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1 Introduction

The new forests in the Nordic countries are es-
tablished by natural regeneration (unmanaged or
managed), by sowing or by planting. The major-
ity of seeds for sowing originate from stands,
while seeds for planting partly come from seed
collections in stands and partly from seed or-
chards. For Norway spruce, stand seed amounts
to the largest proportion of total seed use both in
Norway, Sweden and Finland. For the other main
conifer species, Scots pine, the larger proportion
of seedlings planted in Sweden and Finland orig-
inates from seed orchards.

The aim of the artificial regeneration is to

replace the harvested stand with a well-stocked
stand of high quality. Production of seedlings in
nurseries, transfer of species and provenances
and seed production in orchards from selected
parents are means used to achieve this goal. The
growing concern from the society about the for-
est environment and its conservation has pro-
duced critical views on forest management ac-
tivities in general, and more specificly, of genet-
ic consequences of the tree improvement activi-
ties mentioned above. This question is the sub-
ject of the present article, which reviews results
of studies of the genetic structure and diversity
of domesticated tree populations, relevant to Nor-
dic conditions. As many people have only super-
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ficial knowledge about the diversity concepts,
some definitions are given initially as well as a
description of genetic structures and diversity
measures used.

2 Basic Concepts

The concept of biodiversity is a widely used
term in the present-day discussions of manage-
ment and conservation of natural resources. A
widely accepted definition is that proposed by
the U.S: Government’s Office of Technology
Assessments (U.S. Congress, Office of Technol-
ogy Assessments 1987, see also Boyle 1992),
which stated that:

“Biological diversity refers to the variety and
variability among living organisms and the eco-
logical complexes in which they occur. Diversity
can be defined as the number of different items
and their relative frequency. For biological di-
versity, these items are organized at many lev-
els, ranging from complex ecosystems to the
chemical structures that are the molecular basis
of heredity. Thus, the term encompasses differ-
ent ecosystems, species, genes and their relative
abundance”.

It is common to consider biological diversity at
three different levels: ecological diversity, char-
acterizing variation patterns between and within
ecosystems; species diversity, characterizing the
number of species and their distributions; and
genetic diversity, characterizing the genetic vari-
ability between and within poulations of a single
species. The present discussion will be limited to
the last type of diversity.

The genetic variability of the commercial tree
species in the Nordic countries and its organiza-
tion are influenced by their immigration history,
by the processes of mutation, migration and se-
lection and by human activities throughout the
centuries. Natural, unmanaged populations still
exist. However, none of these can be said to be
totally uninfluenced by man. The ability of the
natural population to survive and reproduce in a
given environment is characterized by its “rela-
tive” or “Darwinian fitness”, which includes both
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a fertility and a viability component. In theory,
natural selection will maximize total fitness.
Management of the forest for human utilization,
on the other hand, may have other goals, which
may be optimized by a different array of geno-
types than those selected by natural selection in
the unmanaged stand. This makes it necessary to
consider different fitness concepts, such as “do-
mestic” fitness, which may be defined as the
ability of a forest stand to survive and produce a
specific quality wood product in a managed for-
est. As multiple use and sustainability are main
aims of all forestry practices in the Nordic coun-
tries, other fitness concepts may also have to be
considered. The important point is that different
concepts will apply to different types of forest
stands. Geburek and Thurner (1993) fail to take
that into account in their rather misleading state-
ment:” ..forest ecosystems will only persist if
genetic variation of forest trees is not decreased.”

The genetic structure of a population can be
described by measures of genetic variation, gen-
otypic associations among gene loci and among
traits, the degree of relatedness among individu-
als and the genetic differentiation of subpopula-
tions (Jain 1975). In addition to the evolutionary
processes of mutation, migration and selection
mentioned above, the natural mating system and
population size will be important determinants
of the genetic structure.

Two basically different types of genetic diver-
sity concepts must be considered: allelic diversi-
ty and genotypic diversity (Danell 1992). The
first one refers to the number and distribution of
allelic variants that exist in the population. It
reflects the potential of the population to pro-
duce different genotypes and expresses its evo-
lutionary potential. The genotypic diversity char-
acterizes the present population in terms of ex-
isting genotypes and their distribution. The one-
clone stand has no genotypic diversity. No gen-
eral statement, based on scientific information,
can be given about the relations between the
amount of genotypic diversity and the potential
performance of the stand under the variable en-
vironmental conditions encountered during a ro-
tation.

When quantifying genetic diversity we have to
distinguish between qualitative and quantitative
genetic variation.
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A qualitative trait or gene marker indicates the
presence or absence of certain genes and ideally
allows the assessment of the genotype of the
individual (Hattemer 1991). A genetic inventory
of a population allows estimates of several types
of allelic and genotypic diversity parameters: the
average number alleles per locus, the proportion
of polymorphic loci and the proportion of heter-
ozygous loci or heterozygote individuals in the
population (Hattemer 1991). With forest trees,
isozymes is the group of genetic markers most
commonly studied. Generally, a low level of
associations are found between variation in such
markers and traits that are known to have adap-
tive importance, suggesting that the isozyme pol-
ymorphisms have little adaptive significance
(Muona 1990). They are therefore often assumed
to be selectively neutral and thus representative
of the genome, see discussion in Lewontin (1974).

Quantitative traits vary continuously, are
strongly influenced by environmental effects and
are assumed to be determined by a large number
of loci. It is not possible to identify individual
genotypes from the phenotypic trait expressions.
The phenotypic traits can be characterized by
means, variances and covariances in given envi-
ronments. However, their genetic variation can
not be measured directly in any population of
trees. Specific family structures are necessary to
estimate the genetic parameters from the ob-
served phenotypic variability. Normally, genetic
variances, their components and covariances be-
tween traits can only be estimated in experimen-
tal populations and are defined relative to a spe-
cific environment or to a set of environments.
Most of the traits characterizing adaptation to
environmental conditions, such as time of bud
flushing, growth cessation and frost hardiness
show quantitative variation, and so do the traits
of economic importance selected by the tree
breeders.

3 Tree Improvement and
Its Genetic Consequences

3.1 Non-Breeding Activities
3.1.1 Seed Treatments

Large differences exist between the seed weights
of seed from different mother trees both in seed
orchards and in natural stands (e.g. Skrgppa and
Tho 1990). Grading or fractioning of seeds from
bulked seedlots may therefore have genetic con-
sequences (Lindgren 1982). In one isozyme study
in a Scots pine seed orchard, seed grading clear-
ly affected the genetic composition of the seed
(Szmidt 1987). Heterozygote excesses were found
in embryos from heavy seeds, while homozy-
gote excess was present in embryos from light
seeds.

3.1.2 Seedling Production and Planting

In the naturally regenerated forest only a small
proportion of the germinating seeds will succeed
in producing a member of the production stand.
When growing seedlings in a nursery, a large
proportion of the germinating seeds will produce
seedlings to be planted at a regular spacing in the
forest. Muona et al. (1988) studied genetic chang-
es at isozyme loci in the seed and during the first
two years in a natural stand of Pinus sylvestris
and in nursery-grown seedlings originating from
the same stand. Although small, less allelic fre-
quency differences were found between the seed
and seedlings in the nursery than in the forest
stand, indicating that less genetic changes take
place in the nursery than in the field. This is
most likely due to a faster elimination of inbred
individuals in the stand than in the nursery. Evi-
dence of selection in the stand between seeds
and the juvenile seedling phase was also shown
for the same species by Yazdani et al. (1985) and
Muona et al. (1987).

The genetic marker studies indicate that a
stronger selection takes place during the estab-
lishement in the stand than in the nursery. The
consequences for the establishment and subse-
quent growth of the stand were studied on exper-
imental plots of naturally regenerated, sown and
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planted Pinus sylvestris trees (Ackzell 1993,
Ackzell and Lindgren 1994). It was found that
the higher selection after sowing than after plant-
ing did not have any positive effects at later ages
in terms of better survival and/or growth. Plant-
ing resulted in the greatest area production after
11 years based on main crop plants. These ex-
periments also clearly demonstrated that the lo-
cal stand seedlings were not the best in terms of
survival and height growth.

Several authors have made comparisons of the
genetic diversity (expected heterozygosity) of
natural and artificial stands of Pinus sylvestris
(Szmidt and Muona 1985, Yazdani et al. 1985,
Muona et al. 1988, Muona and Harju 1989), see
also Savolainen and Yazdani (1991) and Knowl-
es (1985). No consistent differences have been
found between the genetic diversity estimates of
natural and planted populations from the same
origin. Savolainen and Yazdani (1991), howev-
er, find this fact not surprising due to the large
sizes of the populations studied and the expected
neutrality of the markers.

3.1.3 Transfer of Provenances

Transfers of non-indigenous provenances of na-
tive species have frequently been made in the
Nordic countries, some of which have been suc-
cessful, others not.

In Sweden, southward transfers of Scots pine
provenances led to an increase in survival, high-
er yield and better stem quality compared to the
local provenance being used (e. g. Persson 1994).
Similarly, transfers of late flushing Norway
spruce provenances from White Russia and the
Baltic countries to latefrost exposed sites in south-
ern Sweden have reduced frost damage and im-
proved growth (Werner et al. 1991).

Norway spruce provenances from Austria and
southern Germany were extensively planted in
southeastern Norway during a 20-year period
starting in the 1950s. A survey of 79 planted
stands of Central European origin and 21 of lo-
cal orgin, all at the age of 27 years, was recently
made in Pstfold County, Norway (Skrgppa et al.
1993). In the stands of local origin 30 % of the
trees were classified as having saw timber quali-
ties, whilst only 7 % of the trees in the Central
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European stands obtained the same quality clas-
sification. These results show that this prove-
nance transfer generally had a negative effect on
timber quality and a small positive effect on
volume production, even if a few of the planted
stands with southern provenances had both high
volume production and good stem quality.

Provenance transfers have been sucessful in
several cases when specific adaptive properties
have been sought. In other cases, maladaptation
has occurred. The transfer of provenances, in
particular from a mild to a severe climate, re-
quires a specific knowledge of the climatic con-
ditions at the planting site which should match
with the inherent growth rhythm of the prove-
nance. In areas with large topographic variation
such transfers are in particular risky and have
given variable results.

The many successful provenance transfers will
produce healthy and productive forest stands and
may also give rise to well adapted new genera-
tions on the same site if natural regeneration will
be considered advantageous. However, the pol-
len cloud from stands of transferred provenances
may give rise to provenance hybrid progenies
which may be less adapted to climatically more
severe localities. This has consequences both for
natural regeneration and for seed collection. Mod-
el calculations made by Dietrichson (1991)
showed that under certain conditions 5-10 % of
the seed in the local stands may be from prove-
nance hybrid pollinations in areas where 10-20
% of the flowering stands are of introduced prov-
enances. This fact should be considered when
cones are collected in areas where in particular
north-transferred provenances have been exten-
sively planted.

3.2 Breeding Activities

The early seed orchards were established with
grafts of selected plus trees without progeny test-
ing. The far largest amounts of seed orchard
seed used are from these seed orchards. Howev-
er, progeny test information has in some cases
been used for clonewise collection of cones, to
thin orchards and to establish new orchards based
on a selected sub-set of the original parents.
Below, reviews will be given of known genetic
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implications of the different activities, first in
the untested seed orchard programs and finally
of effects of progeny testing. Vegetatively repro-
duced materials (i.e. clones) will not be consid-
ered as they have been used to a small extent
with conifers in the Nordic countries.

3.2.1 Phenotypic Selection of Plus Trees

The so-called plus trees were originally selected
in stands, based on volume growth and stem and
branch quality traits. If the selection were effec-
tive, then the seed orchard population of plus
trees should be genetically different from the
original populations in these traits and less vari-
able. However, they may also be different in
their genetic structure and in their genetic diver-
sity in general.

Comparisons of the isozyme variation between
groups of phenotypically selected trees and ran-
dom stand trees of the North-American conifers
white spruce and black spruce showed no sub-
stantial genetic heterogeneity between the groups
(Knowles 1985, Cheliak et al. 1988). In terms of
alleles represented, the selected trees had a re-
duction of 25 % compared to the alleles in the
non-selected group, none of which belonged to
the set of common widespread alleles. This could
be interpreted as a sampling effect due to a smaller
number of selected trees.

Bergmann and Ruetz (1991) compared the iso-
zyme variability of 45 phenotypically selected
Norway spruce trees and a set of randomly se-
lected trees. They found no differences between
the groups in gene frequency distributions and
gene diversity measures. However, they found a
higher degree of average heterozygosity in the
selected clone group. A similar increase in heter-
ozygosity was found in phenotypically selected
seed orchard populations of Sitka spruce (El-
Kassaby 1992). Neither for this species nor for
western red cedar did the selection cause any
reduction in variability compared to the natural
populations.

These studies indicated that the selected clones
in a seed orchard reflect the population from
which they were sampled at the level of overall
genetic structure and in terms of isozyme varia-
bility.

Progeny tests with families from plus trees
demonstrate a large variation between families
for most quantitative traits, including the traits
selected for by the plus tree selection. A large
genetic variance is therefore present in the popu-
lations of plus trees. Johnsen and @streng (1994)
compared frost hardiness of offspring of select-
ed plus trees with the offspring of random trees
from the same five natural stands of Norway
spruce in northern Norway. They found large
variation in frost damage after artificial freezing
tests within each stand, but no differences be-
tween the selected plus tree progenies and the
random stand tree progenies. This experiment
shows that the phenotypic selection of plus trees
had no correlated effects on the two traits char-
acterizing the growth cessation and frost hardi-
ness development.

3.2.2 Loss of Genetic Variability Due to
Sampling Effects

A seed orchard contains only a finite number of
clones, which is considerably smaller than the
number of parents in the natural stand. This may
lead to a reduced genetic variability due to sam-
pling effects on allelic frequencies. As shown by
Hattemer et al. (1982) this may in particular lead
to the loss of rare alleles. However, as pointed
out by Danell (1992), there are small chances
that rare alleles can be of large importance, ei-
ther it be in the evolution of natural populations
or in breeding. The expected loss of heterozy-
gotes among the seed orchard offspring due to
the reduced population size should be very small
with the number of clones used in the seed or-
chards (equals 1/2N, N=effective population
size).

3.2.3 Mating Pattern in Seed Orchards

Ignoring the gene flow by pollen coming from
outside the seed orchard, it is clear that the effec-
tive number of parents of the seed orchard pooled
seed lot is lower than the census number of clones
in the orchard which again is lower than the
effective number of parents in a forest stand.
This is due to the very unequal clonal contribu-
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tion both to female and male flowering (e.g.
Eriksson et al. 1973, Skrgppa and Tutturen 1985)
which reduces the effective number of parents
and may influence both selfing rates and loss of
genetic variability due to genetic drift. However,
even if the effective number of parents in the
seed orchard may be as low as half the census
number of clones, it still seems in most cases to
be high enough to avoid depletion of genetic
variability due to genetic drift (Savolainen and
Kirkkdinen 1992).

Results from isozyme studies show that self-
ings rates may be lower in Pinus sylvestris seed
orchards than in natural stands (Rudin et al. 1985,
Muona and Harju 1989).

The seed orchard clones are generally sampled
from many stands in a large geographic area.
This has at least two consequences for the genet-
ic structure of the offspring population: a possi-
ble level of spatial family relationships in a natu-
ral stand is broken, thus inbreeding is reduced.
There is also the possibility of obtaining a wider
sample of genetic variability as many popula-
tions are sampled. This may have a negative
effect on the adaptive properties of the orchard
offspring if adaptation has resulted in co-adapta-
tion of different gene loci. However, as several
studies show that the genetic variation in most
traits is largely additive, such effects are unlike-
ly to be of importance.

3.2.4 Pollen Contamination in Seed
Orchards

A major problem with seed production in or-
chards is the gene flow into the orchard by pol-
len from the outside (Savolainen 1991). The rel-
ative amount of background pollination will vary
between orchards and also between years in the
same orchard. An immediate consequence is an
increase of the genetic diversity of the orchard
offspring compared to pollination with orchard
pollen alone. This will reduce the gain obtained
by selection of the parents. A more severe effect
arises if the orchard is located in a warmer cli-
mate outside the climatic region of the orchard
clones. The background pollen will in that case
originate from parents adapted to a warmer cli-
mate, and the adaptational properties of the or-
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chard offspring may be changed. Such effects
have been observed on Scots pine families of
northern origin produced in seed orchards in
southern Finland (Aho and Pulkkinen 1991). In
such cases, the intended region for the orchard
seed should be redefined or the orchard must be
abandoned.

3.2.5 Overall Genetic Composition of Seed
Orchard Seed

Isozyme studies have been made on seed or-
chard seeds from six seed orchards of Scots pine
in Sweden (Szmidt and Muona 1985) and two
orchards in Finland (Muona and Harju 1989).
These

studies showed no visible reduction of the ge-
netic diversity in the seed orchard seed com-
pared to seed from natural stands. Some differ-
ences in genetic diversity were found between
orchards, but these differences could not be re-
lated to the number of clones in the orchard and
variation in the origin of the clones. This shows
that the genetic structure of seed orchard seed,
measured on assumingly neutral traits, is not
very different from that of stand seed, taking all
influencing factors into account.

3.2.6 Correlations between Flowering
Characteristics and Quantitative Traits

Fertility selection will always occur in the seed
orchard and traits that have positve genetic cor-
relations with preferred types during reproduc-
tion will increase. The few results on this do not
give any conclusive answers of the effects. One
may ask whether such effects in the seed orchard
are different from similar selections that occur in
the natural stand.

3.2.7 Translocation of Seed Orchards and
After-Effects

A different aspect of the location of seed orchards
are effects on the progenies due to the climatic
conditions during the generative reproductive
process. The seedlings produced in Norway spruce
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seed orchards in Norway where the parental clones
are transferred to seed orchard sites 6-8 degrees
of latitude southwards or to 500-600 m lower in
altitude, do not retain the annual growth rhythm
of their parents, see Johnsen (1989b), and Skrgp-
pa and Johnsen (1994) for reviews. Progenies
after controlled crosses in such orchards, as well
as the open-pollinated pooled orchard offspring,
have in particular a later growth start in the spring,
a delayed growth cessation and a later develop-
ment of autumn frost hardiness than their sibs
after pollination, fertilization and seed maturation
in their native environment. The effects have
been shown in freezing tests on one or two year
old seedlings, but are verified by growth rhythm
studies in experiments with ten-year-old trees
(Skrgppa 1994) and after a clonal propagation
(Johnsen 1989a). The population mean of seed
orchard offspring is changed, but the genetic var-
iation between different families for the traits
seems to be maintained.

Results from field trials and in practical plant-
ings indicate that the observed after-effects may
have practical consequences under extreme cli-
matic situations in the field (Skrgppa, unpub-
lished). The effects may either be positive or
negative for the survival and quality of the plan-
tation, depending on how the climatic extremes
are related to the annual growth rhythm of the
material. The situation seems to be similar to
that of a provenance transfer. It will be adavan-
tageous under certain environmental conditions,
but the opposite under other conditions.

3.2.8 Effects of Progeny Testing

The plus tre selection did not provide a sufficient
gain in the traits under improvement. Progeny
testing has been found neccessary. Seed produc-
tion based on a set of selected parents may clear-
ly have genetic implications quite different from
those of the untested seed orchard. However,
rather little information is available on the ge-
netic structure of seed from orchards of strongly
selected parents, and a part of the reasoning must
be based on theoretical considerations and from
experimental populations.

In theory, the genetic diversity of seed orchard
offspring produced by parents selected after an

efficient progeny test will be influenced in three
ways: the population mean for the trait(s) select-
ed for will be changed, the genetic variation for
the quantitative trait will be reduced, and the
genetic variance of correlated traits will be influ-
enced.

Both the allelic and genotypic diversity of the
offspring from the selected set of parents will
depend to a large extent on the number of select-
ed parents, as will the population mean and a
possible reduction of the genetic variance. On
theoretical grounds, and has been shown by iso-
zyme studies, a set of parents of 20-30 individu-
als, all producing pollen and cones, will guaran-
tee a sufficently high effective population size.
This number will also provide a large genotypic
diversity in the plantation.

It has been argued that the selection for in-
creased growth rate will decrease the general
hardiness of the offspring population, due to a
negative correlation between growth rate and
hardiness. A negative relationship between har-
diness and growth rate at the provenance level
under northern condition may be the reason for
this kind of speculation. However, a similar neg-
ative correlation may not occur at the individual
level, and it may be possible to select for both
traits simultaneously or at least keep the hardi-
ness at a constant level. Two examples will show
this.

After shoot elongation measurements in a prov-
enance trial it was found that the provenance
variation in the length of the shoot elongation
period accounted for 80 % of the variation in
shoot length (Skrgppa and Magnussen 1993).
However, in full-sib family tests consisting of
families from three natural populations and test-
ed at the same site and in the same year as the
provenance trial, it was found that the duration of
the growth period accounted for less than 50 % of
the variation in annual shoot growth (Skrgppa,
unpublished). Some families seemed to achieve
superior growth in a short growth period, and had
a fast development of autumn frost hardiness.

Among the 73 clones from Svenneby Norway
spruce seed orchard tested at two sites, 8 of the
top parents and 8 of the lower ranked parents for
height growth at age 10 years were remated in a
factorial scheme. One-year-old seedlings were
tested in articificial freezing test with assess-
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ments of height and bud-set. The two sets of
families after crosses among the superior and
among the lower ranked families parents had a
similar timing of bud-set and the same level of
frost damage in freezing tests (Johnsen and Skrgp-
pa, unpublished).

The conclusion is that with a large set of par-
ents included in the test and testing for several
traits simultaneously, it is possible to select a
sufficent number of parents for a seed orchard so
that the planted offspring population will both
have a large genotypic diversity and no negative
correlation between growth rate and hardiness.
However, under extreme climatic conditions care
must be taken, and selection for climatic adapta-
tion alone may be the proper action.

4 Conclusions

The presented results show that some tree im-
provement activities clearly influence the genetic
structure and diversity of the planted forest. These
influences may in some cases reduce the adapta-
bility of the planted stand and its value for human
use. The best example is the cases of non-success-
ful provenance transfers. The majority of experi-
mental results, however, show that planted forests
are as least as genetically diverse as the natural
stands that they replaced. When considering the
overall genetic diversity of the tree species it must
also be remembered that a large proportion of the
forests is naturally regenerated. The future forests
will consist of mosaics of naturally regenerated
stands and planted stands, the last ones originat-
ing partly from stand seed and partly from seed
orchard seed. In addition we have areas set aside
for nature protection and conservation and specif-
ic gene conservation activities. The diversity in
manangement and forest use will, as stated by
McNeely (1994), be the best assurance for the
future adaptability of our forests.
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