
SUBPOPULATION DIFFERENTIATION ALONG ELEVATIONAL TRANSECTS 
WITHIN TWO ITALIAN POPULATIONS OF SCOTS PINE 

(PINUS SYLVESTRIS L.) 

Stefano Puglisi, Raffaella Lovreglio & Margherita Attolico 

Germplasm Institute - CNR, Via Amendola 165/A, 1-70126 Bari, Italy 

Received December 31, 1998; accepted June 12, 1999 

ABSTRACT 

Two Italian populations of Scots pine (Pinus sylvestris L.) have been sampled along elevational transects at three 
different altitudes. The genetic structure of the six subpopulations has been studied by means of electrophoretic 
analysis of six enzyme systems (LAP, GOT, PGM, MDH, GDH, SKDH) for a total of 12 allozyme loci. An allele 
at locus Got-B shows the same type of clinal variation in both populations, consisting in a decrease of frequency 
at increasing altitude. Within each population, the differentiation between subpopulations appears clearly from 
the significant heterogeneity chi-square values at eight loci out of 12, suggesting a reduction of the gene flow 
as a consequence of asynchronous flowering due to thermic differences at different altitudes. Genetic diversity 
parameters show high values; the average values of expected heterozygosity are 0.299 and 0.295, respectively. 
The dendrogram based on Nei's genetic distances shows the ranking of a subpopulation from Lombardia in the 
cluster of Valle d'Aosta subpopulations, and some genetic distance values are much higher than that between 
the two populations as a whole. The obtained results clearly show the existence of differentiation within 
populations, and would allow to hypothesize an adaptive response of the allele Got-B5 to the thermal gradient. 

Key words: Pinus sylvestris, isozymes, subpopulation differentiation, elevational transects, clinal variation, gene 
flow. 

INTRODUCTION 

In the 70s, when protein electrophoresis was at its 
apogee, several attempts were made on various animal 
and plant organisms to investigate the physiological 
mechanisms explaining the conservation of enzymatic 
polymorphisms, based on the assumption that a high 
variability should have adaptive grounds. Such a 
selectionist approach was opposed by the neutralist 
theory, according to which evolutionary changes at the 
molecular level are caused mostly by the genetic drift 
effect on mutations - selectively neutral - generated at 
a constant rate as a consequence of nucleotide or amino 
acid substitutions. Therefore, most molecular polymor- 
ph i sm~ would be the result of an equilibrium reached 
between the constant appearance of mutations and their 
random extinction. Only for few cases polymorphisms 
would have adaptive value and be submitted to the 
action of natural selection (HARTL & CLARK 1989; 
KIMURA 1989). 

Indeed, starting from a selectionist approach, the 
risk is often of not evaluating objectively the available 
data and hypothesize the existence of cause-effect 
relationships between phenomena which are actually 
not connected among them. However, studies carried 

out on various animal and plant species demonstrate the 
existence of clinal variations in the allele frequencies at 
some enzyme loci and in some cases a direct relation- 
ship could be found between such clines and gradients 
of environmental variables, also identifying the physio- 
logical mechanisms which could explain the observed 
correlations. In numerous studies, correlations have 
also been observed between heterozygosity and growth 
rate (HEDRICK et al. 1976, LEDIG et al. 1983, HARTL et 
al. 1985, HARTL & CLARK 1989). 

Many studies of this type have also been performed 
on forest tree species leading to contrasting results. 
These researches have been reviewed by MITTON & 
GRANT (1 984), BUSH & SMOUSE (1 992), SAVOLAINEN 
& HEDRICK (1995), and others. In particular, SAVOLAI- 
NEN &HEDRICK (1995) demonstrated that in Scots pine 
there is no association of fitness with heterozygosity. 

Several studies have been carried out on the effects 
of pollution on forest tree population genetic structure 
(for a review on air pollution effects see SCHOLZ et al. 
1989). 

Among the species belonging to the Pinaceae 
family, Scots pine (Pinus sylvestris L.) covers the 
largest natural range and is one of the most important 
species for central-European and Scandinavian forestry. 
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For this reason it has been submitted to several investi- 
gations in different fields, including the study of 
population genetic structure through biochemical and, 
more recently, molecular markers. Hence, despite the 
present wide knowledge of Scots pine populations in 
large sectors of its range of distribution, information 
available on the European sector results to be incom- 
plete since Italian populations have never been included 
in such investigations in the past. 

To fill this gap, a research work has been carried 
out on eight natural populations representative of the 
Italian range of Scots pine, which covers Alps and 
northern Apennines (PUGLISI & ATTOLICO, submitted). 
Within two of these populations, three altitudinal belts 
have been sampled. 

The present study aims to verifying the existence of 
possible differentiation between the sampled subpopu- 
lations in the two above-mentioned populations and to 
highlight the possible relationship between such a 
differentiation and altitude micro-environmental 
variations, mainly temperature gradient, in order to gain 
more detailed knowledge of the population genetic 
structure and assess the existence of a possible adaptive 
function for the studied enzyme systems. 

MATERIALS AND METHODS 

Sampled populations 

Details on the two studied Alpine populations are given 
in Table 1. Both populations cover the southern slopes 
of the respective mountains. 

Within each of three subpopulations per population, 
from 19 to 26 plants have been sampled at a minimum 
distance of 100-150 meters the one from the other, 
through cone collection. After extraction and treatment, 
the seeds of each mother plant, kept separate from 
those of the others, were stored in air-tight containers 
at a temperature of 3 4 ° C  till analysis. 

Table 1. Geographic origin of the investigated populations. 

Isozyme analysis 

Isozyme analyses were performed by means of horizon- 
tal starch gel electrophoresis on haploid megagameto- 
phytes and embryos of 12 seeds per mother tree, in 
order to distinguish between male and female gamete in 
each embryo for a following mating system analysis 
(PUGLISI et al, in preparation). 

Six enzyme systems, coded by 12 loci, were uti- 
lized: LAP (leucine aminopeptidase, E.C. 3.4.1 1. l) ,  
GOT (glutamate oxaloacetate transaminase, E.C. 
2.6.1.1), PGM (phosphoglucomutase, E.C. 2.7.5.1), 
MDH (malate dehydrogenase, E.C. 1.1.1.37), GDH 
(glutamate dehydrogenase, E.C. 1.4.1.2), SKDH 
(shikimate dehydrogenase, E.C. 1.1.1.25). 

Endosperms and embryos were separately homoge- 
nized in a buffer 0.08 M tris - 1.00 M HCI, pH 7.2 
(MULLER-STARCK, pers. comm.). 

Electrophoresis was performed using the following 
buffer systems: 

a) electrode buffer: 0.06 M NaOH - 0.30 M boric 
acid, pH 8.2; gel buffer: 0.08 M tris - 1 .OO M HCI, pH 
8.7 (POULIK 1957, modified), for LAP and GOT; 

b) electrode buffer: 0.135 M tris - 0.047 M citric 
acid, pH 7.0; gel buffer: 0.034 M tris - 0.012 M citric 
acid, pH 7.0 (SHAW & PRASAD 1970, modified), for the 
remaining enzyme systems. 

Starch gel concentration was 11 % for the former 
buffer system and 12% for the latter. Staining was 
performed according to MULLER-STARCK (1998, and 
pers. comm.) 

The genetic control of the utilized enzyme systems 
was previously determined by MULLER-STARCK 
(1982a, 1982b, and pers. comm.; PUGLISI et al., in 
preparation). 

For each enzyme system, loci were designated by 
capital letters following the enzyme acronym, marking 
the most anodal zone of activity by the first letter. 
Within each locus, alleles were designated by numbers, 
starting from the fastest one. 

Locations 
Number of 

Number 
sampled trees 

Latitude (N) Longitude (E) Altitude (m) Region 

Morgex 
Morgex - A 
Morgex - B 
Morgex - C 

Morbegno 
Morbegno - A 
Morbegno - B 
Morbegno - C 

45'46' 07"OO' 1000-1 400 Valle d'Aosta 
1000 
1200 
1400 

46" 10' 09'36' 250-1200 Lombardia 
250-300 
500-800 
1000-1 200 



Genetic parameters 

Computations were performed with BIOSYS-1 soft- 
ware (SWOFFORD & SELANDER 1989) on embryo 
genotypes, in order to use a larger sample than the one 
constituted only by mother tree genotypes, including 
also alleles from pollen pool. The contingency table 
chi-square test (SNEDECOR &COCHRAN 1967) was used 
in order to estimate the heterogeneity between popula- 
tion distributions of allelic frequencies. 

On the basis of the estimated allele frequencies, the 
following parameters of genetic diversity (variation 
within populations) were computed: average number of 
alleles per locus (N); percentage of polymorphic loci 
(P) computed on the basis of 5% criterion, i.e. the 
percentage of loci whose more common allele has a 
frequency lower than 95%; genetic diversity (v; GRE- 
GORIUS 1978; MULLER-STARCK & GREGORIUS 1986), 
also called effective number of alleles (CROW & 
KIMURA 1970), whose average value per population is 
computed as the harmonic mean of single locus values; 
expected heterozygosity according to Hardy-Weinberg 
(H,; NEI 1978); observed heterozygosity (H,). Wright's 
fixation index (F = 1 - HJH,; WRIGHT 1922) was 
computed in order to compare observed heterozy- 
gosities with panmittic expectations. 

Also the following parameters of genetic differenti- 
ation (variation between populations) were computed: 

genetic diversity analysis (NEI 1973, 1975), which 
show the distribution of genetic diversity: H, (total 
diversity), H, (diversity within populations), D,, 
(diversity among populations, given as the differ- 
ence between the two former parameters) and G,, 
(relative degree of genetic differentiation, given as 
the ratio DJH,); 
subpopulation differentiation (d; GREGORIUS &Ro- 
BERDS 1986), which represents Gregorius' genetic 
distance between each population and the remaining 
ones, considered as a whole, and is regarded as 
more sensitive than G,,; 
genetic distance, computed by means of NEI'S 
(1978) and GREGORNS' (1974) formulae. 

Values of Nei's genetic distance were used for 
constructing a dendrogram using the UPGMA method 
(SNEATH & SOKAL 1973). 

RESULTS AND DISCUSSION 

The frequency of some alleles show clinal variations, 
which occur in both populations only at locus Got-B 
(Table 2): allele 5 exhibits the same type of variation in 
both populations, consisting in a decrease of frequency 
at increasing altitude. Other alleles at this and at other 
loci (Got-C, Pgm-A, Mdh-C, Mdh-D and Gdh-A) also 

present a clinal frequency variation but only in one of 
the two populations. An adaptive origin could therefore 
be hypothesized for differences in subpopulation allele 
frequency for allele 5 at locus Got-B. Such a hypothe- 
sis could be extended to other cases of clinal variation 
only if other environmental factors are admitted to 
contribute, together with temperature, to triggering a 
different adaptive response in the two populations. The 
response could affect the observed loci directly, or any 
other loci tightly linked to them, as well as any coadap- 
ted gene complexes that they mark. 

GOT is an enzyme catalyzing oxidative degradation 
of aspartic acid, an amino acid which when deprived of 
the amine group -transferred to the a-chetoglutaric acid 
which then transforms into glutamic acid - transforms 
into oxaloacetic acid. As regards a possible physiologi- 
cal mechanism explaining the dependence of allele 
frequencies of this enzyme on environmental thermic 
variables, we could hypothesize some kinetic differ- 
ences among alleles, depending on different tempera- 
ture values at which they express their maximum 
reaction velocity (BERGMANN 1978; MITTON &GRANT 
1984), but this hypothesis would require some experi- 
mental bases before being taken into consideration. 

GOT is included in group I enzymes, which are 
involved in the primary metabolism and normally use 
one particular substrate. These enzymes -especially the 
polymeric ones like GOT- tend to be less variable than 
non-specific group I1 enzymes, and are likely to be 
more sensitive to natural selection pressures. As a 
matter of fact, the optimally adapted three-dimensional 
structure of their molecules can be heavily altered by 
amino acid substitutions and, as a consequence, also 
their catalytic capacity can change, increasing or 
decreasing the organism fitness (GILLESPIE~LLANGLEY 
1974; BERGMANN 199 1). 

In the temperate zone mean annual temperatures 
decrease with a trend of about 0.6 "C per I00 meters of 
altitude (PIUSSI 1994). As a consequence, in the 
altitudinal range of the first population (Morgex, Valle 
d'Aosta) the mean temperature variation should be 
about 2.4 "C (1.2 "C between adjacent subpopulations), 
and in the second population (Morbegno, Lombardia) 
the variation should be about 5.7 "C (2.3-2.7 "C 
between adjacent subpopulations). 

In each population, some subpopulations differ from 
the others for the presence or absence of rare alleles. 
which could be caused by sampling mistakes, despite 
this is a remote possibility on account of the large size 
of analyzed samples. These frequencies, too, could be 
originated by natural selection, mainly as far as rare 
alleles with deleterious effects are concerned, which 
could have disappeared where the selection 
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Table 2. Allele frequencies at the 12 analyzed enzyme loci. 

Subpopulation 
Locus Allele 

1 A 1 B 1 C 2A 2B 2C 



pressure was stronger. 
The hypothesis of an adaptive function of some 

enzyme loci or of their linked loci in forest trees has 
been formulated by several authors, among whom 
M m o ~  et al. (1977), BERGMANN (1978), LUNDKVIST 
(1979), YEH & LAYTON (1979), MITTON et al. (1980), 
YEH & O'MALLEY (l980), SCHUSTER et al. (1989), 
LOCHELT & FRANKE (1995), KARA et al. (1997). In 
particular, BERGMANN (1978) managed to highlight a 
clinal variation of allele frequencies of acid phospha- 
tase locus Aph-B along similar climatic gradients by 
studying Norway spruce populations (Picea abies 
Karst.) located along two transects, namely an eleva- 
tional transect in the Austrian Alps and a latitudinal one 
in Finland, together with a group of Swiss populations 
not situated along any transect but living at different 
altitudes. In this investigation, the action (either direct 
or indirect) of natural selection - mainly exerted by 
temperature - on the alleles of an enzyme locus is 
clearly shown. The author puts forward the hypothesis 
of a possible physiological mechanism explaining the 
adaptive function of acid phosphatase. 

There are, instead, papers showing that the used loci 
are mainly neutral to selection in conifers, as observed 
by ALDEN & LOOPSTRA (1987), MORAN et al. (1988), 
MORAN &ADAMS (1989), DIEBEL&FERET (1991) and 
others for various conifers. 

The differentiation between subpopulations within 
each population appears clearly from heterogeneity chi- 
square values calculated on allele frequencies. Such 
values are significant in eight loci out of 12 in both 
populations (Table 3). On account of the short topo- 
graphic distance between the subpopulations, these 
significant differences would suggest areduction of the 
gene flow as aconsequence of asynchronous flowering 
due to differences in temperature at different altitudes 
(MITTON et al. 1980, SCHUSTER et al. 1989), or to a 
limitation of the gene flow effects due to selection 
factors. In the former hypothesis, the gene flow would 
essentially take place through dissemination. 

Genetic diversity parameters have high values 
(Table 4). In both populations, mean expected 
heterozygosity (He)  is higher than the average value of 
expected heterozygosity within populations (0.15 1) 
estimated for gymnosperms by HAMRICK et al. (1992). 
The analyzedpopulations, and their subpopulations, are 
as variable as the Scots pine natural populations studied 
by other Authors in several European and Asiatic 
countries (MEJNARTOWICZ 1979; GULLBERG et al. 
1982; MEJNARTOWICZ&BERGMANN 1985; KINLOCH et 
al. 1986; MUONA & HARJU 1989; SAVOLAINEN & 
YAZDANI 1991; WANG et al. 1991; GONCHARENKO et 
al. 1994; NEET-SARQUEDA 1994; PRUS-GLOWACKI & 
STEPHAN 1994; SAVOLAINENE~HEDRICK 1995; SZMIDT 

Table 3. Heterogeneity chi-square values computed on 
allelic frequency distributions of the studied subpopu- 
lations (D.F.: degrees of freedom; *: P<0.050; ***: P< 
0.005). A): Values relative to population 1. B): Values 
relative to population 2. 

Locus x2 D.F. Significance 
level 

Total 217.258 3 0 3 t *  

Locus D.F. 
Significance 

level 

Total 294.475 42 *** 

et al. 1996). Heterozygosity values, both expected and 
observed, and v parameter (genetic diversity) show a 
clinal variation in the second population and tend to 
grow at increasing altitudes. On the contrary, in the first 
population observed heterozygosity decreases at 
increasing altitudes. 

Values of fixation index (Table 4) are positive in all 
the subpopulations, with high values in 1B and in the 
three subpopulations of population 2. They show a 
deficiency of heterozygotes relative to expected fre- 
quencies in panmittic equilibrium. As observed in many 
other conifers, which - contrary to angiosperms - lack 
any prezygotic incompatibility mechanisms (MULLER- 
STARCK & GREGORIUS 1988), Scots pine is a partially 
self-pollinating species (MULLER-STARCK 1977, 1979, 
1982a, 1982b; Y A Z D A N I ~ ~  al. 1985; RUDIN et al. 1986; 
LONGAUER et al. 1992; KARKKAINEN & SAVOLAINEN 
1993; KARKKAINEN et al. 1996). Plants originating 
from self-pollinated seeds are usually characterized by 
reduced viability (inbreeding depression), due to lethal 
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Table 4. Parameters of genetic diversity. N - mean number of alleles per locus; P-  percentage of polymorphic loci at the 
5% criterion; v - genetic diversity; He - expected heterozygosity according to Hardy-Weinberg; H,, - observed 
heterozygosity; F - fixation index. 

Subpopulation N P v He 41 F 

1 A 2.7 75.0 1.424 ,298 ,269 ,097 
1 B 3.0 83.3 1.444 ,309 ,266 ,139 
1C 3.1 83.3 1.409 ,291 ,263 ,096 

Mean pop. 1 2.9 80.5 1.426 ,299 ,266 ,111 

2A 3.1 66.7 1.396 ,284 ,241 ,151 
2B 2.9 83.3 1.419 ,296 ,251 ,152 
2C 3.1 75.0 1.438 ,305 ,265 ,131 

Mean pop. 2 3.0 75.0 1.418 ,295 ,252 ,145 

and semi-lethal alleles, and are consequently subjected 
to natural selection (MULLER-STARCK 1982b; YAZDANI 
etal. 1985; LUNDKVIST etnl. 1987; MUONA etnl. 1987; 
KARKKAINEN & SAVOLAINEN 1993; Zhelev et nl. 1994; 
Savolainen & HEDRICK 1995; KARKKAINEN et al. 
1996). Our values refer to embryo genotypic frequen- 
cies, which normally include a certain amount of inbred 
progeny. A detailed comparison between embryonic 
and adult phases will be published in a separate paper 
(PUGLISI et nl., in preparation). 

Table 5 reports the parameters of genetic diversity 
analysis. Mean values of G,, are identical in both 
populations. The heterogeneity of G,, values, which 
reveals a varying differentiation among the subpopu- 
lations depending on the different loci, could support 
the hypothesis that the observed differences could be 
due to natural selection. Indeed, differentiation should 
affect all loci to the same extent if it was completely 
neutral to the selection pressure of environmental 
factors. Furthermore, genetic drift would hardly have a 
significant role in large stands undergoing a constant 
gene flow together with others at the same altitude. 
Also differentiation between subpopulations expressed 
by the parameter 6 (Table 6) - considered to be more 
sensitive than G,, - is variable among loci. 

Genetic distance values by Nei and Gregorius 
(Table 7) between subpopulations are mostly similar 
and sometimes much higher than those between the two 
populations as a whole (0.003 and 0.041, respectively; 
PUGLISI & ATTOLICO, submitted). The dendrogram 
based on Nei's genetic distances (Figure 1) shows the 
ranking of the mean altitude subpopulation from 
Lombardia (2B) in the cluster of Valle d'Aosta (1) 
subpopulations. Actually, one of the lowest genetic 
distances is between subpopulation 2B and the interme- 
diate one from Valle d'Aosta (1B). This could be due 
to some environmental similarity between the ecologi- 
cal stands of these subpopulations. Furthermore, the 

subpopulation at the highest elevation in Valle d'Aosta 
(1C) and that from the lowest elevation in Lombardia 
(2A) show a genetic distance value twofold (Gregorius' 
distance) or fourfold (Nei's distance) that between the 
two populations as a whole. These data further confirm 
the existence of differentiation within populations. 

CONCLUSIONS 

The obtained results do not allow us to infer certain 
conclusions on the possible adaptive role of the enzyme 
systems under analysis, also because of the limited 
number of sampled elevational belts for each popula- 
tion and to the short distance between them. Neverthe- 
less, some important data have been highlighted. The 
clinal variation of allele 5 at locus Got-B in both 
populations would allow to hypothesize an adaptive 
response to the temperature gradient; and the similarity 
between the Lombardia 2B subpopulation and the Valle 
d' Aosta subpopulations would lead to the hypothesis of 
an evolutionary convergence due to similar micro- 
environmental conditions. 

Although such results are limited and incomplete, 
they provide a further contribution to knowledge in an 
important and controversial topic. They also emphasize 
the importance of this kind of researches to better 
understand the genetic structure of populations and 
their dynamics, and for the development of more 
accurate in situ conservation strategies, by taking into 
account also subpopulation specific genetic features, as 
in the case of subpopulation 2B. As a matter of fact, 
since a gene resource can be defined as a collection of 
biological material containing specific genetic informa- 
tion or a defined range of variants of such information 
(ZIEHE et al. 1989), a rather differentiated subpo- 
pulation could hypothetically be declarated to be a gene 
resource needing specific conservation measures. 



Table 5. Genetic diversity analysis. H, - total diversity; H,, 
- diversity within populations; D,, - diversity among 
populations (H,-H,); G,,  - relative degree of genetic 
differentiation (DJH,).  A) Values relative to population 1. 
B) Values relative to population 2. 

Table 6. Genetic differentiation between popula-tions (6 
values). Dji - differentiation values of single populations. 
A) Values relative to population 1. B) Values relative to 
population 2. 

A) 

Locus H, HA D,T G,7, 

Mean 0.301 0.299 0.003 0.008 

Mean 0.297 0.294 0.002 0.008 

ACKNOWLEDGMENTS 

The authors wish to thank the Councillorship for Agriculture 
and Natural Resources of Valle d' Aosta Autonomous Region 
and Lombardia Regional Forest Administration for having 
sampled the selected populations following our instructions 
meticulously; Mr S. Cifarelli for his excellent technical 
assistance; Dr. D. Pignone and Dr. M. Ianigro for their help 
in preparing computer-generated illustrations. 

REFERENCES 

ALDEN, J. & LOOPSTRA, C. 1987: Genetic diversity and 
population structure of Picea glauca on an altitudinal 
gradient in interior Alaska. Can. J. For: Res. 17: 15 19 
-1526. 

BERGMANN, F. 1978: The allelic distribution at an acid 

Subpopulation 

Locus 1 A 1 B 1 C 
6 

0,) D,z 0 1 3  

Gene pool 0.047 0.042 0.052 0.047 

Subpopulation 

Locus 2A 2B 2C 
6 

D,, D,? D,i 

Lq-B ,050 ,068 ,016 ,043 
Got-A ,002 ,002 .003 ,002 
Got-B ,089 ,069 ,088 ,082 
Got-C .114 . I  10 ,024 ,081 
Pgm-A .041 ,017 ,047 ,036 
Mdh-A .011 ,005 ,006 .007 
Mdh-B ,001 ,001 ,002 .001 
Mdh-C ,053 ,087 .029 ,055 
Mdh-D ,061 ,072 .034 ,055 
Gdh-A ,015 ,025 ,009 ,016 
Skdh-A ,017 ,133 .I 16 ,088 
Skdh-B ,040 ,065 ,022 ,041 

Gene uool 0.041 0.054 0.033 0.042 

phosphatase locus in Norway spruce (Picea abies) along 
similar climatic gradients. Theor: Appl. Genet. 52:57-64. 

BERGMANN, F. 1991. Isozyme gene markers. In: Genetic 
variation in European populations of forest trees. (eds. G. 
Miiller-Starck and M. Ziehe). pp. 67-78. Sauerlander's 
Verlag, Frankfurt am Main. 

BUSH, R. M. & SMOUSE, P. E. 1992: Evidence for the adaptive 
significance of allozymes in forest trees. New Forests 
6:179-196. 

CROW, J .  F. & KIMURA, M. 1970: An Introduction to Popula- 
tion Genetic Theory. Harper & Row, New York, Evans 

0 A R B O R A  P U B L I S H E R S  



S.  PUGLISI ETAL.: SUBPOPULATION DIFFERENTIATION ALONG ELEVATIONAL TRANSECTS IN PINUS SYLVESTRIS L. 

Table 7. Genetic distance calculated following Gregorius (above the diagonal) and Nei (below the diagonal). 

Population 1 A 1B 1 C 2A 2B 2C 

1A - Morgex A 
1B - Morgex B 
1 C - Morgex C 
2A - Morbegno A 
2B - Morbegno B 
2C - Morbegno C 

Figure 1. Dendrogram constructed on the basis of Nei's 
genetic distance values with UPGMA method. 

ton, London. 
DIEBEL, K. E. & FERET, P. P. 1991: Isozyme variation within 

the Fraser fir (Abiesfraseri (Pursh) Poir.) population on 
Mount Rogers, Virginia: lack of microgeographic differ- 
entiation. Silvae Genetica 40: 79-85. 

GILLESPIE, J. H. & LANGLEY, C. H. 1974: A general model to 
account for enzyme variation in natural populations. 
Genetics 76:837-884. 

GONCHARENKO, G. G., SILIN, A. E. & PADUTOV, V. E. 1994: 
Allozyme variation in natural populations of Eurasian 
pines. 111. Population structure, diversity, differentiation 
and gene flow in central and isolated populations of Pinus 
sylvestris L. in Eastern Europe and Siberia. Silvae Gene- 
tics 43:119-132. 

GREGORIUS, H.-R. 1974: Genetischer Abstand zwischen 
Populationen. I. Zur Konzeption der genetischen 
Abstandsmessung. Silvae Genetica 23:22-27. 

GREGORIUS, H.-R. 1978: The concept of genetic diversity and 
its formal relationship to heterozygosity and genetic 
distance. Math. Biosci. 41:253-271. 

GREGORIUS, H.-R. & ROBERDS, J. H. 1986: Measurement of 
genetic differentiation among subpopulations. Theor: 
Appl. Genet. 71:826-834. 

GULLBERG, U.,  YAZDANI, R. & RUDIN, D. 1982. Genetic 
differentiation between adjacent populations of Pinus 
sylvestris. Silva Fennica 16:205-214. 

HAMRICK, J .  L., GODT, M. J. W. & SHERMAN-BROYLES, S. L. 
1992: Factors influencing levels of genetic diversity in 
woody plant species. New Forests 6:95-124. 

HARTL, D. L. &CLARK, A. G. 1989: Principles of Population 
Genetics. Sinauer Associates. 

HARTL, D. L., DYKHUIZEN, D. E. &DEAN, A.M. 1985: Limits 
of adaptation: the evolution of selective neutrality. 
Genetics 111: 655-674. 

HEDRICK, P. W., GINEVAN, M. E. & EWING, E. P. 1976: 
Genetic polymorphism in heterogeneous environments. 
Ann. Rev. Ecol. Syst. 7: 1-32. 

KARA, N., KOROL, L., ISIK, K. & SCHILLER, G. 1997: Genetic 
diversity in Pinus brutia Ten.: altitudinal variation. Silvae 
Genetica 46: 155-161. 

KARKKAINEN, K. & SAVOLAINEN, 0. 1993: The degree of 
early inbreeding depression determines the selfing rate at 
the seed stage: model and results from Pinus sylvestris 
(Scots pine). Heredity 71:160-166. 

KARKKAINEN, K., KOSKI, V. & SAVOLAINEN, 0. 1996: Geo- 
graphical variation in the inbreeding depression of Scots 
pine. Evolution 50: 11 1-1 19. 

KIMURA, M. 1989: The neutral theory of molecular evolution 
and the world view of the neutralists. Genome 31:24-31. 

KINLOCH, B. B., WESTFALL, R. D. & FORREST, G. I. 1986: 
Caledonian Scots pine: origins and genetic structure. New 
Phytol. 104:703-729. 

LEDIG, E T., GURIES, R. P. & BONEFELD, B. A. 1983: The 
relation of growth to heterozygosity in pitch pine. Evolu- 
tion 37: 1227-1 238. 

LOCHELT, S. & FRANKE, A. 1995: Bestimmung der gene- 
tischen Konstitution von Buchen-Bestanden (Fagus 
sylvatica L.) entlang eines Hohentransektes von Freiburg 
auf den Schauinsland. Silvae Genetica 44:3 12 -3 18. 

LONGAUER, R., ZHELEV, P., PAULE, L. & GOMORY, D. 1992: 
The mating system, outcrossing rate and genetic differen- 
tiation in natural Scots pine (Pinus sylvestris L.) popula- 
tions from Bulgaria. Bioldgia (Bratislava) 47: 539-547. 

LUNDKVIST, K. 1979: Allozyme frequency distributions in 
four Swedish populations of Norway spruce (Picea abies 
K.) I. Estimations of genetic variation within and among 
populations, genetic linkage and a mating system parame- 
ter. Hereditas 90: 127-143. 

LUNDKVIST, K., ERIKSSON, G., NORELL, L.. & EKBERG, I. 
1987: Inbreeding depression in two field trials of young 
Pinus sylvestris (L.). Scand. J. Fox Res. 2:281-290. 

MEJNARTOWICZ, L. 1979: Genetic variaiton in some isoen- 
zyme loci in Scots pine (Pinus silvestris L.) populations. 
Arboretum Kornickie 24:91-104. 

MEJNARTOWICZ, L. & BERGMANN, F. 1985: Genetic differen- 
tiation among Scots pine populations from the lowlands 





S .  PUGLISI ETAL.: SUBPOPULATION DIFFERENTIATION ALONG ELEVATIONAL TRANSECTS IN PINUS SYLVESTRIS L. 

variation patterns in coastal populations. Silvae Geneticu ZIEHE, M.,  GREGORIUS, H.-R., GLOCK, H., HATTEMER, H. H. 
29:83-92. & HERZOG, S. 1989: Gene resources and gene conserva- 

ZHELEV, P., LONGAUER R., PAULE, L. & GOMORY, D. 1994: tion in forest trees: general concepts. In: Genetic effects 
Genetic variation of the indigenous Scots pine (Pirtus of air pollutants in forest tree populations. (eds. F. 
sylvestris L.) populations from the Rhodopi mountains. Scholz, H.-R. Gregorius, and D. Rudin). pp. 173-185. 
Nauka za Gorata 31:68-76. Springer Verlag, Berlin, Heidelberg. 


