Challenges for forest geneticists

Gosta Eriksson

As regards long-rotation-time forest trees, only
partial economic gains of today’s breeding will
be obtained until 60 years or more ahead. Some
or all of today’s breeding goals may be obsolete
at that time. When there is such great uncer-
tainty it is wise to concentrate research on basic
understanding of the genetic variation in the
processes determining complex characters. The
phenotypic plasticity of individual trees as well
as the plasticity that may be achieved by tree
populations should also be studied. It is hoped
that research along these lines will enable us to
respond rapidly and precisely to any changes in
our environment. A better physiological under-
standing will probably be achieved if plant ma-
terials are exposed to more than one environ-
mental variable at a time. Strong efforts should
be devoted to a determination of the curves for
hardiness and degree of dormancy during the
annual cycle of different genetic entries. The
impact of light, temperature, nutrient, and water
on growth ought to be studied in different genetic
entries. Previously forest geneticists may have
concentrated too much on single character
studies without estimating the genetic correla-
tions between different characters. We urgently
need to start studies to reveal the relationship
between several characters since breeding rarely
comprises only one character. An understanding
of the phase change from juvenile to adult and
vice versa might be most helpful for a rapid
generation turn-over in breeding.

Uncertainty requires basic research

One great problem in the breeding of long-ro-
tation-time tree species is the uncertainty in fu-
ture demands for wood products. Thus traits
given high priority today may be obsolete at the
end of the rotation. Therefore it cannot be taken
for granted that the same traits will be bred for
in future. This does not mean that we shall
totally refrain from looking into the future. In a
recent publication by Gemmel and Remrdd
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(1991), several scientists and decision makers

have made predictions for the future. Thus the

former head of the Swedish National Board of

Forestry, Higglund, predicts that we shall have

three types of forest in Sweden in 2030:

— farmlike plantations mainly with birch and hybrid
aspen

— multipurpose forests

— nature reserves

As regards the first type it will be located close
to the industry and be heavily dependent on
sophisticated fertilization programs like the ones
described by Linder (1987). The role of amenity
forests is missing in Hagglund’s prediction and
personally I believe in a more diversified forest
in future (cf. Eriksson 1990). Other scenarios
(Elliot 1985, Poyry 1988) have still shorter time
perspectives, which make them less suitable for
breeding goal decisions for long-rotation-time
species like temperate and boreal zone forest
trees.

Another great uncertainty is how large the
impact of global warming will be in different
parts of the world. Based on present knowledge
I take it for granted that we shall have global
warming unless other types of man-made pol-
lutions occur on such a large scale that the ef-
fect of the greenhouse gases is counteracted.

The rapid technical development of all kinds
of forest operations during the last decades (cf.
Fryk 1990) speaks against an attempt to predict
future reforestation and silvicultural concepts
which might have genetic implications.

A strategy for university research in a world
with great uncertainty requires properties like
1) the ability to plan for the future, 2) the ability
to change and 3) the ability to redirect research
tasks when required (Skarp et al. 1989). In es-
sence this means concentration on basic research,
(cf. Eriksson 1990). In basic research we do not
try to get answers to questions related to one
specific applied situation; rather we try to get
answers for an array of potential future situa-
tions. This can be illustrated as is done in Fig. 1,
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Fig. 1. Combinations of two environmental factors to
be used in gentic tests to determine dose-response
surfaces of a series of genetic entries.

in which we study genetic entries in a series of
combinations of two environmental factors.
Today we do not know which combination is
the most likely in the future. If we run the phys-
iological-genetical research in this way we shall
be better prepared to respond faster and more
precisely to changes in the environment as re-
gards these two factors. Rarely do we have two
environmental factors only, but the reasoning
might be extended to more than two environ-
mental factors. Such a research design will si-
multaneously give us estimates of the phenotypic
plasticity which according to Gause (1947) and
Bradshaw (1965) is the extent to which the en-
vironment modifies a phenotype. It will also give
us information on the broad adaptability of a
genetic entry. By broad adaptability is meant
good performance over a variety of environ-
mental conditions. It must not be forgotten that
the environment contains biotic factors. As re-
gards the environmental factors that should be
included in such basic research we have to con-
sult plant physiologists and ecologists.

By crosses between different Solanum species
and back-crosses Palta (1991) showed that dif-
ferent genes are probably responsible for frost
hardiness components in these species. Breed-
ing for hardiness in Solanum might therefore be
carried out more effectively. The opportunity to
create new trait combinations to improve hardi-
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ness has risen considerably thanks to this in-
creased understanding.

A basic understanding of the interaction be-
tween genes and physiological processes may
also be crucial for tree breeders working with
long-rotation tree species. In such species we
cannot measure or assess all the target traits.
Yield at the end of the rotation constitutes such
a trait, which is estimated from stem volume at
a quarter or a third of the rotation time. If we
knew the basic processes determining growth
and assessed them instead of the complex trait,
stem volume, we might overcome the problem
with different target and assessment traits (cf.
Danell 1990).

In summary, basic research, if carried out
properly, will give us possibilities to respond
faster and more precisely in a changed situation
and to generate genotypes with new and desired
trait combinations.

Before the state of knowledge as regards for-
est genetics research is analyzed I shall give a
brief comment on how to cope with the great
uncertainty in breeding. Namkoong et al. (1980),
Namkoong (1984), Gullberg and Kang (1985),
Kang and Nienstaedt (1987) have all argued in
favour of multiple population breeding, which
means that the breeding population is split into
subpopulations and each population can have a
separate breeding goal. This will enable future
breeders to rapidly respond to new breeding
goals. This will avoid the situation several cereal
breeders faced some ten years ago when farming
with high nitrogen fertilization was no longer
possible for various reasons (Hagberg 1985).
Moreover, multiple population breeding takes
care of gene conservation without extra cost.

Have we addressed the right questions?

The amount of quantitative genetics research
carried out so far is considerable according to
the recent review by Namkoong and Kang
(1990). Much information is available on the
relative importance of additive and non-addi-
tive variances as well as on genotype x envi-
ronment interaction. This knowledge has cer-
tainly been most valuable to predict gains in
different programs, to delineate breeding zones
as well as how to propagate improved material
for the commercial plantations. Even early tests
have been developed or are just about to be
developed (Jonsson et al. 1981, 1990, Li, B. et
al. 1989) thereby shortening the generation turn-
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over time considerably. How important these
results may be, they will not suffice in the long
run. Without a knowledge of the processes be-
hind the creation of a phenotype we can prob-
ably not identify the genes determining a trait.
When we have identified the genes, breeding
becomes simpler.

Much forest genetics research is character-
ized by analysis of one trait at a time. Since
breeding rarely comprises one trait only we must
abandon the single-trait analysis and embark on
joint research on several traits with the aid of
genetic correlations or multivariate analysis (cf.
Namkoong 1967). It is necessary to stress that
we need to include a large number of genetic
entries in our studies to get reliable estimates.
This probably has to be done stepwise, starting
with a few genetic entries and continuing with
larger materials if the first results are promising.

In this paper I shall treat in some detail crea-
tion of phenotypes, plasticity, trait relationships,
and research needs for the temperate zone tree
species. I shall concentrate on research that might
be called physiological genetics. This does not
mean that other areas of forest genetics research
are of low importance but that great efforts ought
to be devoted to physiological genetics research
for the reasons given above. Moreover, the pos-
sibilities that open up from modern cell and
molecular biology will be treated elsewhere in
these proceedings and therefore I refrain from
discussing them.

How is the phenotype created?

There are many possibilities for illustrating the
path from a gene to a phenotype. My notion is
built on ideas presented by Kramer (1986),
Johnson-Flanagan and Singh (1988), and Li, P.
etal. (1989). In a very simplistic model we have
a signal from the environment which is captured
and causes a gene activation. An activated gene
transfers its information into an enzyme which
in turn starts specific biochemical and physi-
ological processes. The end product of these
processes is the phenotype.

We might envisage that the environmental
influences act at different levels during this
process. The environmental influences on one
specific gene can be either genetic or non-ge-
netic. By genetic is understood the influences of
other genes on the gene under study. Non-ge-
netic is the situation when we have influences
from the physical environment only and no in-
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fluence from other genes. A change of the envi-
ronment may or may not create another pheno-
type depending on the phenotypic plasticity of
the carrier of this gene. In conclusion the oper-
ational limits for all processes leading to the
phenotype are set both by the genes and the
environment.

With these illustrations I have tried to indicate
that there is a need for cooperation between
molecular geneticists, plant physiologists, and
traditional geneticists to achieve the goal of an
understanding of how genes act, which might
make the progress in breeding much faster. In a
review paper on evolution Scharloo (1989) stat-
ed that: “Work must address physiological and
developmental background of the quantitative
variation. Biologists need to work downward
from the phenotype, going from phenotypic
variation to the physiological effects of genetical
and environmental variation. They have to link
the reaction norms from various levels of or-
ganization by understanding their function and
integrate them into pathways and network... To
close the gap between genome variation and
genetic variation in fitness, biologists must go
upward from the molecular differences via
physiological and functional effects to fitness”.
Similar statements were also given by Barker
and Thomas (1987) and Mayr (1988, essay 28)
in review articles on adaptive evolution. Breed-
ing is analogous to evolution but usually faster
and with defined goals. What is said about evo-
lution is therefore also relevant for breeding.

Plasticity

In a world which is predicted to experience
great environmental changes, phenotypic plas-
ticity is of particular importance for the suc-
cessful survival, growth and reproduction of a
long-rotation-time species. Models for predic-
tions of tree species migration after global
warming must include both the phenotypic
plasticity of the species and its genetic variation
to have any reliability. No such models have
been constructed owing to the lack of informa-
tion about either of these variables.

Plasticity can occur at different levels of ge-
netic organisation. The plasticity that is displayed
by an individual is called the phenotypic plas-
ticity of that individual. The plasticity that might
be obtained by a mixture of genotypes may also
be exploited in breeding although the experi-
mental procedures will be rather complex.
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During the eighties it has become quite evi-
dent among evolutionists that the phenotypic
plasticity of a trait must be regarded as a separate
trait which evolution may act upon (cf.
Schlichting 1986 and 1989, Sultan 1987, Stearns
1989). Therefore, besides efforts to gain more
insight into the mechanisms and genetic control
of traits like frost tolerance and vigour the phe-
notypic plasticity of these traits must be carefully
studied. Via and Lande (1985) have mathemat-
ically described the possible evolution of phe-
notypic plasticity. De Jong (1990) has presented
further quantitative genetics aspects of pheno-
typic plasticity. Via (1987) has examined the
quantitative genetics methods to accurately esti-
mate the phenotypic plasticity of a trait and she
suggests that this is done by the calculation of
genetic correlations. Genetic correlations may
be useful if few environments are included but
dose-response curves are preferable if several
one-dimensional treatments are included in the
study. Dose-response surfaces are preferable if
several two-dimensional conditions are studied.

It may be possible to obtain higher yields by
mixing genotypes. This matter has been dis-
cussed particularly in connection with clonal
forestry, disease and pest problems (Heybroek
1982, Libby 1982, Hiihn 1987, Prakash and
Thielges 1986). If various types of clonal mix-
tures are studied under a series of environmen-
tal conditions, the experimentation becomes
extremely complex to carry out. Not surprisingly,
research along these lines is scanty for forest
trees. In spite of the problems connected with
this type of study more efforts must be devoted
to them. From such studies we may be able to
predict whether we can rely on phenotypic
plasticity or must we utilize mixtures of geno-
types to cope with future stress or achieve larger
improvement. The use of mixtures in space and
time can easily be incorporated in the multiple
population breeding concept (cf. Namkoong et
al. 1988).

Trait relationships

Much of the discussion so far has dealt with one
character. During evolution it is the combina-
tion of traits (= phenotype) that is exposed to
selection. This means that the probability for an
optimum phenotype as regards all traits of an
individual must be extremely low (cf. Stettler
1986). A fine-tuned dependence between dif-
ferent traits may have taken place (cf. Cheverud
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1990) leading to negative genetic correlations
between desired traits. If so, there is a phyloge-
netic constraint both for breeding and evolu-
tion. Our own findings of difference in genetic
correlations between height and growth rhythm
in Picea abies at the population level as com-
pared to within populations may also be referred
to as a phylogenetic constraint caused by a dif-
ference in adaptation at the regional and micro-
site levels (Ekberg et al., in preparation).

Another reason for a negative relationship
between two traits may be a conflict between
physiological processes and can be called a
physiological constraint. Such a constraint can
hardly be overcome by breeding.

Pollen and seed migration are other reasons
for the non-existence of optimum phenotypes.
This is particularly true for wind pollinated tree
species with light seeds. Still another reason for
lack of optimum phenotypes as regards breed-
ing is that the breeders’ optimum phenotype for
reforestation and silvicultural methods may be
quite different from the optimum phenotype for
natural regeneration (cf. Eriksson and Lund-
kvist 1986, Matyas 1989). It must be remem-
bered that man creates the environment for all
kinds of forest operation. In addition in small
populations genetic drift may have led to the
disappearance of some combinations of traits.

The only way to understand the relationship
between different traits is joint analysis in well
designed experiments. Data from this type of
experiment should be used to estimate genetic
correlations or should be evaluated by multivar-
iate analysis. Such studies will give us informa-
tion if strong selection for one trait is counter-
acted by the regression of another trait. Such
studies will probably also give us a better un-
derstanding of the physiological processes de-
termining traits. Thus if the genetic and envi-
ronmental correlations for a pair of traits have
different signs we can immediately draw the
conclusion that the genes and the environment
act upon these two traits via different physio-
logical processes (cf. Falconer 1981, Ch. 19).
To my knowledge most forest genetic experi-
ments have been one-trait experiments in the
meaning that genetic correlations have not been
calculated even if more than one trait was ana-
lyzed. Therefore there is an urgent need in forest
genetics to carry out more experiments in which
we analyze the interdependence between differ-
ent traits. Another reason for the need to study
trait relationships is the finding by Namkoong
(1985) that traits which separately did not show
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Fig. 2. Estimated GCA correlations + standard error for the rela-
tionship between height after three growth periods in gro»yth
chamber and field heights at various ages in a progeny trial.

Number of parents = 11.

any genotype X environment interaction did so
if they were combined in an index.

How desirable it is to estimate genetic corre-
lations, a warning must be raised about the low
precision of the estimates of the genetic corre-
lations. One example from our own research on
that problem is given in Fig. 2.

Evolutionary guidance for selection of
research material

An understanding of evolution will certainly
both contribute to a better knowledge Qf the
processes determining a phenotype and give us
efficient guidance in selection of research mate-
rial. To get good starting points for plant bio-
chemists and physiologists it is fundamental that
we as geneticists well describe the reactions to
various external stimuli of different genetic en-
tries. Such genetic variation constitutes a va}lu-
able starting material for studies of .blochem_lcal
and physiological processes. These in turn might
be a gateway to the understanding of gene ac-
tion and identification of genes responsible for
trait creation. A good example of a successful
utilization of evolutionary knowledge is the
studies of hardiness in Solanum species. There
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are Solanum species that have the following
characteristics:

Possibility to acclimate
to low temperatures

Frost tolerance

low +
low -
high +
high -

Crosses between different species have been
used in order to estimate the number of genes
responsible for each trait (Palta 1991).

For traits with some adaptive significance we
can expect to find genetic variation along an
ecological gradient. Such traits for some Scax}-
dinavian tree species are listed in Table 1. This
table is arranged according to Levins’ (1963)
expectation of a decreasing ratio of within-
population genetic variation over between-pop-
ulation genetic variation of adaptive traits. The
strategy for selection of material for studies of
the genetic architecture of the conifers in the top
of the table is quite different from that for Acer
and Tilia in the bottom of the table. This type of
ecological difference between species might very
well explain the lack of success in plus tree
selection in north American hardwoods that was
reported by Robison (1989).
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Table 1. Ecological characteristics of some Scandinavian tree species.

Species Pollination

Distribution

Stage in the ecosystem

Picea abies wind
Pinus sylvestris ~ wind
Betula pendula wind

wide, continuous climax
wide, continuous
wide, continuous  pioneer

semiclimax

Fagus sylvatica  wind wide, stands climax
Quercus robur wind wide, stands climax
Fraxinus excels. wind scattered intermedium
Alnus glutinosa ~ wind wide, stands pioneer
Acer platanoides insect scattered intermedium
Tilia cordata insect scattered intermedium

Temperate zone physiological genetics
Hardiness and dormancy

Hardiness is a complex trait and the distinction
between hardiness and dormancy/rest is not al-
ways expressed clearly. Sometimes avoidance
of exposure to frost is referred to as hardiness.
To avoid frost injuries both true frost hardiness
and avoidance of frost exposure are important
breeding goals today. The latter is achieved by
entries with an appropriate growth rhythm for
the reforestation site.

Hardiness and dormancy must be regarded as
traits of high adaptive significance. It is therefore
expected that we have genetic variation in these
traits along a climatic gradient.

It is important to understand how hardiness
and dormancy vary during the year. During the
year temperate trees pass through several dif-
ferent stages of frost hardiness. Thus, in Picea
sitchensis Sheppard and Cannell (1982) identi-
fied six stages. Their study was carried out on
trees growing outdoors which means that some
of the phase changes could be due to parallel
changes in ambient temperature rather than a
true phase change of frost sensitivity. A hypo-
thetical example of how the degree of dorman-
cy and frost hardiness sensitivity varies over the
year is given in Fig. 3. The period when there is
no further chilling requirement but the physical
conditions are unfavourable and prevent bud
flushing is called imposed dormancy. The
seemingly long phase of imposed dormancy in
Fig. 3 is a puzzle to me. Once the curves are
well identified a study of the genetic correlation
between hardiness and dormancy might be very
instructive in understanding how this pattern
has developed during the course of evolution.
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Below I will mostly refer to Scandinavian
tree species. This does not mean that the dis-
cussion will only deal with local problems since
there are indications that what is true for one
temperate tree species is also true for most other
species belonging to the same genus (cf. Niens-
taedt 1967, Flint 1974, Cannell 1990, Eriksson
and Jonsson 1986, Jonsson and Eriksson 1989).

It is well known that avoidance of frost expo-
sure to late spring frosts and early autumn frosts
is crucial in Picea abies (Dietrichson 1971,
Krutzsch 1975). As regards summer frost toler-
ance we do not know whether there has been
some selection for this trait. The mode of natu-
ral regeneration of P. abies in empty spots
within a stand might not have favoured the se-
lection of genotypes with a large frost tolerance
during active growth. Information on genetic
variation in frost tolerance during active growth
is desired. During the phase of highest frost
tolerance during the winter there is probably a
difference among populations but whether this
is true for within-population variation is still an
open question.

As regards Pinus sylvestris Eiche (1966) has
convincingly proven that the lethal frost injuries
are induced during late winter. It therefore might
seem somewhat surprising that our group has
found good correlations between artificially in-
duced autumn frost injuries and field survival in
this species as well as in Pinus contorta (Nilsson
and Eriksson 1986, Jonsson et al. 1981). Lan-
glet reported a sharp clinal variation of autumn
dry matter content of P. sylvestris seedlings more
than 50 years ago (Langlet 1936). Since dry
matter content is a good indicator of frost hardi-
ness this finding, like our own results, on au-
tumn frost hardiness (cf. above and Norell et al.
1986) suggests that time of lignification is im-
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Fig. 3. Hypothetical curves for frost hardiness, degree of dormancy, and
bud flushing of Picea abies during its annual cycle.

portant for hardiness in these pine species. This
could be accomplished by very strong linkage
though such a linkage between two sets of
polygenes does not seem too plausible. As re-
gards the time for bud break and summer frost
tolerance I do not think that there is any adap-
tive significance in them. Years when frost in-
juries have been induced during spring or sum-
mer in P. sylvestris are so rare and the injuries
so slight that they cannot have constituted any
selection criterion.

Knowledge of the genetic variation in hardi-
ness of hardwoods is limited (Eriksson and
Jonsson 1986, Jonsson and Eriksson 1989).
However, growth rhythm in both European
(Habjgrg 1978) and American hardwoods seems
to have played a great role in their adaptation
(Flint 1972, Kriebel 1957, Kung and Clausen
1984, Townsend 1977). The adaptive role of
growth rhythm is probably of universal impor-
tance in hardwoods from the temperate zone. In
contrast to the conifers, I assume there is no
peak in frost sensitivity during bud break, rather
the frost sensitivity might be higher when the
fully developed and lush leaves are present. The
capacity to recover after a leaf killing frost ex-
posure is probably of adaptive significance.

We ought to concentrate our efforts to reveal
the genetic variation of the curves for dorman-
cy and winter frost hardiness as is illustrated in
Fig. 3. Much work has been done in Finland to
identify these curves for Betula pendula, Picea
abies, and Pinus sylvestris (Koski and Selkin-
aho 1982, Koski and Sievinen 1985, Repo and
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Pelkonen 1986, Héanninen and Pelkonen 1988
and 1989, Hanninen 1990) but much remains to
be done for many important tree species (see
also Cannell 1990).

Curves of the type shown in Fig. 3 and their
dependence on temperature conditions are cru-
cial before we can give any reliable predictions
on how trees will respond to a global warming.
Hardiness might occur later owing to the ab-
sence of low temperatures. For the same reason
chilling requirements might not be fulfilled. One
consequence may be that the present balanced
system of growth rhythm might collapse totally.

Parallel to these studies, assessments of meta-
bolic changes of critical hormones, membrane
lipid constitution, Ca*- and K*-ions as well as
enzymes during acclimation and deacclimation
ought to be carried out (cf. review articles by
Carter and Brenner 1985, Steffen and Palta 1987,
Johnson-Flanagan and Singh 1988, Minorsky
1989).

Determinants of wood production

A number of reports indicate that the amount of
intercepted light is crucial for wood production
in trees (for reviews see Kramer 1986 and
Cannell 1989). The early study on the inherit-
ance of branching type in Picea abies done by
Sylvén during the first decade of this century
may be regarded as ahead of its time (cf. Sylvén
1910, Eriksson 1990). The amount of light in-
tercepting needles or leaves is thus crucial for
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production and it is important to study genetic
variation in the architecture of tree crowns. The
size of the tree crown is limited by stress caused
by nutrient deficit, water deficit, flooding, and
high or low temperature. Kramer (1986) em-
phasized that growth is mostly limited by such
stress factors and little progress is expected from
identification of genotypes with better physi-
ological processes such as more efficient photo-
synthesis. Light during the growth period as
well as the duration of the growth period also
exert a great influence on the crown size. The
need for reduction of the dark respiration as a
means of increasing growth was stressed by
Kramer (1986). Genetic variation in response to
these environmental factors as well as the asso-
ciations between the traits are key issues for
forest geneticists.

Tree responses to nutrients

In a review paper on tree genetics and nutrients
Nambiar (1985) suggested that genetic studies
ought to concentrate on variation in nutrient
acquisition and focus less attention on utilization.
Acquisition = the ability to take up nutrients; in
many cases it is equal to the ability to penetrate
a substrate. Utilization = the assimilate pro-
duced per unit of nutrient in the plant (Nambiar
1985). It is also referred to as productivity
(Ingestad 1979). There is a third capability that
might influence the nutrient efficiency of a plant
or tree, the ability to reallocate nutrients from
low productive sites to sites in the plant or the
tree with an efficient dry matter production.
Nambiar’s statement is analogous to Kramer’s
disbelief in the possibilities of obtaining im-
provements by more efficient photosynthesis.
Nambiar had greater hopes for identification of
genotypes that perform well under stress. It might
be questioned whether there has been any room
for genetic variation in such a fundamental
process as nutrient utilization. In agreement with
this Lascoux and Lundkvist (pers. comm.) in
our department did not find any genetic variation
among 24 Pinus sylvestris families in relative
growth rate, which were studied according to
the concept of Ingestad (1979).

Conclusive evidence of genetic variation in
nutrient utilization, nutrient acquisition or real-
location of nutrients are largely lacking in spite
of the many indications that there is genetic
variation in nutrient response in trees (Cotterill
and Nambiar 1981, Mullin 1985, Sheppard and
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Cannell 1985, Li, B. et al. 1991). However, for
most genetic studies nutrition physiologists raise
objections to the way the studies were carried
out. I shall therefore treat this topic in some
detail. The prerequisite for a study of nutrient
productivity is that the nutrient conditions are
stable and comparable. This can be achieved by
using the technique developed by Ingestad
(1979), in which nutrients are supplied accord-
ing to the demand of the plants. A separate
productivity could be distinguished for each
nutrient element. Thus the meaning of nitrogen
productivity is growth rate per unit nitrogen in
the plant. Only with this technique is it possible
to make a correct comparison of the reaction
pattern of different genetic entries. The biologi-
cal interpretation of nitrogen productivity is that
uptake and growth are proportional to the protein
content in the plant. It has been shown that
nitrogen productivity has a most significant in-
fluence on the regulation of growth and alloca-
tion of biomass (Agren and Ingestad 1987) as
well as on nutrient uptake and nutrient allocation
(Ingestad and Agren 1988).

If different genetic entries have different ni-
trogen productivities it is of interest to study if
this can be attributed to their differences in root/
shoot ratios (Ingestad and Agren 1991). If there
is a genotype X environment interaction it is
important to establish if this is caused by a
difference in capacity to change the root/shoot
ratio. Both these conditions might give us an
increased understanding of the causes behind
genetic variation in nitrogen productivity in the
same way as was reported by Li et al. (1990) for
23 open pollinated families of Pinus taeda. Some
of the families that grew best at low nitrogen
had a larger root/shoot ratio. Studies of the allo-
cation of material in the plant and tree must be
given a higher priority than done up to now.

Uptake of nutrients might be facilitated by
symbiotic mycorrhizal fungi. Ingestad et al.
(1986) studied the nitrogen productivity of Pinus
sylvestris seedlings with and without an ecto-
mycorrhizal fungus. They did not find any sig-
nificant differences in nitrogen productivity,
which means that there was no extra cost of the
host plant for the ectomycorrhizal fungus, which
is somewhat puzzling.

Temperature and water availability
Larsen (1990) recently stressed the need to

switch to breeding for broad adaptability to cope
with the anticipated global warming. Global
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warming might cause a longer growth period
with a higher frequency of more extreme tem-
perature and precipitation conditions than to-
day. For the influence on growth we have to
design experiments that inform us about the
plasticity and broad adaptability of different
genetic entries over a series of temperature and
water availability conditions. Only in growth
chambers is it possible to carry out such studies
with some reproducibility. From such studies
we shall obtain dose-response curves and dose-
response surfaces when one or two factors are
varied. What was said about genetic correlations
in the section on evolutionary remarks applies
here. The usefulness of estimating dose-response
curves was stressed by Parsons (1987) in his
review of evolution under environmental stress.

So far only juvenile plant materials can be
studied in growth chambers. The value of such
studies is sometimes questioned because of the
special features of juvenile growth, as is the
case in spruce species (Pollard and Logan 1974,
Cannell and Johnstone 1978, Ununger et al.
1988, Ekberg et al. 1991). Recent results from
pines (Li, B. et al. 1989, Jonsson et al. 1990)
and Norway spruce (Larsen and Wellendorf
1990) have been most promising as regards the
possibilities of predicting future growth based
on juvenile performance. If studies on dose-
response curves are carried out as in the inves-
tigations referred to, there is hope that they will
be of value not only for the juvenile stage.
Therefore, it is advised to use so called retro-
spective studies, i.e. the families studied in long-
term field trials are recreated and cultivated in
the growth chambers. If the studies are run in
this way additional information on genetic cor-
relations between juvenile and adult perform-
ance can be obtained. Preferably the correlations
with the field performance should be calculated
separately for each treatment at the juvenile
stage.

As regards light the concept of tree ideotype
(Donald 1968) may be discussed. Ideotypes in
tree improvement have been discussed among
others by Cannell (1978, 1982), Dickmann
(1985), Kirki (1985), and Libby (1987). The
matter is further discussed by Pulkkinen in this
volume. A better understanding of genetic vari-
ation in crown architecture and competitive
ability would be welcome. However, the long
experience in breeding agricultural crops does
not support a total substitution of traditional
breeding for ideotype breeding (cf. Rasmusson
1987).
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Duration of the growth period

Hardly any other trait has been studied in more
detail than growth rhythm since the pioneering
work of Sylvén (1940). Mostly the studies have
dealt with growth rhythm in juvenile plants. It is
known that the duration of the shoot elongation
period is drastically reduced from the second to
the fourth growth period in Picea abies (Langlet
1960, Ununger et al. 1988). More important is
probably to study the mitotic activity in
meristems to have a better understanding of the
processes determining growth in trees. This is
valid both for root, apical, and lateral meris-
tems. This will help to get a good understanding
of which external factors influence the meris-
tem activity most.

Phase changes between juvenility and adult-
hood

One of the greatest constraints on rapid genetic
progress in tree breeding is the long generation
time of trees. An understanding of the phase
change from juvenility to adulthood may make
it possible to manipulate this phase change and
overcome the constraint imposed by the long
generation time. Another great constraint is the
lack of satisfactory early tests for tree volume
and stem quality although there has been con-
siderable progress recently (Li, B. et al. 1989,
Jonsson et al. 1990). An adult behaviour of
young seedlings may facilitate the development
of reliable early tests.

As is illustrated in Fig. 4 there are other po-
tentials in breeding and reforestation if we un-
derstand the phase change from juvenility to
adulthood and vice versa. Thus, a change from
juvenile to a more adult performance already
during the second growth period might cause a
conditioned hardiness which is urgently desired
for reforestation with Norway spruce on frost
prone sites. This has already been achieved by
cultivation of the plants for a long period in
continuous light, which resulted in more adult
behaviour with a much reduced shoot elongation
period (Ekberg 1990). The hypothesis behind
the cultivation under continuous light is that the
plant carries out several more cell divisions and
thus becomes aged. These first results must be
confirmed by additional investigations before
being applied on a large scale.

In contrast it is sometimes desirable to keep
the juvenile behaviour for a longer time as in
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reforestation
on weedy sites

early

/ flowering

juvenile < adult

early testing

clonal propa- /

gation

\ reforestation on

frost-prone sites

Fig. 4. The potentials if we know the processes determining the phase change between

juvenility and adultness in a tree.

Picea abies plants aimed for reforestation sites
with severe competition from weeds. Plants with
the juvenile free growth (cf. Pollard and Logan
1974, Cannell and Johnstone 1978, Ununger et
al. 1988, Ekberg et al. 1991) can better compete
with weeds. Free growth declines with age and
is totally lost when plants are about six years
old. Juvenility is also desired for easy propaga-
tion of cuttings. If the phase change from juve-
nile to adult is due to the number of cell divisions
which a plant has experienced then experiments
to keep juvenility should be designed such that
cell division is prevented and cell elongation is
promoted.

Conclusions

There are great uncertainties about the future as
regards reforestation and silvicultural methods,
breeding goals and environmental change. It is
therefore a wise strategy to concentrate on basic
research that can open up new opportunities and
make it possible to respond rapidly and precisely
under new conditions. We know something
about the genetics of some important composite
traits like growth and hardiness. We know little
or nothing about the steps from genes to the
phenotype. To be able to reveal the sequential
events between these two poles it is necessary
that we cooperate with molecular geneticists,
biochemists and physiologists. The identifica-
tion of the important steps will give us tools for
more efficient breeding.

Studies of phenotypic as well as mixed popu-
lation plasticities are urgently needed in a world
that supposedly experiences a gradual change
of its environment.

It is important to realise that man creates his
environment for reforestation and silviculture.
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This is one of the reasons why for breeding we
cannot expect to find optimal phenotypes in
nature. Other reasons are the phylogenetic con-
straints and migration of pollen and seeds, both
meaning that natural selection is not the only
factor influencing the phenotypes in nature.

Forest genetics up to now is characterized by
the study of one trait at a time. There is an
urgent need for simultaneous analysis of several
traits by the aid of genetic correlations or multi-
variate analysis. Generally there is a need for
inclusion of larger numbers of genetic entries in
forest genetic investigations.

For the long-rotation-time species there is a
need to determine the curves for degree of dor-
mancy and hardiness during the annual cycle.
Information on plasticity in two-dimensional
environments like water availability and tem-
perature is needed. Both types of study will give
us better possibilities of predicting the effects of
global warming on our tree species. Studies on
nutrient utilization and acquisition will tell us
whether or not we must have different breeding
populations for different soil fertilities. An un-
derstanding of the phase changes between juve-
nile and adult opens up many possible applica-
tions such as faster generation turn-over in the
breeding population via early flowering and early
testing as well as better plants for frost-prone
and weedy sites. Juvenility will also enhance
our possibilities for cutting propagation.
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