing genotypes for commercial propagation. Results for
survival and growth from seven clonal genetic tests of Eucalyp-
tus grandis in Colombia supported the a priori contention of
sub-dividing them into three different environments for deploy-
ment and possibly breeding purposes. The genotype-by-
environment interactions (GxE) for growth traits were moder-
ate at six years of age in the target environment (5 sites repre-
sentative of 95% of the E. grandis planting area for the clonal
program). Therefore, it is recommended to breed and select for
clones that perform well across the range of sites within the
target environment. The clonal rankings for growth traits at
the two extreme sites differed markedly between these two
distinct environments, and between each extreme environment
and the five sites in the target environment. Thus, the extreme
environments require separate clonal test locations and deploy-
ment populations. Broad sense heritabilities for survival, indi-
vidual tree volume and mean annual increment (MAI) tended
to increase over time for the three environments, but the
trends for height were quite different among environments.
The broad sense heritabilities for mean wood density declined
with age, but GxE interaction for wood density was low indicat-
ing that clonal rankings were stable among the five sites
within the target environment. The estimation of genetic gains
by two methods, predicted clonal values and the classical
formula, gave similar results and showed great potential for
increasing productivity in the target environment through
selection of the top clones. 
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Introduction

In the last twenty years, there has been increasing interest
on the part of many Eucalyptus breeding programs around the
world in developing clonal forestry to enhance both plantation
productivity and product uniformity (LAMBETH et al., 1989;
DENISON and KIETZKA, 1993; BERTOLUCCI et al., 1995; ARAUJO et
al., 1997). In this context, the estimation of basic genetic
parameters is crucial in determining the best strategies for
clonal breeding and testing and in predicting genetic gains
from deploying the best clones (BURDON, 1992; WHITE, 1996).

In the case of Eucalyptus grandis, there are few reports in
the literature regarding genetic parameters for growth and
wood quality traits of clonal material (KAGEYAMA and KIKUTI,
1989; IKEMORI, 1990; LAMBETH et al., 1994). In general, broad
sense heritabilities have shown moderate genetic control for
growth traits (H2=0.22 to 0.41) and wood density (H2=0.30).
However, some of these heritability estimates are based on a
single genetic test and therefore may be upwardly biased by
the presence of genotype-by-environment interaction if the
GxE interaction variance is larger than zero (COMSTOCK and
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