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Summary

Seven populations of Scots pine (Pinus sylvestris L.)
from the natural distribution of the species in Spain were
investigated isoenzymatically at 11 enzyme loci, and
compared with 16 populations from northern and eastern
Europe at seven loci. Populations from Spain are ge-
netically differentiated in relation to the frequencies of
genes and genotypes. The similarity between the 7 popula-
tions was studied and agreed to a significant extent with
taxonomical subdivisions of Scots pine on the Iberian
peninsula. The Spanish and the northern and eastern Eu-
ropean populations form 2 very distinct and heterogeneous
groups according to the genetic similarity. In comparison
with the other European populations the Spanish material
showed a slightly higher number of alleles per gene locus, a
higher number of genotypes, and a slightly lower degree of
heterozygosity. In the Spanish populations five alleles
were detected, which are not present in the other Euro-
pean populations, whereas in the northern and eastern Eu-
ropean populations only 2 alleles were found, which were
not present in the Spanish material.

Key words: Pinus sylvestris, genetic variation, allozymes, hetero-
zygosity.

Introduction

The genetic structure and the geographical variation of
populations of Pinus sylvestris L. in Europe were formed
by many different factors. In central and eastern Europe
besides the climatic and environmental conditions the
post-glacial migration of the species from refugia in south-
western, southern and south-eastern Europe have had the
most important influence (WuLr, 1943; Goowin, 1956; LaNg-
LET, 1959). Also man’s activity changed the “original”
gene pool of Pinus sylvestris populations by cutting, re-
forestation and more recently by effects of air pollution,
which is especially dramatic in central and eastern Europe.

Populations of P. sylvestris from the Iberian peninsula
have had their own and different history compared to the
rest of Europe. They are considered as relics of the ter-
tiary period and represent “old” gene pools. Today, P.
sylvestris inhabits disjunct, isolated areas separated by
long distances, as a consequence of edaphic and climatic
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factors (Pravpin, 1969). The Spanish Scots pine stands are
marginal populations of the natural range of the species
in south-western Europe. Therefore, P. sylvestris popula-
tions from Spain represent a unique material highly val-
uable for genetic studies, also in connection with gene
conservation programs. But they are also very interesting
from the taxonomical point of view, because they repre-
sent different ecotypes or varieties of the species (SvoBopa,
1953; GAuUsSEN, 1960; Nicoras and GanpuLrro, 1969).

Unfortunately, data concerning isoenzymatic differen-
tiation of Scots pine as related to geographic and racial
aspects and also our knowledge about the genetic varia-
tion of P. sylvestris populations and especially of popula-
tions from the Iberian Peninsula remain still largely in-
complete (for review see Prus-Growacki, 1991; MULLER-
Starck et al., 1992). Therefore, we investigated the genetic
variation and geographic differentiation of indigenous,
mountainous populations of 7 isolated provenance re-
gions in Spain and compared several genetic parameters of
these populations with 16 populations from eastern and
northern Europe.

Materials and Methods

For the isoenzyme study open pollinated cones of seven
populations of P. sylvestris from Spain were collected.
The seeds of each of the populations (21 to 25 trees
from each population) were put tngether and used as
random samples. From each population 40 to 112 embryos
from germinated seeds were isolated and analysed.

As reference, 16 populations from eastern and northern
Europe were chosen from provenance trials (Lubien IUFRO
1937, Kornik 1968) and from four natural stands in Poland.
For these isoenzyme analyses winter buds of the trees
(29 to 51 from each population, mostly 30) were used.

The data for the origin of the populations are given in
table 1 and figure 1. Edaphic and climatic conditions for
the main Scots pine areas in Spain were described by
Arla et al. (1991) and Parpos and STepHAN (1988).

In the Spanish material the variability of 11 enzyme loci
were analysed: Alcohol dehydrogenase (ADH) E.C. 1.1.1.1,
Diaphorase (DIA) E.C. 1.6.99, Fluorescent esterase (FEST)
E.C. 3.1.1.1, Glutamate dehydrogenase (GDH) E.C. 14.1.2,
Glutamate oxaloacetate transaminase (GOT), 2 loci, E.C.
2.6.1.1, Malate dehydrogenase (MDH), 2 loci, E.C. 1.1.1.37,



Table 1. — Data of the Pinus sylvestris stands studied.

Locality Country Lat. Long. Alt, Deno- Embryos
(N) (m) tation (n)
Valsain Spain 40°49' 4°01'W 1550 Hl1 78
Gudar Spain 40°25' 0°41'W 1700 H2 40
Baza Spain 37°22' 2°51'W 2050 H3 40
Covaleda Spain 41°56' 2°48'W 1550 H4 66
Borau Spain 42°42' 0°35'W 1550 H5 102
Orihuela Spain 40°31" 1°38'W 1750 Hé6 112
Refalgueri Spain 40°45' 0°12'E 1150 H7 80
I Trees (n)
Inari Finland 68°40' 27°3TE 140 F1 30
Rovaniemi Finland 66°25' 26°26'E 250 FR 30
Saaminki Finland 61°40' 28°55'E 85 FS 30
Tonset Norway 62°22' 10°48'E 550 NT 31
Asnes, Hamar Norway 60°32' 12°11'E 230 NA 30
Svanoy Norway 61°30' 5°07'E 50 NS 30
Vecmokas Latvia 57°03' 23°10'E 80 LT 30
Glen Garry Scotland 57°04' 4°55'W 150 SK 30
Ruciane Poland 53°41 21°26'E 120 PU 30
Szczeliniec Poland 50°17 16°36'E 900 Sz 51
Kampinos Poland 52°19' 20°41'E 95 KP 30
Pieniny Poland 49°20' 19°20'E 770 PP 30
Lubmol Ukraine 51°18' 24°05'E 195 UK 30
Mustejki Lithuania 54°08' 24°25'E 130 LI 30
Viarmland Sweden 59°30' - 1-200 Vi 29
Virmland Sweden 60° -- 1-200 V3 31
6-Phosphogluconate dehydrogenase (6-PGD) E.C. 1.1.1.44, Results

and Shikimic acid dehydrogenase (SKDH), 2 loci, E.C.
1.1.1.14.

In the material from eastern and northern Europe the
following 7 loci were analysed: Adh, Dia, Fest, Gdh, Got-
A, Got-B, and Skdh-A.

In both the embryos and the winter buds the expression
of the same alleles was verified. Isozyme electrophoresis,
staining procedure and gemetic interpretation of the re-
sults correspond to those described by Rupin and EkBErRG
(1978), Yazpani and RupIn (1982), GuLLBERG et al. (1985),
SzmipT and Yazpani (1984). Calculations of genetic para-
meters such as heterozygosity observed, expected and total
(H,, H,, H;), fixation indices (F), relative measure of ge-
netic differentiation between populations (Ggr, Dgr), poly-
morphism indices of genotypes (Pg), actual (n) and effective
number of alleles (n,) per locus, number of genotypes, and
genetic similarities of populations, based on the frequency
of genes (Sy), genotypes (Sp) and genetic distances (Dy,
Dy), were conducted as described by Jain and WoRKMAN
(1967) Ne1 and RoycHoupHRry (1974), Heprick (1974), NEI
(1987) and Evr-Kassasy (1991) using the GEN computer
program (Nowak-Bzowy and Bzowy, unpublished). Statis-
tical significance of differences in allele and genotype fre-
quencies was evaluated using a chi-square test with
hypothesis of equal frequency of alleles and genotypes in
the populations studied.

1. Populations of Pinus sylvestris from Spain

Alleles and genotypes

The number of detected alleles showing the genetic
“richness” of the populations varies from 25 for the pop-
ulation from Baza (H3) and Gudar (H2) to 32 for the
Valsain population (H1) with a mean number for all
Spanish populations of 28.2 (Table 2). The most striking
differences in the number of alleles are recorded for the
population from Baza (H3), compared to other populations,
for the loci Adh, Dia and Skdh-A.

The number of multilocus genotypes in the popula-
tions studied and the average number of genotypes per
locus corresponded with the number of alleles: the highest
number of genotypes are noted in the population from
Valsain (H1), the lowest numbers in the populations from
Baza (H3) and Gudar (H2).

Allele frequencies are presented in table 3. For several
alleles statistically significant differences in the frequency
are observed, e.g. for Fest 1 and 3, Gdh 2, locus Got-B
alleles 1 and 2, Mdh-C 2, 6-Pgd 2, and Skdh-A 1 and 2, and
mostly attributed to deviations of populations from Baza
(H3) and Gudar (H2).

Heterozygosity and genetic diversity

The highest heterozygosity H, is noted for the popula-
tion from Orihuela (H6), the lowest one for Gudar (H2).
It should be mentioned that the values of heterozygosity
for all populations studied are similar. The extireme dif-
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Figure 1. — Location of 23 populations of Pinus sylvestris from Spain, eastern and northern Europe used in this study. (Range of
the natural distribution area after MruseL et al., 1965).
Table 2. — Number of alleles at a single locus in Spanish populations.

Population = Hl H2 H3 H4 H5 H6 H7 Average

Locus U

Adh 3 2 4 3 2 2 3 2.7

Dia 3 3 2 3 4 3 2 2.9

Fest 4 4 3 3 3 3 3 33

Gdh 2 2 2 2 3 2 2 2.1

Got-A 3 1 1 1 | 2 1 1.4

Got-B 4 3 3 4 3 4 4 3.6

Mdh-A 1 1 2 1 2 1 2 1.4

Mdh-C 2 2 2 2 2 2 2 2.0

6-Pgd 3 2 2 3 2 3 2 2.4

Skdh-A 5 3 2 4 5 5 4 40

Skdh-B 2 2 2 3 3 2 3 2.4

A 32 25 25 29 30 29 28 28.2

Al/Loc 2.9 2.3 2.3 2.6 2.7 2.6 2.5 2.6

A = number of alleles found in the particular population
Al/Loc = average number of alleles per locus

ference of this index was about 18% for the populations
from Orihuela (H6) and Gudar (H2). This is the case also
for the polymorphism indices of genotypes (Pg), where
again the most contrasting population is from Gudar
(H2).

The fixation indices in all populations are close to zero in-
dicating that the populations are in a HArRDY-WEINBERG
equilibrium.

The relative measures of genetic differentiation between
populations (Ggy) and within populations (%/e) show that
between the populations the average difference for 11
analyzed loci is ca. 0.033. It means that the “average” pop-
ulation has in common 96.7% genetic diversity of the
group of Spanish populations. The highest value of Ggp
is observed for the locus Got-A (0.100) and Fest (0.055),
the lowest one for Skdh-B (0.011).



Table 3. — Frequencies of the alleles in the populations of Pinus sylvestris from Spain (Hl to H7) and the range of frequen-
cies (min-max) of the alleles in 16 populations from eastern and northern Europe.

Locus Allele Spanish Populations E- and N-European
Populations
Hl H2 H3 H4 HS5 Hé H7 | Mean Range Mean
min-max
Adh 1 062 | 0,60 | 0.50 | 068 | 049 | 0.54 | 0.58 | 0.573 | 0.43-0.75 0.611
2 036 | 040 | 047 | 030 | 0.51 | 046 | 041 | 0416 ] 0.25-0.50 0.389
3 0.02 | 0.00 | 0.01 | 0.01 | 0.00 | 0.00 | 0.01 |0.007 0.00 0.000
4 0.00 | 0.00 | 001 | 0.00 | 0.00 | 0.00 | 0.00 | 0.001 0.00 0.000
Dia 1 091 | 094 | 096 ] 092 | 089 | 092 | 092 | 0923 ] 0.72-0.93 0.842
2 0.07 | 0.04 | 0.04 | 005 | 0.10 | 0.05 | 0.08 | 0.061 0.07-0.26 0.136
4 0.01 | 0.03 | 0.00 | 0.03 | 0.01 | 0.03 | 0.00 |0.0l6 ] 0.00-0.10 0.018
5 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.00 | 0.001 0.00 0.000
Fest *1 0.68 | 084 | 048 | 067 | 0.73 | 0.84 | 0.81 | 0.721 0.65-0.79 0.707
2 0.06 | 0.04 | 024 | 005 | 0.07 | 0.07 | 0.03 | 0.079 | 0.02-0.18 0.102
*3 025 | 0.11 | 029 | 0.28 | 0.20 | 0.09 | 0.16 ]0.197 | 0.02-0.27 0.158
5 0.01 | 0.01 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.003 | 0.00-0.05 0.020
Gdhn 1 095 | 091 | 078 | 0.94 | 093 | 0.83 | 0.84 | 0.883 | 0.50-0.76 0.657
*2 0.05 | 0095 | 022 | 006 | 0.06 | 0.17 | 0.16 | 0.116 ] 0.22-0.50 0.341
3 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.00 ] 0.001 0.00-0.02 0.001
|Got—A 1 098 | 1.00 | 1.00 | 1.00 | 1.00 | 0.99 | 1.00 |0.996 | 0.86-1.00 0.933
2 0.01 | 0,00 | 000 | 0.00 | 0.00 | 0.00 | 0.00 | 0.001 0.00-0.05 0.006
3 0.01 | 0.00 | 000 | 000 | 0.00 | 0.01 | 0.00 |0.003 | 0.00-0.15 0.054
Got-B *| 048 | 060 | 0.25 | 050 | 041 | 0.48 | 0.48 | 0457 ] 0.36-0.67 0.646
*2 047 | 039 | 070 | 047 | 058 | 0.51 | 0.48 |1 0.514) 0.28-0.60 0.374
3 0.03 | 0.00 | 0.05 | 0.02 | 0.01 | 0.0l | 0.00 | 0.017] 0.00-0.12 0.060
4 0.03 | 0.01 | 0.00 | 002 { 0.00 | 0.00 | 0.04 {0.014}| 0.00-0.03 0.003
5 0.00 | 0.00 | 000 | 0.00 | 0.00 } 0.01 | 0.01 } 0.003 0.00 0.000
Mdh-A 1 100 | 10O | 091 | 1.00 | 094 | 1.00 | 098 }0.976
2 0.00 | 0.00 | 0.09 | 0.00 | 0.06 | 0.00 | 0.02 | 0.024
Mdh-C 1 0.76 | 063 | 0.84 | 0.68 | 0.82 | 0.63 | 0.70 | 0.723
*2 024 | 037 | 0.16 | 0.23 | 0.18 } 0.37 | 0.30 ] 0.264
6-Pgd 1 076 | 0.80 | 0.84 | 0.81 | 065 | 0.75 | 0.80 ] 0.773
*2 023 | 020 | 0.16 | 0.18 | 0.35 | 0.24 | 0.21 ] 0.224
3 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.0]1 | 0.00 | 0.003
4 0.00 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00 | 0.00 | 0.003
Skdh-A *] 046 | 069 | 066 | 045 | 0.63 | 0.61 | 051 ]0.573 | 0.75-0.92 0.833
*2 042 | 028 | 034 | 053 | 030 | 0.32 | 0.42 03731 0.03-0.17 0.104
3 0.02 | 0.00 | 0.00 | 001 | 0.02 | 0.02 | 0.05 | 0.017] 0.00-0.08 0.024
4 0.06 | 0.00 | 0.00 | 000 | 0.01 | 0.03 | 0.03 ]| 0.019 0.00 0.000
5 0.05 | 0.01 | 0.00 | 0.01 | 0.04 | 0.02 | 0.00 | 0.019] 0.00-0.05 0.014
6 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.000 | 0.02-0.07 0.026
7 0.00 | 6.00 | 0.00 | 0.00 J] 0.00 | 0.00 | 0.00 | 0.000| 0.02-0.03 0.006
Skdh-B 1 097 | 096 | 099 | 094 | 092 ] 092 | 0.96 | 0.951
2 0.03 | 004 | 001 | 005 | 0.08 | 0.08 | 0.04 | 0.047
3 0.00 | 0.00 | 0.00 | 002 | 0.01 | 0.00 | 0.0l | 0.006

Mean = arithmetic mean of frequencies
* = gtatistically significant differences (0.05)

Genetic similarities

The genetic similarities of the populations based on allele
(NE1) and genotype (HENDRICK) frequencies in form of a den-
drogram and dendrite are shown in figure 2. The popula-
tions are forming 2 clusters. The first cluster consists of
populations from Valsain (H1) and Covaleda (H4). In the
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second group there are geographically close populations
from Orihuela (H6), Refalgueri (H7) and from Gudar (H2).
The population from Borau (H5) is on the basis of NEI’s sim-~
ilarity indices loosely connected to these two groups and
on basis of Heprick's similarity indices to populations from
Covaleda (H4) and Valsain (H1). The most southern pop-
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Figure 2. — Dendrogram (top) and dendrite (bottom) showing the
genetic¢ similarities of Pinus sylvestris populations from Spain
based on frequency of alleles for 11 loci.

ulation from Baza (Sierra Nevada, H3) exhibited the most
pronounced differences in relation to the other populations
studied. Dendrites are showing that this population (Baza,
H3) is connected to populations from Borau (western
Pyrenees, H5) (Ner's similarity indices) and from Refalgueri
(H7) (Heprick’s similarity indices). In both cases (Sy and
Sp) the population from Borau (H5) is loosely related to
the populations from Covaleda (H4) and Valsain (HI).
Three populations from eastern Spain (H2, H7, and H6)
are clustering together.

I1. Relation of Spanish Pinus sylvestris populations to
populations from eastern and northern Europe

Genetic structure and genetic similarites of the 2 groups
of populations were compared on basis of 7 enzyme loci.

In table 4 several genetic parameters for both groups of
populations are given. The average number of alleles per
locus (n) is slightly higher in populations from Spain,
but the effective number of alleles (n,) is higher in
the second group. The number of genotypes (G) is also
higher in Spanish populations. Regarding the multilocus
heterozygosity observed (H,), the mean value for 7 loci
and the populations is ca. 15% lower for the Spanish
material. Both groups are in a HARDY-WEINBERG equilibrium

Table 4. — Mean number of alleles (n) and genotypes (G) per locus and effective number of
alleles ‘.fne), heterozygosity observed (HO) and heterozygosity expected (He)’ fixation indices
(F) and polymorphism indices of genotypes (Pg) in 7 Scots pine populations from Spain and
16 populations from northern and eastern Europe (for 7 loci).

Population n ng G H, He F Pg
H1 3.429 1.705 5.143 0.292 0.343 0.147 0475
H2 2.571 1.491] 3.000 0.265 0.284 0.069 0.403
H3 2.429 1.721 3.571 0.342 0.352 0.027 0.467
H4 2.857 1.597 3.857 0.304 0318 0.043 0.438
HS 3.000 1.592 4.571 0316 0.321 0.018 0.448
Hé6 3.000 1.587 4.286 0.337 0.324  -0.039 0446
H7 2.714 1.642 3.857 0.316 0.334 0.056 0.466

Mean 1 2.857 1.619 4.041 0.310 0.325  0.046*  0.449
F1 2.714 1.715 3.857 0.357 0.390 0.083 0.543
FR 3.000 1.685 4.143 0.386 0.386 0.000 0.536
FS 2.714 1616 3.571 0.348 0.353 0.015 0.508
NT 2.714 1.725 3.857 0.410 0.401 -0.022  0.552
NA 2.857 1.688 3.857 0.333 0.375 0.112 0.519
NS 3.143 1.604 3.714 0.338 0.347 0.025 0.511
PU 2.857 1.592 3.714 0.329 0.332 0.010 0.463
LT 2.714 1.698 3.857 0.357 0.379 0.059 0.527
LI 2.714 1.695 3.571 0.371 0368 -0.008 0510
UK 2.571 1.697 3.714 0.357 0.379 0.058 0.535
SK 2.857 1.597 3.857 0314 0.340 0.076 0.486
PP 2.714 1.625 3.286 0414 0.347  -0.195  0.466
KP 2.571 1.561 3.286 0.357 0.328  -0.088  0.447
VI 2.429 1.663 3.429 0.379 0.364  -0.041 0.500
V3 2.857 1.650 3.429 0.357 0.378 0.054 0.533
SZ 2.429 1.590 3.143 0.362 0.335  -0.081 0.482

Mean 2 2.741 1.650 3.643 0.361 0.363  0.006*  0.507

Mean 1+2 | 2.776 1.641 3.764 0.335 0.351 0017 0489

F* — value calculated on basis of the arithmetic mean H ° and I-Ie (mean 1 and mean 2).
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Table 5. — Relative measure of genetic differentiation (GST) for 7 loci between 7 populations of Pinus sylvestris from Spain (1) and
for 16 populations from northern and eastern Europe (2).

W Hp Hg DgT GsT Within
(Ht-Hg) Population %
1 2 1 2 1 2 1 2 1 2
Adh 0.499 0.475 0.490 0.464 0.009 0.011 0.018 0.022 98.2 97.7
Dia 0.144 0.267 0.142 0.257 0.002 0.010 0.014 0.037 98.6 96.2
"Fest 0.435 0.460 0.411 0.451 0.024 0.009 0.055 0.019 94.5 98.1
Gdh 0.205 0.45] 0.198 0.436 0.007 0.015 | 0.034  0.033 97.6 9.6 |
Got-A 0.010 0.124 0.009 0.118 0.001 0.005 | 0.100  0.041 90.0 95.8
Got-B 0.528 0.538 0.511 0.527 0.017 0.011 | 0.032  0.019 96.8 98.0 I
Skdh-A 0.532 0.289 0.517 0.282 0.015 0.007 | 0.028 0.022 97.2 97.7
IAverage 0.336 0.372 0.325 0.362 0.010 0.010 | 0.040  0.025 96.0 97.5 I

% = the amount of genetic differentiation within populations

as indicated by the mean fixation indices (F). However,
there are some exceptions at the population level. One pop-
ulation from Spain (H1) and another one from Norway
(NA) are showing an excess of homozygosity. A population
from Pieniny National Park (PP) on the other hand is
exhibiting an excess of heterozygosity.

The group of populations from eastern and northern Eu-
rope is more polymorphic regarding the genotypes con-
cerned (Pg).

Relative measure of genetic differentiation (Table 5) in-
dicates that the populations from Spain are more dif-
ferentiated than the populations from the restof Europe.

The index of Ggy varies for the Spanish populations from
0.014 to 0.100 with an average of 0.040, and for the eastern
and northern European populations from 0.019 to 0.041 with
an average of 0.025 (Table 5). For 5 of the 7 loci the Ggp-
values were higher in the Spanish than in the other pop-
ulations.

Concerning the frequency of alleles and genotypes
there are distinct differences between both groups, parti-
cularly in the loci Dia, Gdh, Got-A, and Got-B (Table 3).
The differences between the group of Spanish popula-
tions and the group from eastern and northern Europe are
also expressed by the presence of unique alleles. In Span-
ish populations 5 alleles (Adh 3 and Adh 4, Dia 5, Got-B 5
and Skdh-A 4) were detected which are not present in 16
populations from eastern and northern Europe and vice
versa 2 alleles (Skdh-A 6 and Skdh-A 7) are not noted in
Spain (Table 3). The alleles Adh 4 and Dia 5 were found in
only 1, Got-B 51in 2, and Skdh-A 4 and Adh 3 in 4 Spanish
populations. Some of them were infrequent in the respec-
tive population (Table 3). The Scots pine population from
Refalgueri (H7) has 3 of the 5 rare alleles.

Genetic similarity between populations, based on 7 en-
zyme loci, is presented in figure 3. According to the ge-
netic similarity based on gene frequency (Ne1) the popula-
tions form 2 very distinct, but heterogenous groups. One
of them consists exclusively of populations from Spain,
the second one of populations from eastern and northern
Europe. The mutual position of the populations from Spain
are the same as in the case of 11 loci investigated, except
the population from Borau (H5), which is loosely connect-
ed to 3 populations from eastern Spain (H2, H6, H7). In
the case of 11 loci this population is showing more pro-
nounced specificity compared to 5 populations from eastern
and central Spain. In the populations from eastern and
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northern Europe some geographical grouping can be ob-
served. Populations from Finland and Norway form 1
group, populations from Scotland and 2 from Poland
another one. The geographically close populations from
Latvia, Lithuania and Ukraine are forming a third cluster,
and 2 populations from south Sweden the last group. A
relic mountain population from Pieniny National Park from
Poland shows the most distinct character of the whole
group.

As could be shown the hiatus between both groups of
populations from Spain and from northern and eastern
Europe is almost twice as much as the distances be-
tween the populations in each separate group (Dy =
0.062). The special position is characteristic for the
southernmost population from the Spanish Sierra Nevada
(Baza, H3) exhibiting the most significant specificity in
relation to the other populations studied.

Discussion and Conclusions

The investigation revealed that the populations of 2.
sylvestris from Spain are genetically significantly dif-
ferent. These differences are caused by divergent gene and
genotype frequencies in certain populations and are espe-
cially pronounced in the Fest, Gdh, Got-A and Mdh-C loci.
In spite of this, the level of heterozygosity in the popula-
tions studied are similar. The population from Orihuela
(H6) is the most heterozygous one. Less heterozygotic is the
geographically neighbouring population from Gudar (H2).
The differences between the values for heterozygosity
reach only 18%. In the population from the southernmost
limit of the species in Europe (Baza, H3) the heterozygosity
attains one of the highest value of all populations studied
in contrast to the hypothesis of low genetic variability in
marginal populations (Mayr, 1963). It could be possible
that adaptive strategy of coniferous species in marginal
populations is connected with a high genetic variability as
already reported by SzmiptT and Muona (1985) for northern
Swedish populations of P. sylvestris, by KiNnLocH et al. (1986)
for Scotish populations of P. sylvestris, and by TIGERSTEDT
(1973) and BerceMmANnN (1978) for populations of Picea abies.
On the other hand genetic “richness” as measure by the
number of alleles indicates that the genetic pool of the
population from Valsain (H1), central Spain, is richer
than the southernmost population from Baza (H3) (Table
2). But this phenomenon could also have evolved by local
environmental conditions, e.g. selection, eliminating some



NA NT FR KP SK SZ LT UK LI

PP V1 V3 HI H4 H7 H6 H2 HS5 H3

0.000 - -9 —@—— g —— ——

L ? --10.000
0010~ 1 11— ---F--10.010
0.020f-—=——--==-"-----m oo e o i e ---10.020
0030f--- - ---10.030
0040 f-=---=-----""--mmmmee ] - 0.040
0.050 """ T e r0.050
0.060f-"=-=====""=-mmm e 0.060

Figure 3. — Dendrogram illustrating the genetic similarities of Pinus sylvestris populations from Spain and eastern and northern

Europe based on frequency of alleles for 7 enzyme loci.

not adaptive alleles from the southernmost population.
But also gene flow by pollen input from adjacent popula-
tions is probable for the higher number of alleles in the
central population of Valsain (H1).

In all populations studied, also those from Spain, the
fixation index (F) is close to 0. This indicates that the
genetic structure of the populations is in an equilibrium.

In relation to the genetic similarities, our data confirm
to a great extent the suggestions of some authors. They
distinguished on the basis of morphological characters the
existence of several varieties or climatic ecotypes of Pinus
sylvestris in Spain (Svosopa, 1953; GausseN, 1960; NicoLras
and GanpuLrro, 1969; StaszkiewIcz, 1970). From our point of
view, genetically similar populations from Covaleda (H4)
and Valsain (H1) and also populations from Orihuela (H6),
Gudar (H2) and Refalgueri (H7) belong to the Iberian
variety iberica Svos. of Svosopa (1953), GaussEn (1960) and
Nicoras and Ganpurro (1969). At the same time we suggest
that the Iberian variety is composed by two genetically
different groups of populations: north-western (Covaleda
and Valsain) and east-central (Orihuela, Refalgueri and
Gudar). One of the groups occurs in the Central Moun-
tains, the second one in the Iberian chain (Figure 1). The
population from Borau (H5) represents the Pyrenean
variety pyrenaica Svos. and is related to some extend to
both groups of populations. The southernmost population
from Baza (H3) is genetically most distinct from the rest
of the populations from Spain and in this regard our
results support the opinion of the existence of the variety
nevadensis CHrisT. Also Parpos et al. (1990) indicated on
the basis of the monoterpene composition of P. sylvestris
from the Sierra Nevada the special position of this popu-
lation.

The comparison of several genetic parameters and
systematic relations of the populations of P. sylvestris
from Spain (embryos) to populations from eastern and
northern Europe (mature trees) indicates the exceptional
position of the Spanish populations (Fig. 3, Table 4 and 5).

We are fully aware of the fact that the genetic structure
of embryo populations and mature trees derivated from
them could be different due to selection processes during
the life cycle, but these changes are probably not as signif-
icant as that they could have influenced the general pic-
ture of the variation. This is supported by fixation indices
near 0, which indicate that effects by selection acting
during the life cycle from the embryos to the mature trees
are negligible. The special taxonomical position of Scots
pine from Spain was also stressed by LANGE and WEIss-
MANN (1988), Parpos et al. (1990), and WEeIssMANN and LANGE
(1990), who found that populations from Spain are comple-
tely free from A3-carene. About the special taxonomical
position and the unique genetic structure of Scots pine
from the Iberian peninsula one can reflect also on the
basis of the work of Wa~nc et al. (1991), who compared
several genetic parameters of 3 populations of P. sylvestris
var. lapponica Fries from Sweden and 3 populations of var.
mongolica Fomin from China. In spite of a very large
geographical distance between these populations the ge-
netic divergence of these two groups of Scots pine popula-
tions were much smaller than we found for the material
from Spain and north-eastern Europe. The number of
alleles and genotypes are higher in Spain indicating that
these populations are genetically richer in spite of rela-
tively small areas they occupied, in comparison to the area
from which the other populations originated. In the Spanish
material we detected 5 unique alleles, not present in the
populations studied from the rest of Europe and 2 existing
in these populations, but not found in Spain (Table 3).
From this point of view the Spanish P. sylvestris should
be considered for a gene conservation program. The
Spanish populations are also more differentiated than all
eastern and northern populations from the much larger
area (Table 5 — Ggr indices). Presumably the reason for
this pattern of variation is that these populations are
geographically isolated without any chance for effective
gene exchange with the other European populations. Sec-
ondly, there is the opinion that they originated from the
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tertiary period (BerTsch, 1940; Mirov, 1967) and they could
gain and maintain the unique alleles in particular popula-
tions, in contrast to other populations in Europe, where
the relatively recent reforestation is a result of the migra-
tion of Scots pine from several refugia after the last gla-
ciation. An intensive genes exchange from different sources
was possible.

As the pattern of geographic variability reflects the
migration of Scots pine after the glaciation one can pre-
sume that the populations from the Iberian peninsula are
relics and did not take part in reforestation of Europe after
the last glaciation. This hypothesis is supported by our
findings of the unique alleles not present in populations
from eastern and northern Europe. Also data of Parpos et
al. (1990) from monoterpene analysis confirm this opinion.
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Sum.niary

Many crosses between P. cembra and other white pines
have been attempted but only P. cembra x P. wallichiana
A. B. Jacks. and P. cembra x P. monticola DouGL. were
successful. After 11 years of testing, the following im-
portant results were observed: (1) Significant genetic dif-
ferences were found between hybrids and their parents for
most traits; (2) Both hybrid crosses resulted in individuals
that have some important traits outside the range of the
parents; (3) P. cembra x P. wallichiana was intermediate
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between parents in both blister rust resistance and growth
traits; this hybrid incorporated blister rust resistance
genes from the female parent and fast grvwth from the
male parent; (4) P. cembra x P. monticola displayed
heterosis in 6 of the 9 tested traits, including all growth
traits; it inherited outstanding form and growth from
the male parent; (5) Both hybrids represent a potentially
important planting stock for middle to high altitude sites.

Key words: Pinus cembra, P. wallichiana, P. monticola, hybrid,
heterosis, blister rust resistance, growth traits.
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