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Abstract

Genetic structure of 38 populations from southeastern
Europe has been studied using 11 enzymatic gene loci (PX-1,
PX-2, GOT-1, 6-PGD-1, SOD-1 ACP-1, MDH-1, IDH-1, PGM-1,
PGI-1 and MNR-1). Eight loci are polymorphic with gene
diversity ranging from 0.179 to 0.461. Principal component
analysis (PCA) based on allelic frequencies extracted 4 groups
of populations: Rhodopes; Shars-Pindus range; Dinaric Alps
and low Pannonic mountain ranges; Biokovo Mountain and
Istrian Peninsula, well associated with geographical and
climatic conditions. The statistical significance of this grouping
was tested by discriminant analysis (DA). Although all 4
derived groups have high and similar values of the total
diversity (respectively 0.250; 0.228; 0.282; 0.264), the share of
loci which are more polymorphic varies from group to group.
Presence of some rare alleles also indicates the difference
between them. The correlations between estimated genetic
differences and presumed occurrences during the glaciation
and the postglaciation periods have been discussed, especially
microgeographical conditions and evolutionary history of
beechwoods from isolated regions of Biokovo and Istria.
Multilocus F-statistics have also been computed. Positive F;
values for all groups of populations indicate some deficit
of heterozygotes, while high Fg, values prove certain
differentiation among them.
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Introduction

Beech survived intense climatic and geological changes
during the Quaternary because some of its populations lived in
areas not reached by ice. These remaining populations are
the origin of all present European beech populations. After
extending from its main refugia in Southeastern Europe
(HUNTLEY and BIRKS, 1983; BENNETT et al., 1991; WILLIS, 1994)
and Italy (DEMESURE, 1996), and possible secondary
refugia in Southwestern Europe (OLDFIELD, 1960; BEUG, 1967,
PAQUEREAU, 1974; JALUT, 1976; JALUT et al., 1975; SERCELJ,
1996), its current spacious area contains territories with very
different ecological conditions.

Many analyses of genetic structure by protein markers
carried out so far (THIEBAUT, 1984; BARRIERE et al., 1985; ComPS
et al., 1987, 1988, 1990, 1991a and b; GOMORY et al., 1992;
LEONARDI and MENOzz1, 1995; MULLER-STARCK and ZIEHE,
1991; VYSNY et al., 1995), established a high diversity of beech
populations in Europe as well as a strong connection of some
alleles with geographical and ecological conditions. MULLER-
STARCK (1985) describes the influence of man, or rather of the
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polluted atmosphere, on beech genetic structure. An adaptable
group of beech is the most polymorphic one. A rather high
degree of cpDNA diversity is also established (DEMESURE,
1996). The most polymorphic populations are generally the
ones from the former refugia (Comps et al., 1990, 1991b;
LEoNARDI and MENOzZI, 1995). However, values gained by NEI's
formula, which expresses the expected heterozygosity, are not
always higher in the refugia areas. Thus this parameter is not
the best, in this case, to account for the diversity (CoOULAUD,
1994; DEMESURE, 1996). The originality of these refugia popula-
tions may be rather due to the presence of some fixed alleles
absent in all other regions. As a reason for the specificity of
refugia ComPs et al. (1990) quotes the age of those beechwoods
that have been in existence over numerous generations.
Palynological analyses established beech in those areas
12000-9 000BP (HUNTLEY and BIRKS, 1983). Populations of the
rest of the Europe, younger by half (5000—2500BP, HUNTLEY
and BIRKS, 1983), acquired, as COMPS et al. (1990) presumes,
only part of that genetic wealth accumulated over generations.
The following evolutionary factors are responsible for occurren-
ces in the genetic material: gene flow, gene drift and selection.
Gene flow in mostly monospecific beech forests is described by
WRIGHT’s (1943, 1946) “isolation by distance model” (CUGUEN,
1986; CUGUEN et al., 1988). GREGORIUS et al. (1986) also
established a very small genetic distance and low diversity
between seed productions of two successive years, although
each tree does not blossom and bear fruits every year. Beech is
a long-living plant (> 100 years), which matures late (40 to 50
years old) and bears heavy nuts. It is also a wind pollinated,
allogamous species with a low rate of self-fertilization (0.05 on
average, MERZEAU et al., 1994).

In this study the genetic structure of 38 beech populations
from Southeastern Europe has been analysed. A large part of
that area has not yet been examined although there were
potential refugia during the last glaciation and sources for
extending during the postglaciation period. Pollen analyses
in that area established the presence of beech in the Rhodope
Mountains at the beginning of the Holocene, ~ 10000BP
(HUTTINEN et al., 1992), although at a low percentage. In the
area of Dinaric Alps (Lakes of Plitvice) beech pollen was found
in Boreal sediments, ~ 7000 to 8000BP (CULIBERG and
SERCELJ, 1981; SRDOC et al., 1985). As there are signs of an
even earlier presence of beech on some of these territories,
above all in the Istrian Peninsula (CULIBERG and SERCELJ,
1995), they were specially examined with the purpose of
evaluating the microclimate and relief specifities as important
factors in establishing the global schemes of vegetation
structure today and in the past, as well as of vegetation migra-
tions in the postglacial period. This study is also a supplement
to the description of the genetic structure of this prevalent
European species.

Materials and Methods
Sampling
Beech twigs with dormant buds were collected from 38

autochtonous locations in Southeastern Europe (Fig. 1). Each
sample included approximately 50 individuals which were
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selected randomly at least over a 3 ha to 4 ha area with a homo-
geneous environment. The samples cover a large geographical
area from the Rhodopes in the East over Dinaric Alps to the
slopes of Eastern Alps in the West, from the lower mountain
ranges in the Pannonic Plain in the North to the high Shar-
Pindus massif in the South. In this large area beechwoods
cover different climatic conditions and a wide altitudinal range.

Electrophoretic Analysis

Eleven polymorphic enzyme loci were assayed: PX-1, PX-2
(peroxidases, EC 1.11.1.7), GOT-1 (glutamate oxaloacetate
transaminase, EC 2.6.1.1), 6-PGD-1 (6-phosphogluconate dehy-
drogenase, EC 1.1.1.44), SOD-1 (superoxide dismutase,
EC 1.15.1.1), ACP-1 (acid phosphatase, EC 3.1.3.2), MDH-1
(malate dehydrogenase, EC 1.1.1.37), IDH-1 (isocitrate dehy-
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Fig. 1. — Beech populations sampled.
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Fig. 2. — Principal component analysis (PCA) including 11 loci calculated from allele frequencies. Total variance explained by axis 1. is 35.4 %, axis 2.

—12.8%, axis 3. — 10.1%.
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drogenase, 1.1.1.42), PGM-1 (phosphoglucomutase, EC 2.7.5.1),
PGI-1 (phosphoglucose isomerase, EC 5.3.1.9) and MNR-1
(menadione reductase, EC 1.6.99.2). The method used for the
extraction of enzymes from buds and cortical tissues of twigs,
electrophoretic conditions and staining procedures were
previously described by THIEBAUT et al., 1982, and MERZEAU et
al., 1989.

Data Analysis

Each beech population is described by the means of allelic
frequency calculated on the basis of diploid genotypes. The
total gene diversity, Ht, was estimated using NEI's method
(1973, 1977):

Ht=1-3p2

where p, is the mean frequency of the i-th allele, weighted by
the sample size.

Mean allelic frequencies of each population of the examined
region are compared using a PCA (principal component
analysis) to find out how they are related. The groups of
populations obtained by PCA were verified by discriminant
analysis (DA). Nonparametric MANN-WHITNEY test based on
total gene diversity of each population was also carried out.

Genotypic differentiation was analysed using the F-statistics
(WRIGHT, 1951, 1965) corrected by WEIR and COCKERHAM (1984)
in order to minimize the effect due to population size variation.
Total genotypic differentiation — F; is the sum of 2
components: Fg; — an estimation of inter-populations and F;g —

an estimation of intra-population component.

Table 1. - Investigated beech populations.

Results
Multivariate Analyses

Nineteen alleles from 11 loci were analysed by multilocus
analyses. Frequency of 1 allele for each diallelic locus and
frequency of 2 alleles for each triallelic locus were subjected to
PCA. The first 3 axes derived from PCA account for 58.3% of
the variation between samples (axis 1:35.4%; axis 2:12.8%
and axis 3:10.1%). The analysis extracted 5 groups of popula-
tions (Fig. 2) which are well associated with geographic and
climatic conditions. The analysis described 66% of samples
with cos? o > 0.4.

The groups are: Rhodopes (4 populations); Shars-Pindus
range (10 populations); Dinaric Alps and low Pannonic
mountain ranges (17 populations, one of them from Istria);
Biokovo Mountain (3 populations) and Istrian Peninsula
(4 populations). Populations from Dinaric Alps and low
Pannonic mountain ranges are situated on the positive side of
axis 1 because of the highest frequencies of alleles PX-2-13 and
PGM-1-106 (Table 2). These populations are also nearly
monomorphic at locus GOT-1, which distinguishes them from
all the other groups. The 4 other groups have settled down on
the negative side of axis 1. Populations from Rhodopes are
characterized by the highest polymorphism of locus GOT-1 and
a low level of polymorphism at locus IDH-1 (Table 2). A strong
difference of the populations from Shars-Pindus range is
obvious in the great polymorphism of locus ACP-1 (Table 2), as
well as in the highest frequency of allele PGI-1-87 (Table 2).
Populations from Biokovo and Istria are distinguished by a
high gene diversity of locus IDH-1 (Table 2, populations from

Population Geographic range Coordinates Altitude, m | Country
1 |PETKOVO Rhodopes 24° 54'E | 41°34'N 1000 Bulgaria
2 |YUNDOLA Rhodopes 23°52'E | 42°05'N 1500 Bulgaria
3 |OBORISTE Rhodopes 24°08'E | 42°30'N 750 Bulgaria
4 |SIPKA Rhodopes 25°15'E | 42°40'N 1050 Bulgaria
5 |PELISTER Shars-Pindus range 21°08'E | 41°02'N | 1100-1300 [Macedonia
6 [PLACKOVICA Shars-Pindus range 22°27'E | 41°46'N | 1300-1500 |Macedonia
7 |OSOGOVO Shars-Pindus range 22°23'E | 42°12'N | 1000-1150 [Macedonia
8 |SKOPSKA PLANINA Shars-Pindus range 21°27'E | 42°09'N | 1050-1300 [Macedonia
9 |BELASICA Shars-Pindus range 22°46'E | 41°22'N 700-900 [Macedonia
10 [IMAVROVO Shars-Pindus range 20°49'E | 41°39'N | 1250-1400 |Macedonia
11 [LEUNOVO Shars-Pindus range | 20°49'E | 41°42'N [ 1220-1300 |Macedonia
12 |GALICICA Shars-Pindus range 20°50'E | 40°59'N | 1100-1300 [Macedonia
13 |OGRAZDEN Shars-Pindus range | 22°52'E | 41°35'N [ 1050-1200 |Macedonia
14 |DESAT Shars-Pindus range | 20°34'E | 41°37'N [ 950-1300 [Macedonia
15 |ZBEVNICA Istrian Peninsula 14°02'E | 45°29'N 900 Croatia
16 IMEDVEDOVICA Istrian Peninsula 14°00'E | 45°15'N 300 Croatia
17 [GURA Istrian Peninsula 13°46'E | 45°33'N 300 Slovenia
18 |BRAVARI 2 Istrian Peninsula 13°52'E | 45°17'N 400 Croatia
19 |BRHAJL Istrian Peninsula 13°58'E | 45°16'N 430 Croatia
20 |BIOKOVO I Dinaric Alps 17°06'E | 43° 18'N | 1330-1362 |Croatia
21 [BIOKOVO II Dinaric Alps 17°05'E | 43°19'N 1448 Croatia
22 |BIOKOVO III Dinaric Alps 17°03'E | 43°20'N | 1590-1670 [Croatia
23 [BILOGORA W Pannonic Mountain 16°51'E | 45°55'N 180-220 |Croatia
24 |BILOGORA E Pannonic Mountain 17°28'E | 45°30'N 220 Croatia
25 |PAPUK W Pannonic Mountain | 17°40'E | 45°28'N 350 Croatia
26 |PAPUK E Pannonic Mountain | 17°52'E | 45°25'N 520 Croatia
27 |DILJ Pannonic Mountain | 17°56'E | 45° 15'N 320 Croatia
28 |KALNIK Pannonic Mountain | 16°28'E | 46° 10'N 580 Croatia
29 I[IMOSLAVACKA GORA Pannonic Mountain 16°42'E | 45°36'N 160-340 |Croatia
30 ]IMEDVEDNICA Pannonic Mountain 16°05'E | 45°52'N | 500-1000 |[Croatia
31 |VUKOMERCKE GORICE |Dinaric Alps 15°52'E | 45°38'N | 150-180 [Croatia
32 |VELEBIT I Dinaric Alps 15°03'E | 44°49'N | 800-1300 [Croatia
33 |VELEBIT II Dinaric Alps 14°58'E | 45°10'N 800 Croatia
34 [UCKA Dinaric Alps 14° 13'E | 45°22'N | 760-1140 [Croatia
35 |VELIKA KAPELA Dinaric Alps 15°01'E | 45°18'N 500-600 |Croatia
36 IMALA KAPELA Dinaric Alps 15° 13'E | 45°0I'N 970 Croatia
37 |[HOTEDRSICA Dinaric Alps 14° 04'E | 46° 00' N 600 Slovenia
38 |POSTOJNA Dinaric Alps 14° 15'E | 45°46'N 700 Slovenia
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Table 2. — Mean allelic frequencies and mean total gene diversities according to the group of populations.

Rhodopes Shars-Pindus | lIstria + Biokovo Din.Alps+
range Pan.mount.
frequency Ht  |frequency Ht frequency Ht frequency Ht Ht - locus

PX-1-100 0.574 0.467 0.643 0.454 0.590 0.467 0.639 0.448 0.461
PX-2-13 0.005 0.335 0.038 0.329 0.031 0.294 0.077 0.455 0.353
PX-2-26 0.781 0.800 0.824 0.692

GOT-1-100 0.793 0.315 0.837 0.260 0.829 0.246 0.933 0.123 0.236
6-PGD-1-84 0.060 0.296 0.021 0.091 0.058 0.110 0.125 0.258 0.189
6-PGD-1-100 0.816 0.952 0.943 0.848

SOD-1-100 0.926 0.131 0.919 0.146 0.925 0.132 0.934 0.123 0.133
ACP-1-84 0.178 | 0.433 | 0.219 | 0.510 0.202 0.419 0.157 0.369 0.433
ACP-1-100 0.709 0.645 0.728 0.770

MDH-1-18 0.901 0.177 0.928 0.130 0.839 0.259 0.743 0.371 0.234
I[DH-1-100 0.840 0.268 0.821 0.290 0.704 0.396 0.721 0.362 0.329
IDH-1-116 0.160 0.179 0.293 0.275

MNR-1-63 0.033 0.111 0.026 0.076 0.040 0.103 0.061 0.134 0.106
MNR-1-100 0.941 0.960 0.948 0.928

MNR-1-126 0.015 0.011 0.014 0.005

PGI-1-87 0.015 0.135 0.064 0.114 0.034 0.068 0.018 0.041 0.090
PGI-1-100 0.922 0.934 0.966 0.979

PGM-1-100 0.961 0.076 0.943 0.107 0.896 0.190 0.760 0.342 0.179
PGM-1-106 0.032 . 0.050 0.102 0.240

Ht - group 0.250 0.228 0.282 0.264

Table 2a. — Total gene diversities
of loci in which the MANN-
WHITNEY test shows significant
differences between populations
from Istria and Biokovo, 0.01 <

P <0.05.

locus Ht Istria | Ht Biokovo
GOT-1 0.146 0.379
PGI-1 0.108 0.015
PGM-1 0.261 0.097

Biokovo and Istria are represented together because of their
similar characteristics confirmed later with DA), but they are
also very closely associated with the populations from
Rhodopes (loci PX-1, ACP-1, SOD-1, MNR-1, allele 6-PGD-1-84,
Table 2) as well as with the populations from Shars-Pindus
range (loci PX-2, SOD-1, GOT-1 and 6-PGD-1, Table 2).

The first DA to which the populations from Istria and
Biokovo were subjected separately had 95.8% good grouping.
The second one, in which the populations from Biokovo and
Istria were joined in one group (Fig. 3) had a 100% good
grouping. The first 3 axes describe 100 % of the variability (axis
1:81.1%; axis 2:12.8% and axis 3:6.1%). Populations from
the Dinaric Alps and low Pannonic mountain ranges are
discriminated by axis 1 (cos? o = 0.9124). The alleles PX-2-13,
GOT-1-100, MDH-1-18, PGI-1-100, PGM-1-100 and PGM-1-106
are mostly correlated to axis 1 (correlation? > 0.9). Populations
from Rhodopes are mostly discriminated by axis 2 (cos? o =
0.6174). The alleles 6-PGD-1-100, ACP-1-84 and PGI-1-87 are
well correlated to this axis. Populations from Shars-Pindus
range, Biokovo and Istria are described by axis 3 (respectively
cos? o = 0.6637; cos? o = 0.4085). Loci PX-1 and IDH-1 are well
correlated to this axis.

Of the 11 loci examined in these 4 groups of populations, 8
loci are polymorphic and 3 are almost monomorphic — SOD-1,
MNR-1 and PGI-1 (Table 2). There are also rare alleles which
more or less distinguish these groups (Table 4).
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Gene Diversity (Tables 2 and 3)

The MANN-WHITNEY test allowed us to compare the level of
gene diversity between the 4 groups discriminated by the
multivariate analyses and to determine whether the differences
put forward by these analyses are significant or not.

All groups of populations have similar degree of diversity at
locus PX-1, SOD-1, MNR-1 and PGI-1. At locus PX-2 all the
groups are polymorphic, but the populations from the Dinaric
Alps and low Pannonic mountains have the highest diversity
value (significantly different from all other populations). At
locus GOT-1, the level of diversity increases significantly from
the Dinaric Alps and the low Pannonic mountain ranges
towards the South. Polymorphism at locus ACP-1 has the same
tendency and the populations from Shars-Pindus range are
significantly different from those of the groups located in the
North. At loci IDH-1, MDH-1 and PGM-1 there is an opposite
trend, polymorphism increases from the South towards the
North and there are a lot of significant differences among the
groups. Polymorphism variations at the locus 6-PGD-1 do not
show any clear tendencies.

Table 3. — MANN-WHITNEY test based on total gene diversities, ns =non
significant; *0.01 < P < 0.05; **0.001 < P < 0.01; **P < 0.001;
G1- Rhodopes; G2- Shars-Pindus massif; G3- Biokovo + Istria; G4- Dina-
ric Alps and Pannonic Mountain.

G1-G2 | G1-G3 | G1-G4 | G2-G3 | G2-G4 G3-G4

PX-1 ns ns ns ns ns ns
PX-2 ns ns * ns *okok *okk
GOT-1 ns ns b ns ok *

6-PGD-1 * ns ns ns i *xx
SOD-1 ns ns ns ns ns ns
ACP-1 ns ns ns *k *okok ns
MDH_I ns ns * % * %k k¥ %
IDH_] ns * kKK *% *kk ns
MNR-1 ns ns ns ns * ns
PGI-1 ns ns ns ns ns ns
PGM_I ns * * %Kk * *kok Hokok
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Fig. 3. — Discriminant analysis including 11 loci: comparison between groups obtained by PCA. Total variance explained by axis 1. is 81.1%, axis 2. —

12.8 %, axis 3. — 6.1%.

Table 4. — Rare allele frequencies. In parenthesis are numbers of populations in which rare

alleles occur.

Rhodopes Shars-Pindus range | Istria + Biokovo | Din.Alps+Pan.mount.
GOT-1-95 0.061 (3) - - 0.011 (1)
6-PGD-1-112 0.124 (4) 0.027 (10) - 0.064 (7)
IDH-1-84 - - 0.024 (1) 0.014 (5)
MNR-1-74 - - - 0.015 (7)
MNR-1-131 - 0.011 (2) - -
PGI-1-76 - 0.011 (2) - -
PGI-1-113 0.126 (2) 0.010 (2) - 0.010 (2)
PGM-1-93 0.031 (1) 0.024 (3) 0.014 (1) -
PGM-1-109 0.015 (1) - - -

Rare Alleles (Table 4)

Nine rare alleles are present in 1 or several of 4 groups. The
alleles GOT-1-95 and PGM-1-109 are characteristic of the
Rhodopes populations and the alleles PGI-1-76 and MNR-1-131
of the Shars-Pindus range. Alleles 6-PGD-1-112 and PGI-1-113
are completely absent from the populations of Istria and
Biokovo but present in the other 3 groups. Allele PGM-1-93 is
absent and IDH-1-84 is present in the populations from the
Dinaric Alps, the Pannonic mountain ranges and Istria, which
differentiates them significantly from the populations located
at the southern limit of beech and from the Biokovo popula-
tions. Allele MNR-1-74 is present only in the populations of
Dinaric Alps and low Pannonic mountain ranges.

Altitudinal Gradient (Biokovo Mountain, Table 5)

It is possible to observe an altitudinal gradient of gene diver-
sity along the slope of Biokovo Mountain for 2 loci, PX-1 and
GOT-1. However, only one altitudinal transect is not enough to
conclude any dependence between these loci and altitude.

Table 5. — Changes in allele frequencies along an altitudinal transect of
Biokovo Mountain.

1330 - 1362m 1448m 1590 - 1670m
PX-1-105 0.354 0.402 0.463
GOT-1-95 0.195 0.244 0.346

F-Statistics (Table 6)

Multilocus estimates of the F-statistics were carried out for
the 4 regions at all loci. All Fy, are higher than Fi values
except for the populations from the Dinaric Alps and the low
Pannonic mountain ranges. These populations are characteriz-
ed by an intrapopulation component of genetic differentiation
higher than that between populations. Intrapopulation
component (Fo) is close to zero only in the Rhodopes region,
but that may be due to the low number of samples. Fig values
for populations from other regions are almost similar which
proves an obviously deficit of heterozygotes.

Discussion and Conclusion

A high degree of polymorphism of beech populations has
been found in the examined area. As for the majority of woody
plants, this can be accounted for by the large number of poly-
morphic loci (HAMRICK et al., 1992). Among 11 examined loci, 8
are polymorphic (Ht average 0.305). The other 3 are almost
monomorphic — SOD-1, MNR-1 and PGI-1 (Ht average 0.110).

Multivariate analyses distributed the 38 populations into
4 groups. The distribution correlates with geographic distribu-
tion. The analyses clearly separated the populations from the
Dinaric Alps and the low Pannonic mountain ranges from the
other 3 groups, Rhodopes, Shars-Pindus range, Biokovo
Mountain + Istrian Peninsula, which are placed on the
opposite side of the first principal component. Gravity centres

233



Table 6. — Multilocus estimates of F-statistics according to the group of populations.

FST var FIS var FIT var
Rhodopes 0.0319 0.0001 -0.0037 0.0007 0.0283 0.0005
Shars-Pindus range 0.0260 0.0002 0.0204 0.0006 0.0459 0.0004
Istria + Biokovo 0.0396 0.0001 0.0195 0.0003 0.0583 0.0005
Din.Alps+Pan. mount, 0.0143 0.0001 0.0219 0.0001 0.0359 0.0001

in the discriminant analysis of all the groups are well
separated.

At several loci polymorphism varies according to the
latitude: from the North towards the South it increases at loci
GOT-1 and ACP-1 and decreases at loci IDH-1, MDH-1 and
PGM-1. Comparison with previous results concerning the
geographical distribution of diversity is possible for the loci
which have already been analyzed by previous studies. CoMPS
et al. (1990) pointed out an increase of gene diversity at GOT-1
locus from Central Europe towards the South (H, = 0.104 in
Poland, 0.122 in Croatia — that corresponds to the value found
in Dinaric Alps and Pannonic mountains, 0.285 in Italy and
0.364 in Corsica). Values found in Shars-Pindus range and
above all in the Rhodopes (H, = 0.315) confirm this significant
tendency, as does the result for the Istria + Biokovo group. The
latter 2 populations, even if placed in the same group, differ
significantly at loci GOT-1, PGI-1 and PGM-1 (Table 2a). Low
polymorphism at locus GOT-1 and high at PGM-1 are
characteristic of the Istrian populations, just as for the Dinaric
Alps and the low Pannonic mountain population, while
polymorphism at locus PGI-1 shows just opposite tendency.
Polymorphism at locus GOT-1 in the Biokovo group is
extremely high, H, = 0.379, maybe due to the altitudinal range
of the populations. Low polymorphism at locus PGM-1 of the
Biokovo populations is the same as in populations from the
Rhodopes and Shars-Pindus ranges. CoMPSs et al. (1990) also
found a decrease of gene diversity at loci MDH-1 and IDH-1
(respectively 0.403 and 0.499 in Poland, 0.234 and 0.371 in
Italy); in the Shars-Pindus range and Rhodopes gene diversity
is even lower, respectively 0.130 and 0.177 at locus MDH-1 and
0.290 and 0.268 at locus IDH-1. Depending on the loci consider-
ed, gene diversity either increases or decreases from the South
towards the North, so that mean diversity does not change
much from one region to another. Accordingly, even if the
Balkan ranges of Shars-Pindus and Rhodopes are generally
considered as refuge areas, genetically different from the
territories located more towards the North, they do not have a
higher diversity.

Former examinations (ComPS et al., 1990, 1991a and b)
established relations between peroxidase loci (PX-1 and PX-2)
and geographical and climatic features of the stands. These
authors quoted higher polymorphism at locus PX-1 in areas
where climatic changes were more intense. These authors
suggested the possibility of a selection effect as they always
observed the same allelic variations associated with the same
climatic changes. Within the region analyzed in this study,
there are extremes in climatic conditions due to the closeness
of rather high mountains and low valleys and also due to the
contrast between the Mediterranean and continental climates.
A high degree of polymorphism at locus PX-1 is confirmed.

The group of populations from the Dinaric Alps and the low
Pannonic mountain ranges has been distinguished from the
others by significant differences of gene diversity at the loci
GOT-1, MDH-1, IDH-1 and PGM-1. Diversities at some of these
loci are comparable with Central European population values,
for example with populations from Northwestern Italy
(BELLETTI and LANTERI, 1996) at loci MDH-1 (H, = 0.381) and
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IDH-1 (H, = 0.407) and with populations from Bavaria
(KONNERT, 1995) at loci GOT-1 (H, = 0.087), MDH-1 (H, = 0.407)
and IDH-1 (H, = 0.411). Lower mountain ranges in the
Pannonic Plain (989 m) appeared during glaciation once the
level of the fresh water Pannonic Sea lowered. Populations
from this area show characteristics identical to those from the
Dinaric Alps and Central Europe. Correlations in frequencies
of alleles PX-2-13 (0.078), IDH-1-100 (0.727), IDH-1-116 (0.273)
and MNR-1-63 (0.070) with populations from the Southwestern
Carpathians as well as of GOT-1-100 (0.949) and 6-PGD-1-84
(0.122) with populations from Northwestern Carpathians
(VYSNY et al., 1995) provide additional evidence that all these
populations derived from the same refugium located in the
Balkan Peninsula.

Some rare alleles, described by THIEBAUT et al., 1982, and
MERZEAU et al., 1989, are present in all the 4 groups of
beechwoods (Table 4). Most of them have not been included in
multivariate analyses (except 6-PGD-1-112, IDH-1-84 and
PGM-1-93). Yet their arrangement into groups often follows
and confirms the obtained grouping, but indicates some new
characteristics of the populations. Populations from the
Rhodopes, Shars-Pindus range and Biokovo, although placed
close to each other on the PCA and DA plots, differ substanti-
ally due to the presence of some rare alleles. Comparisons with
the previously obtained data show some relations between
different parts of Europe.

Rare alleles PGM-1-109 and GOT-1-95 are characteristics for
the Rhodopes. Until now, PGM-1-109 was only found in 2
populations, Crimea and Northern Spain (COULAUD, 1994;
VAQUIER, 1995). GOT-1-95 is present in 3 of the 4 analysed
Rhodopes populations. Until now, this allele has been
found only in few European populations, all of them in the
East-Crimea, Carpathian Mountains, Bulgaria, Romania,
Turkey (VAQUIER, 1995). LEONARDI and MENOZzZI (1995)
mentioned probably the same allele, GOT-A-97, in 1 Sicilian
population.

In populations from the Shars-Pindus range there are
2 other very rare alleles, MNR-1-131 and PGI-1-76. As for
allele PGI-1-76, this is its third location beside Crimea and
Calabria as found by VAQUIER (1995). Previous examinations
mentioned the presence of MNR-1-131 in Sicilian, South-
Italian and Rhodopes populations (COULAUD, 1994; VAQUIER,
1995). These 4 alleles point to a peculiar nature of these
beechwoods, as can be expected for the probably oldest
European beech populations.

Apart from the populations in the Rhodopes and Shars-
Pindus range, allele PGM-1-93 is present also in the popula-
tions from Biokovo. This allele has previously been found in
Southwestern Carpathians, Rhodopes, Southern Italy, Sicily
and also in Provence and Corsica (COULAUD, 1994; VAQUIER,
1995). This allele, as well as the above-mentioned MNR-1-131
places the populations from Rhodopes, Shars-Pindus range and
Biokovo in affinity with populations from Southern Italy, Sicily,
even Southern France. Perhaps terrestrial connection caused
by the falling of the level of the Adriatic and Mediterranean
Seas during glaciation (BUDEL, 1960) may explain these
similarities, especially between Southern Balkans and the



Southern Italian Beech populations whose presence at that
time was confirmed by pollen analyses (HUNTLEY and BIRKS,
1983).

Populations from Dinaric Alps have the alleles IDH-1-84 and
MNR-1-74 that are somewhat more frequent and considerably
extended in all European populations, the first one
especially in the Alps and Apennines (BELLETTI and LANTERI,
1996; LEONARDI and MENOZZI, 1995), in the Pyrenees and the
Central Massif of France (VAQUIER, 1995). The other can be
found more often in the Alps (VAQUIER, 1995). Both alleles was
found by KONNERT (1995) in Bavarian populations. According to
CouLAUD (1994) and VAQUIER (1995) both alleles are present in
Istria, but only allele IDH-1-84 was found in 2 of our popula-
tions. One of them is a border population (marked by arrow on
Figure 1). This population has elements of populations from
Istria as well as of populations from the Dinaric Alps, which
proves that gene flow might take place here. PCA and DA
classified it among the group of populations from the Dinaric
Alps.

Alleles 6-PGD-1-112 and PGI-1-113 are present in popula-
tions from the Dinaric Alps and low Pannonic mountain
ranges, Shars-Pindus ranges and Rhodopes, and are according
to VAQUIER (1995) sporadically in all European populations.
LEONARDI and MENOzZz1 (1995) found probably the same allele,
6-PGD-A-110, in one Italian population, BELLETTI and LANTERI
(1996) allele PGI-B-1 in several populations from north-
western Italy. The allele PGI-1-113 is also present in Istria
(CouLAuUD, 1994) but has not been found in our examinations.

Differences between populations from the Dinaric Alps and
the low Pannonic mountain ranges and the 3 other groups are
observable also in genotypic differentiation. The populations
from the Dinaric Alps and the low Pannonic mountain ranges
have a lower interpopulation component (Fy;) than the rest of
the populations, which proves a certain peculiarity of the local
genetic structure. Positive values of F;y show a deficit of
heterozygotes, similarly as in other parts of Europe and a
limited gene flow is the possible cause of that (CUGUEN et al.,
1988). Yet, all the values are much lower than those quoted in
the literature (Comps et al., 1990; LEONARDI and MENOZZI,
1995) in spite of the same number of loci included (CouLAUD,
1994).

Final Conclusions

In spite of the same degree of diversity of the four groups of
populations derived by DA, the presence of some rare alleles in
populations from Rhodopes and Shars-Pindus ranges proves
their specific and original nature as the refugia populations
during glaciations.

Populations from the Dinaric Alps and the low Pannonic
mountain ranges, having all the characteristics of Central
European beechwoods, are clearly separated from the others
3 groups.

In spite of the same latitude and geographical proximity
populations from Istria and Biokovo are quite different from
those of the Dinaric Alps and the low Pannonic mountain
ranges. The Istria and Biokovo populations belong to the same
group although there is no connection between the regions
today. They are isolated by the sea and the slopes of
the Dinaric Alps. Here beech populations show genetic
characteristics of the Central European region. The deficit of
heterozygotes proves that there is some degree of isolation.
Beech pollen has been found in a Palaeolithic site in Sandalja
in Istria dating from the period between 12000 and 27000
radiocarbon years (CULIBERG and SERCELJ, 1995). The particu-
lar nature of Istrian populations may also be accounted for by

the merging of 2 postglacial recolonizations, one from the
Balkans and the other from the Italian refugia (VAQUIER, 1995).

Pollen analyses were not made in Biokovo. These popula-
tions are highly influenced by the Adriatic Sea on the one side
(only 3000 m distant from the sea), and the nearness of
Bosnian beechwoods, on the other, where the disputable
species Fagus moesiaca (DOMIN, MALY) CZECZOTT also occurs.
Analysis of the genetic structure of Bosnian beechwoods would
make it easier to explain the particular features of the Biokovo
beechwoods.
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Summary

Genetic parameters for diameter and Pilodyn penetration
were estimated for a 5 year-old Eucalyptus globulus ssp.
globulus base population established across 5 sites in
Tasmania (Australia). The model included race, family, plot,
incomplete block and family-by-site interaction as random and
replicate as fixed effects. Race effects were generally low for
diameter and moderate for Pilodyn, with heritabilities across
the 5 sites of h? = 0.20 and 0.30 respectively. For each trait,
correlations between trials were generally high, suggesting
that a combined analysis across sites should be appropriate.
The genetic correlation between Pilodyn penetration and
diameter was moderately unfavourable (averaged 0.25)
whereas race correlations were low but favourable (-0.19).

Key words: heritability, genetic correlation, Pilodyn, REML.

FDC: 165.3; 232.1; 561.2; 812.31; 176.1 Eucalyptus globulus; (946).

Introduction

A number of genetic improvement programs using
Eucalyptus globulus for pulpwood production have been
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initiated in the last few years in many countries, with breeding
populations based mainly on ssp. globulus seed collected in
native stands (e.g. ORME, 1977; GARDINER and CRAWFORD, 1987,
1988). So far, published genetic parameters for a range-wide
E. globulus ssp. globulus base population have included growth
(Ports and JORDAN, 1994b; BORRALHO et al., 1995), frost
tolerance (VOLKER et al., 1994), leaf morphology (PorTs and
JORDAN, 1994a), flowering time (GORE and PotTs, 1995) and
drought tolerance (DUTKOWSKI, 1995). The genetics of wood
density, albeit being identified as a key trait in pulpwood
breeding (BORRALHO et al., 1993; GREAVES et al., 1997a) has not
been studied in great detail. Previous estimates were based on
wood samples from a few families in a limited range of
provenances (e.g. DEAN et al., 1990; BORRALHO et al., 1992Db).
The use of Pilodyn, a hand-held instrument which drives a
steel pin into the wood with a known force, has been
recommended as an effective method to measure wood density
in standing trees (SPRAGUE et al., 1983; KING et al., 1988). In
eucalypts, the relationship between Pilodyn penetration and
wood density seems to be linear and relatively constant across
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