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1 INTRODUCTION
The marvellous diversity of living plants and animals has been a source of won-
derment to mankind from the earliest times. Although there is an almost infinite 
variety in forms, some groups of plants resemble one another more than they 
resemble other groups. Man has long tried to group living things into similar 
species so that the complexity of nature was made more under-standable. This 
classification is the work of taxonomists. 

One such grouping, recognised since the days of Linnaeus, is the species, a group 
of plants or animals which can breed together in pairs to produce offspring 
which resemble the parents but which do not normally interbreed with other 
species. Species are grouped together in larger taxonomic divisions - genera, fami-
lies, orders and may themselves be split into smaller subdivisions - subspecies, 
varieties, races. 

After recognising and classifying variation, the next step was to attempt to ex-
plain its causes.

2 SOURCES OF VARIATION

There are three main sources of variation:

        1. developmental

        2. environmental

        3. genetic

Ad 1: See Fig 1, page 3. Most living things increase in size as they get older and 
this is particularly obvious in trees which start from a seed weighing a few grams 
and grow to become massive structures many tons in weight. When considering 
variation due to the other two causes, therefore, it is essential to compare organ-
isms at the same stage of development. The taxonomic divisions into species, 
genera etc, are based on mature adult individuals. 

Ad 2: Environmental variation is also obvious in simple cases: we are all familiar 
with trees bent and deformed by a prevailing wind or browsed down by grazing 
animals until they are only shrubs. We immediately recognize that a sapling, 
bent and browsed into a bush, is not the best that the species can do, given time 
and a kinder environ- 8ment8. To some extent the environmental variation can 
be controlled through silvicultural measures such as pruning. 

Ad 3: Many plants and simpler animals can re-produce the whole organism by 
themselves and, when this happens, the new progeny from one parent resemble 
each other and the parent very much because they are virtually 8parts8 of one 
individual. Parent and progeny are genetically identical and any variation is due 
to development and environment. Other plants and higher animals need two 
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individuals before they can reproduce. We call the two partners male and female 
and the process sexual reproduction. When plants and animals reproduce sexu-
ally, they do not make perfect copies: the offspring (progeny) differ both from 
the parents and from one another. The amount by which they differ is called 
genetic variation.

The genetic variation is small enough to make us recognise the offspring as the 
same species as its parent, e.g. a person or a cow, and great enough to make us 
distinguish between individual persons or cows. Thus by genetic variation we 
mean the variation we associate with particular kinds of animals and plants, e.g. 
black and white pigs or straight vs. crooked pine trees, and which is carried for-
ward from generation to generation. We speak of heritable variations. 

While it is convenient to discuss the three sources of variation separately, in 
nature they work simultaneously, often in extremely complicated ways. A study 
of variation of natural stands or plantations in which parentage is unknown tells 
one nothing about the genetic control of the characteristic involved. All one 
sees and measures in the forest is the phenotype of the tree. It is not possible 
to assess which portion of the differences among trees, stands, or provenances 
are genetically or environmentally controlled without actually making genetic 
tests (Zobel and Talbert 1984). In comparative trials of species, provenances and 
progeny it is standard practice to plant all the provenances etc. at the same time, 
thus eliminating the development factor. This leaves the factors of genetics and 
environment, which together bring about the visible attributes of the trees being 
compared. The common formula to express the overall effect is:

        P  =   G            +  E
 Phenotype  =   Genotype     +  Environment
        (what we see)  =  (unseen inherited +  (effects of  environment)
                         genetic make-up)       

For more details see lecture notes on tree improvement.

Although good experimental design (replication, randomisation, careful choice 
of site) can reduce the effect of environment, it is never possible to eliminate it. 
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Figure 1. Sources of variation
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3  THE MECHANISM OF                       
 INHERITANCE

Trees are composed of cells, some living, some dead. Each living cell consists of 
an outer cell wall, a fluid called the cytoplasm and a nucleus surrounded by the 
cytoplasm. Among other things the nucleus contains the chromosomes which 
appear as sausage-like structures at the time of cell division.

The chromosomes are of special interest genetically because they carry the bulk 
of the genetic information from one cell generation to the next. The chromo-
somes consist of DNA and proteins. The DNA is the active genetic material, 
consisting of a very long molecule composed of two spiral strands. Ability to 
replicate itself is one of the secrets of DNA which makes it possible for the chro-
mosomes to transmit genetic information from one cell generation to the next. 

Functionally a gene can be defined as that part of a chromosome responsible 
for the development of a particular trait in an organism. Using this - simplified 
- concept one can speak of genes for rapid growth, drought resistance etc. In so 
doing we shall consider the gene as the ultimate unit transmitted from one cell 
generation to the next and from one tree generation to the next (Wright, 1976). 

Figure 2.  The 46 human chromosomes as they appear during the mitotic  division (X 2,000).

3.1  Mitosis

The cells in most parts of a tree contain two sets of chromosomes, one set being 
homologous to the other. The type of cell division which takes place in the cam-
bium, root tips, leaf primordia, etc., to produce the wood, leaves, etc., is called 
‘mitosis’. 

In this type of cell division, chromosomes shorten and gather in the centre of 
the mother cell (see fig. 4). Each chromosome splits lengthwise to form two iden-
tical new chromosomes. One member of each chromosome pair migrates to one 
end of the cell and the other member migrates to the opposite end. A new cell 
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wall forms and the two daughter cells are completed. Aside from mutations (see 
p.9) which may occur during the process of cell division, each daughter cell has a 
genotype identical to that of the mother cell. Thus all vegetative cells throughout 
a tree have similar genotypes. The number of chromosomes in a vegetative cell is 
constant for a species. Examples are 8 (4 pairs) in the fruit-fly Drosophila, 24 (12 
pairs) in Pinus and Fagus, and 48 (24 pairs) in Homo sapiens.

Figure 3.  Schematic outline of Mitosis.

For the sake of clarity, only two homologous chromosome pairs are shown in the 
cells. 1-3: the initial phase of mitosis where the chromosomes are contracting. 
4-5: the chromosomes, already almost completely split in the longi-tudinal direc-
tion, gather along the ‘equator’ of the cell. 6-7: homologous daughter-chromo-
somes migrate towards opposite cell-poles. 8-9 mitosis is completed, including 
the division of the cytoplasm. 

3.2  Meiosis

At flowering time a special type of cell division called ‘meiosis’ occurs, see fig.5. 
This is a reduction division because the number of chromosomes found in the 
gametes (egg cells or pollen grains) is exactly half that in the vegetative cells. 
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Each gamete has one full set of chromosomes, compared with the two sets of the 
vegetative cells. 

It is a convention to use ‘n’ as a symbol for the number of chromosomes in a 
single set. In most species the gamete cells have 1n chromosomes and the vegeta-
tive cells 2n. Thus for Pinus n (or 1n) = 12, 2n = 24.

At meiosis, the two sets of homologous chromosomes come together in the cen-
tre of the mother cell, and members of one set pair with their homologues from 
the other set.  One chromosome of each pair migrates to one end of the mother 
cell, and its homologue migrates to the opposite end. A new cell wall forms and 
the two daughter cells or gametes are completed, each having only half the origi-
nal number of chromosomes. 

The second meiotic division (cf. fig. 5) is similar to a mitotic division where 
chromosomes split and the two sets of chromosomes are separated in two new 
cells without change in genotype.

Figure 4.  Schematic outline of Meiosis

As in fig.4, only two homologous chromosome pairs are shown in the cells. 1: 2 
pairs of chromosomes represent the whole set of chromosomes in one cell. 2-4: 
the initial phase of meiosis where homologous chromosomes pair. 5: the first 
meiotic division during which homologous pairs are separated and migrate, each 
to its own cell pole. 6: the chromosomes of the two new daughter cells created 
by the first meiotic division. 7: the second meiotic division during which the 
chromosomes split into halves and these separate. 8: the final result of the meiot-
ic process, four cells each with half as many chromosomes as the original cell (1).

While the homologous chromosomes are paired, ‘crossovers’ occur. That hap-
pens as a result of simultaneous breakage at exactly the same locus on both chro-
mosomes with the subsequent rejoining in such a way that the chromosomes 
exchange segments. (Assuming that the original sequence for the pair of chromo-
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somes was ABCDEFGH/abcdefgh, and that a crossover occurred between the 
D and E loci, the new sequence on the two chromosomes becomes ABCDefgh/ 
abcdEFGH.) 

Assume that we are considering a pine tree with n = 12 (2n = 24) chromosomes 
and that the 24 chromosomes in a mother cell were derived from parents A and 
B so that they can be designated as A1-12 and B1-12. After pairing and crossing 
over they segregate independently to the two ends of the mother cell. Chromo-
somes A1 and B1 must migrate to opposite ends, but that has no bearing on the 
direction of migration of chromosomes A2 and B2, A3 and B3, etc. The daugh-
ter cell which receives A1 may receive either A2 or B2, either A3 or B3, etc. Also, 
it must be remembered that crossovers have occurred independently of each 
other between every pair of homologous chromosomes and that no two homolo-
gous chromosomes are apt to have the same genes. Thus, it can be seen that no 
two gametes produced by a tree are apt to have exactly the same genotype. Only 
very closely linked genes are apt to segregate together. 

3.3  Fertilization and Seed Development

One essential feature of fertilization is the coming together of a male gamete 
with a female gamete to produce a fertilized egg cell that then divides (by mito-
sis) to produce an embryo, which in turn develops into a seed, which in turn de-
velops into a tree. During fertilization, chromosomes from the male gamete en-
ter the nucleus of the egg cell and mingle with the chromosomes of that cell; the 
cytoplasms do not mingle, however, so that the cytoplasm of the fertilized egg 
cell is derived from the female parent only. Together, meiosis and fertilization are 
the mechanisms by which the genetic variability within a tree can segregate and 
recombine to produce offspring that are different from the parent. 

3.4  Outbreeders and Inbreeders

The amount of genetic variation in an individual is influenced by the extent to 
which the species is naturally outbreeding or inbreeding. Outbreeders have bio-
logical barriers which act against self-fertilizaton or fertilization by close relatives 
and thus favour mating with unrelated or distantly related individuals. Inbreeders 
lack such barriers. Some agricultural crops such as wheat are natural inbreeders 
and, over many generations of breeding, agronomists have developed a number 
of ‘pure lines’ in which offspring resemble parents almost as closely as do those 
reproduced asexually. Many forest trees are strongly outbreeding, which accounts 
for the wealth of their variation. Some, however, are known to be self-compatible 
e.g. Leucaena and others (species sparsely distributed in tropical high forest) are 
presumed to be so because of individual isolation. It is likely that some inbreed-
ing occurs even in the strong outbreeders and some outbreeding in the strongly 
self-compatible species. 
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4 EVOLUTION

Through the centuries many scientists had been wondering about possible sourc-
es of variation and several had considered some kind of evolution. 

In the middle of the 19th century Charles Darwin and his colleague Wallace put 
forward the theory that the small differences between parents and their offspring 
if continued over tens of thousands of generations and millions of years, could 
give rise to the incredible variety of plants and animals which exist today. His 
book, ‘The Origin of Species’, was first published in 1859. The main points can 
be summarised as six items:

1. Plants and animals vary. Darwin was well aware of the variation in domesti-
cated species and the voyage on the ‘Beagle’ convinced him of its equally fre-
quent occurrence in nature. He recognized two sorts of variation: ‘sports’ rep-
resenting widely differing variants which were rare, and ‘fluctuating variation’, 
i.e. small continuous variants round the mean. He found the latter universal 
and considered it the more important kind for evolution by selection. 

2. Because of the fecundity of organisms, there would be a geometrical increase 
in numbers unless checked. Natural checks to increase occur. 

3. Only those individuals which have an inherent advantage against the 
check survive: other members of the population die. 

4. The individuals which survive the check can pass on their advantage to a 
proportion of their offspring. (But not to all because there is variation and 
not all the offspring will show the advantage to the same extent.)

5. Selection continues over thousands of successive generations, amplifying 
the advantage until, in a constant environment, an optimum value would be 
reached.

6. Over a long period, environments are never constant and in a rapidly chang-
ing environment new features become advantageous and new variants will 
replace the original organisms.

The vital jump in thought that Darwin and Wallace made was in recognizing dif-
ferential survival and that this must have a selective effect. Spencer later epigram-
matized these two concepts as ‘Survival of the Fittest’ and ‘Natural Selection’. 

We should truly understand the way selection operates. Two facts are of vital 
importance in the understanding of selection, in the genetic sense. (1) The term 
‘survival of the fittest’ must be carefully and correctly understood. It was used 
as a handy definition by Darwin as ‘the differential ability at leaving offspring’. 
Fitness is defined as the survival value and the reproductive capability of a given 
genotype. (2) The inheritance of acquired characteristics does not occur. A giraffe 
that adds a centimetre to its neck length, by continually stretching it to eat food 
high up in the trees, does not bequeath the extra neck length to its offspring any 
more than does a brunette, who continuously dyes her hair blonde, bring forth 
blonde children. (Buijtenen et al., 1971).
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The major evolutionary processes operating in forest stands are:

   Mutation

   Migration

   Introgression

   Natural Selection

The first three processes are concerned with creating variation. Mutation is the 
basic creative force, and the other two serve to move and mix this variation. Nat-
ural Selection, on the other hand, is the force that decides which of the variants 
will survive and transfer their variation to future generations.

4.1  Mutation

During meiosis, segregation of the chromosomes and crossing over result in dif-
ferent gametes receiving different combinations of genes. But individual genes 
are normally not altered in these processes. 

Heritable changes affecting individual genes are known as gene mutations. They 
may occur in mitotic divisions of vegetative cells, when they will cause only local 
areas of mutant cells. If they occur in reproductive cells, they will be passed on 
to offspring and subsequent generations. 

The probability of a given gene mutating has been estimated at between 1 in 
10,000 and 1 in 1,000,000 single gene divisions. Since there are many genes in a 
cell, many cells in a tree and many gametes produced at flowering, mutations are 
frequent in both the vegetative growth and the reproductive phases. The most 
significant facts about mutations are:

1. Most mutations are harmful. 

2. Most mutations are recessive. Whereas harmful dominant genes are quickly 
eliminated by natural selection, harmful recessives may persist for generations.

3. Beneficial mutations occur very rarely. (Fisher estimated only once in 1000 
generations). Nevertheless, over many millions of years, these beneficial muta-
tions have created the enormous natural variation that we see today. Mutation 
is the basic creative force in the evolutionary process.

4. Mutations are of special importance in changing environments. For example, 
a recessive mutant gene for increased drought resistance has no present value 
in tropical rain forest, but would confer improved survival value should the 
climate become drier.   
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4.2  Migration

Migration is the movement of genes by pollen, seeds or plants from one popula-
tion (emigration) into another population (immigration) of the same species.

Two populations of trees may be situated on very diverse habitats. Over several 
generations natural selection will tend to differentiate the two populations, a 
different set of genotypes being best fitted to each of the two different habitats. 
However, if there is continuous inter-migration, it will tend to maintain similar 
gene frequencies in both populations. Thus the effect of migration is the oppo-
site of natural selection.

The most important means of gene migration in forest trees are pollen dispersal 
by wind or insects and seed dispersal by wind, water and animals. The speed and 
pattern of migration depend on the distance and direction of spread of pollen and 
seeds, which vary from species to species. For instance, poplars or other hardwoods 
that grow along streams tend to migrate in one direction over narrow strips, be-
cause their seeds float down the river, causing a considerable flow of genes down-
stream. This can have important practical consequences. It is, for instance, quite 
possible that in such a case seed sources may  perform better upstream than where 
they are growing at present, because genes, making the trees suited for the region 
upstream, have been moving downstream faster than natural selection can elimi-
nate them. Similar directional effects occur in pollen dispersal, if there are constant 
winds in one direction during the season of pollen production.

Migration in the sense above refers to the movement of genes from one popula-
tion to another of the same species. In a more general sense, genes migrate when 
one species replaces another e.g. when forest colonizes grassland or climbers in-
vade logged forest. 

4.3  Introgression or Hybridization

Introgression is the incorporation of genes of one species into another species by 
long continued hybridization. This implies that introgression is similar to migra-
tion, but occurs between species.

Normally, there are certain barriers to crossing between tree species. Such barriers 
may be incompatibility of pollen of one species with the female flowers of an-
other, sterility of the hybrids, or differences in date of flowering. These crossing 
barriers are only partial, and occasionally hybrids do occur. The genes from one 
species may enter a populaton of another species. This gene flow may be both 
ways or may be predominantly one-directional. The process of genes flowing 
from one species to another is called introgression. 

4.4  Natural selection

Natural selection is a strong force that usually reduces variability within a particular 
environment. Because it determines which trees will grow and reproduce, it has a 
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directional effect on the genetic make-up of trees in a population. Natural selec-
tion favours the fittest; i.e. those trees with gene combinations that make them 
best suited to grow and reproduce in a specific environment (Zobel and Talbert 
1984). Within that environment it tends to preserve, and increase the proportion 
of, the best suited genotypes. When a species occurs over a wide range of envi-
ronments, natural selection favours development of different genotypes for the 
different environments. Thus it tends to reduce variation within local popula-
tions but increase total variation within a species. 

It is often difficult to assess the effects of selection because so many factors are 
involved in  determining which tree will be best fitted to grow and reproduce. 
Each fitness characteristic has its own selective value, and the adaptations created 
by one factor may either positively or adversely affect others. In addition migra-
tion reduces the effect of natural selection.

Natural selection is the force that shapes the highly variable population. The most 
prolific individuals will contribute most to the following generation, but local ad-
aptation will determine which individuals of that generation will survive to breed 
in their turn. Success often depends on effective competition for resources, such as 
light, water and nutrients. As a result of selection, geographic races develop adapt-
ed to different environments. 

5 TREE IMPROVEMENT
A knowledge of the causes of variation and evolution in nature is an essential ba-
sis for any attempts to use variation for human benefit. The laws of Mendel (cf. 
lecture note D-2) apply whether nature is selecting for survival or the tree breeder 
is selecting for straighter stems or more nutritious foliage for food and fodder.

Tree improvement involves all practices designed to produce genetically more 
desirable trees, including tree breeding. By selection we try to utilize the best 
genotypes evolved in nature. In breeding we try to create something new by 
crossings between selected parents. By crossing we may also be able to combine 
desirable properties.

The terms ‘tree improvement’ - and, even more so, ‘genetics’ - often give the idea 
of sophisticated and highly specialised activities. However, in practice, tree im-
provement generally only signifies varying degrees of adjustment of forest manage-
ment and plantation practices, taking into account some basic genetic principles. 
Based on an understanding of such principles, we can utilize and consciously 
manipulate the materials nature has provided and developed over thousands of 
years, and at the same time ensure that we keep our options open for the future by 
including, as an inseparable part of the improvement strategy, the conservation of 
the variation found within and between species (Palmberg, 1987). 

Forest trees are different from agricultural crops in many ways. For example they 
are, despite the increasing deforestation and depletion of natural forest, still, to 
a very great extent, occurring in their natural state with, genetically speaking,  
rather limited human interference. This means that, in contrast to agricultural 
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crops, which have been cultivated for thousands of years, forest stands are a tre-
mendous source of natural variation which we should use and conserve.

We should make use of what is available in nature before we invest resources in 
more advanced methods of breeding as applied in agriculture.

Stages in the selection and breeding process are:

(1) Selection between species.

(2) Selection between populations within a species (varieties, races, provenances, 
seed sources etc.), 

(3) Selection between individuals within superior populations, 

(4) Controlled breeding, including recombination and hybridization between 
selected species, populations, parents or progeny. 

Selection/breeding of individuals involves identifying trees of a superior pheno-
type, testing their offspring in progeny trials to confirm the genetic superiority of 
the parents, and bringing together tested superior genotypes for seed production, 
to which both male and female parents contribute their superior genes. 

Selection and breeding need to be supplemented by the development of success-
ful techniques for mass propagation, either sexual or vegetative, to ensure that 
superior genotypes are available for large-scale planting. 

The challenge in tree improvement strategy is to formulate long-term plans 
through many generations, which, nevertheless, are flexible and/ or robust 
enough to embrace changes in silvicultural methods as well as innovations in 
genetical and propagation methods (Wellendorf and Kaosa-ard, 1988).

Tree improvement is further dealt with in a series of lecture notes, D-1 to D-10.
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