
ARTIFICIAL SELECTION AND PINUS RADIATA 
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SYNOPSIS 
Tree breeders seem to stress too much the size and longevity of 

their species, and so to forget that trees are plants, and that tree 
breeding is therefore plant breeding. Breeding methods depend largely 
on the normal mating system, which is the same in conifers as in many 
other wind-pollinated species. The method most commonly adopted 
for breeding conifers has been used for more than thirty years in the 
breeding of pasture plants. Conifer breeders, therefore, might learn 
much from a close study of the development of pasture plant breeding, 
and from a liaison with modern workers in that field. 

The variation of important economic characters in Pinus radiata is 
illustrated by three examples: 

(a) In a random sample of 100 fourteen-year-old trees, the number 
of cones on the stem varied from 0 to 110. 

(b) In a similar sample, estimates of the basic specific gravity of 
the juvenile wood ranged from O.SO to 0.44. 

(c) In a one-parent progeny trial, two progenies showed a highly 
significant difference in the mean branching frequency of the 
stem. 

Comments on the present policy of artificial selection in P. radiata 
are: 

1. It may be unwise to select for high branching frequency. This 
character is merely one of several branch characters, which are inter
related in complex fashion, and which all affect the timber quality. 

2. A selector might place too much emphasis on vegetative vigour, 
and particularly on height, thus passing over many individuals of 
high potential for the breeding programme. 

3. Spontaneous selfing within the clones of a seed orchard may 
cause a wastage of breeding effort. In future, probably greater care will 
have to be taken to single out individuals which are contemporaneous 
in their pollination. Another attack on this problem would be to select 
for self-sterility. 

4. Four isolated local populations of P. radiata are known to exist 
in the wild state. These are probably all of more or less different 
genetic composition. Systematic hybridisation between the different 
provenances might produce valuable results, in terms of new com
binations and heterosis. 

5. A wide genetic diversity in P. radiata is desirable, because that is 
the basis of its adaptability. The wild populations in California may 
contain many valuable genes which are not present in New Zealand. 
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tt might therefore be profitable to collect extensive and representative 
samples of seed from all the wild populations, and to grow from these 
a living collection for study and for experimental and practical breed
ing. 

6. lt would be desirable to begin now, in New Zealand, the hybridi
sation of P. radiata with other species. This work could proceed on a 
small scale until there was a series of Fi hybrids and others derived 
from back-crossing to P. radiata. From such small beginnings, inter
specific hybridisation might one day assume great importance as a 
means of imparting a greater ecological amplitude to P. radiata. 

7. Artificial selection in forestry is not solely the prerogative of 
the tree breeder. Thinning always involves artificial selection; seed 
collecting should also involve it. These are the responsibilities of the 
silviculturist, who should never underestimate the power that lies in his 
own hands for altering the genetic composition of his stands. 

INTRODUCTION 

More than a decade has elapsed since New Zealanders began to 
think of Pinus radiata as a crop which might be improved by special 
methods of selection. During this time the forestry literature has been 
deluged with articles extolling the virtues of tree breeding; techniques 
have been developed; experiment stations for tree breeding have been 
established; university courses in forest genetics have been inaugurated; 
and pioneers like Syrach Larsen have had their praises sung in many 
lands. Already, in New Zealand, much has been achieved in the 
selection and propagation of trees of P. radiata which display super
lative form and growth rate, yet little has been published concerning 
the actual range of variations from which these trees have been 
selected, and specific objectives of selection are still rather poorly 
defined. 

It may be asked why the writer, who is neither forester, nor tree 
breeder, nor geneticist, should have the temerity to attempt an essay 
on the subject of artificial selection. The reason may be expressed 
as follows. The most conservative silviculturist is inclined to see tree 
breeding as a pastime for arboriculturists, or as a procedure of 
experimental botany, but not as a practicable means of improving his 
forests. The tree breeder, naturally enough, is outspoken in his belief 
that tree breeding will sooner or later confer great benefits on the 
forests. The writer has spent a large part of his life in looking at 
Pinus radiata and pondering the problems associated with its culture. 
He has also had his contacts with the conservative silviculturist and 
with the tree breeder, and although as a dendrologist he may have an 
axe to grind, he grinds it neither in the silvicultural camp nor in the 
tree-breeding camp. It can be fairly claimed that his neutral vantage 
point has enabled him to take a philosophical view of proceedings, and 
that such conclusions as he may have reached should at least be the 
result of impartial thinking. Therefore, some observations and ideas are 
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now submitted, and even if in some respects they only corroborate 
views already held by others, it is hoped that they will be of some 
value because of their independent origin. 

SOME GENERAL CONCEPTS OF ARTIFICIAL SELECTION 

The basic nature of artificial selection is that man tries to control 
the process of organic evolution and direct it towards some pre
determined goal. Our growing knowledge of the genetic status of long-
domesticated species shows us how much these organisms have 
evolved since they came under the influence of man. Much of this 
evolution has been due to chance, but consciously or unconsciously 
man has played his part in it, and as a result familiar organisms like 
sheep and dogs, barley and beans, have become different from their 
original, wild progenitors. It is still not universally realised that 
artificial selection was practised for thousands of years, and had 
wrought remarkable changes in domesticated plants and animals, long 
before Mendel was born. 

In our own times, artificial selection has been greatly intensified, and 
much of it is now guided by concepts formulated by geneticists. There 
is a growing body of experimental evidence that evolution in nature 
and evolution under the influence of man can proceed in very 
different directions, and can result in the differentiation of two or more 
genetically distinct populations from a single, variable, ancestral popu
lation. It is knowledge of this kind, and of the results achieved by 
modern breeders working with better-known organisms, which the 
tree breeder uses when he formulates a policy of selection for his 
own wild or semi-wild species. He knows almost nothing of the 
genetics of his trees; his belief that his methods are sound is based 
on the analogy between his own species and others with similar 
breeding systems. 

In the conifers, at the present time there are only two methods 
which are being used in systematic programmes of tree breeding. 
These are: 

1. Individual selection within species, leading to the clonal propa
gation of selected parent trees in isolation blocks as "seed 
orchards". 

2. Interspecific hybridisation. 

Selection within species 

It has often been said that the artificial selection of forest trees 
requires special methods, distinct from those used for other kinds of 
plants. The reasons given are that trees are intrinsically different 
from other crops and that the objectives and techniques of silviculture 
are different from those of other systems of plant husbandry. While not 
denying that the organisms and the cultural methods are different, one 
may observe that tree-breeding stations practically all over the world 
are now employing one and the same method in the artificial selection 
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of most coniferous species, and that this method—the clonal propaga
tion of selected parent trees to form an isolated seed orchard—is 
exactly the same in principle as the "polycross block" method, used 
extensively in the breeding of certain perennial herbs for pasture. This 
close parallel has been recognised by some workers, but it has not been 
sufficiently emphasised, and one doubts whether its implications have 
been fully appreciated. In the first place, it is not in the least for
tuitous that the breeder of pasture plants and the breeder of coniferous 
trees should have adopted the same kind of breeding method independ
ently of one another. Breeding methods depend on the normal mating 
system of the species more than on anything else, and if a species of 
grass and a species of pine are both naturally outbreeding, the breeders 
must design their work accordingly. Variations in technical details 
there will certainly be, but when the intention is to concentrate the 
desirable genes and at the same time to maintain high heterozygosity, 
all the techniques are bound to be basically similar. The second 
implication is this: breeders of coniferous species are fully aware that 
they have not yet been able to put the results of their artificial 
selection to a test in practical forestry; it is suggested then that they 
might derive much profit from a close study of the development of 
pasture-plant breeding, which has already been yielding both practical 
and theoretical results for more than thirty years (Stapledon et al., 
1931). 

Interspecific hybridisation 
The value of the artificial hybridisation of species depends in general 

on the kind of crop in which it is employed. As pointed out by 
Stebbins (1950, pp. 290-7), it brings its richest rewards in horticulture, 
where novelty is in itself desirable; it is also very useful in certain 
fruits and trees which are easy to propagate vegetatively; and it is 
least useful in vegetable and field crops in which the breeder needs to 
maintain uniform qualities. 

In the conifers, some species hybrids have been found to be 
superior to the parental species, and in one or two countries large-
scale afforestation with Fi hybrids is being undertaken. This work 
has certain inherent disadvantages. For example, natural regeneration 
derived from a stand of Fi hybrids might vary excessively in form, 
survival and growth rate, rendering management extremely difficult. 
Nevertheless, some Fi hybrids may prove so valuable that it will be 
worth while to produce them repeatedly by artificial pollination for one 
rotation after another. On the other hand, one can also visualise circum
stances in which the use of hybrid swarms might be very rewarding. 

From the long-term point of view, interspecific hybridisation has a 
potential which has apparently been overlooked by many students of 
tree breeding. This lies not in the synthesis of more rapidly growing 
trees, nor in the production of extreme diversity for its own sake, 
but in the deliberate modification of one species in a desired direction. 
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This can often be achieved by repeated back-crossing from carefully 
selected hybrids to the one recurrent parent. The method is much used 
with intensively selected domesticated crops, and by it single characters 
have been successfully transferred from one species to another, leaving 
behind the undesirable characters of the non-recurrent parent. If this 
is remembered, it will be seen that it would be short-sighted to con
demn the hyrbridisation of two species simply because the Fi had 
certain undesirable features. 

VARIATION IN CHARACTERS OF ECONOMIC IMPORTANCE 
IN PINUS RADIATA 

All our artificial selection in P. radiata so far is based on an 
examination of the phenotype. In this species, practically nothing is 
known about heritability, i.e., that component of the observed variation 
which is attributable to differences in the sets of polygenes. As Wright 
et al. (1958) have pointed out, discussions of phenotypic variation 
which provide no experimental evidence of heritability are of very 
limited value to the tree breeder in planning his programme. When 
we consider the possibility of "genetic improvement" of our species, 
we should remember our basic ignorance of its genetics. Nevertheless, 
one-parent progeny trials by Sherry (1947) and Bannister (unpub
lished), and the results of vegetative propagation (Fielding, 1953), 
indicate that P. radiata has some characters which are heritable enough 
to show a noticeable response to selection. 

It is not the intention here to review all the criteria which are taken 
into consideration for selecting superior phenotypes. Instead, examples 
will now be presented to illustrate the variation of certain characters 
of great economic importance. 

The number of cones on the stem 
On many trees cones persist on the stem for several years. This is a 

very undesirable feature because it gives rise to serious defects in the 
sawn product (Fielding, 1945). One New Zealand sawmiller, with 
many years of experience in the conversion of P. radiata into sawn 
timber, considers that "cone holes" lower the quality of the timber 
more than any other kind of defect does. Moreover, timber-grading 
studies conducted by the New Zealand Forest Service have shown 
that this trouble is by no means confined to one district; indeed, it 
seems to be quite general for New Zealand, and it occurs in Australia 
also. 

Since the defects produced by these persistent cones are virtually all 
the same size, and one cone results in one defect, the number of cones 
on any individual stem provides a useful index to the potential loss 
of quality from this cause. The variation of this character in a random 
sample of 100 fourteen-year-old trees is shown in fig. 1. 

Nobody knows whether this character is heritable; but if it is, and 
strongly so, the implications are obvious. One might even hope that by 
artificial selection the cones could be eliminated altogether, at least for 
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about 50 ft up the stem. Conversely, the indiscriminate collection of 
seed may tend to perpetuate, and even to aggravate, the present un
satisfactory condition of this character. The writer's memory is still 
haunted by the vision of a seed collector, whom he watched in 1949, 
busily filling his sack from a stem so studded with cones that it 
appeared armour plated. This same collector, be it noted, was the 
agent of a firm which has supplied millions of P. radiata seeds and 
seedlings to New Zealand tree planters in the past forty years. It seems 
possible, therefore, that unwitting artificial selection may already have 
operated, and may still be operating, in a manner quite contrary to 
what is actually wanted. 

Basic specific gravity of the wood 

Although the basic specific gravity is really the resultant of several 
varying characters, it is a very useful index to the mechanical proper
ties of the timber which can be sawn from a tree. The variation found 
in a random sample of 110 trees, which included the 100 mentioned 
above, is shown in fig. 2. The results, kindly provided by J. M. Harris, 
are estimates based on increment cores from five annual rings at breast 
height; these rings were the 6th to lOth from the pith in most samples. 

This variation pattern is very similar to that found in P. taeda when 
a population is sampled at random on a single site (Zobel and 
McElwee, 1958). We know nothing of the heritability of the various 
component characters of basic specific gravity, but there is obviously 
a need for investigation of this subject. Again, if selection for high 
basic specific gravity can effect a genetical transformation of our popu
lations in the intended direction, it should be possible in future rota
tions to grow timber which is appreciably denser, and therefore 
stronger, on the average than that which we grow today. Moreover, 
pulpwood is becoming a more and more important product, for which 
the yield needs to be assessed by weight of woody substance, rather 
than by log volume. Thus, if the volumetric production remained 
constant, an increase in the basic specific gravity of the pulpwood 
harvest would increase the yield of raw material. 

Branching frequency 

P. radiata varies in the frequency with which the stem produces 
clusters of branches or cones. These clusters, commonly called 
"whorls", are more accurately termed "pseudo-whorls". For the 
present discussion, a pseudo-whorl is held to consist of either: branches 
(i.e. long shoots) only, branches and cones, cones only, or only one 
branch or cone. "Branching frequency" here denotes the number of 
pseudo-whorls produced on the stem in a given period. 

This is one of the most important characters' in the artificial 
selection of P. radiata. Indeed, Jacobs (1939, p. 8) gave his evaluation 
of it thus: 

The most favourable readily recognizable single feature . . . is the 
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NUMBER O F CONES ON STEM 

Fig. 1. Histogram to show variation in the total number of cones on the 
stem. Frequency distribution based on a random sample of 100 fourteen-

year-old trees. 

B A S I C SPECIFIC GRAVITY OF WOOD 

Fig. 2. Histogram to show variation in the basic specific gravity of the 
juvenile wood. Frequency distribution based on a random sample of 110 

fourteen-year-old trees. 

production of a large number of regular whorls in the first few 
years. Strongly multinodal individuals are the ones selected . . . for 
commercial tests. 

Later Fielding (1953, p. 39) stated that this policy was being pursued 
in the Australian breeding programme, although some of the indi
viduals selected for breeding were at the opposite end of the range in 
branching frequency. In New Zealand, the policy formulated and 
described by Thulin (1957, p. 42) has favoured the selection of indi
viduals with high branching frequency, thus endorsing the recom
mendation made by Reid (1953, p. 396) from the viewpoint of 
structural efficiency in round and sawn products. At the same time, 
however, Reid noted the value of individuals with very low branching 
frequency, for special uses such as rotary veneers. Leaving aside for 
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the moment the question of what sort of branching frequency is desir
able, an example may be cited to show how selection might affect this 
character. 

Open pollinated progenies from 26 trees in the Nelson district were 
planted out in a randomised block with nine replicates. At the age of 
seven years from germination, the number of pseudo-whorls of 
branches was counted on each stem. Two of the progenies in particular 
were contrasted in this character, and a statistical test by W. G. Warren 
showed that the difference between their mean values was highly 
significant (fig. 3) . A further test showed that the branching frequency 
was not correlated with the height of the stem. The most plausible 
interpretation of these results is that branching frequency has a multi
factorial genetic background and is strongly heritable. 

TOTAL NUMBER OF PSEUDO-WHORLS ON STEM 

Fig. 3. Histogram to show frequency distributions of two open-pollinated 
progenies contrasted in branching frequency. 

It seems probable, therefore, that selection for either high or low 
branching frequency would produce more or less the intended effect on 
the gene frequencies involved. If selction towards both the high and the 
low extremes were undertaken, there would be additional problems, be
cause the two new developing strains would have to be isolated, not only 
from the normal mixture of pollen in the atmosphere, but also from 
one another. But selection with respect to branching frequency is much 
more complicated than this. High branching frequency is regarded as 
desirable mainly because a well formed bole tends to be associated 
with it. Conversely, trees with low branching frequency are regarded 
as undesirable because, as Jacobs (1938, p. 6) , put it, they ". . . tend 
to have large branches coming out at an acute angle from the trunk 
and to develop competing branches and double leaders". Yet there 
seems to be no valid reason why high branching frequency should 
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be selected for its own sake. Indeed, it is intrinsically undesirable, 
since the more often a tree branches the greater will be the number of 
knots in its timber. Is a large number of small knots preferable to an 
average number of average-sized knots? This question is not yet 
adequately answered. A further complication lies in the fact that, for 
knots of equal size, those arising from dead branches are worse than 
those arising from living branches. Thus, a small branch which dies 
young may be just as detrimental to the sawn product as a bigger one 
which remains alive indefinitely. 

At this point one may question the wisdom of selecting the "strongly 
multinodal" individuals (i.e. those with high branching frequency). 
There is, no doubt, a tendency for trees with high branching frequency 
to have small branches, and conversely for trees with low branching 
frequency to have big branches; but one suspects that this correlation 
is not at all strong, and individual trees can certainly be found which 
are notable exceptions to the general rule. These exceptional trees 
indicate that a selection policy might well aim at reducing the branch
ing frequency, at the same time as it aimed at reducing the size of 
the individual branches. Even if this proved an ideal hopeless of attain
ment, a more modest one might be adopted, of reducing the mean 
size of the branches while the branching frequency was held constant. 

As a whole, the problems posed by the variation of branching in 
P. radiata are intricate and bewildering, because of manifold inter
relationships between the variable components. The selector, then, in 
choosing individual trees to be the progenitors of a new generation, 
will have to seek a compromise, taking into consideration amongst 
other things the number, size, disposition, and longevity of branches 
on the stem. Before his objectives in this matter can be clearly defined, 
there is a need for a closer convergence of many studies of the species, 
for more fundamental data, and for thorough analyses from various 
points of view. 

THE NEED FOR GENETIC DIVERSITY 
Our extensive stands of pure P. radiata are sometimes referred to as 

a "monoculture". This is perhaps a misleading expression, because it 
implies that the individual trees in the stands are so biologically similar 
that whole populations are susceptible to damage by adverse climatic 
phenomena or by pathogens. Certainly the individuals of these popu
lations have much in common; certainly they are more or less sus
ceptible; but it is equally certain that the stands are not genetically 
homogeneous cultures, such as one may find in a field of wheat, or in 
a plantation of hybrid poplar. A field of wheat is normally of one 
variety, refined by repeated self fertilisation and selection, so that the 
genotypes of its individuals are very nearly or quite identical. A hybrid-
poplar plantation generally consists of a single clone, in which the 
individual genotypes are all one and the same. In other words, a crop 
of this sort possesses little or no genetic variation, and if one plant 
becomes diseased, all are likely to be affected in the same way. 
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In Pinus radiata the genetic status is very different. Artificial selec
tion, which inevitably tends to decrease the range of genetic variation, 
has hardly yet begun to take effect. Cross fertilisation is apparently the 
rule, and it is probably a reasonable assumption that nearly every tree 
of P. radiata grown from seed possesses a unique genotype. When 
hundreds of these different genotypes are placed in a given habitat, it 
is to be expected that they will vary in their reactions to the environ
ment; some will be better adapted than others. If mortality ensues, the 
trees are not likely to die at random; those with poorly adapted geno
types are more likely to succumb than those with well adapted geno
types. Thus, if a species has a wide genetic variation in the initial 
stages of acclimatisation, the environment may act so that the relative 
frequencies of some of the genes are altered, some being increased, 
while others are decreased. In short, natural selection may occur; and 
if it does, the species will make evolutionary progress. 

This concept of evolutionary change needs to be more fully grasped 
by the forester, especially when he is dealing with exotic species. The 
habitat is not the same from one place to another, or from one year 
to another. Climate changes; soil evolves; populations of associated 
organisms wax and wane. If the crop species is to attain and keep the 
dominant role in the forest it must be adaptable, and adaptability is 
determined in the long run by genetic diversity. This very point was 
made by Smith (1937) when he stated that "great inherent plasticity" 
is essential for any plant that is to be handled for human use, and he 
added: 

It matters not whether for practical purposes you call this feature 
variability, polymorphism, race segregation or any other of a dozen 
terms; only such species as have such an inherent ability to vary 
have made successful exotic trees. 
Adaptability is particularly important when a species is being tried 

in a new environment. For example, it might now be contended that 
Pinus radiata is not well adapted to the Kaingaroa Plains, and that 
therefore it would be too much to hope that it could be grown there 
successfully for an indefinite number of rotations. But on the other 
hand, it seems possible that over successive generations it might undergo 
cryptic changes in its gene frequencies, thereby becoming relatively 
well adapted to the habitats of that region. In fact, one such change 
may already have taken place, as a result of the mortality associated 
with the Sirex noctilio epidemic some ten years ago. Lest these remarks 
should seem too speculative, one must add that in some herbaceous, 
exotic species, new habitats have evoked the differentiation of new, 
locally adapted strains; and in many cultivated crops, artificial selection 
and progressive adaptation have gone hand in hand to increase the 
range of habitats in which the species can be grown successfully. 

Considered as a whole, the New Zealand populations of P. radiata 
undoubtedly possess great genetic diversity, and this is presumably 
sufficient to render them capable of some genetic adjustment to new 

78 



circumstances. But on some sites their genetic potential may be just 
too small for the practical purposes of forestry. Where this is so, 
the wise forester turns to other species. However, if one thinks only 
in terms of P. radiata, there is still the possibility of increasing its 
genetic diversity, and thereby extending the range of sites on which 
it can be grown successfully. There are in New Zealand perhaps 
300,000,000 genotypes of P. radiata, and these are the direct descend
ants of a comparatively small number of ancestral genotypes. The 
introduction of this ancestral material into New Zealand was haphazard, 
and nobody knows whether it represented one or more provenances. 
However, it may be concluded that the vast pool of P. radiata genes 
now existing in New Zealand has been derived from a few mere drop
lets of Californian genes, and that these droplets were by no means 
a fair and representative sample of the four separate gene pools known 
to exist in California. It seems likely also that the populations of some 
districts, such as North Auckland and Hawke's Bay, may have still 
less genetic diversity than the P. radiata population of New Zealand as 
a whole. It is suggested, therefore, that there may still exist in the 
aboriginal Californian stands many genes which have never reached 
or arisen in New Zealand, and that many of these genes, if introduced 
into the New Zealand gene pool, might confer benefits on the species 
here. It was considerations of this sort which led Fielding (1953, p. 6) 
to stress the desirability of introducing some seed of the Guadalupe 
Island provenance into Australia. Similarly, in a much wider field, 
the celebrated Russian scientist Vavilov was responsible for some of the 
boldest and most imaginative deeds in the whole history of plant 
breeding, by organising great botanical explorations and collections of 
cultivated plants. This work revealed enormous untouched reserves of 
genetic variability, even for the best-known crop plants, and for some 
species it caused a revolution in the concepts of artificial selection and 
breeding (Vavilov, 1951). 

Theoretically then, it should ultimately be profitable in the breeding 
of P. radiata to collect extensive and representative samples of seed 
from the wild populations, and from these to raise and preserve at the 
breeding station a living collection of genotypes for study and experi
ment. As an example of the sort of sample desired, a recent collection 
made on Guadalupe Island may be cited. Seed was collected there in 
1958 by Dr Reid V. Moran, assisted by Dr Ira L. Wiggins and Mr 
Wallace Ernst, from 51 trees, scattered along a virtually straight line 
some 3,000 yards in length and extending from 1,200 to 2,500 ft 
above sea level. This sample covered about two-thirds of the altitudinal 
range of the population, and it probably included trees within easy 
pollination distance of even the remotest outlying individuals. The 
seed is at present stored at the Forest Research Institute and will be 
sown as soon as plans permit. Quite apart from its intrinsic interest, 
this sample of insular genes should enable the breeder to incorporate a 
greater genetic diversity in the germ plasm already selected from 
New Zealand sources. 
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CROSS FERTILISATION IN THE BREEDING OF 
PINUS RADIATA 

The theory underlying the design of conifer-seed orchards depends 
on two general assumptions, which are supported by the available 
evidence: 

(1) All conifer species are habitually outbreeding, i.e. cross fer
tilised, both in nature and in cultivation; 

(2) If inbreeding occurs, the offspring can be expected to show 
weaknesses of one sort or another. This is particularly true of 
self fertilisation. 

It is for these reasons, mainly, that the artificial breeding of P. radiata 
is based on cross fertilisation, and it is convenient to recognise three 
different levels at which this kind of mating may occur. These are: 

(a) Between P. radiata and other species; 
(b) Between provenances of P. radiata; 
(c) Between individuals of P. radiata. 
Before going on to consider these in detail, it is as well to remember 

that if cross fertilisation combines two gametes of different genotypes, 
the resulting individual is a hybrid—in the broad genetic sense of the 
term. Hence, whatever the level at which cross fertilisation is effected, 
the trees which are produced will have hybridity as an important 
feature, common to them all. Their hybridity will vary in degree, 
depending on the genetic differences between the parents. In this con
text, therefore, hybridisation between species is seen as merely a part 
of hybridisation in general. 
Interspecific hybridisation 

For P. radiata the experimental evidence suggests that the horizons 
of the breeder need not be restricted to the morphological, physio
logical, or geographical limits of the one species. Two species, namely 
P. attenuata and P. muricata, are known to produce hybrids with 
P. radiata, and in the case of the former at least there appears to be 
no genetic barrier to normal segregation and recombination in genera
tions following the Fi. Recently the production of hybrids between 
P. rigida and P. radiata has also been reported (Hyun, 1956), but this 
requires confirmation. 

Morphologically, the three species, P. attenuata, P. muricata, and 
P. rigida, are generally inferior to P. radiata for silvicultural purposes, 
although it seems by no means improbable that in each of them some 
individuals of at least satisfactory form exist. Physiologically, there 
can be little doubt that they include genotypes which would be better 
adapted to certain New Zealand sites than P. radiata is. P. muricata 
has a considerably wider territorial range than P. radiata, and it is 
reputedly adapted to soils of lower fertility. P. attenuata occupies a 
very wide range of habitats, from sea level to an altitude of nearly 
6,000 ft, and it tolerates extremely poor soils and a wide seasonal 
range in temperature and available moisture. P. rigida, on the eastern 
side of the North American continent, is noted for its winter hardiness. 
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Where P. radiata is grown near its ecological limits, there is therefore 
at least a theoretical prospect of improving its adaptation to the site 
by means of a guided introgression from one of these other species. 
Possibly this notion may seem so remote from forestry practice as to 
appear absurd. Yet may it not be that introgression, long unheeded 
by man, has already been an important factor in determining the 
adaptability of P. radiata as a cultivated plant? 

In this connection it may be pertinent to mention the conclusions 
reached by Mangelsdorf (1952) concerning the effects of hybridisation 
between two species in Mexico. One of these is a staple food plant, 
maize; the other is teosinte, a common weed in fields of maize. When 
Fi hybrids appear, they produce much viable pollen and there is 
extensive back crossing to maize. Teosinte resists heat and drought 
better than maize does, and in many parts of Mexico where summer 
brings these hazards, maize shows evidence of introgression from 
teosinte. Indeed, this is also true of most of the more productive 
Mexican strains of maize. It may be significant also that in many 
of the more primitive maize-growing areas a few seeds of teosinte 
are often deliberately sown with those of maize, because of a local 
superstition that the crop will thus be protected against drought. 
Mangelsdorf was even able to demonstrate experimentally that seg
ments of teosinte chromosomes, when transferred into the maize germ 
plasm and in the heterozygous state, did in some cases confer benefits 
on the plant containing them. If now the truth about P. radiata could 
be known, it would not be surprising if it were found that some of the 
genotypes selected for breeding contained material from another 
species, snugly incorporated in the chromosomes in place of their 
P. radiata homologues. 

At any rate, if it is possible for nature to increase the variability of 
a species by means of introgression, and if this increased variability 
renders the species more adaptable than it would otherwise have been, 
there seems to be no reason why a plant breeder should not make 
use of the same process, having carefully selected his parental forms 
beforehand. Recent experience with P. attenuata in cultivation in Cali
fornia and in New Zealand shows that it has a wide variation both in 
habit and in frost resistance. As pointed out elsewhere (Bannister, 
1958), if there has been natural introgression of P. attenuata into 
P. radiata in recent generations, the only P. attenuata genes involved 
must have been of coastal provenance; and the coastal form of 
P. attenuata has a very undesirable habit and is probably ill adapted 
to cold. Suppose our New Zealand stands of P. radiata to have been 
derived, at least in part, from a natural stand affected in this way: 
how much better it would have been, could they have been derived 
from some other population, previously modified by introgression 
from a strain of P. attenuata with good bole form and greater 
hardiness. 

Admittedly, nothing of economic value can be gained in the imme
diate future by hybridising P. radiata with other species, But should 
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the day ever come in New Zealand, as it came not long ago to 
P. radiata in northern Spain, and to Cupressus macrocarpa in Kenya, 
when a climatic or biotic catastrophe swiftly undoes the work of many 
years, what species is there that could adequately take the place of 
Pinus radiata? One ventures to suggest that strenuous efforts would be 
made to redeem it as a staple economic plant, and its salvation might 
well lie in gene transfusions from related species. With such a possi
bility in mind, the tree breeder would be well advised to provide him
self and his successors as soon as possible with a sort of strategic 
reserve of interspecific hybrids and derivatives thereof. It would not 
be very expensive to do this; and in any event, it is better to have 
something in reserve and not need it, than to need it and not have it. 

Hybridisation between provenances 
It has been said of Pinus radiata that "in view of its limited natural 

distribution in California, it is to be expected that no geographical 
strains exist below the species level" (Thulin ,1957, p. 41). One cannot 
be sure what is meant by "geographical strains", but it is certain that 
the species in the wild state comprises four main populations. These 
may be referred to as the Swanton, Monterey, Cambria, and Guadalupe 
Island populations respectively. They are isolated from one another by 
such distances that the possibility of any natural exchange of genes 
between them must be virtually nil, and they have evidently been 
isolated thus for a great many generations. According to the modern 
theory of evolution, this very condition is one in which a species is 
likely to develop into genetically different local populations, strains, 
races, and so on. On this premise, it is to be expected that genetic 
differences between the wild populations do exist. 

Nothing is yet known concerning hybridisation between provenances 
of P. radiata. Apart from one small, ancient stand which appears to 
be of 100 per cent Monterey provenance and perhaps a few other 
stands, it is quite impossible to unravel the genetic history of our 
modern New Zealand populations. It is reasonable to suppose, how
ever, that since the species was introduced into cultivation there has 
been some hybridisation which could not have occurred previously, 
because of isolation by distance. If this be assumed, it seems quite 
possible that some of the extremely fast-growing dominants in our 
stands may actually manifest heterosis, consequent on hybridisation 
between two or three provenances. If such hybridisation can produce 
bigger or faster-growing trees than those obtainable by selection within 
a single provenance, and if it is not accompanied by a loss in quality, 
its potential benefits in terms of economic gains are probably not yet 
exhausted. It would seem well worth while, therefore, to explore the 
possibilities of breeding complex, highly productive, intraspecific 
hybrids, as is done in many crop plants. To illustrate this idea, two 
examples may be cited from species with breeding systems comparable 
with that of P. radiata. 

The first example is maize in Mexico. In this species, with a very 
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primitive agriculture and in very diverse habitats isolated from one 
another, many distinct races evolved. The best forms of this crop 
now to be found in Mexico have evidently arisen as a result of the 
amalgamation of several races through repeated hybridisation and 
subsequent selection. Thus, race A and race B produced the new 
hybrid race, AB; race C and race D produced another hybrid race, 
CU; the two hybrid races then produced the multiple hybrid race, 
ABCD; and so on, each hybrid race being better than the last 
(Mangelsdorf, 1952). 

The second example is cocksfoot, a species more like P. radiata in 
that it was wild or semi-wild in very recent times. Stapledon (in Staple
don et al., 1931, p. 43), after several years of practical experience in 
breeding this species, reported that some of his best selected material 
had been based originally on mother plants which came "in part from 
New Zealand, in part from Ireland, and in part from several counties 
in Britain". 

In Pinus radiata, with four provenances, hybridisation of this kind 
would be of limited scope. Denoting each provenance by an initial 
letter, one can see that in the first generation six different combinations 
should be possible: 

Monterey Cambria Guadalupe I. 
Swanton SM SC SG 
Monterey MC MG 
Cambria CG 

In the second generation it should be possible to produce thirteen 
different, new, hybrid populations, twelve of them representing three 
provenances, and one representing all four: 

SC SG MC MG CG 
SM SSMC SSMG SMMC SMMG SMCG 
SC SSCG SMCC SMCG SCCG 
SG SMCG SMGG SCGG 
MC MMCG MCCG 
MG MCGG 

Finally, attention may be drawn to the pines of Cedros Island, near 
the coast of Baja California. These are known to be similar in general 
to the other closed-cone pines of the Californian coast and islands, 
and they have been referred either to P. remorata or to P. muricata. 
But they have been little studied, and they may, in fact, be more 
closely related to P. radiata than has been recognised hitherto. What
ever their true affinities, the breeder should regard them acquisitively, 
because they may perhaps be adapted to great heat and drought, and 
they are probably interfertile with P. radiata. 

Hybridisation between individuals 
The practical breeding of P. radiata in New Zealand at present is 

based on the crossing (i.e. hybridisation) of different individuals. 
These individuals have been selected as satisfying a number of very 
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exacting specifications, which in general seem to reflect a realistic 
appraisal of the needs of the wood-using industries. There are, however, 
certain aspects of selection which will probably require closer attention 
in the future than they have received hitherto. Those to be discussed 
here all concern vigour. 

Tree breeders generally stipulate that the "elite trees" selected for 
propagation should be considerably taller than others of the same age 
in the immediately vicinity. It is true that in various plant species, height 
has been found to be heritable, and Toda (1958) has estimated a 
heritability of about 23 per cent for it in Cryptomeria japonica 
propagated from seeds. Yet it is pertinent to ask: What is the real 
purpose of selecting for height? Probably the main interest is in height 
as an index to yield. The inheritance of yield, however, as distinct 
from the inheritance of plant height, is notoriously complex and 
difficult to analyse, because it depends on so many different things, 
such as competitive ability, concord between metabolism and the 
environment, heterozygosity and what plant breeders call "combining 
ability". It may be that the inheritance of yield in forest crops is 
simpler than it is in fruit and cereal crops, because in the former 
it depends on vegetative vigour alone, whereas in the latter it depends 
on both the vegetative and the reproductive capacities of the plant. 
Even so, it is suggested that a selector of Pinus radiata could attach 
too much importance to vegetative vigour, and particularly to plant 
height, thus passing over many individuals of high potential for the 
breeding programme. 

Another important consideration in the standard "seed orchard" 
method of tree breeding is the risk of inbreeding depression—i.e., loss 
of vigour in the progeny as a result of self fertilisation among the 
members of a single clone. The limited evidence available suggests 
that individuals of P. radiata may vary from 100 per cent self fertile to 
almost completely self sterile. If, for a particular genotype, self 
fertilisation can take place readily under conditions of open pollination, 
the production of some selfed seeds in the seed orchard seems inevit
able; and the amount of selfing might assume serious proportions if 
the clones were mainly self fertile and differed much in their pollination 
times. Already some tree breeders are troubled by this problem, and 
their attention may be directed to the experience of the pasture-plant 
breeders. Stapledon (in Stapledon et al, 1931, p. 39) said: 

. . . as the result of my eleven years of experience with cocksfoot, 
I have been driven to the opinion that the first essential to success 
is as far as possible to "match-up" (= isolate together) plants which 
will come into flower contemporaneously. . . . It is evident that this 
matter of date of flowering is one to which the breeder must pay 
the closest attention when selecting his plants for grouping—for 
it is a matter upon which more than almost anything else his success 
will depend; a difference of even one or two days in the zenith of 
flowering between the plants isolated is likely to exert a decided 
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influence on the ability of the plants to inter-pollinate all round and 
on the powers of resistance of the plants to stray pollen. 

This opinion, as subsequent experience with pasture plants has shown, 
was well founded, and it should be carefully noted by tree breeders. 
If, as seems likely, it should prove applicable to coniferous trees 
also, the work of selecting individual trees as the basis of a new strain 
will prove more arduous than before, because many trees with 
excellent economic and silvicultural characteristics will be phenologic-
ally unsatisfactory, and so will have to be rejected. 

Another way of attacking the problem of spontaneous selfing might 
be to select for low self fertility. Tysdal and Crandall (1948) found 
that selection in lucerne could achieve important results when it was 
based on judgments made from polycross-progeny tests. But their 
results also showed that for 34 selected clones there was an important 
relationship between self fertility and the yield of the open-pollinated 
progenies (r — —0.40). This means that the clones with the lowest 
self fertility produced the progenies with the highest yield. The authors 
concluded that it was desirable to self artificially, to get data on the 
self fertility of the selected genotypes. It may well be, therefore, that 
the criteria of selection in P. radiata should be extended to include low 
self fertility as one of the desirable traits. 

SILVICULTURE, SELECTION AND PINUS RADIATA 
It would be redundant in this paper to submit any comments on 

silviculture, were it not for a hope that in doing so it may be possible 
to clear up one or two misconceptions which seem to have gained a 
hold in New Zealand forestry. One belief, apparently widespread, is 
that genetics is going to do wonderful things in the silviculture of 
P. radiata. Now, the following distinction needs to be clearly under
stood. Genetics is a specialised branch of science in which the 
phenomena of heredity are studied and explanations for them are 
sought. Plant breeding—and tree breeding is only plant breeding, 
since trees are plants—is essentially practical, and it can often achieve 
its objective in the way of economic improvement of a crop, without 
anyone understanding or even caring about the genetical processes 
involved. The hybrid forms of maize now grown successfully in many 
parts of the world represent a great practical achievement by plant 
breeders, but the scientific explanation for their superiority over the 
older forms is something for which geneticists have as yet only 
various hypotheses. And geneticists are still trying to understand the 
processes whereby plants like wheat were transformed from the wild to 
the cultivated condition, although they know that artificial selection 
must have been largely responsible. 

There seems to be another tendency among at least some New 
Zealand foresters, that is to be strongly deprecated; and that is to 
regard the potentially eugenic effects of silviculture as of small import
ance compared with those which may be obtained by tree breeding. 
As very lucidly stated by Smith (1947), as well as by foresters and 
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tree breeders in other countries, orthodox silviculture tends gradually 
to produce the same result as that aimed at by tree breeding, and, 
truth to tell, it has certain definite advantages over the refined methods 
of the specialist. Seen in its proper light, silviculture founded on natural 
regeneration as the method of re-establishment is itself a kind of tree 
breeding; out of a large number of genotypes at the beginning of a 
rotation, nature and the silviculturist together select a small fraction, 
which will often be of the order of 5 per cent, to be the "breeding 
trees", and the compartment becomes the "seed orchard". If one 
reflects for a moment on the importance of local adaptation, genuine 
silviculture appears to be not such a crude method of selection as it is 
sometimes alleged to be; rather is the grafting-cwra-seed-orchard 
method crude in this respect. 

All this is not to say that specialised tree breeding should be 
abandoned. The silviculturist who relies on natural regeneration is 
limited to the genetic possibilities which it is his fortune, or mis
fortune, to receive as a bequest from his predecessors. Ideally, the 
seed produced by intensive breeding should give results so much 
superior to those possible by natural regeneration that the silviculturist 
will automatically look to planting as the means of re-establishment. 
But many thousands of acres of P. radiata are going to be clear felled 
yet, and will be naturally regenerated, before any such superiority can 
be accurately judged. Moreover, even if the specially bred seed does 
give significantly better results, it will inevitably be a long time, 
perhaps a century, before half a million acres of existing forests can 
be cleared away and replaced with new stocks. Meanwhile, then, 
there will be great opportunities for artificial selection along the lines 
of conventional silviculture. The effects of thinning, although possibly 
slight in any one place, might well amount in the aggregate to a signifi
cant improvement, not only in the quality of the final crop, but also 
in the genetic potential of the seed it bears. This seed will always be 
important, because at any time it may become the source of the next 
crop, as in natural regeneration following fire, or in the event of a 
shortage of seed from the tree breeder's orchards. 

On the other hand ,the silviculturist who relies on planting is far 
less restricted in the scope of his artificial selection. His first choice 
of seed will no doubt be that produced by the tree breeder, but, until 
there is enough of this to satisfy all demands, he will have to rely on 
his own devices for collecting seed. In such circumstances, he should 
never forget that the responsibility for artificial selection devolves 
entirely upon himself, and that it is no light responsibility, to be 
casually delegated to a subordinate. The present planting programme 
for P. radiata is a big one, and it seems destined to remain so for a 
long time. Yet it is a lamentable fact that, even now, serious attempts 
are very seldom made to get the requisite seed from carefully selected 
mother trees. In other plant crops, not previously subjected to much 
artificial selection, sueh simple methods have achieved important 
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results. Let us suppose that, ever since the intensive breeding of 
P. radiata began, silviculturists had been getting their seed from selected 
mother trees: by the time the first seed orchard came into production, 
they would already be thinning hundreds of acres of selected material 
each year; and these thinned stands might soon be the most fruitful 
source of superlative genotypes, which are always wanted by the tree 
breeder. Thus, silviculture could help tree breeding, and thereby help 
itself. 

The forester may not need to be told these things. Yet often his 
handling of the P. radiata forests in New Zealand is but poor silvi
culture—if it can be called silviculture at all—and he seems apathetic 
towards the principle of artificial selection by silvicultural methods. No 
doubt he has his excuses, for it is disturbing to see the extent to which 
his work is governed, and often frustrated, by the dictates of the wood-
using industries and by the fickleness of finance. Nevertheless, is he 
not rather inclined to wrap his silvicultural conscience in the cotton
wool of complacency, believing that if he leaves selection to the tree 
breeder everything will come right in the end? In the writer's view, the 
practising forester can, and should, make his own contribution to 
artificial selection in P. radiata. Selection by thinning, mother-tree 
selection, and selection by way of the seed orchard, are to be regarded 
not as rival methods, but as complementary to each other, and they 
should all be used concurrently. 

POSSIBLE FUTURE DEVELOPMENTS 
Judging by recent experience with herbaceaous species, the chances 

of making substantial progress with P. radiata in the initial stages of 
selection seem to be excellent. The pattern of progress will probably 
develop somewhat as follows. After the first burst of enthusiastic 
optimism, tree breeding will settle down as an important, though not 
indispensable, accessory to silviculture. Many, perhaps the great 
majority, of the first genotypes selected for the seed orchards will 
prove disappointing when assessed by progeny tests, and the tree 
breeder's search for new parental material will continue unceasingly. 
The most rapid progress will probably be made not in the first cycle 
of selection, when so much depends on guesswork, but in the second 
and subsequent cycles, when selection will be guided more and more 
by genetic information as to lineage and progeny performance. 

It is quite possible that New Zealanders are about to witness a 
revolution in the culture of P. radiata. By the end of the present 
century it may well be that natural regeneration will no longer be 
regarded as a normal or desirable method of re-establishment; that 
tree breeders will control the production and distribution of all 
P. radiata seed for domestic use; and that an international chain of 
reciprocating tree-breeding stations will have come into being, as 
visualised by Smith (1947). Still later, one might see the species being 
grown successfully on sites where now it is a failure. One might even 
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see adjacent compartments being planted with distinct strains, one 
specially bred for a high cellulose yield, one for structural timber, 
another for plywood manufacture, and possibly others for uses not yet 
devised. 

But all this is perhaps too distant to prophesy. Man's needs can 
undergo rapid changes. For example, the source of energy used for 
propelling ships has changed, during the life of a single tree of 
P. radiata, from wind to coal, from coal to oil, and may yet change to 
the atom. The dachshund was at one time bred for hunting badgers; 
now it is bred for exhibition in dog shows. The eucalypts, not so long 
ago considered useless for paper making, are now highly valued for 
this purpose. Admittedly, the demand for wood has been a very per
sistent one throughout man's history, and there seems no likelihood 
of its declining. But the manner in which wood is used may change 
rapidly, and may necessitate drastic revision of the objectives of 
artificial selection. The requirements of the wood-using industries 
may change faster than man can mould the genetic constitution of his 
species, so that selection may never proceed very far towards highly 
specialised strains. 

In conclusion, the writer may state his conviction that a gradual 
improvement in both the quality and the yield of cultivated P. radiata 
will be achieved by artificial selection. Both old and new techniques 
can contribute to this improvement, but there may be difficulties when 
attempts are made to bring about the complete union of those unwonted 
bedfellows—tree breeding and silviculture. 
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EXPLANATIONS OF SOME TERMS 
gamete a sex cell, male or female. 
genotype the inherited constitution of an individual organism. 
heterosis a beneficial effect on size or vigour, resulting from 

cross fertilisation. 
heterozygosity in a diploid organism such as a pine tree, the genes 

exist in pairs. If the two genes in a pair are identical, 
they are called "homozygous"; and if the two genes 
of a pair are different, they are called "heterozygous". 
Heterozygosity therefore, is the extent to which the 
gene pairs are heterozygous. 

inbreeding a mating system in which the parents are closely related 
to one another. The most intensive form of inbreeding 
is self fertilisation. 
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introgression introgressive hybridisation, i.e., an evolutionary process 
whereby genes from one population (generally a 
species) are transferred into another. It involves 
hybridisation between the two populations, followed by 
repeated back-crossing from the hybrids to the recipient 
population. 

outbreeding a mating system in which the parents are not closely 
related to one another; hence, the antithesis of in
breeding. 

phenotype the individual as it is conveyed to the mind by the 
sensory organs. 

polygenes multiple factors, namely, genes which individually 
produce effects that are too small to be detected easily, 
if at all, but which act cumulatively to produce 
observable effects on quantitative characters. 
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