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SUMMARY

The potentials of crown variables for increasing

productivity are investigated for Pinus radiata. Genetic

data are based on a twelve-year-old progeny trial
containing twelve controlled-crossed families. Sampling is
restricted to the dominant and codominant crown classes to
minimize competitional effects. Heritability estimates and
‘genotypic and phenotypic correlations are derived for
eleven crown characteristics and four productivity variables.
The crown traits are branch diameter, branch length, branch
angle, number of branches per'foot, number of branches per
whorl, number of whorls per foot, crown length, crown
radius, crown length-to-width ratio, crown surface area,
and crown volume. The productivity variables are diameter
af breast height, total volume, basal area increment, and
volume per acre.

Selection indices for productivity per acre are
constructed from these data. One series of indices are
bésed on genetic information alone, and another series:
include 'reasonable' estimates of economic values for crown
traits; The efficiency of the selection indices is
assessed from the ekpected'genetic.gain in productivity

which is compared with the gain anticipated from selection



for productivity alone. The indices are tested on the
fanily means to detect which type of tree the indices
favour.

Narrow sense heritability estimates indicate branch
and whorl frequency variables have high breeding values,
unit branch characters are moderately genetically
controlled, and crown dimension traits have low
heritabilities. Productivity variables have the lowest
breeding values.

Genotypic and phenotypic correlations derived from
conponents of variance and covariance show that most crown
traits are strongly related to productivity per acre.
Improving productivity thrbugh correlated response to
selection for crown traits is genetically feasible.

Selection indices based on volume per acre and crown
traits such as number of whorls per foot, number of branches
per whorl, crown length-to-width ratio, and crown radius
estimate a three- to four-fold improvement in productivity
per acre can be achieved in comparison with selection for
volume per acre alone. Incorporating econonmic value§ in
the indek does not greatly alter the relative index weights
or eXpected advance.

Testing the indices on the family means shows the

majority select the type of trees having narrow, multinodal
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crcwns with a good length-to-width ratio combined with a
moderate stem volume.

Crown traits are shown to play a significant role in
the whole tree concept. Breeding programmes ﬁust place
more emphasis on evaluation of crown attributes to achieve

a raximum yield of useable wood.
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INTRODUCTION

THE CROWN IN TREE IMPROVEMENT RESEARCH

1. Increasing Emphasis

The tree crown is receiving increasing attention by
tree improvement workers in their search for indicators of
~genetic capacity. The Second World Consultation on Forest
Tree Breeding (1969) recommended that crown traits "which
influence many economic and technical aspects of timber
use, and which have beeh shown to be heritable should
receive greater attention than in the past". Faulkner
(1969) presented a paper to this meeting reviewing
published research on the genetic variability of branch and
crown characters, most of which has been carried out during
the last decade. It is notable that in Hattemer's (196 3)
summary of published heritability estimates presented to
the First World Comnsultation no valﬁes for crown traits
were given. Crown traits are now being assessed in most
selection programmes and progeny trials, where once these
parameters were considered unimportant and too expensive to

measure.

2. The Whole-Tree Concept

This increased emphasis on crown research is the

result of changing attitudes towards breeding objectives.



The goal of breeding only for increased growth rate is
being superseded by the whole-tree concept which is defined
by Stonecypher (1969) as '"the goal of the tree breeder to
produce a maximum of economically useable wood per tree and
per acre". The term 'economically useable wood' implies
not only volume must be considered, but also the manner in
which this volume is produced. The crown exerts a sizeable
influence on economically useable wood both directly and
indirectly, and has become a recognized factor in the whole
tree concept.

2.1 Direct effects of the crown

Unlike the agriculturalist who has the advantage of
small plant size, tree improvers cannot hope to measure
photosynthesis directly under forest conditions. Indeed,
the non-destructive collection of leaf area or leaf weight
data so as not to affect the value of a candidate plus tree
or long-established progeny trial is a formidable problem
in itself. Consequently, fhe improvement worker must
relate crown attributes to wood increment in order to
assess the photosynthetic process.

However, a simple relationship between crown and stem
is improbable because of the inherent compleiity of the
photosynthetic process and the multitude of factors which
affect it. For eXample, the amount of bole wood produced

by a particular crown is a function of the efficiency of



the photosynthetic tissue, the total photosynthetic area
contributing to the production of carbohydrates, the
duration of photosynthetic activity both daily and annually,
and the propensity of the tree to store its photosynthetic
product in the bole in preference to branches, roots, or
more leaf tissue (Kramer and Kozlowski, 1960).

Measurements of the crown largely reflect the size of
the photosynthetic system. Stiell (1962) assessed crown

structure of Pinus densiflora and found an excellent

correlation between foliage weight and crown volume. Crown
surface area was also found to be highly corrélated with
needle weight. Loomis et al. (1966) found highly
significant correlations between foliage weight and branch
diameter for shoftleaf pine. Attiwill (1962) detected

similar association for Eucalyptus obliqua. Senda et al.

(1952) and Senda and Satoo (1956) studied density effects

on crown and stem parameters for Pinus densiflora and Pinus

strobus respectively. Both studies found a decrease in
crown size and live crown rétio are associated with a
decrease in the amount of needles per tree when stand
density increases. |

Through their relationship to size of the photo-
synthetic system, crown traits have been shown to be
related to productivity (Wareing; 1964). Total and

incremental values of productivity have been reported to be



significantly correlated with the absolute size of the
crown, as assessed by such variables as crown volume, crown
surface area, and crown projection area. Brown and Goddard
(1961) demonstrated that crown surface area, volume, radius,
and projection area are significantly related to ten-year

basal area increment for Pinus taeda. Berlyn (1962) found

that stem volume of Populus deltoides was highly related to

the surface and volume of the tree crown. He postulated
that crown volume and surface area are réflections of both
stem volume and basal area increment. Hamilton (1969)
detected highly significant correlations between the crown
parameters of volume, surface area, projection area, and
length, and the productivity variables stem voluﬁe,.girth,
and height. His study material was a twenty-three year old

Picea sitchensis stand.

Crown traits independent of the absolute size of the
crown have also been related to productivity. Wedel et al.
(1967) found number of branches per whorl to be highly

correlated with stem diameter for Pinus taeda. Branch size

and length were likewise associated with bole volume.
Number of whorls per tree is shown to be related to stem

diameter (Fielding, 1960), and to tree height (Bannister,

seed-trees visually classed as having dense crowns grew

faster in diameter than those with less foliage.



All crown variables that estimate the amount of photo-
synthetic tissue present on a tree will be associated with
productivity. They will thus have a direct bearing on the
optimization of useable wood per tree and per acre.

2.2 Indirect effects of the crown

The effect of crown traits on wood quality are well-
known. Branch size and frequency, number of whorls, and
branch angle are all associated with percentage of knotwood.
The strength properties of saw timber ére affeéted by knots,
as are the peeling properties and appearance of veneer
(Faulkner, 1969). Knotwood affects pulping-costs, and the
associated reaction wood changes the quality of the pulp
(Nicholls, 1967; Wedel et al., 1967). These branch and
whorl characteristics are also related to pruning costs
(Jacobs, 1938), limbing expenses, and mechanical debarking
costs. Self-pruning ability influences the quantity of
sound wood and the products that can be derived from it
(Fenton, 1967).

2.3 The role of the crown in the 'ideal' tree

What emerges is a picture of the 'ideal' tree towards
which breeding must progress to maximize useable wood.

Such a tree could be visualized as having a large, straight
bole of_good wood quality combined with a narrow, long,
vigorous crown consisting of small branches at a near-

horizontal angle. 1In effect, the ideal tree is one that



will produce the greatest quantity of useable wood for the
space it occupies (Matthews, 1963). The relative
importance of the crown is seen to be great. It must be
manipulated in order to control tree growth and quality for

maximum economic yield (Smith and Ker, 1960; Smith, 1963).

MULTIPLE-TRAIT SELECTION

1. Methods

The fact that crown traits as well as productivity
variables must be considered together implies multiple-
trait selection. There are three basic methods available
for applying multiple-trait selection. These are tanden,
iﬁdependent culling level, and seiection index (Hazel and
Lush, 1942).

1.1 Tandem selection

Tandem selection involves the improvement for one trait
at a time over successive breeding.génerations. Because of
the long generation interval of most tree species, this
method is of limited use to forest tree bréeders.

1.2 Independent culling level

Independent culling level is based on the establishment
of a level of merit for each trait below which a candidate
is rejected regardless of its acceptability for all other

traits. If the level of acceptance for each trait is set



high the selection differential becomes increasingly
difficult to achieve as the number of tree characters under
consideration rises (Pederick, 1967). For example, if the
standard of selection is the best one per cent of the
population for each of three traits, the chance of
obtaining an individual up to standard with respect to all
three characters is one in one million trees. This system
is obviously of limited use.

1.3 Selection index

The selection index is the most efficient in terms of
providing an objective method whereby the characters are
weighed in a systematic manner. It takes into account the
relative economic value of each trait, the genotypic and
phenotypic variances of these traits, and the genotypic and
phenotypic covariances (or correlations) between each pair
of characters. With the proper information an index can be
constructed which has no peer for assigning weights (Brim
et al., 1959).

The widely used point-score system of selection is an
attempt by breeders to construct an index with inadequate
information. It assigns values to each trait based on an
arbitrarily chosen scale. This scale is determined by the
relative economic importance of each trait; but it Has no
~genetic basis. Woessner (1965) poiﬁts out many grading

systems are derived "with little knowledge of the



heritabilities or genetic correlations between the
characters for which the trees are being selected". The
point-score system has proved adequate for selection during
the period of tree improvement when genetic information on
most species has been limited. However, with the
increasing maturity of many progeny trials the data
required to construct proper selection indices are becoming

available and should be so used.

2. Construction of a Selection Index

The data required to construct a selection index are:
~genotypic and phenotypic variances of each trait, genotypic
and phenotypic covariances between each pair of traits, and
the relative economic values of each trait.

2.1 Reliability of input informétion

Emphasis must be placed‘on the reliability of‘génetic
information used to construct an index. Ehrenberg (1969)
points out "when genetic variances are being estimated,
many assumptions have to be made which are never fully
realized in the material investigated. This factllends a
varying degree of unreliability to the calculated values".
Williams (1962) cautions that an indek derived from poorly
estimated parameters is likely to be poér, "and may even
have an ekpected negative correiation,with the optimum

index'". Namkoong (1969) directs attention to the fact that



the error of estimate for the genetic parameters is usually
high because sampling of the population is restricted to
small numbers of relatives and very few environments. The
usual material from which we derive our parameters is a
progeny trial not specifically designed for the purpose of
estimating genetic variances (Stonecypher, 1966). In
~general, progeny trials are representative of a small
sample of the population biased through initial selection,
and are restricted to a single environment. The
experimental designs in which they are laid out were
developed to test differences between means rather than
variances (Stonecther, 1966). These factors present a
formidable deterrent to the construction of aﬁ accurate
index, but as long as it is derived from the best available
data it can be expected to be better than no index at all.

2.2 Genotypic and phenotypic variances

There is an ever-increasing store of knowledge about
the genetic and phenbtypic variation of most éconamically
important traits. This information is usually presented in
the form of heritability estimates. Essentially,
heritability eipresses the degree of correspondence between
the phenotypic value and breeding value of a-character; It
quantifies the concept of whether progress from selection
for a character is relatively easy or difficult to make in

a breeding program (Hanson, 1963). Unfortunately, the
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misuse of the term has vitiated the usefulness of a large
number of the published values. The FAO/IUFRO Meeting on
Forest Genetics (1964) recommended '"the genetic structure
of populations should be investigated as thoroughly and
defined as precisely as possible to permit realistic
estimates of genetic parameters...used in developing
breeding prpgrammés". Too often the estimate has not been
qualified with the nature of the genetic variability, the
experimental units, or the inference population, and
therefore its implications cannot be interpreted by
~geneticists (Hanson, 1963). Many researchers consider
publication of the variances conjointly with the
heritabilities would prevent much confusion. However, the
relative amounts of variation in a trait attributable to
_genetic and phenotypic sources can usually be inferred from
heritability estimates.

2.3 Genotypic and phenotypic covariances and
correlations

Genetic and phenotypic covariances and correlations are
derived in conjunction with variances. Although there is a
fair knowledge of the phenotypic relationships between
variables for many species, little is known about the
~genetic correlations. Many researchers have assessed two
or more traits in a progeny trial, but have failed to

publish the genetic associations between characters. This
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deficiency is now recognized, and the Second World
Consultation on Forest Tree Breeding has recommended that
~genotypic covariance should be included in reports.

A genetic correlation coefficient measures the degree
of association between the genetic variances of two
quantitative characters in a given population (Reeve,
1955). Its meaning can best be understood from its
relation to phenotypic correlation. The association
between two characters which can be observed directly is
the correlation of phenotypic values (Falconer, 1964).

This observational correlation results from two main
‘causes;_genetic and environmental. It is assumed these
causes are uncorrelated. The genetic component is chiefly
determined by pleiotropy which is the proﬁerty of a gene to
affect more than one character. If the gene is segregating
it causes simultaneous variation in all characters it
affects. Environmental correlation results from the effect
the same environment has on several characters; it also
includes all non-additive genetic components. Hence, the
~genetic and environmental correlations correspond to the
partitioning of the phenotypic covariance into the additive
~genetic component versus all remaining components.

The degree of heritability, or breeding value, of the
correlated traits play an important part in establishing

which of the two components is the chief determinant of the
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observational correlation. Falconer (1964) points out that
the phenotypic correlation is equivalent to

COVA+COVE
rp = = h,h,r,+e e T (1)

X'YTATEXCYTE 0
[ (VARAX+VAREX)(VARAY+‘VAREY)‘ » .

where P, A, and E denote phenotypic, additive genetic, and
environmental parameters respectively; X and Y symbolize
the two traits; h the square root of heritability, and e
its complement; r is the correlation coefficient. If the
characters have low heritability values, the environmental
rather than the genetic correlation will determine the
observational correlation. The dual nature of the
phenotypic relationship makes it clear that the magnitude
and even the sign of the genetic correlation cannot be
derived from the phenotypic correlation alone. -

The selection index uses the information contained in
the variances and covariances to show the ekpected'genetic
response in a character through selection for correlated
traits. GeneticAgain in one particular character that can
be achieved through multiple-trait selection will depend on
both the heritability of the character being considered and
those of correlated characters. If the heritabilities of
these corrélated characters are high in relation to that of
the desired frait, correlated response to selection for the

highly breedable attributes will increase the possibility of

' ~gain in the desired trait. Characters that are not
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~genetically correlated will have little effect on the
progress of the trait in question.

2.4 Economic evaluation

Economic evaluation of the traits is the final
information required to construct a selection index. This
presents a special difficulty to the tree breeder.

However, the problem of economic evaluation is by no means
limited to selection index téchnique élone; any method of
multiple-trait selection, and particularly the point-score
system, requires identical subjective valuation of the
relative importance of each trait.

The breeder is mnot in a particularly favourable
position to collect data from which he can assess the
importance of traits. Silviculturists, produrers,
processors and marketers all evaluate a trait differently
according to its effect on their particular discipline, and
there is no special body to collate information from all
sectors of the wood industry. Even the economic importance
of traits within one small segmént of the industry is not
fully understood. Namkoong et al. (1967) illustrate the
problem of defining breeding objectives in the Southeast
‘United States. They remark "the relative value of tree and
wood traits in pulp production...are but vaguely known now,
dimly foreseeable in the future, and perhaps only definable

in terms of limits to relative values".



14

The importance of a trait is not likely to remain
static over time. Technical improvements tend to change
the significance of a trait. Changing product markets
similarly influence the economic importance of wood
characteristics, and since breeding takes many years to
yield results, the tree improver must compromise in
predicting the future importance of tree characters.

Namkoong (1969) points out one other difficulty in
evaluating traits. Because of differing product potential
and the common practice of grading and marketing by classes,
a character's value function is generally discontinuous
rather than linear over the size range. Selection indices
require linear functions since they show the relative
improvement in the unit of selection which is caused by a
change of one unit of the correlated character. However,
this problem may be over-emphasized since linearity can
~generally be assumed over the size range being considered
for the traits.

The problem of collecting reliable information does
not preclude the eXploitation of the selection index as a
method‘of multiple trait selection. Like any other facet
of genetic research, there is a lack of 'suitable’
material; but use must be made of ekisting,data. Efforts

to derive a satisfactory index will certainly result in
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better selection criteria than are currently used in most

improvement programmes.

PROJECT OBJECTIVES

The goal of this thesis is to study the genetic
variability of several crown traits, and to assess their
implications for the production of economically useable
wood per tree and per acre. Each trait will be viewed in
relation to its genetic and economic impact on productivity.
Selection indices will be constructed using those variables
which maximize economically useable wood. The efficiency
of these indices will be compared with selection for
productivity alone. Génetic data will be provided by a

twelve-year-old progeny trial of Pinus radiata.
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DATA COLLECTION

THE PROGENY TRIAL

The genetical data used in this study were obtained
from a controlled pollinated progeny trial located in
Uriarra Forest, A.C.T. It was established by the Forest
Research Institute in 1953 to test the superiority of
progeny derived from controlled pollination of trees
selected from surrounding plantations. Its designation,
Progeny Test No. 3, indicates that it is one of the oldest
trials in the area. Permission was obtained to use the
Institute's 1966 measurements of the trial, and, combined
with additional measurements carried out by the author in

1969, these constitute the data used for analysis.

1. History and Environmental Factors

The trial was originally established with twenty
different fuil-sib families. However, not all families
were fully replicated in the experimental design, and in
order to simplify computation and interpretation only the
twelve fully replicated families were used in the analyses.
The parentage and number code for these fémilies are shown
in Table I.

In all, fourteen parent trees were used in

combinations as male and female to produce the twelve
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Table 1

Parentage and Code of Twelve Full-Sib
Families Analyzed in Progeny Trial

Code Parents Code Parents
Number Female Male Number Female Male
1 443 x 942 7 985 x . 994
2 440 x 944 - 8 991 x 935
3 941 x 942 . 9 : 982 x 990
4 937 x 991 10 ' 937 x 935
5 443 x 994 11 984 x 991
6 855 x 985 12 482 x 991
progeny groups. These parents were selected primarily for

their vigor and branching habits. Table II gives the
original notes recorded for these trees. The age at time
of selection is not given, but‘most parents would have been
between fifteen and eighteen years old considering the
average age of A.C.T. plantations at that time. The lack
of quantitative data on parent-tree characteristics
prevents any statistical analysis of parent-offspring
relationships or genetic advance.

The trial is planted at eight-foot square spacing, and
occupies an area of 1.2 acres situated on a well-&rained,
~gentle slope having a south-west aspect.. The area receives
about thirty-five inches of rain a year, and the soil is
porous sandy-loam. The previous forest type was dry

sclerophyll which was felled and broadcast-burned prior to
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Table I1I

Characteristics of Parent Trees as Recorded

at Time of Selection

Plus-Tree
Designation

Characteristics

440

443

482

855

935

937

941

942

944

982

984

985

990

991

Dominant. Average vigor. Wide-angled
branch type - a good branching type.

Very vigorous. Some heavy and acute-
angled branches.

Medium vigor. Very small and evenly
spaced branches. A good type.

Dominant. Vigorous. Branch angle
fairly wide. Branches slightly heavy.
Whorls of uneven size.

Fair vigor. Branches very small.
Multinodal.

Vigoroué. Small branched tree. Only
fault was two whorls of cones.

Very good tree of medium vigor.
Very good tree of medium vigor.

Medium vigor. Narrow crown. Small,
wide-angled branches.

Good branching type.
Good branching type.
Very vigorous. Badly branched.

Vigorous. Multinodal. Branches
slightly acute.

Very vigorous.
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planting. There are still partially burnt logs remaining
in the area, but these did not greatly disturb the

' regularity of spacing. The trial was pruned to six feet at
ten years, but no other silvicultural treatment has been
applied to the area. The site class for pine is seventy
feet at age twenty which is good quality for this area.
There are no obvious diseases or problems in the trial or
‘surrounding stand, and growth can be said to be progressing
normally for this environment. Plate 1 shows a view
looking downslope through the trial.

The twelve families form a randomized complete block
replicated five times. The unit plot originally contained
ten trees, but sampling was restricted to the dominant and
codominant individuals only. A total of 371 trees were
selected. Table III gives a breakdown of the sampling

distribution in the trial.



Plate 1

View of Trial at Age Fifteen
Average diameter is eight inches. Note regular spacing.
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Table III

Sampling Distribution of Progeny Trial

. Block
Family 1 9 3 4 5

1 8 4 5 7 5 29
2 8 6 3 8 6 31
3 8 8 8 7 6 37
4 5 3 7 6 6 27
5 7 9 6 5 9 36
6 5 3 3 4 4 19
7 6 6 7 7 3 29
8 4 5 6 8 7 30
9 7 7 9 10 7 40
10 5 6 4 7 4 26
11 6 7 8 7 9 37
12 7 6 6 5 6 30
76 70 72 81 72 371

Plot arithmetic mean 6.18
Plot harmonic mean 5.64

2. Rejection of Unrepresentative Data

The validity of rejecting the suppressed and
intermediate portions of the trial can be challenged. The
obvious disadvantage of removing any tree from progeny
analysis is that information is lost, and the ability to
test for significant differences between means is reduced
through loss of degrees of freedom. However, in genetical
research the emphasis is on the relationship of genotypic

and phenotypic variances rather than means. Stonecypher
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(1966) points out that practically all experimental
designs, especially those used in progeny tests, were
developed for precise comparison of means and not for
estimating variances and their components. Wright and
Freeland (1960) and Wright (1963) claim that statistical
efficiency is at a maximum when environmental differences
among plots belonging to the same replicate are small.
This leads to the suggestion that removal of individuals
from a plot that are largely the product of environmental
and competitional stresses would improve the efficiency of
the trial.

The removal of suppressed trees is a crude way of
accounting for competitional effects. With special
experimental designs variances resulting from competition
between different genotypes can be explained (Stern, 1965;
Sakai, 1961). However, the design used for this trial and,
indeed, most progeny designs do not permit interpretation
of competitive effects. If competition is not accounted
for in some way, the within- and between-plot variances
will be increased (Singh, 1967) resulting in
unrealistically low heritability estimates. The
effectiveness of removing competitional influences in this
manner remains to be seen.

Curtin (1968) gives strong support for removing the

suppressed portion of a stand. He found a bimodal size



23

distribution in Eucalyptus obliqua stands corresponding to

the suppressed and codominant classes. Over fifty per cent
of the stand did not play a significant role in stand
~growth, and contributed only twenty per cent of the total
basal area. He found that suppressed individuals may
~greatly change the mean of a population yet contribute
little of growth. Curtin emphasizes that the two sub-
populations behave in different ways, and should be
considered separately in growth analysis.

Figures 1 and 2 show that the Pinus radiata stand

conforms with Curtin's results. Although the young age of
the stand prevents a clear distinction between the two sub-
populations, Figure 1 indicates the distribution of
diameters is decidedly skewed to the left by the suppressed
stems. This portion of the stand remains alive, although
no significant increment occurs. This may be due to
ekchange of assimilates through root grafts which keeps
this portion of the stand alive (Will, 1966; Wood, 1969) .
The suppressed trees remain relatively static in size,
whereas the dominant trees continue to grow causing the
means of the two sub-populations. to draw apart.

Figure 2 demonstrates the negligible amount of growth
contributed by the suppressed trees. When the trees were
arranged according to diameter, the smallest fifty per cent

of the stand accounted for only 24.6 per cent of basal area
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increment and 31.7 per cent of total basal area. Ten per
cent of the stand produced no increment at all. The
portion of the stand that was actually rejected from
analysis amounted to thirty-five per cent, and produced
16.4 per cent of the increment and 23.4 per cent of basal
area. This is a higher proportion than the graph indicates
because fifteen per cent of the rejected individuals were
from the dominant and codominant classes. These were
considered unrepresentative because of forks or broken
tops. Plate 2 depicts an example of 'a suppressed tree that

was not included in analysis.

CROWN VARIABLES

The crown can be quantified in various ways. Van
S}yke (1964) and Marden and Conover (1959) give excellent
descriptions of crown measurements. But rather than test
all possible variables that can be assessed on a crown we
can select those which are most applicable to the

experimental material - immature Pinus radiata grown in

plantation conditions.

1. Description of the Crown

The crown of immature Pinus radiata grown in

plantations has certain characteristics. Its shape can be

described as paraboloid or conical depending on the growing



Plate 2

Typical Suppressed Tree Removed from Analysis
This tree has added no increment in three years, yet the
crown is still green. The tree must be classed as 'alive'.







28

space available to the individual (Brown and Hall, 1968).
The lowermost branches curve upwards, but once crown
closure has occurred newly produced branches fail to curve
as much and are shorter than the initial laterals. Two
theories attempt to explain this: Rawlings (1961) has
suggested that the beating of branch primordia by adjacent
crowns limits branch elongation, and Fielding (1960)
contends that apical dominance increases with physiological
age. He offers as evidence the fact that clones exhibit
~greater apical dominance than seedlings.

Needle persistence is closely related to light
intensity. Needles live for two to three years on both the
main stem and laterals. They die from the branch base
upwards as new growth added each year reduces the amount of
light reaching the older needles. The photosynthetically
effective crown thus forms as a sheath which moves upwards
with age as light is excluded from the lower portion by
competing trees. The rate of ascent of the green crown and
the age at which it initially moves has been shown to be
linearly related to spacing (Beekhuis, 1965).

P. radiata is multinodal; in any given year zero to

five or more whorls of branches may be produced (Bannister,
1962). There is la?ge variation within the species for
this character, but an individual tends to have limited

variation from year to year. This suggests strong genetic
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control. The internodal length varies both within a year
and from year to year. The variation between years can be
accounted for by annual shoot elongation; as a tree ages
height increment declines, and so internodal length is
reduced.

Size of branches on a given whorl varies from smail
epicorms to large, acute-angled ramicorms that have at one
time competed with the main shoot. There is also large
variation in average brancﬁ size from whorl to whorl. Some
whorls have ﬁainly small branches, aﬁd others carr& chiefly
large ones. The number of branches on a whorl is also
highly variable ranging from one to ten or more.

Branch angle varies froﬁ acute to horizontal both
within a whorl and between whorls. Angle.geherally widens
with age due to the increased weight of the branch
(Fielding, 1960).

Fielding (1960, 1967) has detected several phenotypic

relationships between crown traits in P. radiata. Branch

diameter is positively correlated with branch length and
negatively associated with branch angle, number of whorls
per foot, and number of whorls per tree. Number of whorls
is positively related to branch angle, dbh, tree height,
and number of branches per foot.

Plates 3 to 6 illustrate the variation found in

several crown characters in the progeny trial.



Plate 3

Variation in Crown Cover

Three different families have heavy,
light crowns.

intermediate, and
The heavier crowns are associated with fewer

large branches, whereas the light crowns have numerous fine
branches.






Plate 4

Variation in Branch Size
Three different families point out the relationship of

branch size and whorl frequency. The large-branched crowns

are associated with fewer whorls per foot and less compact
foliage.







Plate 5

Variation in Number of Whorls per Foot
Whorl frequency of two families show greater whorl frequency
is associated with smaller, more horizontal branches.







Plate 6

Variation in Branch Angle
Branch angle for two families illustrates this variable is
under strong genetic control.
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2. Measurement of Variables

Variables which best describe the immature Pinus
radiata crown are unit branch characteristics, branch and
whorl frequencyvtraits, and crown dimensions.

2.1 Unit branch characteristics

Unit branch characteristics represent an average of
the three largest diameter branches fopnd in the two-foot
section above the pruned stem. The average sampling |
position was thus six to eight feet above ground. Branch
characteristics therefore approximate the mean maximum
values for the tree. The following measurements were
taken:

Branch diameter (BD)‘- measured to the nearest tenth
of an inch two inches from
junction with bole,

Branch length (BL) - measured to nearest tenth of a
foot from tip to butt in a
straight line, and

Branch angle (ANG) - measured to nearest degree with
a special protractor developed
by the Forest Research
Institute (Brown, 1967). The
protractor measures thevangle
between branch and stem at
approiimately six inches from

the axis.
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2.2 Branch and whorl frequéncy characteristics

Branch and whorl frequency characteristics were
measured on the ten-foot stem section above the pruned
base. To be counted a branch had to be more than one-half
inch in diameter two inches from the base. A whorl had to
consist of two or more branches of one-fifth inch or larger
to be included in the count. Estimates of branch size were
made by eye from the ground.

These specifications were laid down to give some
biological significance to thé variables. The size
restriction for branches was arrived at after a preliminary
analysis showed the Variatién was almost wholly random and
uncorrelated to produ;tivity'if all branches greater than
one-fifth inch were included in the count. It was felt
that unless a branch contributed to growth for a
significant portion of the life of the sample portion of
the crown the branch should not be included in the count.
The size restriction of one-half inch was derived from the
distribution of mean makimuﬁ branch diameters for the
stand. |

Whorls, on the other hand, could contribute to
productivity even if all branches are under one-half inch.
A whorl of several small branches could be as effective as

one of a few large branches. Hence, the specification of
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one-fifth inch for branch size was established only to
exclude epicormic branches from the count.
The following counts were taken:

Number of whorls per foot (NOW)

average for the ten-
foot section,
Number of branches per foot

(NOB)

average for the ten-

foot section, and

Number of branches per whorl

(B/W) ratio.

2.3 Crown dimension characteristics

Crown dimension variables were computed as products .
and ratios of crown radius and crown length which were
themselves derived from other measurements. Crown radius
was calculated as the horizontal projection of branch
length at the measured angle. It is equivalent to the mean
maximum radius for the crown. Crown length was derived as
the difference‘betweeh total tree height and pruned length
which averaged six feet. This is analagous with
establishing the lower limit of green crown at the
lowermost whorl with one or more green branches. The crown
- dimension variables were derived in the following manner:

Crown radius (CR) BL X sin (ANG),

Crown length (CL) Tree height less sii feet,

crr Jer?+cL?,

Crown surface area (CSA) -
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Crown volume (CV) - %WCRZCL, and
Crown length-to-width
ratio (L/W) - CL/CR.

2.4 Productivity characteristics

Productivity variables were derived from diameter and
height measurements. Diameter at breast height over bark
(DBH) was recorded to the nearest tenth of an inch, and
height (HT) was measured to the nearest foot with height
sticks. Total volume per tree (VOL) was calculated over
bark as one-third the volume of a cylinder of this diameter
and height. Volume per acre (V/A) was defined as the
summation of all trees of a given volume and crown radius
that could be fitted on an acre. It is essentially a
measure of productivity per unit area of land, and the acre
was chosen as the unit to facilitate computation of
economic values for the selection index. The variable was
calculated in units of 100 cubic feet according to the
formula 43560 x VOL/(100mCR%).

DBH was remeasured in 1969, and the three-year basal
area increment (BAI) was computed from the gain in diameter.

Table IV gives a summary of the crown and productivity

variables assessed for the trial.
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ECONOMIC DATA

The effects of economic weights on selection indices
are stressed rather than their accuracy. The values should
be considered 'reasonable' rather than precise. The
influence that economic values have on the indices will be
investigated so that the impact of economic evaluation on
the construction of selection indices can be judged. Brim
et al. (1959) found that for one population of soybean the
economic weights could be varied within a wide range
without significantly altering the relative values of the
index weights. The applicability of this conclusion will

be tested for P. radiata by comparison of indices

constructed with and without economic values.

1. Basis of Evaluation

No effort is made to assess the economic significance
of a trait in terms of anything other than royalty. This
absolves the problem of conéidering the implications of a
trait in different sectors of the wood industry.

Prediction of future values is not attempted. The economic
evaluation of the variables is restricted to trait ranges
af a first thinning, and discontinuities or non-linear
functions are therefore somewhat modified. With the
reduced range the assumption that functions are linear can

more readily be accepted. Figure 3 gives the average
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stumpage value of P. radiata for the Mount Gambier area,
.South Australia. It is based on diameter classes which

imply discontinuities, but the fit of pointé to a linear
regression is excellent.

The major discordancy in the economic data is caused
by pulpwood values which are constant over the diameter
ranges. No premium is paid for a larger-sized pulpwood log
as for mill and peeling logs. Rather than ignore this
problem a separate index will be constructed for pulpwood
and sawlog regimes.

1.1 Maximizing volume per acre

The objective of pulpwood regimes is to maximize
volume pro&uction per acre. The size of the individual
tree is immaterial provided it is above a minimum diameter,
and the quality of the stems is also unimportant within
brozd limits. Wood characteristics are economically
relevant, but consideration of such variables is‘beyond the
scoje of the thesis. Hence, of all the crown and sten
traits considered none has an economic value for pulpwood,
and each trait will receive an economic weight of zero.
Volume per acre will have a weight of one.

1.2 Maximizing economically useable wood per acre

The objective of a sawlog regime is to maXimize
prowction of economically useable wood, and log quality

and size must be considered along with volume per acre.
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Royalty rates usually increase with increases in log size
and decrease with defects in log quality such as excessive
sweep, knot size, and branch frequency. Although the trend
is linear for log size (Figure 3), there are marked
discontinuities in the royalty scales for defects. In

fact, most Pinus radiata log royalty rates do not have

~grade limits, but concessions are given for certain classes
of logs and in certain circumstances (Conservator of
Forests, South Australia, personal communication). These
discontinuities result from the dependence of the
seriousness of the defect on log size; a larger log will
sustain a more serious defect before it is degraded.
However, the range of log sizes and quality traits is
limited for the age of the stand under consideration, and
the problem can be simplified by estimating the seriousness
of defects on a lpé of average dimensions. We can assume
that at a certain limit a defect will reduce the value of
the average log to that of pulp quality, and that the value
function for each variable is independent and linear over
this limited rangé. We can then estimate the economic
weight of a charactéi under these restrictions.

Given that these assumptions are valid for the limited
conditions of a first thinning, we can establish the limits
at which a quality trait is likely to reduce the value of

an average-sized tree. Let us assume that if we double the
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average size and frequency of knots degrade will occur. If
branch diameter is increased to one and one-half inches,
number of branches per foot to three, number of whorls per
foot to one, and number of branches per whorl to seven,
reduction in value per one hundred cubic feet of volume for
the average-sized log will be from $0.90 to $0.58 (Figure
3) or thirty-five per cent. The economic weight attached
to each variable relative to the selection unit for volume
per acre will be; branch diameter -0.45, number of branches
per foot -0.23, number of whorls per foot -0.70, and number
of branches per whorl -0.35. These values are derived from
the relationship between the increase in units of the
variable from the mean to the established 1imit and the
relative decrease in value for the unit of selection. For
ekample, branch diameter increased 0.77 inches (units) from
the mean value, 0.73 inches (Table IV), to the
predetermined 1limit, 1.50 inches. This is related to a
relative &ecrease in value of the selection unit of -0.35;
thus, an increase in branch diameter of 1.0 unit will
result in a decrease in value of -0.45 relative to the unit
of selection which is one hundred cubic feet of volume. A
weight for branch angle can likewise bé derived if we set
the limit at which the average log is degraded at 50
degrees. The weight will be positive because the direction
of increase is favorable to wood quality. It is calculated

at 0.03 for each unit of change.
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Increasing diameter of the average log by one inch
adds a value of!|$1,50 to the selection unit (Figure 3).
For the average tree this would indicate an economic value
of 0.17 for diameter measured in one-inch units.

Varying the area occupied by the crown will also
influence volume per acre. Cromer and Pawsey (1957) show
that total volume per acre is inversely related to spacing

for immature Pinus radiata. Their values at age ten over a

range of spacing from six to eleven feet indicate a
reduction in volume per acre of 140 cubic feet for an
increase in‘spacing of one foot. Average crown radius is
conséquently increased by one-half a foot. Hence, a one-
foot increase in crown radius equivalent to a two-foot
increase in spacing results in a reduction in volume of 280
cubic feet per acre. The appropriate economic weight for
crown radius and its component branch length will be -2.8
relative to the selection unit of 100 cubic feet.

An econoﬁic value of zero is given all other traits
that have no direct influence on the value of wood
produced. They will be incorporated into the index,
nevertheless, because fheir.genetic and phenotypic
relationships to otﬁer variables, and particularly to
volume per acre, will be of vélue for correlated response
and increase in genetic gains. Table V summarizes the

economic values for both regimes.
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Table V

Relative Economic Values for Traits in Pulpwood
and Sawlog Regimes

Relative Economic Value
Variable '
Pulpwood Sawlog

V/A 1.0 1.00
DBH 0 0.17
BAI 0 0
VOL 0 0
BD 0 -0.45
BL 0 -2.80
ANG 0] 0.03
NOB 0 -0.23
B/W 0 -0.35
NOW 0 -0.70
CL 0 0
CR 0] -2.80
L/W 0 0
CSA 0 0
CvV 0 0

Although the economic weights have been derived in an
extremely crude manner and can be challenged on several
counts, they will serve to illustrate the effects of
economic data on a selection index. Arbitrarily chosen
values could just as easily serve this purpose, but the use
of 'realistic' figures will make interpretation more

understandable.
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STATISTICAL PROCEDURES

ANALYSIS OF VARIANCE AND COVARIANCE

1. Model of Variation

Analyses of variance were performed on each of the
traits assessed. The experimental design allowed analysis
to be carried out on both an individual-tree and plot-mean
basis. The models on which analyses were based are:

Tigp = * By v Fy v Was + Bisy s

where Yijk is the measured value of an individual tree,
u is the population mean,
B. is the effect of the ith block,

h

F. is the genotypic effect of the jt family,

is the interaction effect of the j'" family in
the it® block, and

is the residual error effect.

Y.. = u+ B. + F. + F..
1) 1 J 1]

3
where Yij is the mean value of a plot,
u, Bi’ and ﬂjare the same as above, and

Eij is the residual error including interactions.

i

The appropriate forms of analysis of variance are shown in
Tables VI(a) and VI(b). Analysis of covariance follows the
same procedure except that mean square values become mean

products.
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Table VI

Forms of Analysis of Variance

(a) INDIVIDUAL-TREE BASIS

Source df Mean Square Components
2 2 2
BLOCK (b-1) MSB Op * Doy + nch
FAMILY (£-1) MS 62 + nol + nbo?
: F, E W F
INTERACTION  (b-1) (£-1) MS,, og . no%
2
ERROR bf(n-1) MSE Og

(b) PLOT-MEAN BASIS

Source df Mean Square Components
BLOCK (b-1) MS o2 4 f¢2
| B E B
FAMILY (£-1) MS o2 + bol
: : F E F
ERROR (b-1) (£-1) MS ol

2. Estimation of Components

The estimation of the components of these models
requires certain assumptions concerning both the

experimental and mating designs.
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2.1 Assumptions concerning the experimental design
The purpose of an experimental design is to obtain
unbiased estimates of treatment means, differences, and
eXperimental errors. How well the design performs these
functions can be inferred from the results of analysis of
variance and covariance, and it is the assumptions
underlying these analyses with which we are concerned.
These are:
(1) family and environmental factors are additive,
(2) errors are independent from family to family,
(3) errors are normally distributed, énd
(4) errors have common variance from progeny to progeny,
and have zero mean.
If the data meet these criteria we can interpret the
effects of environment on the variable, and can say that
the estimated components of block, interaction, and error
effects are unbiased. If, however, these assumptions are
not met, corrective measures can be taken such as
transformation of data. Statistical tests such as Tu key's
test of additivity, Bartlett's test for homogeneity of
variance, and Kilmogorov-Smirnov's test for goodness of fit
will show how well the data comply with these assumptions.
Descriptions of these tests can be found in statistical

teth such as Snedecor (1965) and Sokal and Rohlf (1969).
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2.2 Assumptions concerning the mating design
The purpose of the mating design is to interpret the
~genetic component of the model. The assumptions concerning
the mating design as noted by Stonecypher (1966) are:
(1) regular diploid and mendelian inheritance,
(2) the population is in linkage equilibrium,
(3) no epistasis or dominance is present,
(4) there are no maternal effects,
(5) the relations are not inbred,
(6) the relatives are full-sib, and
(7) the relatives are random members of a non-inbred
population.
A number of these assumptions must be accepted as correct.
Assumptions one to three may be considered valid if Pinus
radiata follows normal genetic patterns, and no published
information would lead us to believe otherwise. Assumption
four could be substantiated if records had been kept of
seed size, storage conditions, and nursery procedures, but
these data are not available. We must accept the assumption
as valid. The next two assumptions are satisfied by the
records of parents and matings. The last assumption is
correct insofar as the randomness of selection is concerned,
but the degree of inbreeding is unknown. The chances of
choosing an inbred tree are remote, however, because

selection was for superior material, and inbreeding usually
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results in depression. Such trees would not be selected.
It is also assumed that environmental and genetic effects
are uncorrelated (Reeve, 1953).

Given the above assumptions, the genetic component of
variation estimates one-half the additive genetic variance.

2.3 Statistics related to variance estimates

The standard errors of the components gives some idea
of the sampling variation in the components. Snedecor

(1965) gives the formula as

» (2)

where b is the number of replicates, M.1 denotes each of i

mean squares used to derive the component, and fi is the

corresponding degrees of freedom for the mean squares.
Duncan's New Multipe Range Test was employed to test

for significant differences between'family means for each

variable.

3. Estimation of Heritability

Heritabilities were derived for each trait measured
according to the full-sib model given by Falconer (1964).
Since the family component of variance was assumed to
estimate one-half of the additive genetic variance, the
- narrow-sense heritability on an individual-tree basis was

determined to be
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20

h =

NS (3)

= NjmoN

02+o +02
E F

A standard error can be derived to show whether the
estimates calculated from this trial are greater than zero.
The error is an approximation given by Falconer (1964,

p.181) modified” to take into account the variance due to

trees within plots. The formula is

2
_ [8b" n-1_.2 2
S(hz) = /—;\T{bTMSE (MSF-MSW)

+

Y 2
BT ey Sy (MSp* (n-1)MSE)

where A = MSF + (b-l]MSw + b(n-l)MSE. The symbols represent
the analysis of variance mean squares, and are derived from

Table VI(a).

4, Correlations Based on Components of Variance

Correlations take the general form

COVXY

/VARXVARY.

where X and Y are the two characters being correlated,

T =

(5)

COVXY is the mean product of these characters, and VARy and

1
E.J. Williams, Dept. of Statistics, Univ. of Melbourne.
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VARY are the mean squares. The value of the correlation
coefficient, r, will lie within the limits -lsr<+1l, and the
hypothesis that the calculated value isbsignificantly
different from zero can be tested by critical limits based
on degrees of freedom.

When a coefficient is derived from components of
variance rather than mean squares it cannot be tested for
significance in this manner, the reason being that the
distribution of the components is unknown. Hence, the
correlation coefficient has no established limits. This
presents a difficulty to the forest.geneticist concerned
mainly with the correlation between components.

4.1 Testing the significance of correlation

A practical method for testing if the correlation is
different from zero is to compare the value with its
standard error. This system was employed by Brown et al.
(1969) for interpreting genetic correlations in sugar cane.
If the correlation is greater than twice its standard
error, we can assume the true value is different from zero.
Although this is not an accurate statistical test it places
émphésis on the variation of the components, and reduces
the importance of absolute size of the coefficient. A
correlation based on components can be large by chance, and
unless the standard error is considered too much emphasis

may be placed on the high value.
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4.2 Genotypic correlations
The genotypic correlations were estimated with the
family components of variance and covariance,

2

[0}
ro= — EXY (6)

§ /02 02
FXX"FYY
The standard error was derived according to the method of
Mode and Robinson (1959). They show that when a parameter
is a function of moments an approximate expression for its
sampling variance can be derived. For a particular
parameter

Moo .
r= X (7)

MxxMyy
where M denotes any variance, covariance or component

thereof, the formula is

< _ rz{VAR(MXY) ) VAR (M, ) ) VARQyy)— COVOy M)
(r) ) Moy M Moy My y
XY, A ‘ .
COV (Myy,Myy ) COV (Myy, Myy) |
S $ Soi0 ¢ CApMR T S0tk ¢ L6 T (8)
XYy XXYY

When the component 02

F takes the place of M, the variances

and covariances of the component are derived from the

~general formula given in equation (2).
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4.3 Phenotypic correlations

The phenotypic correlation coefficients are estimated
from a combination of progeny and error components on a
unit-plot basis. The phenotypic variances and covariances
are constructed from twice the genotypic component plus the
error term after Robinson et al. (1951). This is
equivalent to the additive genetic effect together with all
unaccounted for environmental and random effects. The
formula is

2

2 2
Op -vZOF *ogp - (91

The coefficient is calculated as

2

a
T = __PX_Y__ s (10)

A
PXX"PYY
and its standard error is computed in a similar manner to
the genotypic counterpart taking into account the dual

nature of the phenotypic component.

THE SELECTION INDEX

Smith (1937) was the first to use the concept of
discriminant functions to derife a linear eQuation based on
observable characteristics as the best available guide to
the genetic value of animal lines. Hazel (1943) developed

the principles of constructing and using economically
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weighted selection indices which allow maximum genetic
progress to be made. With increasing knowledge of genetic
principles Robinson et al. (1951), Johnson et al. (1955a),
and Brim et al. (1959) refined the method of deriving

_genotypic and phenotypic correlations from full-sib mating

designs, and applied the selection index technique to plant

species.

1. Construction of the Index

The statistical procedures for constructing a
selection index are described most comprehensively by Brim
et al. (1959).

The index is of the general form

I =‘61X1 +'62x2>+ ...... g_X s | (11)
where the B's are weights‘given to the traits, X's, in
computing the index value, I. The appfopriate B's which
makimize the advance from selection are‘derived from the

simultaneous equations

B1P11 * BPyo f ...... B.P1n %'alGll f a6y * oen.n o 61p
81P21 + BZP22 e Bann = a2G21 + aszz + L., anGZn
Banl + Banz T BnPnn = alGnl + aanz L @ G

(12)

where Pij = Pji is the phenotypic covariance (variance if
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i=j), Gij = Gji is the genotypic covariance (variance if
i=j), and . is the economic weight defined as the relative
net income expected to accrue if the ith trait is increased
by one unit. The values of o can assume any number
negative or positive, but must be relative to each other.
If the unit on which selection is based is set at 1 (i.e.
an increment of one unit of that variable will increase the
economic worth of the product by 1), then all other
economic values should be established relative to 1. If a
trait has no economic importance but is included in the
index for its correlated response to the variable being
improved, its economic value may be set at zero. It should
be stressed that the units in which variables are measured
is most important since the economic evaluation is based on
increments of that particular unit. 1In general, a trait
should be measured in small enough units so that increments
of that unit will reflect gradually changing economic worth
of the trait. If the unit is large, a single increment may
completely élter the value of the trait so that a linear
economic function cannot be fitted to the units.

The right hand side of the equation is equivalent to

Gi =_ZaiGij . (13)

Even though the index may not include the economically
important variables, the genotypic covariance between the
traits used in the index and the traits of economic

importance are essential to compute the value of Gi'
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The B values which are the solutions to the
simultaneous equations form the basis for constructing the
index (equation 11). This index determines the relative
value of an individual or line as parental material for
breeding in terms of the unit on which selection is based.
The larger the index the more productive the material will

be for the trait being improved.

2. Estimation of Genetic Advance

The B values can also be used to determine the advance
expected from selection with the index. The formula for

selection advance is

where A is the advance in unit$ on which selection is
based, and K is the selection differential in standard
deviations. It is an indirect funcfion of the number of
trees from which selection is made (Wright, 1962). The
functions under the square root are the optimum weights,
Bi’ and the right hand side of the equation, Gi’ summed for
the number of variables, i, included in the index. The
advance expected for a pafticular index can be compared
with the advance predicted by any other index regardless of
the number or type.of variables used to construct the

indices. They are all measured in similar units.
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RESULTS AND DISCUSSION

All statistical analyses were performed on the
University's IBM360 model S50H computer. Programmes

required in the analyses were written and edited by the

author.

TOTAL VARIATION WITHIN THE TRIAL

The crown and productivity characteristics chosen for
analyses are listed in Table IV. Each variable was
assessed on 371 trees belonging to the dominant and
codominant crown classes. Their minimum and maximum
values, means, standard deviations, and coefficients of
variation are shown. The dispersion parameters indicate
the large amount of variation present in most traits. The
variables all conform to a normal distribution as determined
by the Kilmogorov-Smirnov test for goodness of fit. The
removal of the suppressed portion of the stand from
analysis has substantially reduced skewness to the left.
The normalcy of the distribution allows analysis of

variance to be carried out on untransformed data.
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ANALYSIS OF VARIANCE AND COVARIANCE

Analyses of variance and covariance were effected on
each variable or combination of variables. Both
individual-tree and plot-mean models were used. Tables VII
and VIII give the mean squares and products for the models.

These values form the basis for all further statistics.

1. Analysis of Variance for each Individual Trait

Let us first investigate the analysis of variance for
each trait. The individual-tree model will give the most
information concerning the causes of variation. It will
indicate if the design is adequate, and will yield a more
accurate estimate of narrow-sense heritébility.

For many traits the eXperimental design is not
adequate. The interaction or experimental error term is
shown to be significantiy.greater than zero in sii variables
and highly significant in one other. There does not seem
to be any connection between the types of variables for
which the design is inappropriate; productivity, branching
frequency; and crown dimension attributes all have
significant interaction terms. Although the trial was not
initially established for the purpose of testing as wide a
range of variables as were assessed in this thesis, the
design did not achieve the purpose for which it was

intended. Diameter, height and volume all have significant



Table VII

Mean Squares and Mean Products Derived from Individual-Tree Model
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Table VIII

Mean Squares and Mean Products Derived from Plot-Mean Model
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interaction terms. It is clear that a better design is
required.

1.1 Productivity variables

The analyses of variance for the four productivity
variables are given in Table IX. The cumulative
productivity variables of diameter, volume, and volume per
acre have highly significant portions of their variation
accounted for by blocks, but the increment trait, basal
area increment, has non-significant block effects. The
tree up to age twelve is influenced in its growth by a set
of environmental factors which will be modified in many
ways during the next three years from age twelve to
fifteen. Therefore the variation attributable to blocks
will have a different meaning for certain variables
depending on the age when observations were made. The
trial was largely free-growing to age twelve, but came
under intensified competitive conditions during the
following three years. It is likely that the initial
limiting factors such as moisture and weed competition
would have been modified by the closure of the canopy, and
other influences due mainly to mutual competition between
trees would supplant these in importance. Competitive
stresses are randomly distributed throughout the stand.
Singh (1967) showed theoretically that in progeny tests

variance components within and between plots are strongly
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Table IX
Statistical Analysis of Productivity Variables

*xk4XANALYSIS OF DBH**#*x

ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SOURCE DF MeSe F COMPONENT NO« MEAN RANGE
BLOCKeeeee 4 1062214 1Ge3T7%% 01272 11 T 452
12 Tel1l5 I1
FAMILYeoeeo 11 246153 2455%% 00355 9 T«048 111
( 0.0383) 8 6980 I11
BL X FAeee 44 1le6144 1 64% 0.1115 1 65919 111
10 6830 IT11
ERROR e eee 311 C.9857 09857 4 6777 111
. 3 6677 Il
NARROW-SENSE FERITABILITY = (Q«(063 6 6660 I11
({0080) 5 6650 11
2 6551 I1
7 64280 ¢
xkkkXANALYSI S OF BAI #**%%
ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SOQURCE DF Me Se F COMPONENT NOe. MEAN RANGE
BLOCK eeceee 4 00003 0025 0.0 9 0107 1
11 0102 11
FAMILYeoee 11 0.0C36 2.86%% 00001 8 0099 111
. ( 0.000D) 10 0.090 IIII
BL X FAeeoeo 44 0.0C09 0675 0.0 2 0090 1111
3 4 0.089 111
ERROR eeee ¢311 0.0012 00012 3 0.087 1111
5 0.085 1111
NARROW-SENSE HERITABILITY = 0.140 -12 0.082 111
(0.089) 1l 0077 11
6 0076 I1
7 0 <069 1
*kkkXANALYSI S OF VOL#**#%%
‘ ANALYSIS QF VARIANCE MULTIPLE RANGE TEST
SJURCE -DF Me Se F CONPONENT NO. MEAN RANGE
BL2CKoeoooe 4 4901568 17e27%% 0« 6555 11 5785 1
. 12 5512 11
FAMILYeoeo o 11 TeB843]1 2.76%% 01073 8 S.182 I11
{ 0.1148) 9 5056 1
BL X FAeeoeo 44 48180 l.69% 03498 4 4 <857 1
: 10 4e842 1
ERRIR eeeee3ll 28463 28463 é 2.;?? }
NARROW-SENSE HERITABILITY = 0065 5 4499 1
(0.082) 3 4317
2 40298 [ [
7 3960 [
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Table IX (continued)

*xk%kkANALYSIS OF V/A*%¥%x%

ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SOURCE DF «Se F COMPONENT NO«. MEAN RANGE
BLOCK esees &4 150649785 9Je04%% 2043994 9 28.288 1
: 5 24.810 11
FAMILYeeeeo 11 €65.0049 3.99%% 19.0841 8 244343 11
( 9.3025) 12 22.674 111
BL X FAeee 44 1271427 Qo176 0.0 10 21.973 1111
. 2 21.555 1111
ERROR eeese3l]l 16646438 166.6438 11 20.678 111
: _ 4 16544 111
NARROW-SENSE HERITABILITY = 04206 1 16.099 Il
0.113) 3 15.780 I1I
6 15.515 I
T 11.644 1
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affected by competition. This would explain the large
portion of random variation unaccounted for by blocks.

The family components of variance for productivity
traits are generally small in relation to the unaccounted
for components. Their heritability estimates are
consequently low. Diameter,bvolﬁme,and basal area
increment all have nérrow-sense estimates less than 0.1,
and judged not significantly greater than zero by their
standard errors. Volume per écre, on the other hand, has a
heritability of 0.21 which is approximately twice its
standard error. However, a cautious approach to the
interpretation of this value is necessary. This variable
reflects the relationship between volume and area occupied
by the crown which produced this volume. It will be shown
later how this variable is more closely related to crown
spread traits than to volume of the tree. It is actually
the influence of the area component which results in a
moderate heritability estimate.

The weak genetic control shown for most productivity
variables indicates breeding for these traits will yield
little improvement unless the intensity of selection is
increased beyond practical levels.

1;2vUnit branch characteristics

The analyses of variance for unit braﬁch characters‘

~given in Table X shows blocks account for a significant
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Statistical Analysis of Unit Branch Variables

xEEEXANALYSI S OF BD*kkdk
ANALYSIS OF VARIANCE
SJURCE DF eSe . F COMPONENT
BLOCK eesae & 0.0220 0.51 0.0
FAMILYeoos 11 02234 5.42%% 0.G071
‘ ( 0.0033)
BL X FAeoo 44 0.0233  0.77 040
ERROR eeee «311 0.0431 0.0431
NARROW-SENSE HERITABILITY = 0.283
(0.139)
*EEKANALYSI S OF BL #k#4%
ANALYSIS OF VARIANCE
SOURCE DF .Se F COMPONENT
BLOCK eoeee 4 €.1256 2.00 0.0479
FAMILYeeeo 11 1647760 5e46%% 044924
: 0+2345)
BL X FAeeos 44 2.8586 0.94 0.0
ERROR eeas +311 3.0704 3.0704

NARROW-SENSE HKERITABILITY = Q.276
(0.138)

*EXEXANALYSI S OF ANG % 24%
ANALYSTS QF VARTANCE

SOURCE DF Me Se COMPONENT
BLICK eceese 4 1608.0603 23.32%% 22.5418
FAMILYeooso 11 €21.7722 9.C2%%  19.1054%
{ 8.6751)
BL X FAeeo 44 8243103 1l.21 2+5486
ERROR eeee e311  68.9443 68+9443

NARROW-SENSE HERITABILITY = 0.422

(0.179)

MULTIPLE RANGE TEST
NO« MEAN RANGE
1 0.871 1
6 0870 I
7 0825 11
3 0820 II
11 0755 11
12 0720 III
4 0712 I1
5 0.682 Il
10 0667 il
8 0649 Il
9 0636 I
2 0621 I
MULTIPLE RANGE TEST
NOe. MEAN ~RANGE
7 8.208 I
1 8189 1
6 7733 11
3 7720 I1
11 7552 11
12 T<045 11
4 6888 11
5 64457 I
10 6438 I
9 6388 I
8 6294 1
2 6058 I
MULTIPLE RANGE TEST
NOe. MEAN RANGE
4 T0+427 1
8 694553 1
11 67.222 11
2 66708 II11
10 66.029 III1
12 65.732 I1II.
T €2.095 1III
5 614480 11
3 59406 11
9 58.679 Il
6 58.363 Il
1 564423 I
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portion of the total variation for branch angle, but for
little of the total variation in branch diameter or length.
The implications are that the environmental forces which
affect branch angle differ froﬁ those that influence branch
length and diameter.

The factors which influence angle are those which are
present at branch initiation. The angle of a»branch does
not change appreciably over time. It is true that weight
of the branch tends to depress the overall angle from tip
to butt (Fielding, 1960), but the angle measured at the
base does not change much. Plate 7 illustrates this point,
Branch length and diameter are dependent on the amount of
available growing space. This becomes limiting over time,
but is not an environmental influence at the time of branch
initiation. Whereas moisture or nutrient availability may
have been the environmental factors removed by blocks for
branch angle, competitive stress would be likely to
determine branch elongation and growth.

-The_genetic control of branch traits is moderate. All
heritability estimates are greater than twice their
standard errors. Both branch diameter and length have

values of 0.28, and branch angle has an even higher estimate

of 0.42.



Plate 7

Bending of Branch by Weight
Angle changes from tip to base of branch but angle near
stem remains the same.
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1.3 Branch and whorl frequency characteristics

Table XI gives the results of analysis of variance for
frequency traits.

Number of branches per foot and number of branches per
whorl have non-significant block effects, whereas number of
whorls per foot has a significant portion of its total
variation explained by blocks. This dissimilarity is not
incongruous when the derivgtion of these variables is
considered. Branch count is restricted to those branches
which have contributed to the production of carbohydrates
for a significant portion of the life of that part of the
crown. The amount of contribution is related to the size
of the branch; the larger a branch is, the longer it has
carried on photosynthesis. A size restriction of one-half
inch based on the distribution of branch diameters in the
stand was chosen to reflect a count having some biological
significance. The number of branches is closely related
to the branch size variable since a tree with a large mean
maiimum.branch diameter will have a greater number of
branches over one-half inch. Hence, the number of branches
per foot and per whorl will be influéﬁced bv similar
environmental féétors as branch size. The major influence
is competition, a cause of variation not femoved by blocks.

Number of whorls per foot is not similarly influenced.

A1l whorls with two or more branches greater than one-fifth
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Table XI

Statistical Analysis of Branch and Whorl Frequency Variables

2k XANALYSIS OF NOB#k**k

_ ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SJURCE DF «Se COMPONENT NO. MEAN RANGE
BLOCK eeeee 4 0.5411 0.61 0.0 6 20262 1
3 1.930 II1
FAMILYeeeoe 11 401623 TeQl*x% O.1124 1 1903 11
«0584) 11 1876 11
BL X FAeeoo 44 Ce9G36 1.67% 0.0710 7 1845 111
12 1.395 II1
ERRJR eeee ¢311 05636 05936 4 1.368 1II1
9 1.273 I
NARROW-SENSE HERITABILITY 0.289 5 14263 Il
(0«154) 10 1.226 I
8 1.214 I
2 1.080 I
*xkkRANALYSIS OF B/WHk¥4%
ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SOURCE DF eSe COMPONENT NO. MEAN RANGE
BLOCK eeose o 4 4,018 125 0.0 6 6236 1
1 5274 11
FAMILYeooo 11 5540534 17.10%: 17692 7 4786 [1
-7671) 3 4614 11
BL X FAeeeo 44 Se13517 le6l%* 0. 49 11 3.919 Il
4 2767 Il
ERROR s eee 311 2216 32196 12 2726 Il
5 24611 Ir
NARRUW-SENSE +FRITABIL!TY 0e663 10 2566 191
. (0.221). 9 2468 I
8 24301 I
2 1.923 1
*xkkRANALLSi S OF NOW*k*%k%
; ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SOURCE DF Me Se COVMPONENT NO. MEAN RANGE
BLICKeeoee 4 0«0880 10 77%%* 0.0011 2 0.582 1
4 0558 1II
FAMILYeesso 11 01584 19+39%% 00051 8 0.557 11
X 0.0022) 9 0543 I1
BL X FAeeoeo 44 0.0135 1.65%* 0.0009 12 0.526 11
10 0.521 11
ERRUOReeoe ¢311 0.0(82 0.0082 11 0509 I
' v 5 0.505 1
NARRIW-SENSE HERITABILITY = Q.721 3 0439 I
(0.226) 7 0401 II
1 0379 Il
6 0365 I
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inch were counted. Competition would not affect branch
~growth to this size because a 'countable' whorl will be
formed before mutual competition océurs. The environmental
factors affecting whorl frequency, then, are those present
at whorl initiation. These factors have been accounted for
by the design.

Breeding values‘of branch and whorl frequency
characteristics are high. All heritability estimates are
~greater than twice their errors. These values are

substantial when contrasted with those derived for
productivity variables.

1.4 Crown dimension variables

Crown dimension variables show differing reactions to

the ekperimental.design. The analyses are shown in Table
XII. Crown length, length-to-width ratio and crown surface
area have significant block effects, whereas crown radius
and crown volume have not. Crown length and radius are the
"primary dimension variables from which the others are
deriVed, and factors which influence these traits also
affect the derived traits. Crown length is relatively more
important in length-to-width ratio and surface area, and
the environmental factors which affect it are accounted for
by blocks in these variables. Crown volume is more closely

related to radius because of the effect of squaring this
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Table XII

Statistical Analysis of Crown Dimension Variables

*xx*xkANALYSIS UF CLL¥*®»»>

ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SJURCE DF MeSe COMPONENT NOe MEAN RANGE
3LUCKeeoee 4 1211.1C96 93.75%% 17.0448 12 51.376 1
11 49.390 I1I
FAMILYeooe 11 T7¢6S75 6601%% 06926 8 49.280 11
{ 1.1638) 10 484590 I1
BL X FAeeo o 44 581771 4e50%% 80292 4 484496 11
5 484293 11
ERROR ¢eee 311 12.5184 12.9184 2 47650 11
v 1 47.219 11
NARROW-SENSE HFERITABILITY = Q.C64 9 46930 11
(0.123) 6 46083 I
71 45.986 1
3 45.744 1
Ak EKANALYSTS OF CR¥*%¥%x%
ANALYSIS OF VARIANCE MULTIPLE RANGE TEST
SOURCE DF MoSo COMPONENT NOe. MEAN RANGE
BLOCK eeee e 4 45623 2008 0.0358 I Zoggz %
FAMILYeeoeo 11 Ge3586 4.28%% 02562 11 6:763 1
0.1312) 3 6560 I1
BL X FAeeoe 44 201282 0.58 Q.0 6 64477 11
4 6351 I1I
ERRIR eeee o311 2.1888 2.1888 12 6326 111
8 Se746 II1
NARRDW-SENSE HERITABILITY = 0.210 10 57104 111
(0.117) 5 5568 11
2 5531 Il
9 5351 I
*****ANALYSIS OF L/Whkd%xk
ANALYSIS OF VAR[ANCE MULTIPLE RANGE TEST
SJURCE DF Me Se COMPCNENT NOe MEAN RANGE
BLOCK eeeee 4 52.6166 10e64%% 0.7227 g goggg %
FAMILY e0eo 11 22.6865 40T70%% 0-672? 2 9:050 11
' 0-331 ) 8 8.951 11
BL X FAeee 44 4.7239 Q.54 10 8911 II
12 8796 II
ERROR eeee «311 5.0400 50400 1% ;ogg; }{
NARROW-SENSE HERITABILITY = 0.235 3 7:387 1
(0.125) 1 7339 I
6 T310 1
7 6816 I



Table XII (continued)

*kEkRANALYSLS OF CSA*¥%%x%

ANALYSIS OF VARIANCE
SOURCE DF Me Se COMPONENT

BLOCK eeeee 4 3163.5405 4.86%% 3246557
FAMILYeooo 11 22471111 3.45%% 458573

{32.0606)
BL X FAeeso 44 95446772 1lo4T* 53.8325
ERRDOReeee o311l 651.2366 6512366

NARROW-SENSE HERITABILITY = Q122
{(0.098)

*EKKKANALYSIS OF CVakkkx
ANALYSIS OF VARIANCE

SOURCE DF MeSe COMPONENT
BLOCK eeose 4 172.5430 1.62 0.7278
FAMILYeeoo 11 285.8152 3.63%% 9 3139

( 5¢4463)
BL X FAeeeo 44 123.3145 1.16 3.0016
ERROReees 311 10643655 10639355

NARROW=SENSE HERITABILITY = 0.157
(0.103)

MULTIPLE RANG
NO. MEAN
11 1064882

7 104797
12 103.207
‘1 101.145
4 98.865
3 95,417
6 954189
'8 89.691
10 88.112
5 854581
2 83.583
9 79.878

MULTIPLE RANG

NO. MEAN

7 25908
11 25.437
1 23.583
12 23.023
3 21.750
4 21679
6 20987
8 17.790
10 17.365
5 164845
2 16.196
9 15.132
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value. These two variables are influenced by competitive
forces, and block effects are non-significant.

Dimension variables are under limited genetic control.
Crown length has a very low heritability, and crown surface
area and volume have breeding values under 0.2. Crown
radius and length-to-width ratio have heritability
estimates above 0.2, but these are not greater than twice
their errors.

1.5 General comments on variation in traits

In general, the environmental variation in crown
traits is nbt adequately removed by the ekperimental
design. The relationship of genetic to unexplained
variation is consequently biased, and heritabilities are
lower than one would expect for several variables. The
inadequacy of the design is understandable since it was not
specifically employed to assess crown traits. These appear
to be influenced by competition rather than by static
environmental factofs which the design attempts to remove.
The method of removing suppressed trees to account for
competition has not proved adequate. A more sophisticated
procedure for evaluating these effects is necessary;
pafticularly for crown traits which are strongly influenced
by competition. A design which allows for a range of

competitive pressures within a trial, such as the Nelder
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arrangement, may prove more successful in detecting
competitive effects (Nelder, 1962).

The analyses of variance indicate crown variables are
under stronger genetic control than productivity traits,
and simple crown characters are more heritable than complex
ones. Assessment of specific branch characters will lead
to more definite improvement than assessment of the total
crown in terms of surface area or volume. Branch and whorl
frequency variables which reflect the density of the crown
are highly heritable, and would be easy to improve.
However, the repercussions on productivity of breeding for
crown traits must be determined. The whole-tree concept
implies that improvement in several traits rather than a
single character must be undertaken in an improvement

programme.

2. Observational Correlations

Before we investigate further the genetic variability
and covariability of crown traits let us look at the
observational correlations based on individual-tree data.
Table XIII gives the correlation matrii for ali variables.
With 369 degrees of freedom the critical values are 0.10 at
the five per cent level and 0.13 at the one per cent level
of significance; It can be seen how most pairs of

variables are highly correlated, although the amount of
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variation in the dependent variable explained by the
independent one is not great even though the values are
significant.

When discussing the correlations between crown and
productivity variables the productivity traits will be the
dependent variables and crown traits the independent ones,
as crown components are the cause of wood production. When
considering the correlations among crown attributes there
is no such ready distinction, and there will be no totally
dependent and independent variables.

2.1 Sample correlation coefficients

Let us review some of the more important associations
among crown variables which are found in this sample.

The correlations between unit branch characteristics
are similar to those detected by Fielding (1960, 1967),
Forestry and Timber Bureau (1959), Barber (1969) and
others. Branch diameter aﬁd length are both negatively
related to branch angle, and are highly positively
correlated with each other. Because of this latter
correlation branch diameter and length are similarly
related to all other variables, and either variable could
be used to assess the absolute size of the branch.

Both branch length and diameter are positively
associated with branch frequency and crown dimension

characters. They are negatively correlated with number of
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whorls per foot and with crown length-to-width ratio.
These correlations indicate a large unit branch will be a
component of a crown consisting of numerous, large,
acutely-angled branches distributed on few whorls. The
crown will have a large absolute size but a poor form as
assessed by its length-to-width ratio.

Number of branches per foot and number of branches per
whorl are highly related to each other, and.are negatively
correlated with number of whorls per foot.

The negative correlation between branch frequency
characters and number of whorls per foot requires some
explanation. As the number of whorls increases the size of
branches becomes smaller, and the number of branches larger
than one-half inch is reduced. Both branch frequency
traits are similarly related to other variables which
suggests either variable would serve equally well as an
indicator of branch frequency. The relationship of branch
frequency variables with branch size has previously been
discussed, and is confirmed by the significant correlations
between branch frequency and size. The relationships of
branch frequency to other crown variables are also similar
to those of branch size though slightly less significant.
This indicates either size or frequency variables could be

used in breeding for correlated response.
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Number of whorls per foot has some interesting
associations with other crown variables. Besides those
correlations with branch size and frequency it is
negatively related to all other crown dimension variables
except length-to—width ratio. It is also positively
correlated with branch angle. The type of tree having a
multinodal habit, then, would have small, wide-angled
branches and a crown of small absolute size with a good
length-to-width ratio.

Crown dimension variables are highly correlated with
each other. Crown radius dominates crown length in their
respective relationships with the dimension variables of
which they are components. Crown radius is much more

highly correlated with crown surface area, crown volume,

and length-to-width ratio than crown length. Crown length-

to-width ratio is negatively related to all dimension
variables except crown length. Again this indicates the
influence of crown radius on the dimension variables.

2.2 Partial correlation coefficients removing the
effect of tree size

Discussion concerning the correlétion of crown
attributes to productivity has been purposely neglected.
Table XIII shows how, in general, a large crown component
is associated with a large individual-tree productivity

variable. This suggests that the correlations may be due
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to their common relation to tree size, since a correlation
between two variables may be, wholly or in part, due to
their common association with other factors. If we assess
the size of the tree by diameter, and hold this variable
constant, the relationships between other traits will be
freed from the effects of tree size. Table XIV gives the
partial correlation coefficients after removing the effect
of diameter.

This table confirms the impression that many crown
variables are largely dependent on the size of the tree for
their relationships with productivity. Branch diameter and
length, number of branches per foot and per whorl, crown
radius, crown surface area, and crown volume which are
shown to be positively correlated with volume in Table XIJI
are negatively or non-significantly related to this
productivity variable when the effect of tree size has been
removed.

The correlation of volume with branch angle, number of
whorls per foot, and crown length remain largely unaffected,
and crown length-to-width ratio has its coefficient changed
from non-signifiéantbto positiye. This suggests thét'crown
attributés measuring the absolute size of the crown are
positively related to volume through common size, whereas
traits not asséssing size of the crown are not dependent on

tree size. 1In effect, for trees of equal diameter, volume
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is primarily a function of tree height, and increased
volume is related to narrower crowns with smaller branches
and a better length-to-width ratio. The more productive
trees are those which have a greater propensity to store
carbohydrates in their boles than in their crowns.

The correlations between crown variables and
productivity, as measured by basal area increment and
volume per acre, are largely unchanged after removing the
effect of tree size. The relationships with increment
become non-significant, but the change is slight. The
correlations of crown attributes and volume per acre become
slightly larger indicating that the highly significant
relationships are founded on the growing-area factor rather
than the volume component in the productivity variable,
volume per acre. This is supported by the similar increase
in the correlations between crown radius and other crown
dimension variables once the effect of tree size is removed.

In general, removing the effect of tree size has little
influence on the correlations among crown variables, and
the relationships discussed in the previous section are
valid. The associations between most crown components
remain relatively stable over the range of treebsizes
encountered in this trial. However, the relationships
between crown length and other crown variables is radically

altered by the removal of size effect. The partial
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correlations indicate a long crown is associated with a
narrow radius and small branches. Observational
correlations suggest the reverse is true. Because crown
length and total tree height are equivalent in immature

stands of Pinus radiata which have just begun to compete,

this variable is a function of productivity as well as crown
size. Its reaction to the removal of the effect of tree
size is similar to that of other measure§ of productivity.
The meaning of this variable should be interpreted in terms
of tree height rather than crown length. Until the crown
has begun to rise, the assessment of crowniiength cannot be
considered only as a component of the crown, but must also
be classified as a measure of productivity. Hence, the
interpretation of the significance of green crown length in
immature stands must be treated with some caution.

The observational correlations have pointed out that
certain crown measures, notably branch diameter and length,
are similarly correlated with other variables, and one
would be as good as the other for assessing branch size.
Either one of the two branch frequency variables would be
adequate for assessing branch number. Crown radius is a
better estimator of crown dimension than surface area or
volume, and crown length is a poor measure of the crown in

an immature stand.
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Most crown variables are correlated with productivity
through their common relationships with tree size.
Variables that show significant positive relationships with
volume and basal area increment become negatively or non-
significantly correlated when the effect of tree size is
removed. Thus trees with narrower, longer, more finely-
branched crowns will be better volume producers.

The relationships between crown traits and volume per
unit area are unaffected by tree size. These correlations
are largely influenced by the growing space component

rather than the volume factor.

We have seen the observational associations between
crown variables. Let us now investigate the genotypic and
phenotypic correlations derived from components of variance
and covariance. Table XV gives the‘genotypic‘and
phenotypic correlation coefficients together with their
standard errors. The asterisks designate the coefficients
which are greater than twice their standard errors, the
criterion by which significance is judged. For this
particular set of data the size of the correlation which is
detected as 'sigﬁificant' is within the range 0;39 to 1.03.
Non;significant values are as high as 1.80.

The phenotypic correlations differ from the

observational relationships in that only the additive



Table XV

Genotypic and Phenotypic Correlations Derived from Components of

Variance and Covariance and Their Standard Errors

GENOTYPIC AND PHENCTYPIC CCRRFLATICN CCEFFICIENTS WITH STANDARD ERRORS

Ccv

L/w

CRr

cL

NUW

LA}

NCB

ANG

AL

V/A

voL

I

JBH

D8 H

aNo

3~
L]
QO

N

[ 848
3K
oo

VO
own
N

hd

(=}

Moy

[AaY s\l
. o

oo

o wn

Ot
LaRd

oc

M
N~

° e
oc

~—

-
.
oc

e
- —

[ele]

eadee]

——
(K3

oo

~e
NN
o —
LA ]

Qc

cc
oo

#* %
0
Pak o]

s
D0

BAL

AL
el

co

VO

N
LA

[e]e}

¥

e
.

co

[a PN

M-~
o e

jele}

U G49%
Ve 569%

O« €83
Oe +38% .

VaL

vV/A

—oN

——
..

oy
—un
N

(K]

oo

g
(331N
co
o 0
Qo

o

oc
° 0

~x
YAt

o
oo

N

-
e
oo

—eN
win
-

A

=t}

"o
Ot
* .

ocC

Iev

N
\d

oo

N

oo
..
(elel

—3
- $IVs)
v
* e
oco

00y

Ve
L)
oo

O

—~O
(3K
Q0

W

LS aN]
(K]
co

D

oo
(3K

oo

Ne0
0.0

O« 380N%
DeI3T%
-0e519% =)

Oe

—0.R66% -0
- 0e40b%

Y -t

Mmooy
(K
ocC

wo
N
M

Lad
ocC

¥
Nt

L
-0

om
——t

L)
oo

~m
e
* 0

co

<O
(el

6
1

536 %
A71%
N21%

-0e535% =0

0320
Qe UB4

—0e635%
«800% —0e4T74%

QeG623% =Ne68T%
0

00

——
[ 3K
Q0

oo
Lalan
Ne—

.

oo

wun

S
. o

oo

NN

——
)

oo

0.0
0.0

[l ]

L’

—t—
(K]

oo

NG
—~
P
. s
co

0.0
948% 0.0

1.008%

Oe

-0« 584%

=0e.959%
077G %
-1297
~-0.090

Ox

Nt
(3]
Qo

(&)
~n
— -

“vo

"~y

— -
(3K
oo

o~

-
LR

cc

-1.043%
-Qe822 %
-1+284
-%.132

0. 836%*
Qe 572 %
Qe 757

~—~o
O
0 -t
LK)
(el

o0
oo

wn
o

L)
-0

o

0. 458%

8 -0.94
6 s

CR

C
0

=0.788% -
~0e595%

Qe835%
0.706%
~0e969%
-0e749%

(g g

21
15

0
0.939% =0
~1e003%
2 —0e317% ~0e845%
-0e J08%

-QJe D03 *
-0e9CUL*

NeQ40%*

0.389%

945 %
-0e753% 0e837%

5

2
06522
0.23C

o4
ol
-CeB4T* -Ne335

0

-CePH6TX* =0
-0e337

-0e454
Ue lbc

nien
N
— —
()

Qo

[l
—e0

0.9
0«6

-1.03C*
~0aT1 3%

0430
0.169

-0e332%

Je 9574
Yo 332

¢
\.

* 3%
wr~
Mol of
e

aN

T~
. e

20

L/A

0« 0
0e 0

73% =0e543%
-0eb24%

14%

Ne€23%
0509%

3
2%

Qe445%

Ue 420% =0.199

-0.428

CHA

TANDARI) ERRURS NN UPPER RIGHT

NUTE®*®GFNITYPIC CORRELATICNS ABCVF PHENCTYPIC CORRELATICNS ON LOWER LEFT.
K

COFKRE SPOMDTING

85



86

AN
\\\genetic component and the unaccounted for error variation

‘are considered. All portions of variation attributable to
/;blocks have been removed. This method follows the one used
l by Robinsoﬂ et al. (1951). An alternate system of using

family mean squares and mean products to calculate

phenotypic correlations (Johnson et al., 1955b) was tried
and was found to yield similar results. However,

Robinson's method was used for the sake of consistency.

In general, there is close agreement between genotypic
and phenotypic correlations, particularly when both values
are judged significaﬂtly.greater than zero. The genotypic
correlations are usually larger than the corresponding
phenotypic values, a fact noted by Berry et al. (1969) and
Johnson et al. (1955b).

3.1 Significant genotypic and phenotypic correlations

Most relationships follow the general pattern noted
for observational correlations.

Branch diameter and length are similarly related to
other crown attributes. They are negatively correlated
with branch angle, number of whorls, and crown length-to-
width ratio, and positively associated with number of
branches per foot and per whorl, crown radius, crown
surface area, and crown volume. Branch angle is negatively

correlated with branch frequency, and positively related to

number of whorls. Branch angle is not significantly
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correlated with any productivity variables, but branch
length and angle are negatively related to both basal area
increment and volume per acre.

Number of branches per foot and number of branches per
whorl are both similarly related to other variables, and
~give almost identical genotypic correlations as branch
diameter and length. Number of whorls per foot is
positively correlated with basal area increment and volume
per acre. It is negatively related to branch size and
frequency, crown radius, and crown volume. Its association
with crown length-to-width ratio is positive.

Crown length is not significantly related genotypically
.to any other variable, although there are several
significant phenotypic relationships, notably with diameter,
volume, and volume per acre. It is also phenotypically
correlated with crown length-to-width ratio and crown
surface area.

Crown radius, on the other hand, is negatively related
to basal area increment and volume per acre. It is
negatively correlated with number of whorls and crown
length-to-width ratio, and is positively associated with
other crown dimension variables.

Crown length-to-width ratio is correlated with the
same variables as crown radius, but in the reverse. This

shows the importance of crown radius in this ratio.
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3.2 Implication of genotypic correlations

The genotypic correlations indicate the type of crown
which will result from selection pressure. If selection is
for increased productivity per unit area, the most
efficient genotype will have a small crown radius, good
length-to-width ratio, small branch size, near-horizontal
branch angle, and numerous whorls. The volume of thié
~genotype will not necessarily be larger than a less
efficient type, but a greater amount of basal area
increment will be produced. This suggests that a narrow
crown is a better producer of increment under competitive
conditions. It‘is not necessarily the better producer in
the free growing state before crown closure occurs.

Explanations for this diffefence can be deduced from
other genetic relationships. The negative correlation
between crown radius and length-to-width ratio indicates
that a narrow-crowned genotype has a more favourable shape
for exposure to sunlight in stand conditions relative to
trees with wide crowns. Ability of the crown to
photosynthesize is less impaired by surrounding crowns.
Jahnke and Lawrence (1965) showed on a mathematical basis
how a larger crown length-to-width ratio is more productive
per unit area of land. Although their model avoids
"consideration of complexities arising from close spacing

and mutual shading'", the positive correlations with both
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volume per acre and basal area increment indicate the model
is applicable to competitive conditions. The narrow crown
is also associated with a greater number of whorls which
will increase the genotype's foliage density. Photo-
synthetic capacity will be increased and, consequently, so
will productivity. Prior to crown closure in the stand the
factors of shape and density would not be as important as
the absolute size of the crown. One would expect the
vigorous, heavily branched genetype to develop best in a
free'growing state. But once crown competition begins the
narrow, denser-crowned genotype is better able to retain its
photosynthetic capacity and increase its productivity
relative to a wider-crowned genotype.

Hamilton (1969) reached a similar conclusion from
studies of a twenty-three year old Sitka spruce stand. He
found the partial regression coefficient of crown
projection area on volume increment is negative while that
of crown surface area is positive. He interprets this as
indicating a narrow crown is a better producer of increment
in stand conditions, and suggests the cause could be
~genotypic.

If the cumulative productivity variables of diameter
and volume assessed at age twelve accurately represent
~growth in a non-competitive environment, and basal area

increment for the three year period to age fifteen reflects
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~growth under competitive stress, the genotypic correlations
imply early testing of progeny may be impractical if based
on stem size alone. The initial vigour of a genotype with
a wide crown may be lost once competition has begun. The
ability of a tree to withstand competitive pressure must be
evaluated at an early age to accurately predict a progeny's
~growth potential. Closer spacing of frials would cause
rapid commencement of competition, and would allow early
assessment of competitive ability of genotypes. An
alternative would be to establish supplementary trials at
very élose spacing to test competitive gffects within the
first few years. The competitive ability of genotypes in
the normally spaced trials could then be.predicted. The
~genetic correlations with basal area increment indicate
crown variables such as length-to-width ratio and whorl
frequency could be used to evaiuafe the competitive ability
of genotypes.

The genetic relationships between productivity per
unit area and crown variables result primarily from the
association of crown traits with the area factor rather
than their relation with volume. Improvement in volume
production per acre should be attacked by way of reducing
the growing space rather than by selection for volume per

~se. Crown radius, a measure of_grﬁwing space; is

~genetically correlated with the highly heritable crown
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traits of branch and whorl frequency, and is itself a
moderately heritable character. Volume per tree, on the
other hand, is not associated with any crown traits, and
has a very low breeding value. It will thus be difficult
to substantially improve volume per tree either through
direct selection or by correlated response.

Increasing volume per acre can best be accomplished by
selecting narrow-crowned, multinodal genotypes and growing
them at closer spacing. The greater basal area increment
anticipated for these genotypes would compensate for the
expected decrease in volume per tree when adopting greater
stocking density. It is probable that density of the
narrow-crowned genotypes could be increased to the point
where a crown cover comparable to that for an unimproved
stand at eight-foot spacing is attained before a
significant reduction in individual tree productivity
occurs.

Although genetic correlations do not show any
significant relationships between the crown and diameter or
volume per tree, the idea of increasing individual-tree
volume should not be abandoned. The correlations with
basal area increment show that crown traits are related to
somevmeasure of productivity. As the stand gets older an
increasing portion‘of the total volume will be formed under

competitive conditions, and the correlations with
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cumulative productivity variables will become significant.
The trend towards significance is evident from the similar
~genetic correlations between crown traits and both volume
per tree and basal area increment. The correlations for
volume per tree are very nearly significant in several
instances, particularly in its relationship to number of
whorls per foot.

When stem diameter at age fifteen is used as a measure
of productivity, the following significant genetic

correlations with crown variables are found:

BD BL NOB B/W NOW L/W

-0.767* -0.691* -0.618* -0.665* 0.720* O0.651*

Diameter at age fifteen reflects cumulative‘growfh under
several years of competitive stress, and the correlations
with crown traits verify the genetic link between
individual-tree productivity and the crown. A crown formed
in a competitive regime will be associated.genetically with

volume produced under these same conditions.

4. Assessment of the Variables for Selection Criteria

Selection for 'efficient' crowns as envisaged by Brown
and Goddard (1961) and Douglass (1961) is highly feasible.

However, the method of rating the efficiency of the crown
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through the assessment of crown surface area or crown
volume will not lead to a ready increase in wood production.
The low heritabilities (less than 0.2) of these dimension
variables indicate parents having favourable crown size
will not necessarily pass the characteristic to their
progeny. Branch and whorl frequency variables may prove
better estimators of the efficiency gf the crown. The
branch is the basic structural unit of the crown, and it
regulates the amount of photosynthetic tissue that can be
displayed. By increasing the number of branches the
density of the crown is increased. In a species like Pinus
radiata which has its branches arranged in whorls, the
frequency of whorl production is very important. The
density of the crown is largelyAa function of whorl
frequency. Multinodality ensures photosynthetic material
is more efficiently and compactly distributed.

Traits which assess the size or shape of the crown do
not take into account density values. Two crowns may have
identical surface areas or volumes, yet one can have far
fewer branches or whorls. The denser crown will have a
larger photosynthetic area, and, assuming equal photo-
synthetic efficiency, it will be more productive. Both
deﬁsity and size must be considered in asseésing the

efficiency of the crown.
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No crown trait is solely responsible for productivity.
Each trait estimates the photosynthetic capacity of the
crown in some manner, and is thus related to productivity.
These variables are highly inter-related genotypically and
phenotypically. The traits that reflect the absolute size
of the crown have the disadvantage of low breeding values.
Improving these traits would be difficult. The shape of
the crown, as assessed by length-to-width ratio, is
moderately heritable and is free from the influence of tree
size., It measures the ability of a tree to utilize the
photosynthetic capacity of all crown size characters.

Crown attributes that measure the density of the crown have
high heritabilities, and are.genetically correlated with
productivity variables. Branch and whorl frequency would
be relatively simple to improve, and would yield excellent
correlated improvement in productivity. These crown traits
are the most suitable candidates for construction of
selection indices.

Another aspect of the applicability of crown traits in
tree improvement programmes is their practicality. Uniess
a trait can be easily measured it will not receive wide
approval for selection purposes. Of all crown traits
dimension variables are most difficult to assess in stand

conditions. Curtin (1968) has pointed out the problems



associated with measuring green crown length and crown
radius. Counting whorl and branch frequencies is much
easier, and could be readily incorporated into any

selection programme.
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THE SELECTION INDICES

The selection indices presented in this thesis have
been chosen from all possible combinations of traits for
one-, two-, and three-variable indices. The.criterion for
choosing an index is the size of the expected genetic
advance, and only the best indices are shown. |

Advances are measured in units of 100 cubic feet, and
indicate the gain in volume per acre to be expected at age
twelve from selection using the index. The selection
differential used to determine genetic advance is 2.06,
which corresponds to selection of the best five per cent of
the population. 'Best' refers to that part of the
population which receives the largést selection scores for
the particular indei.

The standard for comparison of the indices is the
expected advance of the index based on selection for volume
per acre alone. Any index showing a genetic advance greater
than this value will be more efficient for improving volume

per acre.

1. Single-Variable Indices

Table XVI gives the relative weights and expected
~genetic advances in terms of volume per acre for selection
indices based on single variables. The pulpwood regime is

shown together with the sawlog regime. The economic values
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~given the traits in the respective regimes are shown in
Table V, and are repeated in this‘table. Several important
points are illustrated in this table.

The index weights indicate the direction selection
must take in order to improve volume per acre. Example 1
shows number of whorls per foot must be increased and crown
radius must be reduced to yield correlated improvement in
volume per acre. The genotypic and phenotypic correlations

have indicated these trends.

Example 1
Variable Index Weight
.NOW 13.507
CR -0.776

Several indices indicate greater expected advaﬁces in
volume per acre than selection for that trait alone.
Example 2 shows some of these indices. For the pulpwood
regime the indices showing larger gains are those with
higher heritabilities and a high genotypic correlation with_
volume per acre. The advances for the sawlog regime
indices are also dependent on these factors, but the
economic values play an important role. If the direction
of economic improvement (i.e. the sign of the economic
value) coincides with the direction of genetic improvement
(i.e. the sign of the.éenotypic correlation between volume

per acre and the trait), the advance predicted for an index
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will be greater than if no economic value is applied.

Example 2
Variable Advance Per cent
Pulpwood Sawlog change
V/A 2.79 2.79 0.0
B/W 3.95 4.43 +12.0
NOW 3.87 3.84" -0.1
BL 2.88 4.90 +70.0

Example 2 shows how branch length has a larger eipected
advance for the sawlog regime. The economic value for this
trait is negative, and the genetic correlation with volume
per acre is also negative. The variable, number of whorls
per foot, demonstrates what will occur if the directions of
economic and genetic improvement are opposed. Number of
whorls is positively correlated'genetically with volume per
acre, but has a negative economic weight. The expected
advance for the index selecting for number of whorls is
smaller in the sawlog regime. This illustrates breeding
objectives are not always in line with what is genetically
possible. Decreasing whorl frequency may be economically
desirable but genetically impractical.

Including 'reasonable' economic values in the indices
does not greatly alter most of the single variable index
weights. Number of whorls has an economic value of -0.70,
but its indei‘weight differs little between saﬁlpg and

pulpwood regimes (Example 3).
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Example 3
Variable Economic value Index weight
Pulpwood Sawlog Pulpwood Sawlog
NOW 0 -0.70 13.506 13.400
BD 0 -0.35 -6.144 -6.202
BL 0 -2.80 -0.697 -1.064

Branch diameter is another example. A more dramatic change
occurs for branch length where a fifty per cent difference
in the weight is caused by inclusion of the economic value.
Wherever the economic value is of the same signvas the
~genotypic and phenotypic correlations the index weight and

~genetic advance for a particular index will be larger for

the sawlog regime.

2. Two-Variable Indices

A selection of ten indices constructed from two
variables which predict the largest genetic advances ére
shown in Table XVII. Pulpwood and sawlog indices are shown
separately.

Several points are evident from comparison of the two
regimes. Volume per acre is an important variable to
include in the two-variable indices. This trait is
incorporated in half the indices for both regimes. This
suggests that improvement in volume per acre can best be
achieved thropgﬁ selection for this trait and another

~genetically correlated character.



Table XVII

Selection Indices Based on Two Variables

PULPWOOD REGIME
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Variables Index weights Advance
V/A B/W -0.002 -1.444 7.9
V/A NOW 0.004 26.844 7.7
V/A L/W -0.361 2.878 7.3
V/A BD -0.018 -12.879 5.9
V/A NOB 0.043 -2.829 5.9
V/A BL -0.037 -1.554 5.8
B/W NOB -1.426 2.184 4.3
B/W NOW -0.446 7.716 4.2
NOW BAI 12.441 21.515 4.1
NOW L/W 11.432 0.294 4.1
- SAWLOG REGIME
Variables Index weights Advance

V/A
V/A
V/A
V/A
V/A
V/A
BL
CR
CR
BL

B/W
BL

NOW
L/W
NOB
BD

BAI
B/W
NOW
CL

0.000
-0.020

0.004
-0.361

0.044
-0.018
-1.166
-0.092
-0.571
-1.129

-1.524
-1.848
26.745
2.878
-2.854
-12.925
49.940
-1.007
15.306
0.273
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Another similarity between the indices is the
importance of branch and whorl frequency variables. These
attributes are included in more than half the indices, and
sometimes in conjunction with each other. The high
heritabilities and significant genetic correlations of
these variables make them attractive for improving
productivity through correlated response.

In the sawlog regime branch length and the closely
related variable crown radius assume greater importance.

Of the indices that do not incorporate volume per acre, one
or the other of these variables is included. The economic
values placed on these traits accentuate the genetic
relationship with volume per acre. However, the changes in
the index weight and genetic advance are not as dramatic as
for the comparable single-variable indices. A twenty per
cent change in the index weight is caused by including the
economic value for branch length in the index. Eiample 4
illustrates this point. Similar results are obtained when
branch length or crown radius is combined with other

variables in an index.

Example 4
Index Index weight for BL Per cent
variables ~ Pulpwood ~ Sawlog “‘change

BL -0.697 - ~-1.064 52

V/A BL - -1.555 -1.849 19
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The index weights of a two-variable index show the
relative importance attached to each variable. If, for
example, the index containing the variables volume per acre
and number of whorls is applied to a candidate tree, the
emphasis for selection will be placed on number of whorls
rather than volume per acre. Volume per acre assessed in
units of 100 cubic feet will be multiplied by a factor of
0.005, whereas number of whorls measured on a unit-foot
basis will be multiplied by 26.845 (see Example 5). If the
tree being assessed has a volume-per-acre equivalent of
21.55 hundred cubic feet and a whorl frequency of 0.582
whorls per foot, the respective index scores will be 0.108
for volume per acre and 15.624 for number of whorls for a
total score of 15.732. By far the most influential variable
is number of whorls. The second index shown in Eiample 5

has a more equitable relationship between the variables.

Ekample 5
Index values Index scores using Aggregate
values 'in volume score
per acre equivalents
0.005 x V/A + 26.845NOW. +0.108 +15.624 15.732

11.432 x NOW + 0.295xL/W +6.654 +2.667 . 9.320

Values for variables: V/A = 21.5; NOW = 0.582; L/W = 9.05

Number of whorls accounts for seventy per cent of the

aggregate score in this instance. However, a tree with
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fewer whorls but a more favourable length-to-width ratio
could receive a high selection score because.of its large
length-to-width ratio.

The proportionately larger genetic advances shown for
the sawlog indices is attributable to the magnifying
influence of economic values. The reasons have previously
been discussed. However, fhe relafive differences in
expected advances between the same indices for pulpwood and
sawlpg regimes are smaller than those shown in EXample 2.
Example 6 demonstrates that the economic values have less
effeét on two-variable indices.

Example 6

Variables Advance _ _ Per cent
Pulpwood Sawlog . change
V/A B/W - 7.90 8.38 +6.1
V/A NOW 7.75 , 7.72 - -0.0
V/A BL 5.83 7.30 +25.0

3. Three-variable indices

Let us finally review the best indices constructed
from three variables. Table XVIII gives the ten most
efficient indices for pulpwbod and sawlog regimes. The
results and trends inferred ffom one- and two-variable
indices also apply to these indices.' |

All indices for both regimes include voiume per acre

as a variable. The two-variable indices were noted to be



Table XVIII

Selection Indices Based on Three Variables

PULPWOOD REGIME
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Variables Index weights Advance
V/A BAI L/W -0.779 132.071 4.888 11.2
V/A CR DBH -0.483 -5.806 5.978 9.6
V/A NOW L/W -0.359 22.787 2.377 9.5
V/A B/W DBH -0.096 -1.963 2.769 9.5
V/A BAI B/W -0.068 72.129 -1.608 9.4
V/A VOL B/W -0.089 1.438 -1.854 9.2
V/A VOL CR -0.450 3.195 -5.329 9.1
.V/A BL DBH -0.319 -3.689 4.658 9.1
V/A BD DBH -0.224 -26.555 4.005 8.8
V/A NOB B/W -0.020 4.467 -2.924 8.6

SAWLOG REGIME

Variables Index weights Advance .
V/A BL DBH -0.345 -4.313  5.375 10.9
V/A CR DBH -0.498 -6.293 6.426 10.6
V/A BL B/W 0.023 0.066 -1.896 10.4
V/A BL NOW - -0.043 - -0.948 29.185. 10.2
V/A VOL CR - -0.461 3.411 -5.755 10.1
V/A B/W DBH -0.097 -2.070 2.899 10.0
V/A VOL B/W - -0.090 -1.506 -1.954 9.7
V/A B/W CR 0.015 -1.714  -0.047 9.6
V/A NOW L/W -0.359 22.690 2.376 9.4
V/A BL CL - -0.145  -2.523 0. 8.8
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more efficient if they contained this variable, and a
similar result is evident for the three-variable indices.
The importance of branch and whorl frequency variables is
1ikéwise apparent in these indices. Branch length and
crown radius play a more prominent role in Sawlpg indices,
but the expected genetic gains are not much greater for
these indices than for the same ones excluding economic
values. Example 7 shows the advance predicted for the
index containing volume per acre, branch length, and stem
diameter. The advance is only 19% greater for the sawlog
regime than for the pulpwood. This shows how the effect of
economic values is reduced as the number of variables in an
index increases. This example also shows the respective

index weights are very similar for both regimes.

EXample 7
Variables Index weights " Advance
- V/A BL  DBH EE—
Pulpwood -0.319  -3.689 +4.658 | 9.2
sawlog -0.345  -4.313  +5.375 ©10.9

Approiimately the same emphasis is placed on each variable
by both indices, and the type of tree which will receive
the highest selection score will be the same for both
regimes.

Indices with a greater numbér of variables could

readily be derived. However, Stonecypher (1969) emphasizes
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that the success of multiple-trait breeding is dependent on
the breeder's ability to select for only the most important
traits. Adding more variables will only increase the

probability of error in an index.

4. Applying the Indices

We now have a series of indices based on one, two, and
three variables which can be applied to selection for
volume per acre and economically useable wood per acre.
Their effectiveness is estimated by the genetic advance
predicted from the use of the indices. The pulpwood index
constructed from volume per acre, number of whorls, and
crown length-to-width ratio estimates the per generation
~gain in volume per acre at age twelve to be 9.50 hundred
cubic feet. Selection based on volume per acre alone will
improve volume by only 2.80 hundred cubic feet. The
advantage of applying selection indices is readily seén.

The indices can be used to select superior'individuals
or families. Their use is restricted to selection from the
population ﬁsed in their construction. If the progeny
trial is representative of the species, the indices have a
wide application. However, let us confine their use to the
families contained in the trial, and discover what sort of
family the indices favour for the purpose of improving

volume per acre. The variable means for each family will
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provide the observational data on which the indices will be
tested.

Table XIX rates the families from best to worst
depending on the selection score received from the use of
each particular index. The actual values of the index
scores are unimportant since they serve only to rank the
candidate families; the larger the score is, the more
appropriate the family for improvement of volume per acre
and economically useable volume per acre.

The rankings for single-variable indices are not given
because the index Qeights are merely constants and will
.rate the families by the size of the variable means. This
data is already available as range tests in Tables IX to
XII. However, if the single index weight is negative, such
as for crown radius, the positions will be reversed, and
those families with the smallest variable means will
receive the highest score.

All indices, both for pulpwood and sawlog regimes,
rank the families very similarly. Families 2, 8 and 9 rank
in the highest three scores in practically every index.
Families 6 and 7 are found in the lowest three almost
without ekception. Other families tend to retain their
relative position in most indices. For example, family 10
always ranks in the upper half, and families 1 and 3 always

remain in the bottom positions.
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The reasons for this constant ranking are found in the
construction of the majority of indices. 1In most instances
the indices are a combination of the variables volume per
acre, whorl and branch frequencies, length-to-width ratio,
branch length, and crown radius. The genotypic and
phenotypic correlations are such that families with narrow
crowns, large number of whorls, a good length-to-width
ratio, and few large branches are associated with greater
volume per acre. The families having this favourable
combination of attributes will receive high selection
scores. Families 2, 8, and 9 are shown by the range tests
in Tables IX to XII to be very similar for these attributes.
Families 6 and 7 are unfavourably endowed with respect to
these critical variables.

The consistent ranking of families indicates the
selection index does provide a method of objective
selection. If constructed with reliable information the
index can be applied to evaluation of progeny within a
trial, or it can be used for plus-tree selection in
unimproved plantations. It could serve as a screening
system for final evaluation of plus phenotypés, This would
enable a large number of potential candidates to be
selected at a low intensity, and final assessment would be

made by the index.
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CONCLUSIONS

The progeny trial of Pinus radiata analyzed is twelve

years old, and is therefore immature. It represents a
stand environment established on a good site. The twelve
families contained in the trial are the progeny of fourteen
selected parents which are samples of the superior portion
of the population rather than the entire population. Only
the dominant and codominant individuals are included in
analyses.

Analysis of variance has shown productivity variables
to be under weak genetic control. Narrow-sense
heritabilities are of a low order. Crown traits, on the
other hand, have reasonably high heritabilities. Whorl and
branch frequency traits have relatively high breeding
values, and branch angle is under strong genetic control.
0f all crown attributes those which assess the absolute
size of the crown have the lowest heritability estimates.

The results of variance analysis are as might be
expected. Productivity variables are influenced by a
multitude of physiological processes each of which is
controlled by unique gene complexes. These physiological
processes are in turn affected by many environmental
factors. Productivity traits reflect the complex reactions

and interactions of these diverse physiological processes
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and environmental influences. It is, therefore,
understandable that productivity variables are under weak
~genetic control.

Crown traits are less complex variables and are
probably subject to less complex control by polygenes than
productivity traits. However, dimension variables are a
combination of crown traits, and are also subject to
different environmental factors over time. They are under
only weak to moderate genetic control. Competition is the
major environmental influence acting on these variables.
Crown traits which are affected by environment mainly at the
time of initiation, such as whorl ffequency and branch angle,
are likely to be most highly heritable. This certainly is
so for the present study.

The analyses emphasize the need for new methods to
allow for variation due to competition in progeny trials.
The effect of competition must be accounted for at some
stage in analysis. The method of removing obviously
suppressed individuals is not wholly effective, and better
solutions are required. Possible methods are to improve the
eiperimental design and so remove some compefitive effect,
or to incorporate a competitional component in the variance
model which estimates the‘competitive ability of a genotype.
It may be practical to plant progeny trials at a closer

spacing to assess competitive effects at an early age, and
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to specifically design experiments to explore competitive
ability of genotypes.

The heritability values derived from this progeny
trial indicate there is little opportunity for achieving
rapid improvement in productivity by selecting and breeding
for size alone. A better response would be obtained by
breeding for highly heritable crown characters which are
shown to be genetically correlated with productivity.
Improvement in the crown trait would result in correlated
improﬁement in yield.

The most efficient way of selecting for multiple
traits is the selection index. Analysis shows selection
for increased productivity per unit area can best be
achieved by using an index consisting of the variables
volume per acre and combinations of the crown traits number
of whorls per foot, number bf branches per whorl, length-
to-width ratio, and crown radius. Basal area increment and
diameter at breast height are also valuable variables to
include in an index.

The most efficient index derived ffom analysis of this
single progeny trial is based on the variables volume per
acre, basal area increment, and crown length-to-width ratio.
Expected gain from one generation of selectién at age twelve
will be 11.2 hundred cubic feet. This represents

approximately fifty-five per cent improvement in volume
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yield, and an improvement of 0.81 standard deviations.
Selection for volume per acre alone will give an
improvement of only 2.8 hundred cubic feet, which is
equivalent to thirteen per cent increase in yield and 0.20
standard deviations. Other selection indices based on
crown variables predict substantial genetic gains of volume
per acre, far in excess of that expected for volume alone.

Introducing economic criteria does not greatly modify
either the index weights for the variables or the expected
~genetic advances. The weights and advances are slightly
increased in most instances. This indicates genetic
response is in an economically desirable direction.
Economic objectives as determined in this thesis are
therefore genetically practical. However, there is a need
to develop better economic criteria for crown traits before
they can be incorporated into an index.

The authenticity of the results is verified by the
consistency of ranking of the families when the indices are
tested on the trial. The families having narrow, multinodal
crowns and moderate individual volume are ranked highest by
all indices. Those with wide, heavily-branched crowns are
ranked lowest even though they have moderéte-to-high volume.
The indices place greater emphasis on crown traits than on

individual volume variables.
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The selection index would be most useful for
evaluating either family means or individual trees of a
progeny trial. They could also be used for routine
selection in the open plantation. The genetic and economic
data would have to be more representative of the total
population for general use. However, the use of the
selection index should be encouraged. An index is soundly
based on genetic information, and its application is easy
and totally objective. It would require little effort on
the part of tree breeders to build up a pool of information
from a number of progeny trials, and from these data
construct an accurate index applicable to a fairly wide
range of selection conditions.,

Crown traits are seen to play a significant part in
the whole-tree concept. Their relatively High
heritabilities will ensure rapid improvement in these
traits which will result in higher quality wood. Their
strong genetic correlations with productivity formed under
competitive conditions and with productivity per unit area
will produce a correlated improvement in yield. The ease
with which crown traits can be measured in an immature
stand makes these variables attractive parameters to assess
in progeny trials. Breeding programmes must place more
émphasis on evaluation of crown attributes to achieve

maximum production of useable wood per tree and per acre.
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