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Genetic variability of Fagus sylvatica L. in
Italy: the role of postglacial recolonization

STEFANO LEONARDI* & PAOLO MENOZZI
Istituto di Ecologia, Università di Parma, V/ale delle Sc/enze, 43100 Parma, Italy

Genetic variability of 21 Italian populations of beech (Fagus sylvatica L.) was studied using starch

gel electrophoresis and nine polymorphic enzyme gene loci. Expected mean heterozygosity varied
from 13.6 per cent to 20.3 per cent. Observed heterozygosity was less than expected in all but two
populations. No association between allele frequencies and soil type or altitude was found. As in
other forest tree species, the among-populations component of variability was low (average
FST = 0.046). Despite low genetic differentiation, principal components analysis of allelic
frequencies revealed a geographical pattern. The first principal component, significantly correlated
with latitude and longitude, showed a clear separation of southern and northern populations. The

statistical significance of the geographical pattern was tested by a resampling technique (bootstrap).
The origin of Italian beech populations from eastern and southern refugia during the last glaciation
is discussed. First principal component values and the higher allele variability found in southern
populations seem to concord with the palynological evidence for a southern origin of beech in the

peninsular part of Italy.
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Introduction

In Italy, European beech (Fagus sylvatica L.) is a
dominant forest species between 800 and 1500 m a.s.l.
in parts of the Alps and between 1000 m and the
timberline in the Apennines.

Relatively few studies exist on the population
genetics of beech, and the knowledge of Italian
populations is particularly poor. Comps et a!. (1990)
include 21 samples from Italy in their extensive
analysis of the variability of six allozymes in central
European beech populations, but they do not report
the geographical distribution of variability within Italy.

To our knowledge the first population study on the

genetic variability of peroxidases and glutamate-
oxaloacetate-transaminases in a group of French
populations was published in 1982 (Thiébaut et a!.,

1982). The relationship between peroxidase allozymes
and temperature and moisture found by this study was
confirmed in an investigation of a larger number of
populations (Felber & Thiébaut, 1984).

Studying damaged and apparently healthy beech
trees in Germany, a larger heterozygosity was found in

stress-tolerant plants, although the genotypic response
varied at different gene loci (Müller-Starck, 1985,

1989).

*Correspondence
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Gregonus et a!. (1986) studied within-population
differentiation in space and time in four demes over 2
years for five enzyme loci. Genetic diversity showed no
variation pattern in space or time although differences
among the considered partitions were found for single
loci.

A heterogeneity of the paternal contribution to the
within-population variability (with an intra- and an
interdemic component) was found by Merzeau et a!.
(1989) using data from four enzyme loci (GOT, SOD,

MDH1, IDH).
Comps et at. (1990) reported data for 140 beech

stands from central and Mediterranean Europe. Based
on a relatively low number of enzyme systems (PER-i,

PER-2, GOT-i, IDH- 1, MDH- 1, GPI- 1) the investiga-
tion found most of the variability (90—95 per cent) in
the 'within-population' component, a fact already
known for other long-living wind-pollinated forest tree
species (Hamrick et a!., 1979; Loveless & Hamrick,
1984; Hamrick & Godt, 1990). The study, besides
confirming the association already found at a smaller

geographical scale between peroxidase allele frequen-
cies and climate, revealed a higher inter- and intra-
population diversity for the southern locations. An
association between climate and allele frequencies of
PER-i, PER-2 and GOT was also found in a subset of

populations from Croatia (Comps et at., 1991).
Gömöry et a!. (1992) stress the need for caution in

interpreting cinal variations as a consequence of selec-
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tion, and see the genetic variability found in their data
from French beech stands as a consequence of post-
glacial recolonization events.

Geographical patterns of genetic variation have
often been seen as a result of past mass migratory
events in forest tree populations. Postglacial reinvasion
routes have been related to observed genetic variation
in Picea abies populations from central and northern

Europe (Lagercrantz & Ryman, 1990). The genetic
structure of lodgepole pine (Pinus contorta ssp.
latifolia) found in North America has been attributed
mainly to drift during the colonization following the

retreat of glaciers (Cwynar & MacDonald, 1987).
Comps et a!. (1990) suggested a relationship

between the lower variability of northern populations
and the short time available for their differentiation in
areas covered by ice during the last glaciation. The
authors stressed the isolation of Italian beech forests,
separated from other populations by the sea in the
peninsular part and by the Alps in the north. The
Eastern Alps, however, were probably a weaker
barrier at the end of the last glaciation: with lower sea

water levels, the Dinaric Alps populations were not as

separated as they seem now (Comps eta!., 1990).
Palynological data from Italy, although scarce and

not thoroughly analysed (Huntley & Birks, 1983),

seem in agreement with the hypothesis that beech
populations might have recolomzed Italy after the last
glaciation from two possible refugia, one in the south
(Calabria and Sicily) and one in the east (Croatia).

Here we report an analysis of beech genetic variabi-
lity in Italy and discuss the possible origin of modern
Italian beech populations from southern and eastern
ref ugia.

Materials and methods

Sampling and electrophoretic analysis

Dormant buds were collected from 21 localities to
cover most of the geographical range of beech in Italy
(Table 1, Fig. 3). All 21 localities are well within the

species's biogeographical range in Italy. Sampled
individuals, randomly selected at least 2 m apart, were
drawn from large populations. In 13 localities (TAN,

CAN, GIU, CER, ENT, PNA, PIS, ABE, VUL, POL,
SER, REC, SIC), where distances between trees were
actually measured, an average distance of 8.6 5.4 m
(SD) was found. In four localities (PRA, PNA, PIS,
ABE) individuals were collected from transects at
different altitudes indicated by multiple values in
Table 1.

Table 1 Altitude, mean sample size, mean number of alleles per locus (standard errors are reported in parentheses) and
percentage of polymorphic loci (99 per cent criterion) for each population of Fagu.s sylvatica

Pbpulation (province)

Altitude

(m a.s.l.)

Mean sample
size per locus

Mean no.

of alleles

per locus

Percentage
of poly-

morphic loci

TANPassoTanamea(UD) 800 91.8(4.1) 2.0(0.2) 88.9
CAN For. Cansiglio (PN) 1230 112.2(3.6) 2.3(0.2) 100.0
GlUValliGiudicarie(TN) 1250 93.8(3.1) 2.1(0.2) 88.9
CERValCervo(VC) 1040 94.9(2.6) 2.3(0.3) 88.9
ENT Entracque (CN) 1280 79.8 (3.0) 2.2 (0.3) 77.8
PRA Pradaccio (PR) 1200-1400-1600 193.3 (16.7) 2.3 (0.2) 88.9
PNA Passo Pradarena (LU) 1200-1400-1630 134.8 (2.6) 2.2 (0.2) 88.9
PIS Monte Pisanino (LU) 1200-1300-1400 80.0 (3.3) 2.4(0.2) 100.0
ABE Abetone(PT) 1200-1500-1750 143.4(9.1) 2.7(0.2) 100.0
BAGBagniRomagna(FO) 1030 41.2(1.3) 2.0(0.2) 88.9
AMI Monte Amiata (GR) 1500 82.3 (2.8) 2.2 (0.2) 88.9
SULSulmona(AQ) 1200 38.0(1.4) 2.0(0.2) 77.8
GUA Guardiaregia(CE) 1300 44.9(1.2) 2.2(0.3) 77.8
GlO S. Giorgio Matese (CE) 1300 49.0 (1.2) 2.3 (0.3) 77.8
VUL Monte Vulture (PZ) 900 132.6 (12.2) 2.6 (0.3) 100.0
UMB Foresta Umbra (FG) 750 119.6 (3.0) 2.4(0.2) 100.0
POL Monte Pollino (PZ) 1500 138.9 (2.6) 2.8 (0.2) 100.0
SILS11a(CS) 1400 76.2(1.6) 2.2(0.1) 100.0
SERSerraS.Bruno(CZ) 1100 157.9(4.1) 2.6(0.2) 100.0
RECAspromonte(RC) 1400 137.1(0.6) 2.9(0.3) 100.0
SIC Sicilia (ME) 1500 132.8 (2.3) 2.6 (0.2) 100.0
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Material was stored at 4°C in the dark. For electro-
phoresis, bud tissue was homogenized in buffer
solution pH 7.3 (MüIler-Starck, 1985), using a hand
grinder. Buffer and staining solutions were described
by Müller-Starck (1985) and Shaw & Prasad (1970).

Genetic types are designated by letters for gene loci

('A' indicates the fastest migrating zone) and by
numbers for alleles. The generally most common allele

is arbitrarily designated 100 and other alleles at the
same locus are assigned numerical values representing
the electrophoretic migration distance of their homo-
meric products relative to that of the 100 allele. Ten

loci were assayed by means of horizontal starch gel
electrophoresis and used to determine the multiocus
genotype of each tree: 6PGD-A (EC 1.1.1.44), DIA-A

(1.6.4.3), GOT-A (2.6.1.1), GPI-B (5.3.1.9), IDH-A
(1.1.1.42), MDH-A and MDH-B (1.1.1.37), ME-A
(1.1.1.40), PER-B (1.11.1.7), SKDH-A (1.1.1.25).

The observed banding patterns are in accordance
with the allelism reported in the literature (Thiébaut et

a!., 1982; Merzeau et a!., 1989; Müller-Starck &

Starcke, 1993).

Data analysis

Population genetics parameters were estimated using
the BIOSYS-1 computer program (Swofford & Selander,

1981). Deviations from Hardy—Weinberg equilibrium
were tested by x2 pooling genotypes whenever
expected frequencies were less than five. Four multi-

locus measures of genetic diversity were calculated:
average number of alleles per locus, percentage of
polymorphic loci, mean observed and expected hetero-
zygosities. Wright's F-statistics as extended by Nei
(1977) were used to estimate genetic differentiation
among populations. In four stations for which altitu-
dinal subdivisions existed, F-statistics were calculated
on four hierarchical levels: individual tree, transects
within population, population and total of the four
populations. Nei's unbiased genetic distances were
computed (Nei, 1987). The SAS statistical package was
used for statistical computations (SAS Institute, 1985).

Principal components were computed using trans-
formed (arcsin, square root) allele frequencies.

Resampling with replacement of the transformed

gene frequencies ('bootstrap' technique (Efron, 1982))
was used to validate the observed geographical
patterns with respect to the sampling of genes while
conserving the geographical relationship among popu-
lations. Each resampling produces a new data matrix
by randomly choosing the alleles from the original
matrix: some will not be present, some will be present
once, some two or more times. The number of alleles
of the new matrix is unchanged as, of course, is the

The Genetical Society of Great Britain, Heredity, 75, 35—44.

number of populations. For each new matrix principal

components are computed. We repeated the process
200 times. From the distribution of the first principal
component values of each population, the normal
deviate (mean/standard deviation) was computed and
the statistical probability of zero belonging to the
distribution was calculated. The geographical location
of the observed significant values supplies information
on the robustness of the observed geographical pattern

(Piazza etal., 1995).
Principal component coefficients have arbitrary

signs (Tatsuoka, 1971, p. 122). In some bootstrap
cycles, as expected, a clearly reversed geographical
pattern was found in comparison with the computation
carried out on the observed data. To avoid a cone-
sponding bias in the estimate of the standard deviation,
signs of scores were changed in the cycles with negative
correlation between bootstrap scores and scores from
the original data.

Regression of latitude with the first principal
component scores was computed after each sampling
and the distribution of the slope estimates was
prepared.

Results

Electrophoretic analysis and genetic variation within

populations

Frequencies of alleles are reported in Table 2. Of the

10 enzyme systems we used in the population survey
only ME-A was always monomorphic and was omitted
from further computations. A good fit to
Hardy—Weinberg expectations is considered a confir-
mation of the allelic nature of the observed electro-
morphs. With the exception of GOT-A, which showed

significant deviations from Hardy—Weinberg expecta-
tions for most populations, significant differences
between observed and expected genotype frequencies
were found in few populations: in five for PER-B (in
populations: CER, ABE, PRA, AMI, SER) and
SKDH-A (PRA, ABE, BAG, REC, PIS), in three for
IDH-A (ABE, SUL, REC), in two for DJA-A (TAN,
VUL), in one for 6PGD-A (PNA), GPI-B (BAG),
MDH-B (ABE) and MDH-A (SIC). GOT-A allele
frequencies are probably affected by the difficulty in
distinguishing heterozygotes from homozygotes for
allele 102. Allele 102 has relatively low frequencies,
and the existence of a third allele unmistakably
scorable only in the Sicilian populations advised
against the exclusion of this locus from the analysis.

Not considering GOT-A, a total of 19 out of 168

(11.3 per cent) significant deviations from

Hardy-Weinberg equilibrium was found, a number not
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too far from the expected proportion (5 per cent)
arising from type I statistical error. All deviations,
except three cases (GPI-B in population BAG, IDH-A
in populations REC and SUL), were the result of
heterozygote deficiencies.

Table 1 and Fig. 1 report summary statistics of the
observed genetic variability. The average number of
alleles per locus is never less than 2. Southern locations
tend to have higher values contributing to the overall
negative correlation of this parameter with latitude

(r= —0.59;P=0.005).
No significant correlations with latitude and longi-

tude were found for observed (r= —0.17; P=0.46)
(r =0.19; P = 0.41) and expected heterozygosity
(r= —0.05; P0.84) (r= —0.07; P='0.77), nor with
percentage of polymorphic loci (r = —0.32; P = 0.16)

(r"0.38; P0.08).

Genetic differentiation

Genetic differentiation among populations is small
although in accordance with values reported for forest
tree populations. Only about 5 per cent of the total
genetic diversity results from differences among
populations (FST =0.046, Table 3). Nei's genetic
distances among all possible pairwise population com-
binations are always less than 0.034.

Significant allele frequency heterogeneities were
found among populations at all polymorphic loci (all x2

probabilities are less than 0.009), although differences
are modest in absolute terms with no alternate fixations

and all populations sharing the most frequent allele at

all loci (Table 2).
Four localities allowed an estimate to be made of

variability among transects taken at different altitudes.

Fig. 1 Observed and expected hetero-
zygosities for each sampling location of

Fagiss sylvatica. See Table 1 for symbol

explanation.

The Genetical Society of Great Britain, Heredity, 75, 3 5—44.

F-statistics indicate that 90 per cent of genetic variabi-
lity is attributable to the within-transect component and
5.1 per cent to the among-transect within-population
component. This suggests that the differences among
altitudinal transects are almost as small as the differ-
ences among the four sites.

Environmental and geographical causes of genetic
variation

No association of allele frequencies with altitude was
found. Only five out of 40 x2 values were significant
(12.5 per cent) and no clear trend of allele frequencies
with altitude was found in any population.

The possible effect of soils of different geological
origins was explored in two Northern Apennines
populations (Pisanino and Passo Pradarena) located on
opposite sides of a valley with bedrock of different
geochemistry (one side made up of highly buffered
calcium rocks, the other lying on more acidic quarzitic
sandstone). No association was found in our data
between allele frequencies and soil type: out of 10

comparisons the homogeneity x2 was significant only
for GOT (x=12.7;P<0.001).

Correlations between single allele frequencies and
latitude and longitude were significant for seven alleles

(DIA-A 100, DIA-A 80, MDH-A 100, MDH-A 102,
PER-B 90, PER-B 95, SKDH-A 90) out of a total of 18

computed coefficients.
Geographical patterns of variation were revealed by

the use of synthetic variables generated by multivariate
statistics. Different statistics gave essentially the same
picture. We report the scatter of the first two principal
components scores that account for 22 per cent and 16
per cent of the total variation of allele frequencies,
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Locus F15 F FST

6PGD-A 0.079 0.096 0.019

Di'A-A 0.033 0.070 0.038

GOT-A 0.395 0.425 0.049

GPI-B — 0.097 — 0.020 0.070

IDH-A —0.012 0.033 0.045

MDH-A 0.037 0.045 0.009

MDH-B —0.001 0.049 0.050

PER-B 0.145 0.191 0.054

SKDH-A 0.152 0.173 0.025

Mean 0.117 0.157 0.046

-3

-4
-4 -3 -2 -1 0

PRIN1 (22%)

Fig. 2 Plot of first (PRIN1) and second (PRIN2) principal
components calculated from transformed allele frequencies.
Percentages indicate the proportion of the total variance

explained by each principal component. Filled circles refer
to northern populations of Italian Fagussylvatica; open
circles to southern populations.

respectively (Fig. 2). Northern and southern popula-
tions are clearly separated. Only Sulmona (SUL), the
northernmost among the southern group with a small
sample size, is misclassified.

Regressions of the first principal component scores
with both latitude and longitude are significant (b =0.52,

P<0.001; b= —0.36, P=0.01). In a multiple
regression model latitude and longitude explain 54 per
cent of the variance although the contribution of longi-
tude is not significant. This results from population
scores in the peninsular part of Italy. In the same
regression model for northern locations only, the clear
east—west trends north and south of the Po plain (Fig.

3) are reflected in a significant contribution of longi-
tude (62 per cent) as well as latitude (20 per cent) to the

regression fit.
The geographical pattern was tested by resampling

with replacement ('bootstrap' procedure (Efron,
1982)). Three out of 21 populations (14 per cent) were
found to be significantly different from zero. More
important, their position in the range of beech is what

is expected for a north—south dine: one population is
located at the extreme north-eastern end of Italy and
the other two at the southern end of the Italian Penin-

sula, in Calabria and Sicily (Fig. 3).
Regression coefficients of latitude with the first

component were significant at the 5 per cent level for

144 of 200 cycles computed on bootstrap samples. No
negative significant coefficient was found.

Discussion

Genetic variability of beech in Italy seems structured in
a fashion comparable with what is known for forest
tree populations. For example, using only one of the
variability parameters that have been computed, we
found that average expected heterozygosity estimates
range from 13.6 per cent to 20.3 per cent with a mean
of 16.8, a value not too far from average heterozy-
gosities reported for other members of the same family:
18.7 per cent for Quercus macrocarpa and 20.4 per

cent for Quercus gabbelii (Schnabel & Hamrick, 1990),
24 per cent for Castanea sativa (Villani et a!., 1991)
and approximately 21 per cent for Quercus species
cited in Müller-Starck (1991). Comparison with data
from the literature for the same species is made diffi-
cult by differences in the number of loci used and in the
geographical scale considered. Comps et al. (1990)
report values between 25.7 per cent and 31.7 per cent

(average 30.8 per cent) but on larger geographical sub-
divisions (whole countries) using only six loci.
Considering only loci in common between the two
studies for Italy, we obtain much closer estimates (24.5

per cent for our study compared with 23.1 per cent).
This confirms the known dependence of hetero-
zygosity upon the loci used for the estimate (Nei,
1987).

Found in almost all populations (Fig. 1), the excess
of homozygotes estimated (average F18 = 0.117 (Table
3)) is similar to an equivalent estimate for Italian beech

populations (average F18=0.125) by Comps et a!.
(1990). A lack of heterozygotes is often reported
among embryos of the more intensely investigated
coniferous species (Yazdani, 1985; Muona eta!., 1987)
but not in later life stages. This difference is usually
considered as an effect of selection against selfed
individuals (Sorensen, 1969). Cuguen et al. (1988)

The Genetical Society of Great Britain, Heredity, 75, 35—44.

Table 3 F-statistics according to Nei (1977) for all 21

populations of Fagus sylvatica
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Fig. 3 Geographical locations of the

sampling stations for Fagus sylvatica (see
Table 1 for symbol explanation). First

principal component values calculated
on transformed allele frequencies are
also reported. A star indicates popu-

lations with significant mean/SD ratios
evaluated by 200 resamplings with

replacement of the original data (boot-

strap).

investigated the lack of heterozygotes found in 250
European stands studied for three loci. Because selfing

was low, they suggest as a complementary explanation
the spatial structure of genetic variability, probably
generated by reproduction occurring between neigh-
bours. The matter deserves further investigation but
cannot be settled with the information of the present

study.
Genetic differentiation among Italian beech popula-

tions, in agreement with the literature on forest trees, is
low with almost 95 per cent of the variability found
within populations. Comps et al. (1990) found an FST
value of 0.054 among European populations and a
slightly higher one (0.058) for their Italian samples
using a smaller number of loci. The high proportion of
variability found in subdivisions below the population

level, already reported in the literature (Knowles,
1984; Gregorius et al., 1986; Diebel & Feret, 1991),
reinforces this observation.

The existence of a clear, statistically tested, geo-
graphical pattern in the spatial distribution of synthetic

The Genetical Society of Great Britain, Heredily, 75, 35—44.

statistics is probably the most interesting result of our
study. It is somewhat surprising to find a clear geo-
graphical structure in the genetic variability of beech in
Italy if we consider the low level of interpopulation

differentiation (FST approximately 5 per cent) and the
relatively low number of significant associations
between single allele frequencies and latitude.

There was little evidence for selection, with no signi-
ficant number of associations of allele frequencies with
soil origin and altitude. The only locus associated with
both altitude and latitude was peroxidase, reported as
responding to environmental variables (Thiébaut et a!.,

1982; Felber & Thiébaut, 1984; Comps et al., 1991).
The most plausible explanation for such geo-

graphical differentiation is probably to be found in the
natural history of these populations. The conceptual
models that predict the genetic consequences of range
expansion have been worked out (a review in Hewitt
(1993)). Climes in gene frequencies can be generated by
colonization from two refugia that have developed
differences through separation. They can also be

GENETIC VARIABILITY OF BEECH IN ITALY 41
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formed as a consequence of an expansion from one

refugium by 'leap-frog' long-range dispersal from the
populations at the colonizing front, given that diversifi-
cation results from drift and that successive migration
establishes dines.

Postglacial recolonization events have left a trace in

the pollen records from Italy. The palynological data,
although not as good as for other regions of Europe,
has allowed different authors to advance hypotheses of
beech postglacial recolonization pathways in Italy. In
the south the earliest significant presence of Fagus has
been found in Calabria in the late-glacial (12 500 to
9000 BP) (Huntley & Birks, 1983) and in the
Monticchio Lake sediments(18 000 BP)(Watts, 1985),

close to the Vulture population (VUL) (Fig. 3). Moving
north the earliest postglacial presence of beech has
been determined by '4C dating for more locations (Fig.
4). A temporal trend seems quite clear up to locations
in the southern part of western Italy, close to the
border with France (3000 BP). From here a reverse
time trend seems to exist for pollen cores from loca-
tions in the Southern Alps up to the high pollen values

found in the area of the Dinaric Alps at much earlier

dates (8500 BP) (Huntley & Birks, 1983).
Kral (1979), using the evidence available at the time,

proposed a bidirectional postglacial recolonization
route for northern Italy with an east—west direction for
the Southern Alps and a north-west-bound front from
the Northern Apennines. For the peninsular part of
Italy a northward recolonization is generally suggested

(Ferrarini, 1962; Bertoldi, 1980; Huntley & Birks,
1983). The relative importance of the two recoloniza-
tion movements is not clearly established in the litera-
ture with some authors also suggesting a possible

penetration from French southern refugia (Kral, 1979;
Beaulieu eta!., 1984).

We can only underline the following observations
from our genetic data. The higher level of genetic varia-
bility found in our data from the south of Italy (negative
correlation of mean number of alleles per locus with
latitude) is in agreement with the greater diversity
expected in former centres of diffusion (Cwynar &
MacDonald, 1987). Being a former centre of diffusion
seems to over-ride the fact that southern Italy is

Fig. 4 Map of approximated spread
date (years before present) of Fagusin
Italy. (a) Watts (1985); (b) Follieri eta!.

(1988); (c) Lowe (1993); (d) Lowe

(1992); (e)—(g)Beaulieu eta!. (1984);
(h), (i) Schneider (1990); (j) Bertoldi &

Consolini (1989); (k) Wahimijiler
(1990).
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marginal in the biogeographical range of beech. The
classical theory developed from observations in Droso-

phila, that predicts lower levels of genetic variability
for marginal populations (Dobzhansky et al., 1963),
has been found to be true for other coniferous species

(Tigerstedt, 1973; Farris & Schaal, 1983; Silander,
1984). These results and the statistically tested
south—north gradient found in the principal component
scores seem in agreement with the palynological
evidence for northward recolonization of peninsular

Italy.
Although the genetic data statistically support a

north—south differentiation only, it is interesting to
interpret the first principal component east—west
trends in northern populations as a trace of the
east—west postglacial migration suggested by palyno-
logical data.
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