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FREFACE

The literature in English dealing with variation and
breeding of tree species is by and large very specialized and
scattered in numerous scientific journals and books. It is dif=-
ficult for anyone seeking an easily read introduction to the
subject to obtain from this literature a coherent view of what it
is all about. The essential unity of the subject is simply not
apparent.

For this reason an effort has been made in this publi-
cation to place forest tree improvement work against the broad
background of botanical science in the hope that the interrelation-
ships of each aspect of the subject will be brouzht into clearer
perspective, and unity given to the subject as a whole. However,

a strictly academic treatment of the subject has been avoided, and
‘examples and illustrations stemming directly from the author's
research work in forest genetics and tree improvement have been
included in the text.

In siriving to maintain an elementary level throughout
the text it has been necessary to gloss over numerous aspects of
the subject. However, it is hoped that this does not seriously
impair the value of the text for the rurpose intended, which is to
provide a coherent and easily read introduction to the important
aspects of forest genetics and tree improvement research and practice.
Terms which are underlined in the text are defined in the glossary.

A relevant bibliography is also appended.
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VARIATION, SELECTION AI'D BREEDING COF

CONIFEROUS TREE .SPLCIES: All INTRODUCTION

L. Roche

NTRODUCTION

It is recorded that the movement of plant seed by
man from its original source began as early as 4,000 B.C.,
and it is not unlikely that the purposeful or unwitting
selection of plaents developed simultaneously. The cultivated
plants of the modern world are the products of both these
activities of pre-historic man and his descendants through
the ages (3,8).

Man has successfully moved plant species, not only
a few hundred miles from their original source, but thousands
of miles, liany of the edible plants which we consider
indigenous were unknown in North America a few hundred years
ago. Indeed, one of the most common foods, the tomato, which
originated on the slopes of the Andes, as did the potaﬁo, was
practically unknown in the United Stetes and Canada during the
early l9th century. Asparacus, beets, broccoli, cabbage,
cauliflower, celery, and endive, kale, lettuce, parsley,
parsnips and rhubarb, all originated in those lands lying
east of the Mediterranean Sea. The Far East gave us egg-
plant, cucumbers and soybeans. The ifiddle East and India,
sarrots, onions and muskmelon, while Africa contributed the

watermelon (8), The wild forms of all these cultivated plants,



where they are still extant, are quite different from the
modern cultivated forms. In some instances the wild form has
disappeared from the face of the earth, for example,'the
ancestor of maize or corn.

With, perhaps, one striking exception, man, by
selection and breeding, has produced from the wild plant forms
which he found useful to his primitive existence, cultivated
forms vastly superior to the wild ancestors. The one
exception is the forest tree. Idan has used wood from time
immemorial, but the Douglas fir growing in natural stands of
the Pacific Northwest is still nature's own child., The same
can be said of many of the indigenous forests of Western
Europe. Thus the forest tree is the only remaining plant
species of major commercial importance still, for the most
part, growing in its wild form.

The conversion of the wild form of a tree species to
a cultivated form, possessing many characteristics desirable
to man, precludes natural regeneration of existing stands,
and involves the artificial propagation of improved varieties
which have been obtained from these stands by selection and
breeding, or by the introduction of exotics. For this reason,
tree breeding is particularly applicable where artificial
regeneration is practiced.

The present interest in tree breeding, therefore, is
not due to academic speculations but to the fact that the

transformation from old growth to second growth management, and
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the principles of sustained yield, have given rige to problems
which can be solved only by the wise utilization of all avail-
able knowledge concerning the genetics of forest trees. Further-
more, as noted above, since all horticultural and agricultural
plant species of major commercial importance are without
exception the products of the plant breeder's activities, it

is not surprising that one of the most valuable plant species
in the world, the coniferous tree, should now be subjccted to
the preliminary phases of a similar process.

In contrast to many other countries where forest
genetics and tree improvement is important, Canada has a large
number of indigenous coniferous tree species. These species
between them form a vast natural forest covering a great part
of the country. As sources of raw material the species
composing this great forest are fairly well characterized; their
biological characteristics, however, are only now beginning to
be investigated. These facts strongly infliuence, and rightly
so, the developnent of forest genectics and tree improvement
rescarch and practice in Canada.,

Three stages may be recosnized in this development.
The first is concerned with delimiting the patterns of variation
within the species. The raw material is "catalopued" bio-
logically, or put another way, an inventory is made of the gene
resources of the major commercial specics by genecological
research, or more popularly, provenance research., At this stage

appropriate steps may be taken to conserve in gsitu populations



representative of diverse gene resources. The next stage is
concerned with the utilization of gene resources i.e. the
establishment of seed zones and seed production areas,
delimited and characterized by the first stage. & third
stage, which nay be conducted simultaneously with the second,
pertains to the improvement of gene resources by selection,
breeding and progeny testing, and the nass production of the
improved strains. At the onresent time in Canada tree

improvenent work is concentrated in stages one and two,

2. GENETICS AliD THE THEORY OF EVOLUTION
221 Chromosones and Genes
When plant or animal cells arc stained with
certain chemicals, long, thread-like structures become
obvious in the cell nucleus. These structures which occur

in pairs in definite numbers in all plants and animals are

known as chromosomes. For example man has 46 such chromosomes,

or 23 pairs, the potato has 24 pairs, the rat 21 and spruce
species 12.

Genes are the fundamental units of inheritance.

They possess highly complex chemical and physical properties,

and are arranged in lincar order along the chromosomcs. A
person has brown cyes because he posscsses a gene or gene

complex controlling production of a brown pignent in the

iris of his eye. Similarly tree species such as white spruce

(Bicea zlauca) and yellow birch (Betula alleghaniensig) are
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different from each other because they are genetically differ-
ent. The individuals within each of these species will also
differ genetically, though not to the extent that species
differ. However, the evolutionary processes which give rise
to within species variation (intraspecific variation) differ
from those ziving rise to between species variation (inter-
goecific yariation) only in degree and not in kind.

Genes not only influence the external appearance
of an organism, they also control its internal physiological
procegsses., Thus, because of their highly different genetic
constitutions, one trec species will survive in semi-arid
regions, e.g. ponderosa pine (Pinus ponderosa) while another
will survive only in moist areas, e.g. Sitka spruce (Picea
gitchensis). Similarly, races within a tree species will
also survive and grow better in certain regions than in
others, for example thc coastal and inland forms of Douglas
fir (Pseudctsusa manziesii).

The Breeding System and Natural Selection

During the formation of the egg cell in female
organisms, and the sperm cells in male organisms, the
nunber of chromosomes is halved, and each member of a
similar pair of chromosomes will occupy different egg or
spern cells. This form of cell division which reduces the
chromosome number, and gives rise to egg and speri cells
is termed meiosis. Thus the pollen produced by the male

flower and the egg cells produced by the female flower on
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a white spruce tree will each contain 12 single chromosomes,
and not 12 pairs which is the complement of 2ll cells of
this species other than sex cells. The former number is
known as the haploid number and the latter as the diploid.

Many coniferous trecs are self-sterile, that is
they cannot inbreed, and fertilization normally occurs when
pollen from one trece is blown onto the female organ of
another tree of thc sanc species (Fig. 1). The fusion of
the nuclecus of these two germ cells, thet is sperm and egg,
results in the restoration of the diploid number of
chromosones in the fertilized egg cell which is now termed
the gygote. In this manner genes are contributed by both
parents and fixed in new combinations in the prozeny.

By a process of cell division termed pitosig
the zygote develops into the embryo which is the tiny
structure contained within all tree seed that finally
develops into the tree. Ifitosis differs from meiosis in
that the diploid cells merely duplicate themselves and
their chromosome complement, so that there is no reduction
in the chromosone number in the cells thus formed. Thus
mitotic division results in growth whercas meiosis lcads
to reproduction,

The number of possible recombinations of the
parental genes, gegregated during the formation of great
amounts of sperm and eggs, is very large for a coniferous

species. For example in a good seed ycar the seed shed by



a spruce tree will give rise to seedlings no two of which
are identical genetically. They will, nevertheless, be
distinzuisheble from the seedlings of other tree specics,
for, though they differ from each other genectically, this
difference, as already noted, is not as great as genetic
differences between species. Many of thesc seedlings will
have a genetic constitution which will allow them to survive
in the environment in which they are propagated. Others will
not, and will be elininated. Tlus, the random, within
population variation resulting from segregation and
recombination is the raw meterial which is acted upon by the
selection pressures of the environment to produce geographic
variation, that is, between population variation within the
species,

he process whereby the cnvironment "selects"
individuals and elininates others is termed patural selection.
Individuals thus selected are said to be adapted to the envi-
ronnent in which they live. It is throuszh the process of
natural selection that species evolve, hence the word
evolution,

A knowledge of the theory of evolution, therefore,
which embraces both the concept of adaptation and that of
natural selection, is essential to any clear understanding
of variation inforest trees, and thc processes of artificial
selection and breeding.

Indeed, many biologists now believe that the
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theory of evolution is the one great unifying concept that
closely knits together all the branches and experimental
disciplines of bioclogzy (12). Put a little more poetically
it may be said that evolution is a light which illuminotes
a very broad field of biological phenomena.

Inherited and Acquired Characteristics

Before discussing cvolution and natural selection
in greater detail it is necessary to distinzuish between
those cnvironmental influences which eliminate ill-adapted
individuals, and those which merely modify the external
appearance of a tree. For example the extcrnal appcerance
of a tree may be modified to a greater or lesser degree by
the environment (Fig. 2). Thus while a lodgepole pine tree
(Pinus contorta) will always be distinctly a pine, it can
be a scrubby or a tall one depending on its degrec of
exposure to strong winds, and/or other site factors. The
external appearance of a trece, therefore, is the result of
the interaction of the enviromment prevailing during its life
tine ana its genetic make up, thet is, its zenotype, and is
referred to as the phenotype. Put very simply: genotype
plus environment equals phenotype.

Environmental influences which eliminate ill-
adapted individuals and select well adapted individuals,
will in the long run result in the fixation of genetically
based, desirable characteristics, that is characteristics

which confer a survival advantage in the population. Such
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characteristics arc inherited. On the other hand, charactcr-
istics which are merely the result of "temporary" environnent-
al modification such as that illustrated in fig. 2 are not
inherited. Put another way, a characteristic acquired by a
tree during its lifec tine, as a result of enviromiental
influcnces prevailing during that time, is not inherited.
2:4 Natural Selection and Evolution
Natural selection may be explained by the follow-
ing simple analogys
"Suppose that from a pool of all the

letters of the alphabet in large, equal abundance

you tried to draw siimultancously the letters ¢, a,

and L, in order to achieve a purposcful combination

of thecse into the word "cat", Drawing out threc

letters at a tine and then discarding then if they

did not form this usecful combination, you obviously

would have very little chancc of achieving your

purpose. You might spend days, weeks, or even years

at your task before you finally succceded. The

possiblc number of combinations of threc lectters

is very large and only onc of thesec is suitable for

your purpose. Indeed, you might well never succeed,

because you night have drawn all the ¢'s, a's, or

t's in wrong combinations and have discarded thenm

before you succeeded in drawing all three together.

But now suppose that every tinmc you draw a c, an a,
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or a £ in a wrong combination, you are allowed to
put these desirable letters back in the pool and
to discard the undesirable letters. Now you are
sure of obtaining your result, and your chances of
obtaining it quickly are much improved. In time
there will ke only ¢'s, a's, and 1's in the pool,
but you probably will have succeeded long before
thate Now suppose that in addition to returning
¢'s, a's, and t's to the pool and discarding all
other letters, you are allowed to clip together
any two of the desirable letters when you happen
to draw them at the same time. You will shortly
have in the pool a large number of clipped ga, ck,
and g combinations plus an also large number of
the t's, a's, and ¢'s needed to complete one of
thesec if it is drawn again. Your chances of
quickly obtaining the desired result are improved
still more, and by these processes you have
generated a high degree of probability - you have
made it probable that you will quickly achieve the
combination gcat, which was so improbable at the
outsets Moreover, you have created something. You
did not create the letters ¢, a, and 4, but you have
created the word "cat", which did not exist when you
started® (37).

The selecting agent in neture is the enviromment, and

the genes of an individual in a natural population, say a popu-



lation of trees, correspond to the letters in the above
analogy. Those individuals of a population with favourable
gene combinations - well adapted individuals - have a

survival advantage over those with unfavourable combinations -
ill-adapted individuals. Thus over a period of time as a
result of the selective action of the environment the popu-
lation, which shares a common gehe pool, is adapted to this
environment.,

The selective action of thec environment will vary
from onc geographic region to another depending on differ-
ences in such factors as altitude and latitude. Consequently
if a specics is widespread, and occupies many diverse
environments, for example, white spruce, it will vary
genetically, and more or less parallel with variation in the
environment, This variation within a species is termed
geographic variation, and the populations thus adapted are
termed geographic varieties. It is this form of variation
within a tree species, which is also referred to as
microevolution, that is of special interest to the forester.
In time, and following isolation of the variety from the
main body of the species, a new species may evolve. This
is termed macrocvolutione

It would be difficult to improve on the following
definition of a geographic variety: "The subspecies or
geographic variety is a series of porulatiorshaving certain

morphological and physiological characteristics in common,



inhabiting a geographic subdivision of the range of the
species or a series of similar ecological habitats, and
differing in several characteristics from typical members
of other subspecies, although connected with one or more
of them by a series of intergrading forms" (39). This
definition embraces both variation which is continucus
and variation which is discontinuous, and, since the
question of which form is predominant in a tree species is
not unimportant, it is discussed in some detail in chapter
3

In summary it may be said that there are three
levels of variation in natural populations. There is
individual variation that is, within population variation,
resulting from segregation and recombination. A number of
important characteristics of forest trees are found at this
level of variation, for example wood quality. They do not
confer a survival value on the tree, and are not generally
subject to the selection pressures of the environment,
Thesc characteristics, therefore, are not habitat-correlated,
but randomly occur in individual trees. There are, of
course, many other characteristics found at this level of
variation which do confer a survival value on thec tree
Possessing them, and these characteristics are subject to
the selective pressures of the enviromment. The second
level of variation is micro-evolution by natural selection,

that is, between population variation. This is the non=
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random habitat-correlated varirtion which characterizes
populations, Characteristics at this level of veriahton gre
associtted with tho growth rhythn of the species, for example,
times of flushing and dormancy. The third level of variation
results from a combination of gelection an? igolating
mechanigmg and leads to the development of new species.

The first two levels of variation in forest trees
are of considerable interest to the forester, and it is
important to clearly distinguish between them, The third
level of variation is primarily the concern of the evolution-

ist,

3. VARIATION IN FOREST TREES
3:1 The Terrminology of Intraspecific Variation Patterns

A provenance is a given seed lot from one or more
trees from any one part of the species distribution, and is a
sample of the gene resources of the population occupying this
region. Depending on the intensity of sampling, and the
degree of variation within the population, this sample may
adequately represent the gene pool of the ponulation or it
may be quite unrepresentative. Therefore, if seed is being
collected for experimental purposes it is always wise to
collect from a nurber of trees well scattered throuszhout
the pooulation, In this scense a provenance is a gernetic as
well as a geographic entity,

A population is a group of potentially inter-
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breeding individuals; for example a coniferous stand in
which every tree is capable of passing and receiving pollen
from every other tree.

The variation pattern of any characteristic
within a coniferous species may be continuous or dis-
continuous. That is, it may very progressively from one
environment to another, if there is a gradual transition
from one environmental regime to another. If there is not
a gradual transition the species may be broken up into a
gerics of non-intergrading populations each of which
exhibits the character in a different form.

If the variation pattern is discontinuous it is
saild to be ecotypic, and the population thus adapted is
termed an geotypes If the variation pattern is continuous
it is said to be ¢linal, and the adapted population is
termed an gcocline.

For example, the fragmented lodgepole pine popu=
lations growing in such discontinuous end diverse environments
as the bogs of Lulu Island and the rocky outcrops of coastal
British Columbia are likely to exhibit ecotypic variation.
On the other hand white spruce populations, which are
continuous in their distribution through gradvually changing
enviromments from low to high elevations and latitudes are
likely to exhibit clinal variation.

3:2 Climate and Variation

The selective pressures at work in any particular
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environment have three principal components; these are
climatic, edaphic (influenccs related to soil) and biotic
(influences rclated to living‘organisms). Of these three,
climate is by far the most important, particularly with
regard to the selection and adaptation of coniferous trees.
Edaphic and biotic factors also play their part, and in
special circumstances can assumec importance, but in most
instances the climate is the basic component, for it
largely determines thc character of the other two. Thus
whatever the techniquc used in the study of variation
within species, the most accurate information possible of
the clinatic regime of the provenances selected for study
is indispensable. This is particulerly important in areas
wherc there are striking differcnces in climate over
relatively short distanccs.,

Generally speaking the length of the growing
scason, which may be taken as the number of days between
the average datc of the occurrence of late spring frosts and
early fall frosts, is closely correlated with altitude and
latitude. European workers have demonstrated that an
increase in altitude of 100 metres, and an increase of 1
degree of latitude will both result in the shortening of
the growing season by approximately 5.5 days (40)s There
is little doubt that thesc figures are only roughly correct
for Canada, for in many instances the temperaturc regimes

expected on the basis of altitude and latitude may be
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reversed by such local factors as air drainage, elevation,
exposurc to invasions of cold air, etc. (9).

The number of days in the growing season is
an important index of the climatic regime in a given area,
and conseguently it is closely related to the growth rhythm
of the treec population occupying that arca.

hnother important factor of the environment
which influcnces thc growth rhythm of many plants including
forest trees is the cday length, or photoperiod as it is
technically referred to. Day length varies with the seasons
and with latitude, but at a given altitude and latitude is
constant from year to year on any particular day., On the
other hand the date of occurrencc of late spring frosts and
early fall frosts at the same location will vary from year
to ycars. If the initiation of, say, dormancy were influenced
by nothing more than temperature, then an unseasonably mild
latc fall, rapidly followed by freezing temperatures, would
result in severe frost damagc to shoots still growing because
of the unseasonably high temperatures. However, if day
length directly influenced the growth rhythn, then plants
would go dormant when a critical day length is reached ir-
respective of prevailing tempcratures. Plants which continued
to grow after the occurrence of the average date of late
fall frost would be continually cut back by frost damage,
and finally ecliminated from the population. In this way vital
growth phases of the population are adapted to a particular

photoperiod,
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The interaction of day length and temperature
on the growth rhythm of trce species is a complex once.
Nevertheless, it may be stated that dormancy is predominant-
ly influenced by day lcngth and that a leaf pigment termed
phytochrome, or a phytochrome -likc substance, is the
rcgponsiblc agent. Phytochrome changes its composition
under the stimulus of varying day length and thercby
initiates a series of chemical processes which lead to
dormancye

There is relaetively little clim tic information
for many of thc great forested areas of Canada. Never=-
theless, the information that is available, together with
data concerning soil and land forms, and the distribution
of plant species, is sufficient to allow the recognition
of certain broad forest rcgions. Forest regions are eco-
logically distinct from cach other at their centers, and
conscquently exert differcnt selection pressures on popu=-
lations of a single spceies which ranges through several
regionse These regions (36) and their subdivisions (19,
20,22,23) are, therefore, important in rclation to the
interprctation of patterns of geographic variation in
Canadian tree species, and also in relation to the
occurrence of these species.

In summary, therefore, it may be said that

the climatic pattern determines the genetic pattern of
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variation within the species. The growth rhythm of the

adapted population is in phase with the surrounding climatic
rhythm, This growth rhythn is genetically fixed; consequent-—
ly if a provenance is transferrcd to an area where its

growth is out of phase with the surrounding envirconment -

for example if a provenance is transfcrred from low

clevation to high elevation - it may not survive, and certainly
will .not thrive, in its alien surroundings.

In the following sections practical examples will
be given illustrating the points made in the preceding
paragraphs. These examples arc for the most part related
to the distribution and variation pattern of Canadian treec
species.

Morphological Exprcssion of Genetic Variation

Some morphological characteristics of forest
trees such as absclute size and form are easily modified by
the environment, that is, they are not under strong genetic
control (Fig. 2). On the other hand other characteristics
are under strong genctic control, and can be modified only
slightly or not at all by the cnviromment. For this
reason genetic varietion in thc forner charactcristics can
be measured with accuracy only when the provenances under
study are brought to a uniform enviromment, while the
latter characteristics can be studied in the natural popu-
latione

Characteristics which are under strong genetic
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control are rclated to the rcproductive rather than the
vegetative parts of the plant though thosc vegetative

parts of the plant, nore remotc from the direct action of

the envircnment, may also be a good expression of the genotype.
One of the main reasons for the stability of the floral parts
is that their growth after differentiation is always
considerably less in forest trees than in any of its
vezetative parts,

For these reasons, thercfore, striking differ-
ences in gross morphology of forest trecs in their natural
habitat are seldon indicetive of major genctic differcnccs.
This statement, of course, applies to populations rather
than individual trees, for it is certainly not unusual to

find mutant types which in gross norpholozy are quite differ-

ent from the rest ¢f the populations Their occurrence,
however, is rarc cnough to render them unimportant with
regard to natural sclection and the build up of subspecific
variation, They do, of course, provide the horticulturist
with numerous ornamentals, and more rarcly the trec breeder
with a polyploid specics, that is a specics with three or
more times thc haploid number of chromosomes in its cells,
for example thé triploid aspen. Sometimes, however, a
striking difference in gross norphology can reflect a
genetic difference between populations occupying extensive,
clear-cut climatic regions; for example the bark of the

continental and coastal forms of lodgepole pine (Fig. 3}
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Fig., 4 shows the extiremes of the spcetrum of
variation in conc scale morphology in the white-Engelmann
complex in British Columbia and Fig, 5 shows the relation-
ship between an aspect of this variation and altitude. The
implications of this result with regerd to hybridization
between white and Engelmann spruce will be discussed in the
following section, For present purposcs it is sufficient
to note that there is a definitc association between place
of origin end morphology of the sample. The change in
shape of the cone scale is a progressive one snd reflects
more or less the changing environment which runs parallel
with increasing altitude.

In most instances selection in a natural popu-
lation of trces involves many Aiffercnt genes, This will
be better understood if it is recalled that the genes are
in linear order along the chromoscmes. Some genes are so
close to cach other that they are not separated during
meiosis. Such gencs arc said to be linked. Consequently
if a gene controlling a characteristic which confers
a survival advantage on a tirece is linked to another
which controls say, shape of lecaf or cone ceale form, then
both will be selected together, For cxamplc there is
evidence that the chemical content of the necdles of
white and Engelmann epruce and their hybrid (21) varics in
a manner similar to cone scale form illustrated in Fig. 6.

t must be noted here that the above statement
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concerning linkage of genes, and thc implied one gene=~one
charactcr relationship is a very oversimplificd explanation
of the actual situation. Nevertheless, therc is little
doubt that many non-adaptive characteristics in plant
species, that is characteristics which confer no particular
survival advantage on the population, arc correlated with
physiological processcs, for examplc, periocd of dormancy,
which are decidedly adaptive.

In summary, thereforc, it may bc said that the
variation pattern in conec scalc morphology referred to
above, if not itseclf of direct advantage to spruce popu-
lations, reflccts a physiological pattern of variation in
these popul~tions which enables them to survive and thrive
in the varying habitats in which they are found.

The value of studies of this nature is that
they provide information concerning the pattern of variation
in the wild, mature populations of trce specics which have
undergone selection and adaptation, end possibly hybrid-
ization, in their natural habitat, In this way the scope
of subsequent experimcntal work in immature populations in
controlled and pertially controlled environments is
narrowcde. These tests in turn narrow the scope of field
tests which ultimately follow all preliminary assessments
of variation in controlled and partially controlled

environnents,
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Natural hybridization and Veristion

In the last paragraph of the previous section
it was implicd that the variation pattern within a species
may be influenced by hybridization and that a measure of
the degree of hybridization can be obtained by an
examination of field specimens of cones and foliage. This
subject will now bec exanined in rclation to the Canadian
-pruce specics,

When the gecographic ranges of plent species
overlap, the spccics are said to be gympatric. If the
geographic ranges do not overlap the species are termed
allopatric. For example lodgepole pine (Pinug contorta)
and white spruce (Picea glauca) are sympatric in British
Colunbia, while in Quecbec whitc spruce is allopatric in
rospect tc this speciese.

It is obvious that if the ranges of two
speciles overlap, the possibility of hybridization is
greatly increased; particularly if the species, unlike
those referred to above, are morphologically alike and
belong to the same genus. However, it is very important
to note that the hybrid generation cannot successfully
compete for survival in the habitats of the parental
forms, for the parents will be iuch better adapted to
their habitats than the hybrids. Consequently an
ecological niche must bec available to the hybrid before

it can survive end colonize an area. "... This explains
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how specics remain distinct in nature in the facc of
hybridization. Since the hybrids are not so well adapted
as their parents to their habitats, they are weeded out
by netural selection. In disturbed habitats formed by
deforestation, clearing, cultivation, etc., somc of the
hybrids formed may have a combination of characters
better adapted than their parents to the new mixture of
habitats produced" (18).

The range of white spruce in British Columbia
overlaps that of Engelmann. Black and whitc arc sympotric
in many areas of the boreal forest of northern Canada.

Sitka and whitec are sympetric in the rcgion of Hazelton in
northwestern Biritish Colunbia, and possibly in other similar
rcgions, and red and black spruce are sympatric in southern
Quebec, and in the Maritimes., Therefore one‘of the
principal requirements prcrequisite to hybridization
between these species is present (11,16,21,32,33,34). Now
the requirenent prerequisite to the successful cstablishment
of the hybrid, that is, thc availability of an ecological
niche, is to a great extent met with regard to the white-
Engelnann and white-Sitka hybrids. «s alrcady noted there
exists a broad transitional zonec between the low elevation
whitc spruce forests, and the high elevation Engelmann
spruce forests., This zone is available to the white-Engelmann
hybrid. Thus the pattern of variation in cone scale

morphology (Fig. 5) varies progressively from low elevation,
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montanc white spruce forests through the hybrid form to
high elevation subalpinc Engelmann spruce forcstse
Similarly there exists a broad transitional zone along the
river valleys between the coastal forests of Sitka spruce,
and the Montane forests of white spruce. This zone is
availablec to the Sitka-white hybrid. Therc is no such
clear-cut transition zone between white spruce and black
spruce in the boreal forests of northern British Columbiea,
and conscquently it is not surprising that little evidence
has been found of hybrid populations similar to that of the
white-Engeclmann hybrid (Fig. 5). However, this does not
imply that individual black-white hybrids do not occur in
northern British Columbia where these species are found
togecther. Sinilarly, the black-red sprucc hybrid in Quebec
does not appear to have colonized a perticular ecological
niche intermediate between that of the parental forms.
There is, however, no doubt thet this hybrid occurs in
Quebec.,

By using graphic mecthods such as that represented
in Fig. 5 it is possible to elucidate the variation pattern
in the sympatric zoncs by indicating the rclative proportion
of each species present, and providing somc cvidence of
degree of hybridigzation, if any.

In summary, therefore, it may be stated that
introgregsive hybridization affects the variation pattern

within the coniferous species involved. Such hybridization
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docs not occur independently of the processes of sclection
and adaptation - at least with regard to the examples given
above - which operate to produce geographic variation. &4
natural hybrid of a ccniferous species will be successful
only if an cecological niche favourable to its survival is
present in thc general rcgion occupied by the parental
speciese It is important to note that in regard to the
survival of the natural hybrid the word ecological niche
refers to the total enviromment, thet is, all climtic,
edaphic and bictic factors affecting the survival and
colonization of the hybrid forms,

With a programme of artificial hybridization it
is, of coursec, possible tc match hybrid and site. This
possibility, however, is discussed in chapter 5. The
discussion concerning artificial crossing in a seed orchard,
given in the same chapter, is alsc relevant to this problem.
Therefore, it is sufficient to note here that a knowledge of
the gepecology of each species, race or provenance involved
in a crossing programme is indispensable if the hybrid
progenies of each cross are tc form thrifty plantations,
that is, if hybrid and site are to bc well nateched. This
knowledge is obtained by investigations such as those
described above and in the following sectionse
hssessment of Variation in Controlled and Partially
Controlled Environmcnts.

Physiological variation is of direct interest to
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the forester. He is intercsted in morphological variation
insofar as thot variation is correlated with genetically
controlled physiological processcs. However, a complete
evaluation of these processes whether correlated with
morphological characteristics or not, can only be achieved
experimentally. These cxperiments can bc conducted in a
growth chamber, thot is, en artificial enviromment over
which there is complete control, in & narsery, which is a
partially controlled environment, and under natural conditions
in the field. To date most experiments involving studies

of provenance have been conducted under the latter condition
only. The provenances which are sclected for study are
planted in randonized and replicated blocks in an area
which is sclected for its ecologic homogeneity. The
experiment, which is recferred to as a provenance trial,

is extended by selecting similar areas in different climatic
zones and planting the saric provenances.

In rccent years attempts have been made to
assess genctic differcnccs in growth chambers and in the
nursery, not to the exclusion of, but as a supplecuent to
the field test, that is the provenance trial, Therc is
little doubt that contrclled environments will be
increasingly used in the assessment of genetic variation
in trec speccies,; and in relating that variation to
euvironmental factors at the place of origin of the material

under study. The work of Dormling et al. (13) is an
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excellent example of the efficacy and practicality of this
approachs

s nursery can be considered a pertially
contrclled environment. For exanmple the fertility of the
soil can be enhanced and kept uniform, and an optimum
moisturc regime meintained. Under such conditions, and if
the experiment is well replicated, and the number of
provenancecs and individual trees in each provenance is
sufficiently high, much can be lcarned about the genetic
variability of the species in the nursery. For example,
Fig. 6 shows the relationship between the growth response
of 12 one-year-cld provenances and the altitude at their
place of origin. The pattern of variation is distinctly
clinal, and it is clear that the high elevation provenances
have bchaved quite diffcrently from those from low elevations.
Note that the pattern of variation illustrated in Fig. 6
complcnients that illustrated in Fig. 5.

Fig. 7 illustrates a geographic pattern of
variation in 150, 2-ycar-old spruce provenances in time of
entering dormancy. These provenances were all grown in the
sanme nursery on Vancouver Island in British Columbia.
Nevertheless, because of the gerctically detcrmined pattern
of variation resulting from adaptation to widely different
environments at their place of origin these provenances
differ aonsiderably in the time they enter dormancy. High

elevation provenances enter dormant first, then lower
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clevation, followed by those in areas of coastal influence,
e+ge. the llass and Skeena River basins. The coastal
provenances, which of course are Sitka spruce, go dormant
last of all. The silvicultural impliceticns of these
patterns of variation in juvenilec spruce pepulations have
been discussed by Roche (34).

The Field Test

Idcally the ficld test, which is essentially a
long term study, follows the detailed short term genecological
studies discusscd above. These prcliminary studies provide
criteria for the selection ¢f provenances for field testing,
and for the selection of clim~tic zones in which to test
these provenances.

If the field test is replicated in several
climatic zoncs it is possible not only to obscrve differ-
ences in provenanccs, but also to determine the differential
growth behaviour of the saie provenanccs under different
climotic conditions.

Fig. 8 shows the diffcrential growth behaviour
of six, l4~year-old red spruce provenances growing at threc
different sites in Quebec. It will be secn that the growth
of all provenances is gcnerally rnore vigorous at Valeartier,
and thot growth of the Quebec and New Brunswick provenances
is supcrior to that of nore southernly provenances at all
threc test sitese

Within its tenperature range, red spruce is
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restricted to areas where the climete is humid. Precipitation
at Valcarticr during the growing scason is higher than at the
other three test sitcs. It is possible, therefore, that the
superior gzrowth -f the provenances at Valcartier can be
explained by this important difference in climate between the
threc test sites.

Ficld tests such as this, when conducted for a
period of time which will vary with specics, yield definitive
information concerning the adaptability of diverse provenances
to the environnent of the test site. This information, in
conjunction with all other studies of variation within the
species, is of considerable valuc beth to the silviculturist,
and the tree breeder.

In order to bring this chapter into correct
perspective it is necessary to reconsider the practical aims
of the studies outlined aboves

It is often necessary, and sometimes desirable
to transfer seed considerable distances from its source:
nceessary when low quantities of seed are produced in
areas scheduled for planting, and desirable when more rapid
growth can be obtained than is possible at the source, The
silviculturist, thercfore, with a large planting programme
to fulfil, very frequently wishes to know the range of
tolerance of a particular provenance. That is, how far from
its source can secd be transferrcd without detriment to

the survival and performance of secdlings.
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Using the techniques outlined above the genecologigt
attempts to delimit the pattern of veriation within a widely
distributed species. If he achieves his objectives, he can
provide seed transfer criteria for the silviculturist. He
will also have "catalczued" the raw material for the tree
breeder, or put another way, hc will have made an inventory
of the gene rescurces cf the species. This is the first
stage in the conversion of the wild forest to cultivated
plantationse The second stage, described in the following
chapter, deals with the utilization of the gene resources
delimited and characterized by the techniques of the first
stages L4 third stagc which may be conducted simultaneously
with the sccond, dcals with the improvement of the gene
rcsources by selection and breeding.

In conclusion it is worth noting here that all
the studies referrcd to in this chapter have as their
objcctive the elucidetion of habitat-corrclated, genetic-
ally-bascd variation within species. These studies,
thercfore, fall into that branch of botanical science termed

genocology,



Fige 1. Male (center) and fenale strobili (left and right)
of white spruce. IMany conifers are obligatory cross
pollinators, and normal quantitics of viable seed
arc produced only when the pollen from one trec is
blown on to the female strobili of another treec of

the sane species (30).
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(4) Coastal lodgepole pine (Pinug contorta ssp.
contorta) on an exposed rocky outcrop near Whitecliff,
Vancouver, B.C. Note thc wind blown crown, and the
generally depressed growthe (B) The same coastal
form on a good site near Olympia, Washington. Note

the normal growth habit in contrast to that exhibited
in (4).h modified character, such as that illustrated
in (A), which is the result of environmental conditions
prevailing during the lifetime of the tree, is not

inherited (29).
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Fig. 3. (&) Bark of coastal lodgepole pine (Pinus contorta
ssp. contorta) near Parksville, Vancouver Island,
B.C. (B) Bark of interior lodgepole pine (Pinug
contorta ssp. latifolia) near Chinook Pass,
Washington, If a species is very widesprecad and
occupies quite diverse environments, as does
lodgepole pine, which is found in coastal and
continental clinetic regions, then a striking differ-
ence in a gross morphological character, genetically

based, may be found (29).






Fig. Le

The two cxtremes and an intermediate form of the
spectrum of variation of cone scale morphology in the
white-Engelmann spruce complex in British Columbia.
(1) represecnts a white spruce population at 2,700

ft. ncar Williams Lake, (3) an Engelmann spruce
population at 5,200 ft. near Kamloops, and (2) a
sympatric population of both species at 3,300 ft.
near Merrit. Although only cne intermcdiate form

is shown here it should be noted that wherc the
species are sympatric every variation in cone scale
morphology is found between the two extremes, This
provides strong evidence of introgressive hybridization

(32).






Figc 54

Relationship between altitude and variation in cone
scale morphology in the white-Engelmann spruce
complex in British Columbia. Each point on the
curve represents the mean of 100 cones. The pure
forms of white and Engelmann spruce in British
Columbia are distinct taxonomically and occupy quite
distinct ecological niches. However, the intervening
ecological zone is occupied by hybrid swarms, with
the result that white and Engelmann spruce in
British Columbia are the extreme forms of a clinal
pattern of variation which ranges from low elevation
montane white spruce forest to high elevation

subalpine Engelnann spruce forest (32).
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Fig. é. Relationship between the growth behaviour of 12 one-
year-old spruce provenances grown in a uniform
enviromment and altitude at place of origin. Each
point on the curve represents the mean of 20
sxdlings. Note the clcse relationship between
growth and altitude. The high elevetion provenances
have the lowest shoot length/root collar diameter
ratio. In white and Engelmann spruce the amount of
shoot extension in a nursery during the growing
season is closely related to time of entering
dormancy. Those seedlings which are the first to

enter dormancy produce the least growth (34).
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Fige 7. Relationship between the degree of dormancy on July
14, and altitude at place of origin of 150 spruce
provenances grown in a uniform environcent in a
coastal nurserye. Note that high elevation provenances
go dormant first, then provenances from lower
altitudes followed by those from areas of coastal

influence (32),
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Fig. 8.

Shoot extension during one growing season and total
height for 6 diverse red spruce provenances at each
of three test sitegs, DNote that growth of all
provenances is best at the Valcartier site, and that
the northern provenances are superior in zrowth to

the southern. (33),
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Fig. 9.

Diagrammatic representation of the steps involved in

thc selection and breeding of coniferous tree species.
The first step in the transformation of the wild un-
cultivated forest into cultivated plantations possessing
nany characteristics desirable to man is the assessment
of genecological differentiation within the species.
When this is done criteria are available for selecting
outstanding individual trees or populations. Such
genecological investigations also provide criteria for
programs of inter- and intraspecific hybridization as
well as inbreeding, This is the ideal. In practice,
however, breeding programs have been initiated
simultaneously with genecological investigation, or even
befores. Frejuently there are sound practical reasons
for this, and local conditions rather than theoretical
considerations, will often determine the development,
and direction of the program. After the genecologist
has "catalozued" the raw meterial for the tree breeder,
individual trees and populations are selected for certain
outstanding characteristics, and further propagated in
clone banks and seed orchards. Following controlled
pollination and progeny tests the genectically improved
material is used for reforestation, After meny years of
selection, breedins and reforestation, the improved
strains of forest trees will supplant the wild forms,
just as hybrid corn has supplented its primitive ancestor

(31).
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4o THE UTILIZATION OF GENE RESOURCES WITHOUT BREEDING
43l Seed Zones

The principal objectives of a program of
selecting and breeding of a tree species is to insure a
seed supply that is gcographicelly appropriate, genetic-
ally superior, and quantitatively adequate. What is
geographically appropriate is determined by genccological
studies. Genetically superior seed, that is, superior to
the wild form in certain desirable characteristics, is
obtained by sclceting phenotypes exhibiting to a high
degree the desired characteristics, and then cstimating
the heritability of these cheracteristics bv progeny tests.
4 quantitatively adcquate supply of improved seed is
obtained by the establishment of seed orchards on a
sufficiently large scale to supply the nceds of a reforcst-
ation program,

Objectives two and three cannot be achieved in
a short time. A very great decl of work is involved over
a long period of time to achieve these objectives for even
one species. Nevertheless, cduring the interim period,
and when somc information has been obtained concerning
geographic variation within a tree species, a number of
steps may be taken to insure that the genetic potential of
each sced lot collected for reforestation purposes is
fully exploited.,

This work can be initiated independently of a
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progran of selection and breciing of the species. 1t does
not depend on such a program, and consequently, its imple-
mentation needs not be hindered if it is decided for economic
or other reasons, that a program of sclecting and breeding
is not warranted.

The first step involves the demercetion of seed
zones which govern the transfer of seed. A&t the present time
in Canada there is not enough information concerning
geographic variation within the major species warranting
the denarcation of well defined seed zones. There is,
nevertheless, cnough information, and this information is
continually accwmlating, to allow the establishment of
prelininary seed zoncse. This has been attempted by workers
in the Maritimes and British Columbia (14,17).

Seed zones are based on all available
information pertaining to variation within the species, and
clinatic differences throughout its distribution. Recommend-
ations are made ag to how far from its place of origin a
provenance may be transferred without detrimental silvicultural
effect, In some instances it is possible to indicate the
probability of silvicultural gain by moving a provenance
away from its place of origin. For example, there is
evidence that certain provenances of white pine (Pinus
strobus L.) moved north of their place of origin will grow
more rapidly, and survive almost as well as local white pine

(14).



The establishment of sced zones is of major
importance in reforestation programs, for it is the best
way of insuring that the genetic potential of the species
is fully exploited by the silviculturist. Seed zones,
however, are of little value if there is a chronic shortage
of seced for reforestation purposes. For in such instances,
and however willing the silviculturist may be in following
the recommendations for a partisuler seed zone and species,
he is unable to do so because the appreopriate sced is not
available for the area scheduled for planting. The answer
to this problem is the establishment of seed production
areass
Sced Production Areas, and Production Seed Orchards,

If artificial regeneration is the accepted means
of establishing forests, then it is sinply a further
rationalization of the planting program to insurc an adequate
supply of sced by cultural ncans rather than continue to
depend on seed supplics from the wild uncultivated forest,
a source of seed which is crratic in the extreme, and
frequently low, not only in quantity but also in quality.
In this regard seed production areas can yield results in a
relatively short period of time. Furthermore, unlike certain
aspects of trec improvement, objectives may be very sharply
defined, and thc reclative value of the end product clearly
assessed.

Seed production areas are established by selecting



stands which are supcrior phenotypically, within the popu=-
lations from which seed is required. The principal reason
why seed is required from such stands is that studics of
geographic variation have shown that seed from these popu~
lations is appropriate for arcas scheduled for planting.
The stand is thinned, with particulcr attention being paid
to felling inferior phenotypes, and fertilized.

A basic assumption in regard to sced production
areas 1s that the seed crop of a natural stand may be
enhanced by certain treatmentse. Therc is much evidence to
support this assumption. Howcver, sincec the treatment
applied will vary with species, a number of questions must
be answered before a seced production area is established
for a perticular specics. For cxample: (i) What is the
optimum stand density for secd production, and how is this
density atteincd while avoiding wind throw (1i) what
fertilizcr should bc used, how ruch should be applied, and
when (4iii) what arc the best methods of harvesting concs
from standing trccs without affecting the fecundity of the
trees.

Sced orchards arc discusscd in some detail in
the following chapters It should be noted here, however,

that seed orchards can be established with the sole object-

ive of mass producinz sced that is not genetically inferior,

and is of the correct provenance desired for reforestation

prograns. Such sced orchards should be called production
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seed orchards in contrast to experimental seed orchards
which ain at the production of genetically improved sceds

Production sced orchards, like seed production
areas, arc an intcrim neasure to ensurc an adequate seed
supply during the long waiting period between the initiation
of a breeding program and the attainment of its objective,
which is the mass production of genetically improved seede
Seed Registration and Sced Gertification.

Obviously thc demorcation of sced zoncs and the
establishment of sced production areas and production seed
orchards inevitably lecad to sccd registration. All sced
collected for reforestation purposcs must be fully document-
ed as regard to origin. Prccise information is requirecd
concerning the stand from which it is colleccted. 4Altitude,
latitude and lonzitude must be accurately recorded.
Information concerning the gencral ccology of thc area is
also always desirable. For example, what are the percent-
ages of associated tree species present, and what is the
aspect, slope, and condition of drainage.

4s seed colleccting becones more systematized,
and when agencies responsible for sced collecting and
registering, plus tree selecction and progeny testing, have
developcd sufficicnt competence and authority, seced
registration leads inevitably to secd certification.

There are internationally recognized standards

of seed certification, and in the long run no tree breeding
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program can be successful without full adherence to such
standardse Furthermore no seed should be distributed, and
called genetically improved sced, until it has fully met
internationally recognized standards of testing and
marketinge.

In summory it can be said that the best way to
utilizec goeopraphic variction in a tree species during the
period between thc initiation of a program of selection,
breeding end progeny tcsting and the attainment of its
objectives, is to (i) demarcate seed zones, (ii) establish
secd production arcas and production seed orchards (iii)
maintain a seed register. Other things being equal, there
is 1littlc doubt that if these three processes formed an
integral part of a reforestation program for a given species
dry weight per acrc per annun would be increased in plant-~
ations of this species. As Zobel has pointed out "some of
our grecatest gains, often large enough to justify the whole
tree improvement effort, have come simply by recognizing

and using the proper seecd source" (41).

5. THL UTILIZATION OF GENE RESCURCES BY BREEDING
5¢1 Seclection of Individual Trees Showing Desirable
Characteristics.
Characteristics of a raw material which are
considered desirable for one particular use may not be

considcred desirablc for another. Branchincss, with its
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accompanying knots, is an undesirable characteristic in
veneer manufacturc, but, nevertheless, is of less importance
in pulp and paper production.

The complete rationalization of silviculture
would entail the production of diverse types of forcst
trees cach in its way best suited to a particular industry.
This is not a practical proposition at the present time, at
lcast in those forest regions where growth is relatively
slow, nor is it really desirable; for the processing
industries can be rclicd upon to devclop techniques for
utilizing the raw material thet is available. For example,
the pulp and paper industry of the Eastern United States is
now utilizing the largc hardwood forcsts of that area. It
is usually ruch easicr to develop techniques for the
nanufacturc of a raw material than to attempt to change the
nature of the raw material in order to accommodate a
particular manufacturing procecss. However, whcrc the
rotation pcriod is rapid, as in the Southern United States
and South &frica, it becomes more feasible to attenpt to
breed numerous strains for a variety of uscs.

For the rcasons stated above, and becausc of
the difficulties involved in sclceting for a large number
of characteristics, it is likely that selection in forests
of the Nurth Temperate regions will be confined, for the
tine being, to fivc basic characteristics which are

generally desirable irrespective of the final use to which
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the wood is put. It is assumed that selection will be
confined to species which have alrcady been subjected to
genecological investigation. These five characteristics
are as follows:

(i

i Resistance to discasce
(1i1) Goold seed producer,

(iv

)
)

(iii) Rapid growth ratc.
) Wood of high specific gravity
)

(v

It is obvious thet characteristics onc and two

Stroightness of sten.

are not only desirable, but essential. There is little
value in selccting for three, four and five if the species
cannot be propagated cheaply, and in abundancee.

Having decided what characteristics arc to be
selected the trec breeder makes a survey of the natural
population of the species he has undertaken to improve. He
then selects those individuals which are outstanding in
relation to their ncarest neighbours with regard to the
possession of thesc desirable characteristics. Numerous
snmall branchlets are taken from the upper crown of the
seleccted trees, now referred to as plus trees, and then
grafted on rootstock, that is, young trees of the same
species. In this way it is possible to propagate and
naintain indefinitely, numerous representatives of a single
superior trecs The major steps involved in selection and

propagation of plus tree material are illustrated in Fig. Q.
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The numerous represcntatives of a single tree,
that is, the branchlets referred to above, are all identical
genetically both with each other and the tree from which
they were taken, This is in direct contrast to the
progenics arisinz from seed collccted from the same trec,
no two of which, as alrcady noted, =rc genetically alike.
These numerous represcntatives of a single genotype are
collectively termed a clone. IBach individual of the clone,
i.e. each branchlet, is terned a ramet, and the tree from
which they are taken, the ortete Following grafting on
rootstock the ramct is referred to as the gcion.

The clonec bank is a continual source of supply
of the sclccted naterial, and provides scions for the
establishment and naintenance of seed orchards even when the
forest tree from which the scions werc taken has been
felled. This is the principal function of a clone bank.

Having once established a clone bank it is
possible to draw from it sclected cloncs for the purposes
of establishing a seed orchard. 4 seed orchard is simply
an arca in which the selected material is brought togetner,
with the objective of seed production. In the long run
the principal function of a seced orchard, is the production
of seed which is geographically appropriate, genctically
supcrior, and quantitatively adequate. This is possible in

a secd orchard for the following reasons:
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(1) The precise geographic location of the place of origin
of each clonc in the seed orchard is known. The
phenotypic quality of the plus trec from which the
clone was taken is known, and if studies such as
thosc described in chapter 3 have been carricd out,
the racial characteristics of the population, of
which the plus treec is a member, are also knowne All
this provides criteria on which to base decisions
with regard to the artificial crossing of cloncs
representing different races.

(2) Artificial crossing can be controlled with ease, and
when two clones have shown gzood combining ability
when crossed, that is have given superior progeny,
the cross can be continued indefinitely. Clones
which produce poor progeny, whatever the cross, can
be clinminated from the sced orchard.

(3) The seed orchard cen be located in a clinatic region
which favours sccd production, and laid out in such
a way that mechanical cultivation, designed to
further increasc seed production, is facilitated.,

(4) Cone collceting is greatly facilitated due to the
low position of the crown and the accessibility of
every trees

(5) Because of thc case with which their prescnce can
be detected, and remedial mcasures applied, losses
duc to insect damage can be reduced to a very low

level, or even eliminated,
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The seed orchard may be cstablished either by
rooted cuttings, which is the most desirable methocd, or by
grafting scions on root stock. The seclection of either one
of these ilethods will depend on the species rootability.
Cuttings from certain coniferous tree species root very
easily, whilc others are extrencly difficult to root.

Though the vegetative propagation of plant
materizl has been practiced for many years therc arc still
many problems to be solved concerning the vegetative
propagation of coniferous tree spccies. s najor problen
ig incompatibility between scion and stock, and it is now
becoming obvious that initial success in grafting a species
is no guarantee of compatibility. Grafted Douglas fir
which has been growing vigorously for a number of years is
now exhibiting widesprcad incompatibility between scion and
stock (28),

Vezetative propagation in forest genetics
research and practicc has been discussed in some detail by
Nienstaedt et al (25). It was concluded, and this conclusion
is still valid, that "Futurc rescarch must placc emphasis
upon studies of the physiological processcs involved in
graft union formation and incompatibility and in root
initiation. Fundamental aspccts of water rclations,
nutrition, and the role of hormonecs rust be further
investigated and understood, and the rclationship between

age and rooting must bc clucidated"
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For these recasons it is very important to take
into account the species amenability to vegctative
propagation in the early stages of a tree improvement
program. If the species is not amenable to any form of
vegetative propagation then it may be neccessary to establish
seedling seed orchards. This is done by collecting seed
from cach plus treec and then using scedlings in the orchard,
the progenies of cach tree being carcfully labelled so that
they are always identifiable.

There are certain fundamental diffcrences
between a seedling sced orchard and a grafted seed orchard
which need not concern us here. The relative merits of
both in regard to improving the spccieshgye been the
subject of considerable debate. It is sufficient to note
that if vegetative propagation of the sclected material is
not possible, then the establishment of a seedling seed
orchard is a valid alternative,

Progeny Trials

Plus treces are selected because of their
phenotypic superiority to the surrounding trees in a
natural population. This, however, becausc of the
variability of the natural environment, is no guarantec
that the seclected trecs are genetically superior. For
this reason all plus trees rust eventually be subjected
to progeny trials to determine the extent to which they

arc genetically superior to the average of the natural
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population from which they were selected. The progenies of
intra- and interspecific crosses must be sinilarly tested.

A basic assumption of progeny trials is that when
progenics of controlled crosses are grown in a uniform en-
vironment the phenotype is a good expression of the genotype.
Therefore, if a particular plus trec has good combining
ability, that is, if the progenics of a cross involving this
tree and any other plus tree are always superior in growth
and vigour it can be assumed that this plus trec is
genctically superior. On the other hand if the progenies of
a plus tree exhibit inferior characteristics no matter what
the cross then it can be assumed that this plus tree is
inferior genetically, and should be eliminated from the seed
orchard.

To evaluatc and select that portion of the
controlled crosscs showing superior characteristics, the
prozeny rust be sown in a conventional experimental design
embodying replication and randomization, both of which are
essential to the assessnment of experinental crror.,

Early asscssnent of progeny differences may be
made in growth chambers, green houses, and in the nursecry.
Usually thecse preliminery tests are followed by field trials.
The methods used, therefore, in assessing the growth differ-~
ences in the progenies of controlled crosscs are no differ-
ent in principle to the methods used in assessing geographic

variation within a tree species. The inproved strain must
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of course, be adapted to the environment of the area being
reforcsted. For this reason a knowledge of the genecology
of the parental forms is indispensable.,
53/ Artificial Hybridization

There are two aspects of artificial hybridization,
between and within specics, which will be discussed
separately. Between species, or interspecific hybridisction
involves crossinz races of two distinct species, while
within species, or intraspecific hybridization, is confined
to crossing races of the same species.

The principal advantages of hybridization,
whether between or within a specics, are as follows:

(i) To increase the size of thc gene pool in respect to
adaptive characters so that it may be possible to
extend thc range of a particular provenance or
species,

(ii) Desirable characteristics found in separate prove-

nances or spccies, but not found in combination

in any one, can be brouzht together to produce a
strain incorporating the best charactcristics of
each cf the parental typese

(iii) The possibility of achieving and exploiting
hybrid vigor in the progeny.
Though somc of the earliest work in tree
improvenent involved artificial hybridization, to date

hybridization has not becn an inportant part of tree



brecding programs in Canada. However, it is likely to
assunc ruch nore importance in the future, for thc results
achicved in this respect in recent years arc encouraging

and a stirmulant to brceders on this continent (Z7).
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Plant brecdcrs have long observed that inbreeding

or crossing closely related strains of naturally cross-
pollinating plants, unusually resulted in depressed
vegetative vigor in the progeny. Conversely when diverse
strains of such plants were crossed the progeny was often
of superior vegetative vigor. This vegetative superiority
within the proseny resulting from a cross betwecn races of
dissinilar senetic constitution is termed hoterosis, or
hybrid vigor. It appears to rcsult from a physiological
stirulus to development which, within certain limits,
increascs with the genetic diversity of the parents. Put
sinply, the hypothesis is that the genes contributed by
each parent perfornm single functions which individually
contribute less to vegetative vigor than they do in combi-
nation in thc progenye.

The method of plus tree selection is not
designed to achieve a heterotic effect in the progeny of
the selected treecs. On the contrary, if the selected
trecs are concentrated in a smell area in a continuous
population there is likely to be a deterioration of vigor
at worst, and at best the maintenance of parental vigore

For this reason it is certain that intraspecific
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hybridization of genctically dissinilar populations will
eventually become a necessary adjunct to the method of
single tree selection, and on occasion may supplant it in
a trec breeding program,

Interspecific hybrids are now beginning to
occupy an important position in the planting programs of
many countries. The hybrid Pinus gtlbenuata x Pinus radiata
is being planted in the United States, and New Zealand,
hustralia and Spain have imported quantities of seed and
scions from California, The hybrid Pinus rigzida x Pinus
taeda is supplantinz the pitch pine (B. rigida) as the
principal forest tree in South Korea., It greatly surpasses
the pitch pine in volume growth. In Britain selection and

breeding of the larches (Larix decidua and Larix

leptolenis) was begun in 1950, and seed of the first
generation lerch (Larix x gurolepis Henry) is now being

produced on a lorge scale in sced orchards. A&t the same

time the hybrid Cupregsocyparis x lecylandii, a cross

between Cupressus nacrocarga and Chanaecyparis
nootkatensig, is propagated vegectatively on a mass scale.

The advantage of this hybrid uncer British conditions is
that it incorporates the rapid growth rate of thc southern
and the frost hardiness of the northern species. Larix
hybrids arc also playing an important rolc in reforestation
programs in the Maritimcs and in Qucbec.

There is 1little doubt that a breeding programme
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of any trce species is incomplete if it does not include
interspecific hybridization of the species to be genetic-
ally improved. Crosses betwecen rclated species should
always bc attempted. Therefore, it is necessary for the
tree breeder to build up an arboretun of those species
which are of the sanc genus as the species he is attempting
to improve zenctically, and which are likely to cross with
this species,
Mutation Brecding

In 1936 a triploil espen, which grew more
rapidly than diploid aspens, was discovered in Sweden. This
finding generated great interest in the possibility of
breeding polyploid trees. Efforts to induce polyploidy,
which is exceedingly rare in conifers, by physical means such
as X-ray, temperaturc shocks and ultrasonic treatment have
not been very successful., However, the organic chemical
colchicina, which is not costly and is easy to apply,
effectively doubles the chromosome number. For these
reasons colchicine has been widely used in attempts to
produce polyploid conifers. Howcver, while it is
rcletively casy to inducc polyploidy in dividing cells it
is not so casy to inducc bencficial rutations and to devise
neans of perpctuating the polyploid tissue. For this
recason little benefit has accrucd to date from such
experinents.

4t the prescnt stage in the development of
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forest genetics, it would appear that rutation breeding has
no direct part to play in a trec breeding programme. It is
obviously more profitable to concentrate on selection and
breeding of desirable commercial types from the abundant
variation found in natural forests, rather than from random
mutants, artificially induced. Mutation breeding therefore,
though it is a worthwhile field of basic research, must
remain a minor adjunct to the other methods discussed here.
Inbreeding

Most commercial conifers are naturally outcrossing
and self-incompatible to one degree or enother. Therc are
some exceptions, e.g. red pine (Pinus ggglgggg), but for
the most part selfing is nearly always accompanied by
reduced fertility and loss of vigor in the progeny. It has
been shown that self-pollination in Pinus monticola resulted
in 50 percent reduction in seed yields, though cone yields
were almost identical with the cross-pollinated control.
Seed germination and secdling height for the first three
years were also below that of the cross~pollinated seed (7).
Sinilar results have been obtained when other coniferous
species have been selfed, and in general it can be
concluded that selfinz will result in a loss of vigor, and
a deterioration in other characteristics in the progenye

Most agricultural plants arc annuals, and many
are difficult to reproduce vegetatively. Thercfore, in

order %o producc a decsirable hybrid type it is nccessary to
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develop pure lines by selfing. These pure lines can be
maintained indefinitely and crossed each year to produce
the hybrid. Trees on the other hand are perennial and
there is no need to develop a pure line in order to
maintain a particular genotype as 1s necessary in the case
of an annual. Furthermore, the most important coniferous
specics can be maintained indefinitely by grafting or from
cuttings. Thus, if the progeny of a cross betuecen two
trees has proved desirable that same cross can be repeated
indefinitely, and one of the major reasons for selfing an
agricultural crop docs not apply in relation to forest
trees,

On the basis of the results obtained with
agricultural crops it is somctimes suggested that several
desirable characteristics may be incorporated in a single
strain of a tree species by crossing a number of pure lines,
each homozygous for a particular character. There are
three major objections to this practice. First it would
take a considerable length of time to achieve homozygosity
in a highly heterozygous coniferous trce. Secondly,
outcrossing inbred lines, waich will be greatly rcduced in
vigor as already noted, is likely to rcstore the vigor of
the parental types only; hetcrosis cannot be expected.
Very few of the thousands of inbred lines of agricultural
crops, when outcrossed, show heterosis in a measure that

makes them valuable commercially. Thirdly, in theory any



variatioh that is obtained by inbreeding and outecrossing
can be obtained by crossing alone (1).

The principal purpose of inbreeding in a tree
breceding programme is to determine the degree of inbreeding
depression in the species involved.s It is also a useful
technique for evaluating the inherent qualities of the
species (26). For both these rcasons it is neccessary to
conduct inbrecding experiments with the species which has

been seleccted for improvement.
6. THE CONSERVATION OF GENE RESOURCES

There are many social, scientific and economic
reasons why plant gews resources, including forest trees,
should be conserved in gitu (4,5,6,15,35). Some of the more
important of these can be summerized as follows:

(i) Selcetion and broedinz reduccs genetic variation,
and genetically uniform plant material is highly
susceptible to attack by insects and disease.

(i1) This in turn leads to the massive use of
herbicides and pesticides which have serious
undesirable side effects

(iii) After a period of selection and breeding during
which the genetic base is continuously being
narrowed, a point is reached beyond which breeding
for production and disease resistance becomes

almost impossible.

- 59 -
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(iv) If wild forms of the plant species are
available they can be crossed with commercial
forns to broaden the genetic base, and thus
allow further improvement by selection and
breeding,

(v) The perpetuation of samples of the full
diversity of the world's plant and animal
comrmunities in outdoor laboratories for a wide
variety of research (24)«

(vi) The protection of samples of natural and semi-
natural ecosystems for comparison with managed,
utilized, and artificial ecosystems (24).

This kind of conservation, in relation to
forest trees, becomes increasingly important if sustained
yield is discarded, as has been advocated (38), and if an
increasing area of land surface is denuded of forests. Even
with the acceptance of sustained yield it is estimated (10)
that an annual total of 500,000 acres of cut-over, and
burned-over forest land will not be regenerated in Canada.

he conservation of forest gene resources
should not be considered as a static and negative conservation,
but simply as another facet of integrated resource
management (2,35)e As the FAO Panel of Experts on Forest
Gene Resources has pointed out "The growing public awareness
of the need to reserve forest areas for recreation, water-
sheds, wild life refuges, and other purposes, could be
harnessed to serve the joint purpose of gene resources

conservation" (15).
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GLOSSARYZL

ADAPTATION. The process of evolutionary (genetic) adjustmentg
fitting biological groups to their environment. Often
the change in structurc or function itself is referred
to as an adaptation.

ADAPTED. See adaptation.

ALLOPATRIC. Refers to species which do not overlap or occupy
the samc arca.

CHROMOSOME. A microscopic, usually thread- or rod-like body
carrying the units of inheritance (genes). The
chromosones arc the primary constituents of the cell
nucleus but are individually distinguishable only
during nuclear division. Their number and form are
usually constant for each species,

CLINAL VARIATION. Clinal variation results from an environmental
gradicnt., Portions of populations ckhibiting such
continuous (clinal) change from onc area to another
preferably are not designated as ccotypes, and are more

corrcctly termed ecoclines.

This glossary is compiled with somc modification principally
from Snyder's Glossary for forest tree improvement workers
(Snyder, E«Be 1959. Glossary for tree improvement workers,
Southern Forest Exp. Sta. USDA), and Knight's dictionary of
genetics (Knight, R.L. 1948, Dictionary of genctics, Chronica

Botanica Co. Waltham, ifass.).
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CLONE. A group of plants derived from a single individual
(ortet) by ascxual reproduction., All members (ramets)
of a clone have the same genotype and consequently tend
to be uniform,

COLCHICINE. & poisonous chemical (an alkaloid) used for
multiplying or modifying thc chromosomes or genes in an
effcrt to crcate new types of plants.

COMBINING ABILITY. The rclative ability of a bictype to transnit
genes for desirable performance. Gencral combining
ability indicates a high average performance of prozeny
from crosses with many other parents; specific combining
ability indicates that, with a certain few of the
combinations, performance is better than expected on the
bagis of average perfornance, 4 biotype may exhibit
both general and gpecific combining ability,

DIPIOID. Havinz two sets of chromosomes in the nucleus --
indicated by "2n". One half of the chromosomes are
contributed by the femalec parent, one half by the male
parent. Many hicher organisms are diploid except for
their sex cells and associated tissue. Similarly
triploids, tetraploids, hexaploids have three, four and
five sets of chromosomes respectively. 411l these are
polyploids, that is, they have more than the diploid
conplement of chromosomcs.

ECOCLINE. See¢ clinal variation.



ECOLOGICAL NICHE. an cnviromment where the factors affecting
survival, reproduction, and growth combine in a
way favorablc to some particular biotype. Such a
habitat may be discontinuous or be in an ecological

gradient. Unique niches favor hybrids, rutants,

environmcntse

BECOTYPE. A race whosc characteristics adapt it to a distinct
habitat. Therefore, ecotypic variation is
discrete or non-clinal. Somc differences among
ecotypes, particularly those wholly physiological,
show up only when plants from different ccotypes
are grown in a singlc environment. Zcotypes are
described as climatic, edaphic, etce.

EGOTYPIC. Sce ecotype.

EVOLUTIONs The gradual development of biological groups fron
prior groups as a result of the action cf natural
sclcetion on hereditary variants existing in the
populationse

FERTILIZATION. The union of the nucleus and other cellular
constitucnts of a male gametc (sperm) with those
of a female gamete (egz) to form a zygote from
which develops a new plant. In some species,
fertilization may occur months after pollination.

GENE. The unit of inheritance, which occupies a fixed position
on the chromosome and which governs cffects or
controls the transmission and development of a

herecitary character,
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GENECOLOGIST. One competent in the science of Genecology.

GENECOLOGY. The study of genetically-based, habitat-correlated
variation within specicse

GENOTYPE. The entire genctic constitution expressed and latent
of an organism,

HAPLOID. Having the recduced chromosome number, that is, having
one set of chromosomes in the nuclcuse This is normal
in scx cells, which have only half thc number of sets
occurring in the diploid.

HETEROSIS. Hybrid vigor; the increased vigor of a hybrid as
compared to the vigor of the¢ parents. Heterosis is at
a maxirum in the first gencration. Increascs may
occur for any mcasurable character such as size,
fruitfulness, survival and rcsistance.

INCOMPATIBILITY. & failure or partial failure in some process
leading to fertilization even though the egg and sperm
cells are potentially functional.

INTROGRESSIVE HYSRIDIZATION. The natural infiltration of genes
from one population to another through hybridization,
and the successive backcrossing of the resulting
hybrids to onc of the parent specicse

ISOLATION. The prevention of breeding among populations by
interference mechanisms, ceg., seasonal differences in
flowering time, or ecological scparation because of
differcnt soil or habitat characteristics, genetic

incompatibility, sterility, and distance.
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ISOLATING 'MECHANISIMS. See isolation,

LINEED GENES. The association of characters from one generation
to the next because the genes related to these
characters are grouped, or linked on the same
chromosome. There are as many linkage groups as
chromosome pairs, Linkage, however, is rarely
complete, i.e. new combinations of linked characters
can occur,

MACROEVOLUTION. The evolutionary processes which over long
periods of time give rise to new species.

MEIOSIS, Nuclear division which results in the formation of sex
cells each containing the haploid number of chromosomes.

MICROEVOLUTION. The evolutionary oprocesses vwhich currently
determine geopgraphic variation within species,

MITOSIS. Nuclear division which results in the formation of
cells other than sex cells each of which contains
the 4iploid number of chromosomes.,

YUTANT FORM. The phenotypic expression of a mutation,

MUTATION. A sudden heritahle change in a gene or in chromosome
structure.

NATURAL SELZCTION. The selection which takes place under natural
conditions by reason of the death or partial inhibition
of individuals less fitted to thrive under the
condition obtaining,

ORTET. The one plant from which members of a clone were orizinally
derived.

PHENOTYPE. The demonstrable characteristics of an organism; the
product of the interaction of the genes of an organism

with the environment,
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PHYTOCHROME. A protein-like substance which changes composition
under the stimulus of photoperiod, and thereby
triggers physiological processes controlling growth.

PLUS TREE. A tree appearing distinctly superior to surrounding
trees on the same site,

POLYPLOID. $See diploid.

PURE LINE. A sexually reproducing population that is relatively
pure genetically, that is homozygous, and, therefore,
true breeding.

RACE. Populations within a species which exhibit general
similarities discontinuous and distinct from other
populations though not sufficiently so to achieve the
status of a subspecies.

RAET. An individual member of a clone,

RECOMBINATION. Combinations of genes Aifferent from the
parental combinations,

ROOTSTOCK. The root-bearing plant or plant part, usually stem
or root, on to which another plant is grafted.
Usually referred to as stock,

SCION. Any aerial plant psrt, often a branchlet, that is
grafted on to the root-bearing part of another plant
which is called the rootstock,

SEGRUGATION. The separation of genes, or of chromosomes, of
paternal and maternal origin at uieciosis,

SYMPATRIC. Inhabiting one and the same area,

ZYGOTE. The cell which results from union of sperm and €88,






