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Abstract

20 autochthonous populations of Norway spruce (Picea abies
(L.) KARST.) were studied which are located in mountainous
and subalpine vegetation zones in Switzerland. For each of
2000 trees, multilocus genotypes were identified at 18 enzyme
coding gene loci.

Genetic inventories revealed large genetic variation within
populations and relatively small interpopulational variation.
Compared to results from inventories in lower elevated regions
northward and southward of the Alps, intrapopulational
variation is not smaller in high elevated populations. General-
ly, frequency distributions of genetic types tend to deviate sub-
stantially from evenness.

The geographic variation of allele frequencies supports the
hypothesis of postglacial re-immigration extra to the commonly
accepted east-west routes. Results serve as criteria for gene
conservation in situ. Preservation of genetic variability is
required particularly under changing environmental conditions
which challenge Alpine forest ecosystems.
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Introduction

Norway spruce (Picea abies (L.) KARST.) is a predominant
tree species which ranges from low elevations up to the sub-
alpine vegetation zones. This species is subjected to a very
large variety of site conditions. In particular, Norway spruce is
an essential element of high elevated forest ecosystems which
provide substantial benefits for the human society with respect
to various protection and social functions. Generally, Norway
spruce belongs to those tree species which are economically
significant. Norway spruce is the most common tree species in
Switzerland. It covers approximately 40% of the total forest
area and makes up 49 % of the total wood stock.

The postglacial re-immigration of spruce predominantly
occurred from the eastern to the western part of the Alpes (e.g.
KraAL, 1979; BURGA, 1988). Generally, re-immigration resulted
in a competition between Norway spruce and pioneer species
such as birches or pines which immigrated earlier. Silver fir
(Abies alba MILL.) re-immigrated nearly at the same time as
Norway spruce but predominantly the opposite way, i.e. from
the western to the eastern parts of the Alps.

The development of the spruce habitat was severely affected
by men. Inferences such as grazing or clearing by fire started
already during the Neolithic Age around 3500 B.C. and became
intensified during the Roman era and succeeding periods (e.g.
exploitation following mining, salt works, charcoal-burning).
These and other forms of ancient forest utilization modified
substantial parts of high elevated forest ecosystems or replaced
them. At least during the last two centuries, forestry interfered
in the geographic distribution and the composition of tree
species. Norway spruce was favoured by forest management
because of its economic significance.

Silvae Genetica 44, 5-6 (1995)



Because of these impacts, it is not possible to find popula-
tions which are autochthonous in a very strict sense. It cannot
be excluded that the supposed autochthonous populations are
partly or fully non-indigeneous in reality. In order to minimized
the chance for misclassification, populations were carefully
selected which were described by silviculturists and by
documents of the Forest Service as autochthonous and show
heterogeneous age and stand structures.

It is the aim of the present paper to describe intra- and
interpopulational genetic variation in Norway spruce popula-
tions in Switzerland and to contribute to the characterization
of genetic resources and to practical measures for preservation
of genetic variation in situ. Genetic variation is considered to
be a substantial determinant of adaptive abilities of popula-
tions (e.g. HAMRICK and Gobpt, 1989; ScHOLZ et al., 1989;
HATTEMER and GREGORIUS 1990; GREGORIUS, 1991; MULLER-
STARCK and ZIEHE, 1991).

Characterization and preservation of genetic variation is
essential in the case of tree populations which are exposed to a
large variety of abiotic and biotic stress factors in time and
space. Environmental heterogeneity cannot be controlled
because prophylactic measures of control of environmental
stress like in agricultural crops cannot be realized in long-lived
tree populations. Future stress constellations following global
warming will further challenge the adaptability of tree popula-
tions, which is determined by genetic variation in the present
and future generations.

Material and Methods

Populations

Twenty populations were selected at different parts of the
Swiss Alps and the Jura Mountains (Figure 1). According
to studies of the Department of Silviculture, ETH Ziirich
(P. BONFILS, pers. comm.) and documents of the Forest Service,
populations are recorded to be autochthonous. Apparently,
populations reveal different age classes with natural regenera-
tion in certain parts. The age of the studied trees approximate-
ly ranges between 50 years and a maximum of 200 years.

The exact age is unknown. Population densities can vary con-
siderably but none of the populations is recorded to reveal
under average densities according to forest inventory stand-
ards.

Populations belong to the high mountaineous or sub-alpine
vegetation zone. In each population, plot size is approximately
10 ha with a total of 100 studied trees per plot. Tree selection
was based on a square grid system with an average distance of
33 m. Stands are enumerated in west-east direction. As can be
seen from table 1, last column, Norway spruce is the pre-
dominant species in most populations. There are 3 exceptions:
in population No. 4 (Gstaad) Norway spruce is mixed with
Silver fir (Abies alba), in No. 8 (Aletschwald) predominantly
with European larch (Larix decidua), and in No. 16 (Bondo)
with Abies alba and Larix decidua. In the remaining popula-
tions, trees from other species are rare (mostly Abies alba).

Table 1. — Survey of site and stand characteristics of Norway spruce
populations.

Pop. Local Sample Elevation Bx- Inclination Spruce
No. designation size (m) posure © )
1 Le Brassus 100 1180-1200 S-0 0-5 85-90
2 Chaux du Milieu 100 1120-1160 N 0-5 80-90
3  Orsi¢res 100 1300-1600 w 30-35 95
4 Gstaad 100 1260-1500 N-W 15-20 40-50
5  Adelboden 100 1460-1600 N 20 100
6 Saxeten 100 1400-1580 N-O 20-25 95-100
7  Grindelwald 100 1750~1810 N-O 15-20 95
8 Aletschwald 100 1650-1800 w 15-20 10-95
9 Simplon 100 1500-1680 S-wW 25-30 85-90
10 Engstlenalp 100 1700~-1800 w 15-20 90
1 Oberwald 100 1450-1680 N-W 20-25 85-95
12 Faido 100 1500-1640 S-w 5-15 100
13  Bbédmeren 100 1500-1540 N 5-10 95-100
14  Scatlé 100 1580-1900 o 25-30 95~100
15 San Bernardino 100 1630-1650 . S 0-5 100
16 Bondo 100 1350-1700 N-W 30-40 20-70
17 Rona 100 1580-1680 N-W 5-20 100
18 Conters 100 1700-1800 N-O 15-20 100
19  Poschiavo 100 1500-1750 N 25-35 95-100
20 Ardez 100 1500-1760 N 20-2S 85-90

*)Two separate populations with 50 trees each (1350 m to 1400 m,
1630 m to 1700 m)

Figure 1. — Location and desination of studied populations of Norway spruce in Switzerland.
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Electrophoretic methods and genotyping

Enzymes were separated by horizontal starch gel electro-
phoresis. For survey of electrophoretic methods see table 2 and
MULLER-STARCK (1995). The mode of inheritance of isoenzymes
was verified by studying segregations among the offspring from
controlled crosses at the seed stage (analysis of endosperm and
corresponding embryo). The hypothesis of conformity with the
expected Mendelian segregations was tested by utilizing full
sib families (MULLER-STARCK, in prep.).

Table 2. — Survey of enzyme systems, E. C. No., electrophoretic methods
and enzyme coding gene loci in buds and seeds of Norway spruce
(MULLER-STARK, 1995, modified).

Enzyme system E.C. Buffer® Gene

No. locus
Alanin aminopeptidase (AAP) 34411 1 AAP-B Y
Aconitase (ACO) 4213 1 ACO-AY
Diaphorase (DIA) 1.6.99- 1,2 DIA-A ®
Glutamate dehydrogenase (GDH) 1.4.1.2 2 GDH-A %
Glutamat loacetate tr i (GOD* 2611 1 GOT-A-B-C?
Isocitrate dehydrogenase (IDH) 11142 2 IDH-A?
Leucine aminopeptidase (LAP) 34411 1t LAP-A,-BV
Malate dehydrogenase (MDH) 11137 3.4 MDH-B,-C2
NADH-dehydrogenase (NDH) 1.6.99.3 1 NDH-A %
6-Phosphogluconate dehydrogenase (6PGDH) 1.1.1.44 3.4 6PGDH-B,-C?
Phosphoglucose isomerase (PGI) 5.3.1.9 1 PGI-B?
Phosphoglucomutase (PGM) 5422 2 PGM-AY
Shikimate dehydrogenase (SKDH) 11125 2 SKDH-AY
!} monomer, 2) dimetric, ?) tetrametric, 4) polymetric
*) = aspartate aminotransferase (AAT)
#) Electrode and gel buffers:

No Electrode buffer |pH Gel buffer [pH

0.05 M tris-0.01 M citric acid/8.1
Electrode buffer: H,0 =1:2.5
Electrode buffer: H,0 =1:5
0.04 M tris-0.001 M EDTA-a
0.05 M histidinHC/6.3

1 0.05 M LiOH-0.19 M boric acid/8.1
2 0.14 M tris-0.044 M citric acid/7.5
3 0.14 M tris-0.044 M citric acid/7.5
4 0.14 M tris-0.044 M citric acid/7.5

Quantification of genetic variation

Intrapopulational variation was measured by means of the
number of alleles per locus (A;), the actual (observed) hetero-
zygosity (H,), the conditional heterozygosity (H,, GREGORIUS et
al., 1986) and the genic diversity (GREGORIUS, 1978, 1987). In
addition, the intrapopulation differentiation (3;, GREGORIUS,
1987) was calculated which is equal to NErs “gene diversity”
(H,, NEI, 1973) in case of large sample sizes. The mode of
frequency distribution of alleles was characterized by the
evenness (e, GREGORIUS, 1990) which is based on genetic
distances. In order to quantify the potential to create genetic
variation, for each sample of 100 trees the hypothetical gametic
multilocus diversity was calculated, i.e. the maximum number
of genetically different 18-locus gametic types. Differences
between frequencies of genetic types were tested statistically
by employing the log likelihood ratio test (G-test) of homogenei-
ty in contingency tables. Variation among populations is meas-
ured by differentiation among (sub-) populations @D, 8 GRE-
GORIUS and ROBERDS, 1986).

Results and Discussion
(1) Intrapopulational genetic variation

In table 3, results are compiled which refer to the genotypes
of 2000 trees at 18 polymorphic gene loci. Among these loci,
GDH-A is close to fixation because polymorphism was observed
in only 3 out of 20 populations (frequency of the major allele is
99% or more). For GOT-B, IDH-A, and MDH-B, polymorphism
is indicated in at least nine populations, but analogously to
GDH-A, the frequency of the major allele is very high (96% in
one population (No. 4/IDH-A) and at least 98% in all other
cases).
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Table 3. — Intra- and interpopulational variation at 18 loci adult trees in
subalpine populations of Norway spruce. Except heterozygosities, all
measures refer to allele frequencies (for nomenclature see article).

Pop. No. Heterozygosity A, Genic Intrapop. Eveness Pop.
of Ha(X) H (%) diversity different. (rel) differ.
trees v 3r e (Dy,3)
1 100 28.1 659 2.67 1.430 0.302 0.66 0.063
2 100 213 60.0 2.72 1.332 0.250 0.75 0.055
3 100 247 592 2.61 1.390 0.282 0.72 0.071
4 100 22.8 57.7 261 1.372 0.272 0.75 0.041
5 100 208 578 2.39 1.329 0.249 0.73 0.039
6 100 213 616 2.56 1.327 0.247 0.72 0.034
7 100 23.2 634 2.50 1.357 0.264 0.73 0.039
8 100 23.1 603 2.50 1.364 0.268 0.70 0.027
9 100 216 603 2.56 1.342 0.256 0.72 0.035
10 100 217 617 2.44 1.349 0.260 0.71 0.029
11 100 23.3 596 2.50 1.367 0.270 0.74 0.035
12 100 20.2 557 2.39 1.336 0.253 0.75 0.031
13 100 219 594 2.50 1.350 0.260 0.72 0.048
14 100 26.8 658 2.56 1.403 0.289 0.70 0.044
15 100 20.2 57.0 2.22 1.343 0.257 0.73 0.054
16 100 24.1 58.0 2.56 1.382 0.278 0.77 0.060
17 100 218 56.9 2.56 1.364 0.268 0.74 0.039
18 100 215 65.0 2.50 1.326 0.247 0.73 0.050
19 100 216 555 2.39 1.359 0.265 0.75 0.039
20 100 217 570 2.56 1.360 0.266 0.72 0.034
Grand
mean 226 599 2.52 1.359 0.265 0.73 3=0.043

Grand means are arithmetic except for H, (GREGORIUS et al.,
1986) and for D; according to GREGORIUS and ROBERDS (1986).
In the case of the diversities, the e-values and 8, grand means
are suggestive because of differences in the underlying allele
frequencies.

Deviations among population samples are evident with
respect to heterozygosities, the number of alleles per locus and
particularly the hypothetical gametic multilocus diversities.

Heterozygosities (H,, H)

The H_ -values range between 20.2% (Nos. 12, 15) and 28.1%
(No. 1) which is equivalent to a ratio of 1 : 1.39. These results
are confirmed if the underlying allele frequencies are taken
into account: Sample No. 1 reveals the largest H -value, and
Nos. 12 and 15 belong to those four samples which show the
lowest values (see also Nos. 19, 20). The grand mean of
H,=22.6% indicates slightly smaller average heterozygosities
as reported for Norway spruce in adjacent but lower elevated
regions in Southern Germany (H, =25.2% in 9-loci studies by
KONNERT and FRANKE (1990) and KoNNERT (1991), H =22.2%
in a 14-loci study by LOCHELT and FRANKE (1993); loc. cit.
MULLER-STARCK, 1995).

A study of genetic variation in South-West Switzerland
(StuTtz, 1990) resulted in very large heterozygosities
(H,=48.1%) but this value refers to 6 highly polymorphic gene
loci which are not representative for the present study. This is
evident in case of population No. 9 (Simplon) which was
sampled in both studies (No. 16 in STUTZ, 1990; sample size: 40
trees). The value in the present study is 21.6 %, the correspond-
ing value in the previous one is 54 %.

The grand mean of the H-values is 59.9%. This value and
the average value for each of the 20 samples is based on 12 out
of 18 loci, because 6 loci revealed zero values in at least one of
the samples (fixation). Because H-values are independent of
the underlying allele frequencies, the calculated grand mean
clearly indicates a lack of heterozygotes as compared to the
maximum attainable value which is equal to 100%. Because
there are no data on previous life stages of the studied popula-
tions, it cannot be concluded whether the reproductive system
and/or various forms of viability selection may account for this
phenomenon.



Alleles per locus (A, )

A, -values range between 2.22 (No. 15) and 2.72 (No. 2)
which is equivalent to a ratio of 1 : 1.23. The grand mean of
2.52 alleles per locus corresponds well with reference values
from the above cited studies in Southern Germany which
reveal A| =2.6 and A, =2.4 respectively (for survey of studies on
Norway spruce in Europe see MULLER-STARCK, 1995). Com-
pared to other tree species in Europe, Norway spruce reveals
lower values than Scots pine (Pinus sylvestris) or oak species
(Quercus petraea, Q. robur) but larger values than Silver fir
(Abies alba) or Stone pine (Pinus cembra) in Central Europe
(for survey see MULLER-STARCK et al., 1992).

Genetic (genic) diversity (v)

Only small differences are indicated with respect to the
genic (allelic) diversity v: values range between 1.326 (No. 18)
and 1.430 (No. 1) which is equivalent to a ratio of 1 : 1.08. This
ratio differs from the ratio between maximum and minimum
A, values (1 : 1.23). Both measures are related in that way, that
the v is identical to A, if alleles at any locus are observed in
equal frequencies. In all other cases, v is smaller than A;. The
lowest possible value is v =1 (fixation).

For each population, the comparison of A;- and v-values
allows to infer tentatively on the mode of frequency distribu-
tion of alleles. Samples with similar or identical A, -values (e.g.
A;=2.56 in case of Nos. 6, 14) can show distinct deviations
with respect to the corresponding diversities (v=1.327 and
v=1.403 resp.). This demonstrates the greater evenness of the
allelic frequency distributions of sample No. 14 as compared to
No. 6. Sample No. 2 reveals the largest A -value (2.72) but the
corresponding low v-value (1.332) suggests a larger proportion
of rare alleles due to greater deviations from even frequency
distribution of alleles (see topic “Evenness”).

Intrapopulational differentiation (8,)

The trends with respect to the genic diversities are evident
also for the genic (allelic) differentiation 3;: sample No. 1
shows the largest value (8,=0.302) and samples No. 6 and 18
the smallest ones (8;,=0.247). These deviations are equivalent
to a ratio of 1 : 1.22. This ratio exceeds the corresponding ratio
of the genic diversities (1 : 1.08) and thus demonstrates the
greater discriminative function of the genic differentiation as
compared to the genic diversity. The reason is the applied
transformation and normation of diversities on a scale between
zero (genetic types at any locus are identical) and one (all types
are different).

Evenness (e)

The mode of frequency distribution of alleles was quantified
by means of the “eveness” (e) which measures the degree to
which genetic types are equally represented (independent from
the genetic diversity). It is defined as 1 minus the minimum
genetic distance between the observed frequency distribution
and the corresponding hypothetical uniform distribution
(equally frequent types). In table 3, the “relative evenness” was
calculated, which is one in the case of equally frequent types
and approaches a lower bound of zero with increasing un-
evenness (further details see GREGORIUS, 1990).

The given e-values which are related to allele frequencies,
show little variation among the samples. Maximum deviation
from equal distribution of alleles is evident in case of sample
No. 1 (e=0.66), minimum deviation is indicated for sample
No. 16 (e=0.77). This is equivalent to a ratio of 1 : 1.17. Like
the average value for each of the 20 samples, the grand mean
was calculated with respect to 14 loci which were polymorphic
in the majority of the samples. As indicated earlier, the remain-

ing loci, i.e. GDH-A, GOT-B, IDH-A, MDH-B were excluded
because of the obvious trends towards fixation. The value of
e=0.73 indicates distinct deviations from equal distribution of
alleles.

If the e-values are compared with the previously discussed
A, -values in combination with the genic diversities v, it is
evident that they do not necessarily correspond to each other.
For instance, sample No. 1 reveals the maximum value for the
genic diversity but not for A;. In spite of this, the e-values
suggest the largest deviations from equal distribution of
alleles. The main reason for this phenomenon is the definition
of diversity: one and the same v-value can be obtained by quite
different frequency distributions. Even in the case of the same
average number of alleles per locus, larger genetic diversities
do not necessarily imply an increase of the evenness of fre-
quency distributions.

)

This measure is suggested to quantify the ability of forest
tree populations to create genetic variation and thus to facili-
tate adaptation to changing environmental conditions (e.g.
GREGORIUS et al., 1986). As can be seen from figure 2, signifi-
cant differences among samples are clearly indicated: the
maximum number of genetically different 18-locus gametic
types is 1592 (sample No. 1) the minimum is 329 (No. 6). This
is equivalent to a ratio of 1 : 4.84. The calculated Vgam-values
necessarily correspond with genic diversities v because they are
derived from the single locus diversities.

Hypothetical gametic multilocus diversity (vgam

1 2 3 46 6 7 8 91 1112 13 14 15 16 17 18 19 20
Population No.

Figure 2. — Hypothetical gametic multilocus diversity (vg,,,) as indicated
from samples of 20 populations of Norway spruce (MULLER-STARCK et al.,
1995, modified; for population characteristics see table I).

Sample Nos. 1, 14, 16 reveal the three highest values (the
exact v -values are 1592.7, 1000.5 and 967.5 resp.), sample
Nos. 6, 18, 5 the lowest ones (329.1, 346.3 and 385.9 resp.). The
arithmetic grand mean is 634.2. This value is suggestive
because the multilocus mean of each sample refers to different
constellations of frequency distributions at each locus.

In the present material, distinct geographic trends cannot be
observed. The outstandingly great value of sample No. 1
(Le Brassus, Jura Mountains) and the relatively high value of
No. 3 (Orsieres, close to the valley of the river Rhone) suggest a
greater adaptability of Norway spruce populations which may
have immigrated from the South-West into Switzerland (see
topics “Interpopulational variation” and “Conclusions”).
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Generally, the diversity measure Ugam strongly emphasizes
differences among samples with respect to the genetic (genic)
diversity because single locus diversities are multiplied. This
measure appears to be highly specific but it clearly indicates
the potential of a set of trees, to produce genetically different
gametes and thus to submit genetic variation to the next
generation (genetic variability). Particularly in the case of
autochthonous tree populations in heterogeneous environ-
ments, genetic variability is a fundamental precondition for
adaptation and survival.

(2) Interpopulational variation
Statistically significant deviations

Tests of homogeneity among allele frequencies of 20 popula-
tion samples revealed statistically significant deviations for 16
out of 18 gene loci. For the majority of loci, deviations were
highly significant (level of significance: 0.001): AAP-B, ACO-A,
DIA-A, GOT-A, GOT-C, LAP-A, LAP-B, MDH-C, NDH-A,
6PGDH-B, 6PGDH-C, PGI-B, PGM-A and SKDH-A. At the
level of 0.01, allele frequencies were statistically significant at
the gene locus IDH-A, and at the level of 0.05 the frequencies
at GOT-B. Deviations were not significant in case of the loci
GDH-A and MDH-B.

Differentiation among populations (D;, 8)

This measure of genetic differentiation among (sub-) popula-
tions is based on genetic distances. Frequencies of genetic
types (alleles, genotypes) of one population are contrasted with
the weighted averages of the frequencies of the remaining
populations. Each population is considered as a subpopulation
and differentiation is quantified by means of the genetic
distances between one sample and the remaining ones which
are pooled as the respective complement population. Conse-
quently, genetic differentiation is quantified as a whole and not
in pairs like in case of genetic distances.

In figure 3, the genetic differentiation is illustrated exemplar-
ily for three out of 18 loci and for the entire gene pool. The
graphs refer to the allele frequencies. In each graph, the radius
of the circle is equal to the average level of differentiation (3) at
that particular locus. The given scale measures the average
proportion of genes in which any sample differs from the
remainder. For each graph, the radii of the population specific
sectors are equal to the proportion of genes in which one popu-
lation differs from the lumped remainder (Dj). The population
with the largest radius and thus the greatest amount of
differentiation between it and the remainder is placed on top of
each graph. The more the sector radii approach the center, the
more representative of the remainder is the genetic informa-
tion of such a population.

As can be seen from the last column in table 3, Dj-values
differ considerably from each other: the maximum value is
evident for sample No. 3 (D,=0.071), the minimum value for
sample No. 8 (Dg=0.027). This is equivalent to a ratio of
1 : 2.63. In figure 3, the single locus graphs show that the
average level of differentiation varies among loci and that the
Dj-values of certain samples strongly deviate among gene loci.
For instance, sample No. 1 differs substantially from the other
samples in case of SKDH-A but is differentiated below average
in case of LAP-A. Sample No. 3 reveals large Dj-values in all
loci (see gene pool graph). This means that sample No. 3
(Orsiéres) shares the smallest proportion of the entire genetic
information, i.e. this sample contains more specific genetic
information than any other (see also topic “Conclusions”).

The obvious deviations in the D;-values among loci suggest
locus-specific response to selective forces under the particular
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Figure 3. — Genetic differentiation (D;, 8) among samples of 20 popula-
tions of Norway spruce for the gene loci LAP-A, LAP-B, SKDH-A
and the gene pool with respect to 18 gene loci (for nomenclature see
article).

environmental situations. If this interpretation is correct, the
majority of the 18 loci appear as adaptive gene loci. The differ-
entiation of single populations in contrast to the remainder can
be studied in more detail if D;-values are calculated for selected
combinations of gene loci.

In case of the gene pool differentiation, diverging single-
locus trends are compensated because all studied loci are
adressed as a whole. Consequently, the given gene pool graph
(Figure 3) reflects only general trends in differentiation. The
gene pool differentiation is given by the radius of the circle of
the gene pool graph, i.e. 3=0.043 (see scale in Figure 3). This
means that any sample differs from the remainder on average
by 4.3% of its alleles. The 20 samples are graphed in decreas-
ing order of differentiation, i.e. sample No. 3 is the one which
reveals the largest genetic differences to the remainder while
sample No. 8 is the one that shares the largest proportion of
common genetic information.

The gene pool graph suggests that the samples from the
Jura Mountains and close to the Rhéne valley in South-West
Switzerland (Nos. 1, 2, 3) and also from regions in the South-
East (Nos. 15, 16) tend to show a remarkably great differentia-
tion. Adjacent regions in Central Switzerland (e.g. Nos. 6, 8, 9,
10, 11) reveal the opposite trend, i.e. these samples represent
the entire gene pool to a larger extent and show only little
specific information.



Conclusions

Genetic variation in Switzerland as compared to other regions
in Europe

Surveys of genetic inventories in European tree populations
(e.g. MULLER-STARCK et al., 1992) clearly demonstrate problems
which arise in the comparison of data. Studies refer to different
sampling modes and different population and site characteris-
tics. Furthermore, the utilized set of gene loci can differ
substantially and concepts of quantification of genetic variation
are not the same.

In the case of Norway spruce, the following studies
correspond methodically to the present one and refer to
adjacent regions northward or southward of the Swiss Alps:
KONNERT and FRANKE, 1990; BERGMANN, 1991; KONNERT, 1991,
MORGANTE and VENDRAMIN, 1991; LOCHELT and FRANKE, 1993
(for survey see MULLER-STARCK, 1995).

With respect to these studies, the following main conclusions
are suggested:

—The observed heterozygosities range within the values of
reference studies in adjacent lower elevated areas northward
of the Swiss Alps. The conditional heterozygosities appear to
be at a low level (reference data are rare).

— The average number of alleles per locus is nearly the same as
in Southern Germany and is substantially larger than in
Italien spruce populations (2.5 vs. 1.8).

—The remaining intrapopulational measures suggest that
variation within high elevated Swiss spruce populations is
not smaller than in lower elevated reference populations
(limited pool of reference data).

— Interpopulational variation (8) in Swiss spruce stands is
smaller than in Italien spruce populations (4.3 vs. 5.0) and
appears to be within the range of reference populations
northward the Swiss Alps (4.3 vs. 3.2, 4.9, 5.5).

Preliminary inferences on postglacial re-immigration

Peculiarities with respect to postglacial re-immigration may
still considerably contribute to the present pattern of geo-
graphic variation among indigenous populations. For Norway
spruce, such immigration is commonly accepted to pre-
dominantly follow east-west routes, although south-north
routes such as for instance via the Simplon pass cannot be
excluded (BURGA, 1988).

The present results support the hypothesis of re-immigra-
tion extra to the common east-west routes. As indicated in topic
“Interpopulational variation”, samples in the South-West of
Switzerland tend to contain specific information and thus to
share a relatively small portion of the common gene pool.
Particularly the gene locus SKDH-A reveals a geographical
pattern of genetic variation: The frequency of the allele SKDH-
A, is 17.0% in sample No. 1 (Le Brassus), 17.5% in sample
No. 3 (Orsiéres), but is equal or less than 2.5% in 11 samples
(average is 0.8 %) and is not represented in 7 samples.

If these findings are representative, a postglacial re-
immigration from South-West into Switzerland is strongly
suggested. This implies that Norway spruce re-immigrated
earlier than expected and that populations in this area may
genetically differ from the populations in Central or East
Switzerland.

Preservation of genetic variability

Results clearly indicate substantial genetic variation within
Norway spruce populations in contrast to relatively small
interpopulational variation. In case of in situ preservation of
genetic variation, results suggest a strategy in the declaration

of gene conservation forests which should rather aim at the
maintenance of fewer but larger units than of many small sized
plots.

The main reason is the necessity to preserve the great
number of rare alleles which are evident in forest tree popula-
tions and which represent a large potential to create genetic
variation (genetic variability). The importance of rare alleles
will be demonstrated briefly for sample No. 1 (Le Brassus).
This population is the first out of the studied 20 populations
which became part of the in situ preservation program of the
Swiss Forest Service. Based on genetic criteria, further popula-
tions will be suggested for declaration as gene conservation
forests (MULLER-STARCK et al., in preparation). For sample
No. 1 the present study monitored a total number of 48 genes
(alleles) at 18 gene loci. If the loss of rare alleles, i.e. alleles
with frequencies smaller than 5%, could not be avoided, the
total number of genes would amount to 34 (A; =1.89) instead of
48 (A; =2.67).

In order to demonstrate possible consequences of such
a reduction, the maximum number of genetically different
18-locus-genotypes is calculated which can be formed in case of
the actual sample No. 1 and the hypothetical one with only 34
genes. The corresponding numbers are 49.601.160.000 and
12.754.584 individuals respectively (relation is 3889 : 1). It is
self evident that the realization of such potentials depends on
population sizes and the mode of distribution of alleles in popu-
lations.

Large gene conservation forests in heterogeneous environ-
ments will help to preserve rare alleles which cannot be expect-
ed to be maintained under forest management practices which
favour relatively small population sizes. Rare alleles con-
siderably increase the genetic variability and thus the ability of
long-lived carrier species of complex forest ecosystems to adapt
to and to survive under highly variable environmental condi-
tions.
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Summary

Best linear prediction (BLP) was applied to data from a jack
pine open-pollinated family test in Manitoba to estimate trait
breeding values for selection of parents for advanced genera-
tion breeding. The test includes 215 families and 1 control lot
planted in 15 replications at 3 locations. Families in the test
originated from 76 stands, with 1 to 5 families from each stand.
Stands were grouped by proximity into 18 areas. Height and
diameter at 20 years on individual trees were adjusted by sub-
traction of mean within-family deviations of neighboring trees.
At 21 years on trees average or better for height growth and
past stem quality (stage 2 trees), stem quality was scored,
western gall rust galls were counted, and wood density was
estimated from Pilodyn penetrations. The observation vector
for each tree comprised deviations of its own measurement or
score, its family mean, and its area mean from the test mean
for all traits except stem quality, which had only tree value and
family mean. For each stage 2 tree, the variance of the observa-
tion vector (V matrix) and the covariance of the observation
vector with trait breeding values (C matrix) were calculated
from variance and covariance components and family size
values. Derivatives of V and C were used along with the obser-
vation vector to calculate BLP breeding values for 5 traits.
Various weight vectors were applied to trait breeding values to
produce total scores used for selection, until a satisfactory gain
relationship among traits was found. Owing to relatively
high heritabilities and low imbalance effect of family size
differences, results from BLP differed little from results of
index selection with these data.

Key words: Pinus banksiana, multiple-trait selection, combined selec-
tion, index selection, best linear prediction, sliding block adjustment,
heritability, genetic gain, genetic correlation.

FDC: 232.11; 165.62; 165.3; 165.5; 174.7 Pinus banksiana.
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Introduction

Although forest tree breeding programs are primarily
concerned with increasing growth of planted trees, breeders
often also wish to improve or maintain other traits, such as
stem straightness (BROWN and MILLER, 1975; BRIDGWATER and
STONECYPHER, 1979; COTTERILL and ZED, 1980; SHELBOURNE and
Low, 1980; DEAN et al., 1983; PARK et al., 1989; Apams and
MORGENSTERN, 1991), wood quality (DEAN et al., 1983; ERNST et
al., 1983; KING et al., 1988; PARK et al., 1989; MAGNUSSEN and
KEITH, 1990; CORRIVEAU et al., 1991; YANCHUK and Kiss, 1993),
and rust resistance (WHITE and HODGE, 1988; HODGE et al.,
1989; LAFARGE, 1989; SLUDER, 1994). Index selection is a
method of assessing the genetic worth of genetic entities
(individuals or families for example) as a linear function of
multiple performance attributes (SmiTH, 1936). Optimum
weights for the attributes are calculated from assigned econom-
ic weights and from knowledge of genetic and phenotypic
variances and covariances of the attributes (HAzEL, 1943). For
improvement of multiple traits, index selection will always be
equal or superior in efficiency to independent culling, which is
always equal or superior to tandem selection (HAZEL and LUSH,
1942; BAKER, 1986). When trees grown in replicated genetic
test plantations are being assessed for selection, genetic gain
can be enhanced by combining information from observations
on the individual trees being assessed with information from
observations on their relatives. Simultaneous use of informa-
tion from an individual being assessed along with information
from the performance of relatives has been termed “combina-
tion selection” (LUSH, 1947) or “combined selection” (FALCONER,
1989, p. 236). Combined selection on a linear function of family
and individual merit, weighted by within-family and family
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