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ABSTRACT

Radiata pine (Pinus radiata D.Don) is the most 
important exotic conifer in Australian plantations.
However, no major studies had been made of the concomitant 
effects of thinning on crown and stem parameters and on 
wood density even though this silvicultural treatment is 
widely practised in management for sawlog production.

The study area is a 23-year-old stand on a uniform 
site in the Green Hills State Forest, N.S.W., in which a 
thinning trial of four replications of six treatments was 
established in 1962. Sampling was undertaken in 1970, 
eight years after the initial treatment was applied.

Selected crown and branch parameters were compared 
between treatments and a gradation of values found with 
increasing intensity of thinning. Foliage weight by age 
classes was related to branch cross-sectional area using 
the allometric equation, and the relationship used to 
estimate foliage weight in the crown and the relative 
distribution of foliage at different stand densities. These 
data were associated with stem D.B.H.O.B. to estimate foliage 
biomass per hectare and annual productivity of needles. 
Foliage biomass increased significantly with increasing stand 
density.

The effect of thinning on stem form and taper was 
ex.cUH.ined using stem analysis data. Stem form changed 
little after treatment while taper changed considerably 
In the most heavily thinned treatment. The shape of the 
stem was a second degree paraboloid in more than SOGo of 
the profiles examined, and the mechanistic theory explains 
a considerable amount of the variation found in stem shape.

Wood density variations after thinning were compared 
using the X-ray densitometry technique. Thinning reduced



(vii)
mean dcnsi ty , percent latewood, and density range , while 

ring width was substantially increased after treatment.

Ttie major effect was found below the (green crown and outside 

tdie juvenile core.

The interrelationships between selected crown, 

s tom and wood density variables indicate a strong 

interaction between the crown and stem. In the (general 

discussion the results of the study are summarized and 

the implications of the crown-stem relationship discussed 

in relation to the effect of thinning;. The implications 

of the findings and their usefulness to forestry practice 

are considered.



CHAPTER 1

INTRODUCTION

Radiata pine (Pinus radiata D.Don) is one of the most 
important exotic species used in afforestation and 
reforestation projects in a number of countries having a 
temperate sub-humid climate e.g. New Zealand, Australia,
South Africa, Chile. The popularity of the species for 
plantation establishment is due to its remarkable rate of 
growth over a range of environments, its ease of propagation 
and the general utility of its timber. The species has 
been extensively planted in Australia, the total area of 
government and private plantations by March 1971 being 
294,000 ha (Commonwealth Year Book, 1972).

Radiata pine plantations are managed under intensive 
silvicultural regimes which involve control of initial spacing, 
tending, mineral fertilizing, pruning, thinning and other 
cultural treatments of generally lesser consequence. The 
treatments considered to have major effects on tree growth 
and wood properties are initial spacing, mineral fertilizing 
and thinning (Paul, 19 6 3; Elliott, 1970a).

The yield and quality of both wood fibre and solid 
wood products from either conifer or hardwood stands depend 
largely on wood density and other wood properties. Whilst 
the wood-using industries have constantly changing 
requirements for raw material (Anon, 1970), their efficiency 
requires an intimate knowledge of the raw material.
Consequently quantitative measures of the effects of 
silvicultural treatments on wood properties, and tree and
forest growth are essential.
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McKinnell (1970) studied the effects of mineral 
fertilizing on wood density in radiata pine and found that 
changes in density resulting from fertilizer application 
are no greater than the natural variation within the species: 
he concluded that fertilizing will not affect the 
utilization of the species# The State Forest Services and 
the Forest Products Laboratory, CSIRO, have also investigated 
the effects of fertilizing on radiata pine but McKinnell*s 
study is the most detailed to date#

Thinning is a very common treatment in plantations 
managed for sawlog production, the regimes applied varying 
considerably depending on the objects of management and the 
general management philosophy. Different regimes may have 
considerable effects on wood properties# These effects have 
not been studied in detail for radiata pine despite their 
great importance to the wood-using industries.

1.1 Thinning Practice
Thinning is defined as "a felling made in an immature 

crop or stand in order primarily to accelerate diameter 
increment but also, by suitable selection, to improve the 
average form of the trees that remain, without - at least 
according to classical concepts - permanently breaking the 
canopy" (Ford-Robertson, 1971)»

The theory of thinning is based on the forest stand 
regarded as an ecological unit and dominated by trees which 
continually need more growing space to remain healthy and to 
develop stem, crown and roots proportionally. For example 
Day (1966) defined three stages in a forest stand in 
relation to change in population density. During the first 
stage from planting to canopy closure, trees grow as
individuals In the second stage the stand becomes a unit,



with total growth balanced and distributed between its members. 
A light to medium grade of thinning is prudent at this stage. 
Fairly rapid canopy closure follows and rethinning is then 
required to alleviate further competition l'or light , space, 
soil moisture and nutrients# Height growth continues and so 
has a marked effect on crown extension. The third stage occurs 
when the high canopy cannot be maintained because of 
physiological limitations: foliage density decreases in
dominant trees and canopy gaps are difficult to fill because 
of a reduced rate of crown extension. Thinning then has 
progressively less effect on tree growth.

1.2 Effects of Thinning on Crown and Stem Morphology and
Wood Density

1.2,1 Crown Morphology
The effect of thinning on various crown parameters has 

been widely studied but the results obtained often differ.
This is partly because the base of the green crown has been 
defined in various ways, the most common definitions being' 
the level of the lowest green whorl, of the lowest green 
branch, or halfway between these two levels (Ford-Robertson, 
I9?l)» Another definition is where the first green leaves 
occur (Ward, 1964). The more complex definitions by 
C/arnowski (1961) and Beekhuis (1965) involve some 
mathematical calculation and are largely impractical.

Beekhuis (1965) found for New Zealand-grown stands of 
radiata pine that crown length remains nearly constant after 
full canopy closure, height to the lowest green wiiorl 
increasing; at approximately the same rate as total height.
A similar finding was made by Stiell (l9bb) in _P, resinosa
Ait.. However, if the stand is thinned crown length will



vary. Boekhu i s ( 196 r)) cone 1 mied . . , to obtain a

re I iable estimate ol' c'rown depth umlor different thinning 

regimes, both stand density and stand height have to be 

taken into consideration."

Neither crown length nor crown length ratio (the ratio 

of green crown length to to tal  height of the tree) were 

found to vary when Keister, Crow and Burns (1968) compared the 

effects of four classical methods of thinning on 4 0 -year-old 

P. e l l i o t t i i  Engelm.. The most effic ient crown length ratios 

are .^45 to . 50 according to Holsoe ( 1 9 5 0 ) and Ward ( 198 4 ) 

but these values could vary with species, age and stand 

density.

Under a constant stand density with repeated light 

thinnings, crown length ratio  decreases with increasing- 

stand height (Kramer, 1966) because crown length remains 

relatively constant (Beekhuis, 1 9 6 5 ; S t ie l l ,  1966).

Thinning also has effect on crown diameter, though in 

radiata pine the response may be less than for crown length 

(Van Laar, 1963)» Field determination of crown diameter is 

generally d iff icu l t  because of the physical problems in 

making direct measurements and the irregularity  of the 

crown outline (Walters and Soos, 1962). Crown diameter may 

bo estimated from stem diameter (ilvessalo, 1 9 5 0 ; Smith and

Bailey, 196^). Conversely i t  is used to estimate the stem 

diameter and volume of trees on aerial photographs (husch,

1 9 ^ 7  ; Spurr, i960).

For a given stand density, crown diameter tends to 

s tabi lize  (S t ie l l ,  1966). honor (1971) developed equations 

Cor Abies balsamea Miller. and Picea mariana (Miller) Britt. ,  

St. Pogg. , re la ting  crown radius at any level in the crown 

to variables incorporating to tal  tree height and the length 

along the bole from the tree t ip  to the level at which



crown I ad Lus Ls measured. lie concluded that port ions of 
crowns above the maximum crown radius have similar growing 

eonditions in both forest- and open-fjrown trees of the same 

species and height.

A major long term affect of reasonably heavy thinning 
is an increase in both crown width and length so that a 
released crown retains a particular shape (Curtin, 19b8). 
Although general descriptions of crown shape are common, 
(juantitative descriptions are not. Quantitative measures 
are important in studies of productivity because of the 
relationship between crown size and rate of tree growth 

(Honer, 1971).
Crown volume and surface area are affected by thinning 

through the effects on length and diameter. Kramer (1966) 
found that while heavy thinning results in increased 

crown surface area and volume per tree, wood production 
per unit area depends on total crown surface area. However, 
crown surface area and volume are difficult to assess 
accurately because of irregularities caused by variations 

in branch size, angle and distribution, and by competition 
effects (Stiell, 1966).

Besides affecting external dimensions of the crown, 
thinning affects the development of individual branches, even 
down to the lowest green branch (James and Tustin, 1970). 
Because thinning modifies the depth of the green crown but 
not height growth, the branches at the crown base of trees in 
thinned stands will be older and receive more light so, on 
average, they will be longer and thicker than those in 
unthinned or denser stands.

Needle persistence in conifers is affected by the 

intensity of light reaching the crown. The crowns of trees 
expand annually and so the quantity of light reaching the



oldci needles is reduced witii increasing plantation ag;o . 
Thinning temporarily arrests this process and thereby affects 
needle persistence and the distribution of foliage age classes 
in the crown. In general, the plio t osynthe t ical ly efficient 
crown forms a sheath which moves upward with increasing age at 
a rate depending on the relative spacing between trees.

1.2.2 Stem Form and Taper
Stem "form" refers to the shape of the tree stem and 

"taper" to the rate of decrease in diameter with increasing 
height up the stem (Ford-Robertson, 1971)*

Larson (1 9 6 3a) concluded that any change in crown 
development resulting from thinning will be reflected by a 
change in stem form, but this is not supported by the 
research of Stiell (1964) and Bassett (1 9 6 9 ) on two different 
coniferous species.

I

Xn a review of the effect of growing space on the 
growth of conifers, Jorgensen (1 9 67) concluded that 
spacing affects stem taper, and that taper increases with 
increasing stem D.B.H.O.B. e.g. see Klem (1952) and 
Cromer and Pawsey (1957)*

Jacobs (195^) suggested that in heavily thinned stands 
of radiata pine a considerable proportion of the rapid 
diameter growth of the bole occurring immediately after 
thinning can be attributed to adjustment of tree form.
However, this increased diameter growth following thinning- 
may or may not change the stem profile. It depends on 
stem shape before thinning and the regularity of changes in 
diameter growth along the length of the bole after thinning. 
Larson (1 9 6 3 ) found these changes were largely determined 
by tiie size and vigour of the live crown.
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Elliott ( 1970b) lias suggested that more even ring widths 

up the stem could be achieved by the selective application 
of thinning treatment. This will involve a change of shape 
if the bole resembles a second degree paraboloid, but not 
a conoid, before thinning.

Carron (1968) stated: ". . . , whether variation in

(stand) density affects diameter growth along the stem, to 
what extent (and) under what circumstances, is a matter on 

which there is considerable but conflicting evidence. This 

is one of the largest and most critical gaps in our knowledge 
of the behaviour of trees."

The increase of diameter growth of trees remaining in 

a stand after thinning has been attributed to more available 

growing space for the green crown, less competition for soil 
moisture and nutrients, and increased light to the 
intermediate branches (Forward and Nolan, 19b 1). In 
radiata pine stands, trees of all dominance classes may 
respond to thinning, the increase in diameter growth being 
proportional to tree size. The growth response is greatest 
in young stands soon after canopy closure and decreases with 
stand age (Shepherd and Forrest, in press).

1.2.3 Wood Density
Specific gravity (the ratio of the oven-dry weight 

of a sample to the weight of a volume of water equal to 

the volume of the sample at some specific moisture content) 
«and basic density (density based on the oven-dry weight and 

green volume of wood), as defined by Ford-Robertson ( I 9 71) » 
are often used synonymously in the literature.

The basic density of wood has been intensively studied 

because it is easily determined and is correlated with many 
other wood properties e.g. strength, machinability, weight,
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and pulp quality and yield. A comprehensive review of the 
literature on wood density of conifers covering measurement, 
variation in and between trees, and the effects of heredity 
and silvicultural treatments, was compiled by Elliott (1970a). 
Earlier reviews include those by Spurr and Hsiung ( I9 r>4 ), 
Larson (1 9 5 7) and Goggans ( I 96 1 ).

Initial spacing and thinning are similar in that both 
are designed to give trees adequate growing space. Tlieir 
effects on basic density are somewhat controversial. Paul 
(1963) in a comprehensive review of the literature concluded 
that close initial spacing increases density, but later 
researchers claim a negligible effect (Hamilton and Matthews, 
19^3 ; Fielding, 1967h; Maeglin, 1967)*

Initial spacing is of major importance to stand 
development until first thinning is applied. Close spacing 
reduces branch development (Fielding, 1967b) and it has 
been suggested that consequently stem taper will be reduced 
(Boyd 1967)* Close spacing also reduces the size of the 
juvenile core (Kleuters, 1 9 6 4).

Thinning after canopy closure can have a considerable 
effect on wood density. Larson (1963b) reported a fall in 
basic density following thinning due to a greater production 
of earlywood. In later years, the production of earlywood 
and latewood becomes more balanced and basic density increases 
again (Larson, op.cit.; Paul, 1 9 6 3)* Thinning of overcrowded 
stands releases trees from conditions favouring latewood 
formation, and one would expect a fall in basic density. 
However, Keister (1967 ) » Zobel, Roberds and Ralston (1969) 
and Bassett (1969) found thinning had no effect on wood 
density in southern pines.

Thinning has little effect on the wood density of trees 
in senescent stands because the crowns are receded and are
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a considerable distance from the zones of wood production 

(Spurr and Hsiung, 193^5 Larson, 1957)*

1.3 Relationships between Crown, Stem and Wood Density

In forestry practice, the concept of a crown-stem 

relationship is often overlooked (Larson, 1969)« Reukema 

(1961) suggests that the history of crown development of 

a tree is possibly more important in explaining stem growth 

than the size of the crown at a given time. He is supported 

by Smith (1963) who advocates control of the crown as the 

basis of growing forest tree crops for a particular end 

use .

The most efficient crowns for wood production are 

those which produce most wood for the space they occupy 

(Brown and Goddard, 1961). Large crowns and branches do not 

necessarily make a tree a more efficient producer of wood.

In general, long narrow crowns are regarded as more efficient 

in exploiting available light than short wide crowns (Reukema, 

1961; Hamilton, 1969)*
Kramer and Kozlowski (i960) consider the ability of an 

individual tree to produce bole wood is a function of:

(i) the average efficiency of the photosynthetic material,

(ii) the total photosynthetic area contributing to the 

production of carbohydrates, (iii) the duration of 

pliotosynthetic activity both daily and annually and (iv) the 

propensity of the tree to store its photosynthetic products 

in the bole in preference to the branches and roots.

The foimiation of wood on the bole is regulated by the 

growtli and development of foliage in the crown (Larson, 1969)* 

The relationship is particularly well expressed in the young 

tree whose stem is fully enclosed by the green crown.
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The juvenile wood or core wood in the stem oi conifers 

is generally characterized by low specific gravity, low 

percent latewood, short traclieids, wide micellar angle and 

high Longitudinal shrinkage (Fielding, 1 9 0 7 b)* I t  often 

includes substantial amounts of spiral grain and compression 

wood. Larson ( 1963b) suggested the juvenile wood sliould be 

defined as the wood formed in the live crown. The term aptly 

describes the type of wood formed in a young tree: the same

or a very similar type of wood is also produced in the rings 

nearest the pith at a l l  heights in the stems of older trees.

Within the crown, the percentage of earlywood 

produced in the bole is comparatively large because 

earlywood formation is favoured by close proximity to the 

foliage. The percentage of latewood in each growth ring 

gradually increases with increasing distance below the 

crown. Latewood is in i t ia ted  at or near the stem base in 

trees of a l l  ages and proceeds upward as tlie growing season 

continues. The width of the latewood zone therefore tapers 

more than the annual sheath, and near the stem apex, 

formation of latewood ceases. This pattern of latewood 

development is  a function of age and distance from the active 

crown, both of which increase simultaneously (Larson 1969)*

Percent latewood has a considerable effect on wood 

density, more so than percent earlywood. In many studies tlie 

density of iatewood is reported to be more than twice that 

of earlywood (E l l io t t ,  1 9 7 0 a).

Effects of growth rate on the tree stem are complicated 

by the interaction of age of the tree, position in the trunk 

and genetic variation; in addition, the wide variation in 

environmentai factors influencing trees during tlieir long 

l i fe  arc significant (Fielding, 1967b). Ring width depends 

on growth rate, but there is  considerable evidence that ring



width accounts for only a small part of the variation in 
basic density across a stem (Elliott, 1970a). Partitioning the 
stem by age classes from the pith but excluding the juvenile 
core can result in significant correlations between ring 
width and basic density (Keith, 1 9 6 1 ) «

In this discussion the relationships between the 
crown and wood formation processes have been indicated.
Thinning generally has most effect on the green crown, 
and any modifications to the crown may be reflected by 
changes in wood density. Indirect effects of thinning 
include changes in branch size, branch longevity, the 
proportion of live and dead whorls and branch angle; these 
factors determine the size and nature of knots, whether green 
or dry, which in turn affect peeling quality, veneer appearance, 
pulp quality and the strength properties of sawn timber 
(Wright, 1971).

While the green crown is important because it governs 
the patterns of tree growth and cell characteristics, and 
hence wood density (Larson, 1 9 6 9 ) 5  crown parameters also 
affect stem shape. Changes in the crown resulting in variation 
of ring width at different heights in the stem may cause 
variations in stem form. A relationship between stem shape 
and wood density is therefore conceivable.

Trendelenberg (19325 1935) 5 Volkert ( 19̂ -1 )» Schniewind
(l962) and Doerner (1964) have shown that a tree may meet 
strength requirements by producing a smaller volume of high 
density wood or a larger volume of low density wood.
McKinnell (1970) has shown a statistically significant 
relationship between stem taper and wood density in radiata 
pine, therefore it seems likely that stem taper would differ 
between trees containing wood of these two types.
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1.4 Aims of the Study

Radiata pine is of great importance in Australia, yet 

no major studies have been made of the concomitant effects of 

thinning on crown and stem parameters and on wood density of 

plantation trees.

This study was undertaken to determine these effects and 

to examine the nature of any interrelationships.



CHAPTER 2

MATERIAL AND GENERAL METHODS

2.1 The Experimental Area
In order to examine the hypothesis that the external 

profile and internal structure of trees are mutually 
dependent on the stand density at which the trees are grown, 
it is desirable to examine trees in a forest where stand 
density is the only variable. Suitable stands were 
available in an experimental thinning trial located in the 
Green Hills State Forest near Batlow on the Southern 
Tablelands of N.S.W. (Figure 2.l).

The experiment and forest area have been described 
in detail by Shepherd and Forrest (in press). Briefly, the 
experimental area is part of Cpt. 68, planted with l/0 
radiata pine seedlings in 19^7 at a nominal spacing of 2.4m 
2.4m (173b stems ha ). The seedlings used were from seed 
collected from various silvicultural thinnings in older 
plantations, so the full genetic variability of the 
original plantation is retained in the study area.

The stand is situated on a broad, gently sloping site: 
the soil is a red loam clay derived from old weathered 
granites and is adequately drained. Nutrient availability 
is adequate to support high quality plantations (Shepherd,

1967) -
All trees were pruned to 3«0m in 1956 and the best 400 

trees ha were pruned to 6.1m by i960. The compartment was 
thinned for the first time in 1962 at age 13 years and this 
was a commercial thinning. The experiment was established
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Randomized, block design
Four replications of six treatments

Thinning Nominal
Treatment Basal Area

1
2
3
4
5
6

11.3- 18.4
1 3 . 0 -  2 1 . 9
1 8 . 4 -  2 3 . 3
2 3 . 0 -  2 9 . 9
27.6-34.3 
Control -

m~ha
M
11

i t

11

"unthinned"

FIGURE 2 e1 Layout of the study thinning t r i a l  in Green Hills 
State Forest, NcS.Vu
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at this time to provide reliable growth data on which to base 
future management of the pine plantations.

The experiment is a compact block of six treatments 
randomised within each of four replications. The treatment 
plots are 0.25 ha square, and each contains a circular, 
one-tenth ha measured sub-plot.

The experimental treatments were planned so that a wide 
range of stand density conditions could be maintained.
The basal area limits specified for each treatment are: 

Treatment B.A. Limits
(m^ ha ^)

1

2

3

4

3
6

11.5 - 18 . 4

15.0 - 21.9 
18.4 - 25.3
23.0 - 29.9
27.6 - 3 4 . 5

Control ("unthinned")
When the experiment was established in 1962, each plot 

was thinned to the relevant lower basal area. All plots 
were rethinned to the prescribed lower limits in 1 9 6 4 and 
again in 1967» since on each occasion stand densities had 
reached the specified upper limits. The control plots were 
lightly thinned in 1967 to forestall mortality and maintain 
stand hygiene.

The fourth experimental thinning was done in 1 9 7 0 and
the tree material used in this study was drawn from it.

-  1By 1 9 7 0 the top height of the tallest 50 trees ha was
27.6m.

2 . 2  Sample Tree Selection
In general the techniques described in the literature 

for sampling, particularly for wood properties, are subjective
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and liable to bias, samples tending to be confined to 
dominant and co-dominant trees. Pearson (1952) considered 
that sampling was only valid when the distribution of values 
of each wood property in the sample represented the 
distribution of values in the population.

Greater precision is usually obtained from a larger 
number of trees even if fewer samples are taken per tree. 
Krahmer and Snodgrass ( 1967), Harris ( 1967) and Wolski 
(1965, 1968) devised suitable sampling techniques.
Wolski recommended selection of sample trees based on D.B.II. 
and weighted according to frequency in each diameter class; 
he did not specify whether selection within a stratum 
should be subjective or objective. This method is 
commendable if the individual trees are randomly sampled, 
but requires complete enumeration of the stand.

A faster method is to estimate the number of trees 
required from an estimate of the population variance, and 
a specified ailowable error, using the equation;

where n = required sample size
t = Student's "t" value for small samples 
s~ = estimate of population variance of a variable 
e = required precision of estimate of the population 

mean value.
McIntyre (1952) suggested a "ranked-set" sampling 

technique which requires a minimum number of samples and 
is easily applied in the field. Although developed 
originally for studies of pasture or annual crop yields, 
the method has good possibilities in studies of wood 
properties (McKinnell, 1970).

In the selected study area, evidence from growth data and
2 - 1observation suggested that; Treatment 2 (l5«0 to 21.9 m ha )



would not add appreciably to any comparison, so was excluded. 

In addition, two replicates of the control treatment were 

discarded because of severe wind damage.

From considerations of var iab il i ty  within the stands, 

previous experience and pract ical i ty ,  a to tal  sample size 

of approximately 5 0  trees was thought adequate to give 

reliable  information on growth and development under the 

different thinning treatments.

I t  was desirable for s ta t i s t i c a l  reasons to sample 

a uniform proportion of the trees in the experimental 

treatments to be compared, rather than a uniform number 

of trees per treatment. The number of trees per plot 

varied from 9 in Treatment 1 to 73 in Treatment 6; 

consequently 10$ of the trees in each plot were selected 

at random, though a minimum of two trees and a maximum of 

six trees per plot were specified. This resulted in the 

following distribution of sample trees - the to tal  number 

of trees per replicate is  given in brackets:

Replicate

Treatment A B c D Total Sample
/

1 2 2 2 2 8

(9) (12) (13) (9) (43)

3 2 2 2 2 8

(24) (20) (22) (20) (86)

4 3 3 3 3 12

(2 9 ) (2 5 ) (28) (26) (108)

5 4 4 4 4 16

(40) (36) (38) (44) (158)

6 + + 6 6 12

(6 0 ) (73) (133)

+ Excluded from study because of wind damage.
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The selection of sample trees was based on the 196 2 

emuneration of the D.B.H.O.B. of trees still standing in 
June 1970. The trees in each plot were arranged in 
descending order of diameter and then stratified into groups 
of equal size, the number of groups depending on the number 
of trees required per plot (cf. Wolski, 1965* 1968). One
sample tree plus two reserve trees were then selected at 
random from each group.

All sample trees were inspected in the field in June 
1970 when defective trees (double or multi - leaders, 
damaged trees, and trees with severe leans or sweeps) were 
replaced by one of the reserve trees. A total of 10 trees 
was replaced due to defect. An additional six trees were 
replaced on the selection list because the Forestry Commission 
considered their removal was silviculturally undesirable, 
bearing in mind the experiment was to be continued beyond 
1970. This factor prevented the use of McIntyre’s "ranked-set" 
method.

2.3 Sampling,1 Collection and Storage of Sample Material
Sample selection and collection were undertaken in 

July and August, 1970. During these months radiata pine 
in the Batlow area grows at a minimal rate and may be 
virtually dormant (W. Forrest, pers.comm.). The D.B.H.O.B. 
of each sample tree was measured before felling and the 
north point was marked on each bole at breast height.

After felling, the stem tips were reconstructed and 
the following parameters were measured:

(i) total height (m)
(ii) height from ground to lowest green whorl (defined 

as having a minimum of two live branches)



1 8 .

(iii) diameter overbark immediately below the lowest 
green whorl (cm)

(iv) diameter of each branch in each green whorl 
measured at a distance of 5cm from the junction 
with the stem (cm).

2.3*1 Sampling for Stem Profile Description and Wood Density
Sampling the wood properties of trees requires a knowledge 

of patterns of variation within trees and the factors 
affecting these properties. The general pattern in conifers 
is for density to increase from stem apex to base, and from 
pith to bark at any given height in the tree (e.g. Elliott, 
1970a). In many earlier studies, the standard method of 
sampling was based on the removal of samples at fixed 
positions along the stem, but this does not take into 
account the systematic variation in wood properties along 
the stem as do the sampling systems described by Duff and 
Nolan (l953)> Richardson (1961) and Balodis (1966).

Duff and Nolan (1953) described three sequences to 
represent variations in wood density patterns. The 
horizontal sequence traces the radial change in density 
from pith to bark, with each ring from the pith outwards 
produced by a cambium of increasing age. In the oblique 
sequence, an individual growth increment sheath is traced 
from stem apex to base with the cambial age increasing 
downwards. The vertical sequence traces density values 
down the stem, from internode to internode, at a constant 
number of rings from the pith.

Richardson (1961) recommended that wood density samples 
be located by reference to the number of internodes from 
the apex of the tree, and be taken from the centre of each 
internodal section. Where correct definition of internode
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age was difficult, he suggested sampling at fixed percentages 
of total tree height. Jacobs (1936) suggested a technique for 
identifying the growth stages in the crowns of mature radiata 
pine after felling, but this is usually laborious. In 
addition, the internodal positions are difficult to detect 
along the clean section of the bole.

The method of sampling wood density described by 
Richardson ( 1 9b 1 ) was found to be impractical because of 
problems in identifying the spring whorls. Sampling 
based on the percentile height system was necessary below 
the green crown so this method was extended to the whole 
stem. Sampling positions were defined at intervals along 
the stem of 4$ of total tree height, from ground level to a 
point where the stem tapered to 10cm d.o.b. A disc was also 
taken from the 0.3m level in each tree. The number of 
positions varied from 23 for the largest trees to 20 for the 
smallest. The north datum mark was extended from B.II. to 
each sampling point so transverse disc sections (5cm thick) 
could be oriented correctly after cutting from the bole.
An adjustment was made if a disc fell within 15cm of a whorl, 
branch, or evident branch scar (Shelbourne and Ritchie, 1968). 
In addition, a 5cm thick disc at breast height and a 1m log 
(from 3 to 4m above ground) were removed from each tree for the 
Division of Wood Technology, N.S.W. Forestry Commission.
This affected the position of some discs.

All discs were placed in plastic bags and transported 
to the laboratory within three days of cutting. A radial 
bark-to-pitli section of wood 1.2cm wide was cut from the 
north face of each disc for wood density studies and the 
rest of the disc was treated with P.C.N.B.

(pentachloronitrobenzene) to prevent fungal attack during 
storage. Radial shrinkage of radiata pine grown in New South
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Wales is about 2$ from the green to the dry state (Booth,
1964): removal of the radial section gave the additional 
advantage that no checking resulted from loss of moisture 
during storage.

2.3*2 Crown Sampling.
Published data on sampling tree crowns indicate a 

minimum of about 60 branches is required to adequately 
describe the size and weight characteristics of tree crowns in 
a forest stand. In a study of Pinus e chinata Mill., Loomis, 
Phares and Crosby (1966) sampled one branch from every 
fourth whorl in six trees growing in five different stand 
densities, which on average gave 60 branches per treatment.
They achieved an error for predicted values of foliage 
weight of 5*1$ at p^.05* Forrest and Ovington ( 1971 ) 
observed differences in weight and chemical content between 
radiata pine branch populations using only 40 branches, but 
in their study each population comprised genetically uniform 
cuttings so phenotypic variation was less than in the 
present study material. Hutnik and Hickok (1967) reported 
large sampling errors with a sample size of 20 branches per 
spacing treatment of Pinus resinosa.

In consequence, it was thought about 60 branches per 
treatment would be sufficient in this study to give an 
acceptable level of accuracy (about -5$). Some stem foliage 
was present but its occurrence was relatively sparse.
Because of the difficulties involved in sampling this foliage 
and applying regression methods, it was excluded from 
consideration.

The number of branch samples required per tree ranged from 
four to eight, depending on the number of trees sampled per 
treatment. The green crown was divided into an appropriate



number of s t ra ta ,  containing equal numbers of wliorls, and 

one branch was selected at random from each stratum. A 

two-dimensional matrix of branch di rune ter ( 1 cm classes) 

against height sampled in tree ('3m classes) was compiled for 

each treatment to ensure the selected branches adequately 

represented the range of branch sizes and positions within 

the canopy. A second or third choice was used i f  a matrix 

cell was already occupied. This procedure is valid for 

regression analysis since a l l  branches were selected by 

size and position but without reference to foliage weight 

or the nature of the canopy at that position. Selected 

branches were cut flush with the stem, placed in heavy duty 

paper bags, then transported to the laboratory and stored 

at 2°C pending processing.

2.3*3 Processing Sample Material

Details of the methods used in processing and 

measuring the sampled material are described within the 

relevant chapters. Briefly, in addition to the f ie ld  data 

described previously, various measurements were made in the 

laboratory on the sample branches and wood discs, namely:-

(i) branch samples - oven-dry weight of foliage by

age classes

( i i )  wood discs - stem analysis and six wood density

parameters of each growth ring.

2.4 Data Analysis

The amount of f ie ld  and laboratory data collected was 

voluminous. Computer f a c i l i t i e s  of both the A.N.U. Computer 

Centre (IBM 3 6 0 / 5O and UNIVAC 1108) and the Division of 

Computing; Research, CSIRO, were used extensively to analyse 

them. Prepared programs, some of which required
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modification, were used for the more standard operations

(i) BASTATS (Sokal and Rohlf, 1969) was used to 
screen data before carrying out further statistical 
tests. The basic statistics used from the computer 
output were the coefficient of variation, and
the Kolmogorov-Smirnov statistic, D , which 
compares the observed data with a normal 
distribution based on the sample mean and 
variance.

(ii) FACTO (Davidson, pers.comm.) performs principal 
component analysis and factor analysis.

(iii) A program described by Pluth (l97l) was used to 
compute tree growth parameters from stem analysis.

(iv) LINREGR (McIntyre and Ward, 1970) is a linear 
regression program. Features include the 
testing of heterogeneity of slopes and intercept 
values of sets of regression lines.

(v) N02FCT (McIntyre, 1970) computes a two-way 
factorial analysis of variance for non-orthogonal
data.
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CHAPTER 3

EFFECT OF THINNING ON CROWN STRUCTURE

The management of forests according to silvicultural 
principles requires a thorough understanding of the effects 
of thinning on crown morphology and crown-stem 
relationships. Tree growth, whether measured as dry matter 
production or crop volume increment, depends on the amount, 
distribution and relative efficiency of the foliage.

The crown characteristics of radiata pine in the study 
area are examined in this chapter and some 
interrelationships between stand density and parameters 
of the crown and stem are described.

3-1 Materials and Methods

3.1.1 Preparation of Foliage Material
The field collection of foliage was described in 

Chapter 2. The branchlets were stored at 2°C for about 
six weeks, then separated into three age classes - current 
or one-year, two-year, and three-year and over - and dried 
to constant weight at 85°C. The separation was according 
to the method described by Jacobs (1936). Some four-year 
and five-year-old needles occurred in the lower crown, 
particularly of trees in the more heavily thinned 
treatments, but their numbers were few and their weights 
were highly variable.

All dry weight data were adjusted by +8^ to correct 
for losses due to respiration during storage. This
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adjustment was based on losses in dry weight of 7 »6/0 
recorded for radiata pine by Forrest (1968) and 10/o 
suggested as an average weight loss for several conifers by 
Bray and Gorham (1964)# Young foliage of radiata pine tends 
to have a higher moisture content and respire less than 
older foliage (Wood, 1989)» therefore different dry weight 
adjustments might be valid for each age class. However, the 
available data are insufficient to justify such adjustment. 
Errors resulting from the use of a single correction factor 
will probably be small.

3*1.2 Forest Biomass Studies
Various methods employed in forest biomass studies 

have been described by Ovington and Madgwick (1959)» 
Baskerville (1965) and Art and Marks (1971)» among others.

Regression methods are commonly used in estimating 
biomass of foliage and other components; for this the 
choice of the most suitable model is important. Of the 
simple regression models (linear, exponential, allometric and 
hyperbolic) the allometric growth equation is the most 
widely accepted curve form for estimation of biomass.
Huxley (l932) recognized the value of the function for 
describing the constant proportionality between the 
relative growth rates of two organs, or between the organ and 
the entire organism. The equation has the form: 

log^ Y = log^A + B log^ X
where A denotes the initial size of the component, and 
the coefficient B is the ratio of the relative growth rates. 
Kittredge (19^^) apparently was the first researcher to 
use the allometric equation in forestry. Since then 
foliage biomass and stem D.B.H. have been related by 
allometric regression in many studies.
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Difficulties can occur in the use of the allonietric 

equation e. g. Zar (1968) and Baskerville (1972) considered that 
use of the function commonly results in a systematic 
underestimate of biomass and they suggested methods to 
overcome the problem. Satoo (1966) overestimated foliage 
biomass by between 1/6 and 9$ in stands of two different 
conifers using the allonietric equation.

In the present study, the coefficient of determination 
was used to evaluate the most suitable mathematical model.

3.1.3 Data Analysis
The measured tree, crown and branch parameters were 

first screened using the BASTATS program (Chapter 2).
This demonstrated the desirability of logarithmically 
transforming most data to fulfil the retiuirements for 
analysis of variance (Sokal and Rohlf, 1969)* However, 
one parameter (the number of green whorls per tree) 
required a square root transformation, another (crown 
length ratio) an arcsin transformation, and two others 
(crown length and the number of green branches per tree) 
were left untransformed for optimum statistical presentation.

Separate analyses using Bartlett’s test and the F-max 
test (Sokal and Rohlf, op.cit.) demonstrated homogeneity of 
variances, so the _a priori test described by Sokal and 
Rohlf (p238) was used to test differences between treatment 
means of the individual crown and brancli variables.
Treatment combinations tested involved groups of two, three and 
four consecutive treatments respectively. The hypothesis was 
that for most variables the treatment means would grade from 
the most heavily thinned treatment to the "unthinned" control.

The weight of needles of each age class and the total 
weight of needles on each sample branch were related each in
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i-ii i ll t o branch cross-scctional area, usin^ regression 
analysis techniques with both variables 1 ogari tlunicai ly 
transformed. Preliminary testing had indicated the 
allometric model was more suitable than the simple linear 
and exponential models.

The regression equations calculated to relate needle 
weights and branch sectional area were examined for trends 
between treatments in slope and intercept values. In some 
cases (e.g. 1-year-old foliage, Table 3*4) tests for 
homogeneity indicated that slopes did not differ significantly 
but significant differences between intercept values did 
occur. Data were pooled for those treatments which did 
not differ significantly and regression equations were 
recalculated.

The use of linear regressions with logarithmic terms 
follows the extensive experience in biomass studies, both 
for comparison between treatments and for summation of 
component weights. The problems associated with linear 
regression of logarithmically transformed variables have 
been discussed by Baskerville (1972). In this study the 
foliage weight per tree was estimated by summation of 
weights estimated for each branch. The lack of reliability 
of confidence limits calculated for such data (Keay and

itTurton, 1970; V. Muller, pers.comm.) remains unresolved.
Principal component analysis (Cooley and Lohnes, 1962; 

Seal, 1964) was used to test the overall relationship 
between various crown and stem parameters and to find the 
most useful variables for understanding intra-crown 
relationships. A matrix of correlation coefficients was 
generated for each pair of variables, and principal 
components were derived from this matrix so that each 
successive component accounted for the maximum amount of
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residual variance. The basic data, transformed to standard 
deviates from the mean because of the different units of 
measurement used for individual variables, and the 
eigenvectors from the first two principal components were 
combined to calculate two values for eacli tree (Norris, 
197l). These values indicate the location of each tree in 
the optimum two-dimensional representation of the 
multidimensional space described by principal components. 
They are used to indicate differences between different 
thinning treatments and this might subsequently be 
confirmed by t-tests.

3.2 Results
The basic data for the results presented in the 

following sub-sections are summarized in Appendix 1.

3.2.1 Crown Parameters and Branch Characteristics
Analysis of variance indicates that three of the 

eleven crown variables are not affected by thinning, viz. 
total height, number of green whorls per metre of crown 
length and mean number of branches per whorl. Significant 
differences (p^O.Ol) are evident between the number of 
green whorls per tree and mean branch diameter. The 
remaining six variables differ significantly at p ^ 0.001 
(Table 3* 1)•

The regressions of crown length on stem D.B.H.O.B. 
indicate overall differences in slope and intercept 
( p ( 0 . 0 r>) between thinning treatments (Figure 3*1 and 
Table 3*2) but this results mainly from unusually short 
crowns in the smallest sample trees of Treatment I. The 
regressions for Treatments 1 , 3 and 4 are similar in both
slope and intercept, while Treatment 6 has a significantly
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Effect of thinning on crown and branch variables
Trans- Thinning Treatment

Variable f o rm1n 1 3 4 5 6 Signif.
Total height 

(m) loge 28.2 28.0 28.5 28.6 28.0 N. S .

Height to 
lowest green 
whorl (m)

l°ge 6.7 7-3 8.3 9*9 13. 5 * **

Crown length 
(m)

- 2 1.5 20.7 20.2 18.5 1 4.5 **-*

Crown length 
ratio

arcsin •76 .74 • 71 .64 .52 ***

No. green 
whorls per tree

square
root

41. 9 46.2 44.3 36.3 32.? **

No. green iog 2.0 2.2 2.2 2.0 2.3 N.S.
whorls per 
metre crown 
length

No# green - 20 5 231 220 184 164 ***
branches per 
tree

No. green loSp 4.9 5. 1 5.0 5.0 5.0 N.S.
branches per 
whorl

Mean branch loe^ 2.2 1-9 1.9 1.7 1.6 **
diameter (cm) G

Branch
sectional area 
per tree (cm2)

loge 1 1 10 9 50 885 590 4 30 * * *

Mean branch 5- 5 3.9 4.0 3.3 2.7 ***
sectional area

( cm^ )

Figures given are the arithmetic equivalents of the 
means of the transformed variables.

Underlined values indicate non-significant 
differences at p ^.05«
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Thinning
Treatment

D.B.H.O.B. (cm)

FIGURE 3.1 Rclationsiiip between green crown length and 
stem D.B.H.O.B.



smaller intercept.
The pattern of branch development within the green 

crown is shown in Figure 3*2. Branch diameter increases 
down the stem from the apex to approximately 60fo of total 
tree height and then tends to stabilize. The large mean 
diameter of branches low in the crown of trees from 
Treatment 6 is due to one sample tree which was a "wolf" 
tree. The effect of thinning on branch diameter is most 
marked in the middle upper crown, corresponding to 
50 - 80/o of total tree height, where diameter decreases 
significantly with increasing stand density.

The distribution of branches by diameter class differs 
between thinning treatments (Figure 3*3)« The proportion 
of branches in the ^ 1cm diameter class increases with 
increasing stand density whereas in the 4cm class it 
decreases. The intermediate 1cm to 3cm classes are little 
affected by thinning treatment.

However, there is a strong relationship between branch 
size and tree bole size both within and between treatments. 
The relationship between total cross-sectional area of 
branches in the crown and cross-sectional area of the bole 
at the base of the crown is linear and is independent of 
stand density (Figure 3*4).

3.2.2 Foliage Distribution and Biomass
The foliage weight data, already separated into needle 

age classes for each tree, were further stratified into 
height classes based on percentile height (class intervals 
of ^0<fo of total height).

Regression equations of the form:
Log- needle weight = a + b log^ branch sectional area, were 
calculated for each height stratum, leaf age class and
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TADLE 2
Linear regression coefficients of the relationship between 
green crown length and D.B.II.O.B. in 2 3-year-old radiata 
pine subjected to different thinning treatments
Thin ni up;
T re a linen t b S . E .,b a r Sign!f.

1 .440 . 348 1 - 38 5 .46 N.S.
3 . 462 . 181 1 • 345 . 7 2 *

4 . 3 0 0 . 123 1.903 . 6 1 *

6 .479 . 1 2 1 1 . 0 3 2 .78 **

5 1. 16 4 .314 -I.I8 7 .70 **
Combined . 7 8 6 . 0 9 0 0.095 .77 ***

thinning treatment. All regressions for each height stratum

were independent of thinning treatment, so data were pooled

by strata and common regression lines fitted for each foliage

age class (Table 3 » 3 >I . In some instances the regressions

for adjacent; strata were not significantly different so

these were also combined. Generally the regression slope 
"b" is greatest at mid-crown level, least at the crown 
base, and decreases with increasing needle age.

Foliage weight by age classes within height strata was 
calculated by solution of the appropriate regression equation 
for each branch, and summing. The pattern of foliage 
distribution within the tree crown is presented in Table 3.4. 
Full data are given in Appendix 2.

The percentage of one-year-old foliage within a height 
stratum decreases from approximately 80$ in the upper 
stratum to 35-40$ in the mid and lower strata, whereas the 
percentage of two-year-old foliage tends to increase from 
approximately 20 to 3.5$ with increasing depth in the crown. 
Three-year and older foliage is concentrated in the mid and
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lower s t ra ta  where i t  comprises approximately 30% of the 

f o 1 i a go we i gli t .

3 2 .

TABLE 3•4

Percentage distribution of needles within height s t ra ta  in 
the crown of 23-year-old radiata pine. All treatments combined.

Foliage Age

*
Total
Height

1-
Mean

-year
S.D.

2-
Mean

■year
S.D.

3-year
Mean

& older
S.D.

9 0 - 1 0 0 7 7 . 6 2.2 2 2 . 4 2.2 __ —

8 0 - 9 0 6 7 . 3 0 . 8 2 4 . 3 0 . 5 8 . 4 1 . 3
7 0 - 8 0 5 6 . 6 3.  1 2 6 . 7 0 . 3 1 6 . 7 2.8
6 0 - 7 0 41 . 7 0. 1 3 0 . 2 0 . 2 28 .  1 0 . 6
5 0 - 6 0 4 0 . 2 0 . 8 2 9 . 1 0 . 5 3 0 . 7 1 . 3
4 0 - 5 0 3 5 . 5 1 . 4 3 0 . 1 1 . 3 3 4 . 4 0 . 0
30 - 4 o 3 7 . 1 1 .6 3 5 - 8 2. 1 27 .  1 3 . 6
2 0 - 3 0 3 8 . 0 2 . 3 35.  1 2 . 7 2 6 . 9 0 . 4

Trees in the most heavily thinned treatments carry a

greater weight of their  foliage high in the crown than do

trees in l ightly thinned stands (Figure 3-5). The estimated

percentage of needles above 70% of to tal  tree height in the 

five thinning treatments ranged from 3̂ %> in Treatment 1 to 

55/° in Treatment 6 (Appendix 3)« On the other hand, no 

foliage occurred below kO% of to tal  tree height in the 

"unthinned" control: corresponding values in the thinned

treatments ranged from 7% in Treatment 5 to \3%  in Treatment 1. 

These trends are further i l lu s tra te d  in Figure 3*6 which 

shows the distribution in 1970 of needles on trees belonging 

to the same stem diameter class in 1962 before thinning 

treatment was applied. The combined weight of one and two- 

ycar-old foliage in the crown appears to be unaffected by 

thinning treatment and ranges from 77% to Q0% (Appendix 3)•

The crown biomass was estimated by summing the 

foliage weights in each height stratum to give the weight 

of foliage in each age class and the combined weight for
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the individual tree (Appendix 4). These estimates were 
then related to various stem parameters as independent 
variables to find the most suitable variable for predicting 
foliage biomass per hectare e.g. D.B.H.O.B. , D^ , D.B.1I.0.B. 
x HEIGHT and B.A. x HEIGHT. Each was related to total 
crown foliage weight using the allometric growth equation. 
The coefficients of determination indicate that, overall, 
D.B.H.O.B. is the best predictor of foliage weight, 
followed by B.A. x HEIGHT (Table 3*3)* The former variable 
was selected to estimate foliage biomass because its value 
was known for all trees in the study area, having been 
measured by the N.S.W. Forestry Commission in 1970.

TABLE 3*3
Coefficients of determination (r ) relating total weight

of foliage to various stem parameters
Thinning Treatment

Variable 1 3 4 3 6 Combined
D.B.H.O.B. *83 .78 • 90 .51 • 93 .88
d b *83 • 73 *93 .49 . 94 .86
D.B.H.O.B. x HT .88 • 74 .83 .34 .92 .83
B.A. x HT .87 • 7 6 .86 .33 *93 . 8 7

The regression line s for each foliage age class in the
various thinning treatments had homogeneous slopes and 
intercepts so the data for each foliage age class were 
pooled (Table 3*6).

TABLE 3*6
Linear regression coefficients and constants for estimating 

foliage biomass at different stand densities, based on 
D.B.H.O.B. as the independent variable 

(log:log transformation)
FoJ tage 
Age

b S.E., b a r S i gn i f.
1 2.286 0 . 1 0 7 -5 . 8 5 9 .93 **-*
2 2.393 0 . 1 2 3 -7.323 •93 ***
3 + 2.698 0. 142 -8.162 .94 **-*

Total 2 . 4 5 9 0.114 -5 . 7 8 0 .93 ***
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The D.B.H.O.B* of each tree in the study area was

substituted into the relevant equations to derive tree 

foliage weight.

The data were then summed to give foliage biomass by

age classes within eacli treatment (Table 3 . 7 ).

TABLE 3. 7

Estimates of foliage biomass (tonnes ha  ̂ ) f 0 r radiata pine
growing under a range of stand densities

Stand
Thinning Density Foliage Age

All foliageTre atment (m̂ ha ^) 1 -yr 2-yr 3-yr

1 11.5-18.4 1.88 1 . 1 5 0.91 3.95
3 18.4-25.3 2.64 1.54 1.19 5 . 3 8
4 2 3 . 0 - 2 9 . 8 3.21 1.86 1.45 6.54
5 27.5-34.4 3.52 1.97 1.51 7.02
6 Control 4 . 5 5 2.45 1.86 8 . 8 9

L.S.D. 0.09 0 . 0 6 0.05 0.21

1
The figures for a l l foliage differ s lightly  from the
sum of those of the individual age classes because
logarithmic transformations were used in the 
predicting regression equations (Kozak, 1970)

An analysis of variance on the estimates of foliage 

biomass of each age class and total  weight, combined with 

L.S.D. tes ts  (Sokal and Rohlf, 1 9 6 9 )» showed that each 

successive pair of thinning treatments are significantly 

different at p (  0.05«

3*2.3 Interrelationships

The interrelationships between various stem, branch 

and foliage variables for a l l  treatments combined were 

investigated by principal component analysis. This form of 

analysis has the advantage that the complex relationships 

between the many variables describing crown structure can 

be viewed in perspective. The correlation matrix based on 

a l l  data, logarithmically transformed, was constructed 

using every possible combination of two variables (Table

3 . 8 ).
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TABLE 3.9
Eigenvalues and associated eigenvectors derived from 
correlation coefficients between crown, branch, foliage

and stem variables
Principal
Components I II III IV V
Eigenvalues 1 0 . 9 8 2 . 6 1 1.53 O

n
ONO

0 . 3 9

Cumulative ^  
eigenvalues 64.6 8 0 . 0

ON0000 9k. 8 9 8 . 1

tfo eigenvalue in 
each component 64.6 1 3 * 4 8.9 5.9 3 . 3

Total height -.15 -.03 -.49 .19 - . 7 3

Height lowest whorl .24 -. 11 CN%1 .24 - . 0 3

Crown length - . 2 7 . 11 .09 - . 3 0 - . 3 2

Crown length ratio -.26 .13 .23 1 % -0 1 3

Green whorls per tree - . 1 6 .15 -*13 - . 0 6 .02
Whorls per metre of 
crown length .07 . 3 2 -.27 . 22 .33
Green branches per 
tree - . 1 6 .47 . 22 . .26 -.11
Mean branches per 
Whorl .01 -.11 .64 «56 -.21
Mean branch diameter -.24 -.32 -.12 .04 .19
Total branch sectional 
area - . 3 0 -.02 .02 . 14 .01
Mean branch sectional 
area -.26 -.30 -.12 .01 . 1 8

Wt. 1-yr foliage - * 2 9 -.03 ♦ 03 . 20 . 12
Wt. 2-yr foliage 1 % 0 -.03 -.02 . 13 .09
Wt. 3-yr + foliage - . 2 9 -.02 .02 . 12 .07
Total w t . foliage - . 2 9 -.03 -.03 . 16 . 10
D.B. H. 0. B. - . 2 9 -.03 -.11 . 1 1 . 12
d b - . 3 0 .01 .0 1 -.03 -.02

Five principal components were derived from the
matrix, accounting for 9 8 . 1 öjo of the total variation (Table
3» 9 ). The eigenvectors with the largest values in each
component indicate which variables contribute most to
that component. In Component I, total branch cross-sectional
area, foliage weights, D and D.B.H.O.B. are the majorB
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contributors. The number of green whorls per metre of 
crown length, the number of whorls and number of branches 
pcr tree have most effect on Component II. Overall, the 
weight of foliage of each age class and total foliage 
weight per tree together with total branch sectional area 
and D are more strongly interrelated than are crown length, 
height to the lowest green whorl and crown length ratio.

The effect of thinning on the interrelationship of 
variables was assessed by combining eigenvectors and the 
basic data to calculate standard deviates from zero mean 
(Norris, 1971)• The location of each tree in the best two- 
dimensional representation of the space described by the 
principal components, together with the mean position for each 
thinning treatment, are plotted in Figure 3*7* Most 
variation occurs in Component I, with differences obvious 
between each successive pair of thinning treatments with 
the exception of Treatments 3 and 4 (18.4-25*3 and 
23.0-29.8 m ha respectively). T-tests confirm that 
Treatments 3 and 4 are similar but all other pairs of 
treatments differ at p^O.05* There are no significant 
differences between successive pairs of treatments with 
Component II (Table 3 « 10).

The conclusion reached is that thinning treatment 
affects the interrelationship of variables such as total 
branch cross-sectional area, foliage weight, D.B.H.O.B.
and D .B

3.3 Discussion
The observed negligible effect of thinning on tree 

height growth is well known (e.g. Dell and Collicott, 1968;
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TABLE 3. 10
T - tests between thinning treatments of coefficients 

derived from principal component analysis
Thinning Component I Component II
Tre atme n t

1 , 3 -2.21 * - 1 . 9 4 N. S.
3, 4 -O . 2 7 N.S. 0 . 5 8 N. S.
;i, 3 -3« 1 1 * l. 33 N.S.

c -2.63 *- -0 . 3 1 N.S.

Van Laar, 1969). Analysis of the variables lie ight to the
lowe s t green whorl , green crown length, and crown 1ength
ratio indicates that crown development is similar at
stand basal areas ranging from 11.0 to 29.9 2u - 1 m ha
(Treatments 1, 3 and 4), whereas significant differences
exist between thinning treatments with basal area ranges 
of 2 3 .0 -2 9 *5» m^ha \ 27.6-34.5 m^ha 1 and the control 
(Treatments 4, 5 and 6 ). The basal area limits given are 
nominal. The actual upper limits for Treatments 4, 5 and
6 were 31*7» 35*6 and 46.0 m ha respectively.

Beekhuis (1 9 6 3 ) developed regression equations for 
predicting crown length from stocking data (stems per acre) 
in New Zealand-grown radiata pine. Substituting the 
stockings of each thinning treatment in the Green Hills 
trial into Beekhuis's equation (crown depth = 338.83 / N + 
24.0 feet, where N is the stocking in stems per acre) gave 
fair predictions of crown length (Table 3 - 11) considering 
that the equation is general for New Zealand and that 
factors such as age, site quality, total height and ground 
slope affect crown length (Beekhuis, 1963; Kramer, 1 9 6 6 ).

Crown length ratio (syn. crown percent) has received 
considerable attention in the literature. Loomis _e_t al. 
(1 9 6 6 ) found the ratio in P. echinata varied from .33 to 
. 3 3  in stands covering a range of stand densities
comparable to the range covered in this study. However,
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the ratio for radiata pine at Green Hills varied from .76 

in Treatment 1 to .52 in the control. Presumably species 

differences and the factors mentioned by Beekhuis (1965) 

and Kramer ( 1966) account for the absolute difference in 

the ratio.

TABLE 3 • 1 1

Comparison of observed and predicted crown lengths

Thinning Treatment
1 3 4 5 6

_  -I
Stocking (trees ha ) 108 2 1 5 270 390 665

Measured crown length 
(m)

21.5 2 0 . 7 20.2 18.4 1 4 . 5

Predicted crown length 
(m)

2 3 . 9 1 9 * 1 17-8 16.1 1 4 . 0

Difference ($) 11.2 7 * 7 1 1 . 9 12.5 3 . 4

The number of green whorls produced per metre of 

green crown length and the number of green branches per 

whorl appear to be independent of thinning treatment 

(Table 3 *1) as might be expected because both parameters 

are under strong genetic control (Fielding, 196O; Forrest 

and Ovington, The number of whorls on the annual

shoot apparently is not influenced greatly by site 

differences (Fielding, 1960).

The influence of thinning on branch size is confined 

mainly to the 5 0 - 8 0 ^ zone of total tree height. Branches 

in this zone in the most open stands receive full sunlight 

in contrast to the branches in the densest stands which 

are shaded. In the lower crown the branches would have 

developed under uniform conditions, that is, the conditions 

prevailing before the f irs t  thinning treatment was applied. 

The branches above the 8 0 $ level of total height are free 

of competition for light irrespective of treatment.

The highly significant relationship between cross-
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seetionn L area of al l branches in the tree and the cross- 
sectional area oi the bole at the base of' the green crown, 
independent of thinning treatment, supports the findings 
of Jacobs (1938) for radiata pine. Similar results have 
been observed for trees with markedly different growth 
habit e.g. in Eucalyptus obliqua L ’Herit. (Curtin, 1970).

Needle weight and branch cross-sectional area were 
significantly related, irrespective of thinning treatment, 
at similar levels of the green crown. A single regression 
equation described the relationship between total foliage 
weight and branch sectional area in seven of the eight 
strata containing green branches.

Hall (1966) found that branches low in the crown of 
P. resinosa carry less weight of foliage than similar-sized 
branches higher in the crown because of needle shed. This 
is not the case for radiata pine. A primary branch low in 
the crown is older and has more orders of branchlets than a 
similar-sized branch in the upper crown. In the present 
study, the older branches have greater numbers of 
branchlets, which appears to compensate for the lesser 
weight of foliage on each branchlet. Consequently, position 
in the crown does not affect the weight of foliage carried 
by a branch of given size (Table Although the "b"
values for one-year and two-year-old needles decrease in the 
lower crown, which would support Hall’s conclusions, as 
mentioned previously the intercept values must be considered 
as well when foliage weights are calculated.

Differences in weight of foliage both between height 
strata within trees and between trees growing at various 
stand densities apparently result from variation in branch 
diameter, as the number of branches writhin each stratum is 
independent of thinning. The amount of foliage produced on
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a branch in one season is influenced by branch age and the 

amount of light  received. Branch size reflects  the history 

of foliage growth. The concentration of foliage in the 

upper mid-crown of trees in this study (Figure 3 *6) appears 

related primarily to a continuing full  sunlight condition 

over several years, particularly  in the more heavily 

thinned treatments.

Madgwick (1968) proposed a model to explain foliage 

distr ibution in P. resinosa crowns, v iz . ,  under conditions 

of free growth, the weight of needles in a whorl increases 

exponentially with time. However, with shading, as occurs 

in forest stands, branch apical growth is res tr ic ted,  and 

individual needle development is less. The weight of a 

one-year-old needle at the canopy base is commonly only 

k O - k y J o  of the weight of a needle near the crown apex.

Wood (1969) found the length, width, surface area and weight 

of radiata pine needles of one age increased up the stem, 

and at any level in the crown these same parameters increased 

with needle age. In the present study the weight of 

individual needles might vary considerably between height 

s t ra ta ,  but no empirical data on needle morphology were 

collected.

There are few published data on the relative 

contribution of needles of different age classes to the 

to ta l  weight of foliage in tree crowns of Pinus species.

In the present study, one and two-year-old foliage 

comprised 7 8 $> of the to tal  foliage overall. Wood (1969) found 

in a total sample that these two age classes comprised 8 2 ^ of 

the foliage in a six-year-old tree of radiata pine. Studying 

P. resinosa, Madgwick (1962) and White ( 1 9 6 4 ) estimated 

that the two age groups comprised approximately 80$> of total  

foliage, whereas Hall ( 1966) reported 63^ for the same
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species. Hall found needles up to eight years of age in the 
three trees he studied. In radiata pine needles older than 
five years do not occur. This species difference could 
account for the different results.

In forest biomass studies, weight of the various 
tree components is commonly related to an easily-measured 
stem variable for predicting biomass. The best predictor 
of foliage weight in the crown in the present study was 
D.B.H.O.B. (cf. Weetman and Harland, 1964; Baskerville, 
1 9 6 5)» which was superior to D^, B.A. x HEIGHT and 
D.B.H.O.B. x HEIGHT (Table 3*4).

Loomis et al. (1 9 6 6) found the stem diameter at the
base of the green crown, D , was the best predictor of 
foliage biomass, but is difficult to measure compared 
to D.B.H.O.B.. The parameters B.A. x HEIGHT and D.B.H.O.B. 
x HEIGHT were considered most suitable by Forrest and 
Ovington (1970) and Young, Strand and Altenberger (1964) 
respe ctively.

The relationships between either total foliage biomass 
and tree D.B.H.O.B. and foliage weight by age classes and 
D.B.H.O.B. in this study were both unaffected by thinning 
treatment. The "b" value of 2.46 for the total foliage 
equation is consistent with values reported in the 
literature. Forrest (1 9 6 9) estimated "b" values of 1.70 
and 3 * 3 2 for a five-year and a 12-year-old stand 
respectively of radiata pine, while Ovington and Madgwick 
(1939) reported a value of 3 * 60 for a 33-year-old 
P. sylvestris stand.

The increase in foliage biomass with increase in 
stand density suggests that the heavily thinned stands 
are not fully utilizing the site. This is substantiated 
by the observation at the time of sampling that



undergrowth was absent only from the plots of the control 
treatment•

ftMöller (19^7) proposed the classic theory that within 
a wide range of stand densities the amount of foliage 
of a given species remains constant with age and differs 
little with site» This proposal has been substantiated 
by many researchers working in diverse forest types, 
including Senda and Satoo (1956), Ovington (1957) and 
Hutnik and Hickok (1967)»

MMöller (l9^+7) showed constant foliage biomass of 
Picea abies (L.) Karst. and Fagus sylvatica L ., the latter
in 50-year-old stands at basal areas ranging from 18 to

2 - 135 m ha . This range corresponds with that of Treatments 
3 to 5 in the present study, where foliage biomass 
increased significantly with increase in stand density. 
Baskerville (1965) found with Abies balsamea and other species 
that foliage biomass increased with increasing stand 
density.

Madgwick (1970) found in P. resinosa that very heavy 
stocking (more than 5000 s.p.ha) significantly decreased 
stand biomass of one-year-old and total needles. This 
stocking is considerably greater than any in the present 
study.

The foliage biomass and annual foliage production 
estimated in this study are compared with selected results 
from other studies of Pinus species (Table 3»12)» The

_ 1maximum estimate for foliage biomass of 8.9 tonnes ha 
is slightly less than the weights estimated by Will (1964) 
and Forrest and Ovington (1970) of 9*0 and 9.2 tonnes ha 1 
respectively for 12-year-old stands of radiata pine. Will 
(1964) gave no estimate of stand basal area. The stand 
studied by Forrest and Ovington (1970) had a basal area



44,
2 -1of 32.9 m La > equivalent to Treatment r> in this study, 

though. 11 years younger, Forrest and Ovington considered
that after the 10th year foliage biomass was fairly constant

- 1from year to year at just less than 10 tonnes ha , with 
possibly a very gradual decrease with time,

TABLE 3•12
Foliage biomass and annual foliage production in plantations

of Pinus species (tonnes ha and tonnes ha yr

Spe cies
respectively) 

Annual
Biomass Production Reference

P.sylvestris L. - 2.9 Ovington (1957)
n 5.0 - Möller (1947)
1! 7.3 - Ovington and 

Madgwick (1959)
P.densiflora Sieb.

Zucc,
& 1-7 Maruyama and 

Satoo (1953)
11 5.4 - Satoo _et al. (1955)

P.radiata (7vr) 11.2 4.8 Forrest and 
Ovington (1970)

" (9yr) 8.4 1 • 5 ti

" ( 1 2yr) 9.2 3.0 11

it 11 9.0 - Will (1964)
" (2 3 yr) ON00 3.51 Present study-control

Assumes the mean weight of one- and two-year-old foliage 
is equivalent to annual production

The estimated annual foliage production was based on 
the mean values of one and two-year foliage to overcome the 
problems involved in sampling foliage produced in a single 
year (Madgwick, 1970). This estimate may differ from the 
actual annual production because it does not take into 
account factors such as any decline in the weight of 
individual needles at the end of the growing season, losses 
due to insects or physical damage, as well as the year to 
year variation in foliage production referred to earlier



(Bray and Gorham, 1964).
The relative efficiency of foliage in the different 

thinning treatments was briefly examined by relating foliage 
biomass of each sample tree both by age class of foliage 
and all age classes combined to total stem volume 
increment from 1968 to 1970 (Table 3*13)» the estimation of 
the latter is being described in Chapter 4, Tests of 
homogeneity of slope and intercept indicated that thinning 
had no effect on the relationship between either the foliage 
of each age class or the total foliage with the total 
stem volume increment for 1968 to 1 9 7 0»

TABLE 3.13
Linear regression relationships between stem volume increment 
(1 9 6 8-1 9 7 0) and foliage weight per tree. All thinning 
treatments combined and log:log transformation.
Foliage
Age b S . E ., b a r Signif.

1 1.151 .074 -4.020 .90 ***
2 1 . 0 1 8 . 0 6 5 -3»144 .91 ***
3 0.964 .062 -2.793 . 90 ***

Comb • 1 .079 .06 7 -4.6 11 .91 ***

Assessment of the interrelationships between crown,
branch, foliage and stem variables by using principal
component analysis confirms different relationships
previously recorded in the literature. For instance,
Fielding (i9 6 0 ) and Bannister (1 9 6 2) noted a significant
relationship between total number of green whorls and
stem D.B.H.O.B. for Australian and New Zealand-grown
radiata pine respectively. In this study green crown
length is correlated to total foliage weight at p ^ 0 . 0 0 1

(cf. Senda and Satoo, 1956; Curtin, 1 9 6 8), but D.B.H.O.B.
and D have larger correlation coefficients when related to B
foliage weight
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In general, the principal component analysis indicates 

that thinning of radiata pine has a significant effect not 
only on individual variables, but also on the manner in 
which they are interrelated. The foliage biomass of the 
individual tree is closely related to the cross-sectional 
area of the branches and measures of stem dimensions, 
indicating the importance of the crown-stem relationship.



CHAPTER 4

EFFECT OF THINNING ON STEM FORM

The terms form and taper have been used frequently to 
describe the same concept (e.g. Larson, 1963a) and this has 
lead to confusion. Form refers to the shape of the tree stem 
and taper to the rate of decrease in diameter with increase 
in height up the stem (Gray, 1956; Ford-Robertson, 1971)•

Knowledge of the stem form of forest trees and of 
the manner in which stems taper is important in many branches 
of forestry including mensuration, utilization, tree 
breeding and silviculture. Larson (1963a), in his review 
of stem form development, commented that the most 
controversial aspect from the forest management viewpoint 
is the degree to which silvicultural operations can alter 
stem form.

Any effect of thinning on the form and taper of 
radiata pine stems might have considerable significance 
for mensuration and utilization. Although Gray (1956) 
studied the relationship between height within the tree and 
stem cross-sectional area of more than three hundred stems 
of the species, he did not compare the form and taper of 
stems growing under different stand densities.

4.1 Stem Form Theories
Larson (1963a) discussed in detail the four general 

stem form theories - nutritional, water conduction, 
mechanistic and hormonal. He considered the hormonal
theory of spatial and temporal variation in auxin gradients
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up the stem offers the most promising approach to the stem 
form problem, whereas Hall (1965) suggested the hormonal 
and nutritional theories in combination provide a 
satisfactory explanation. Duffield (1968), on the other 
hand, favoured a combination of the hormonal and mechanistic 
theories (which he termed a "dynamic hypothesis") as 
being more realistic than any single theory. He pointed 
out that researchers only recently have come to appreciate 
the relationship between stem form and wood structure.

Assmann (1970) made a basic division of the stem 
form theories into "physiological" theories based on the 
function of water and sap conduction processes, and 
"mechanical" theories. He considered that no individual 
theory can provide a satisfactory explanation for stem 
shape because each is based on only one stem function and, 
under constantly changing environmental conditions, stem 
form must fulfil all functions. Assmann suggested that 
reactions to mechanical stresses have the major influence.

The nutritional and water conduction theories do not 
lead to any assumptions regarding the specific shape of 
the stem (Carron, 1968). Similarly, the hormonal theory 
provides a physiological explanation of tree growth and 
differences in taper, but does not specify the particular 
shapes trees might have under varying circumstances. The 
mechanistic theory does suggest a specific stem shape. This

ntheory, proposed by Metzger and described in Busgen and
ttMunch (1929) considers the stem as a cantilever beam of 

uniform resistance against bending forces caused by wind, 
and requiring the dimensions of a cubic paraboloid. Gray 
(1956) maintained this shape is required only if the 
tree is imbedded in material sufficiently strong to ensure 
that attachment at the stem base will resist forces greater
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than those necessary to break the stem. As roots are usually 
imbedded in relatively weak material, Gray suggested the 
quadratic paraboloid is more realistic.

While the stem form theories were being proposed to 
explain how a tree grows and the cause of variations in 
tree shape, empirical evidence on shape was gathered by 
researchers such as Jonson (1910-1912), Wright (1927) and 
Behre (1927)* These workers sought to describe the 
profiles of conifers by formulae termed stem profile 
equations. One major problem was that the formulae derived 
only applied above buttswell. Their application was 
difficult if buttswell extended above breast height.
Petrini (1921), recognizing that two major points of 
inflection occur in the conifer stem (one in the crown and 
one in the butt region), has emphasized that the compound 
nature of tree profiles can only be described accurately 
by developing separate expressions for the upper crown 
section, the main bole and the buttswell region.

4.2 Materials and Methods
The selection of sample trees and the method of 

collecting wood discs were described in Chapter 2.
Methods of stem analysis are described in the 

literature (e.g. Jerrain, 1939; Chapman and Meyer, 1949;
Husch, 1963)» The technique described by Jerrain (1939) to 
reconstruct the growth history of sample trees has the 
disadvantage that estimating mean diameter of a disc from 
two measurements taken at right angles to each other 
assumes a centrally located pith. Eccentric discs and 
circular discs with off-centre pith are not uncommon and, 
for these, the intersection of the maximum and minimum 
diameters may not coincide with the pith. To overcome this
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problem, Chapman and Meyer estimated the mean radius
of the disc from the maximum and minimum diameters then, 
measuring from the pith, they located the two points on the 
circumference at a distance from the pith equivalent to the 
mean radius. The lines joining these points to the pith are 
used as the axes for ring measurements. This method was 
used in the present study.

The discs were air-dried before stem analysis. Some 
radial shrinkage, less than 2$ (Booth, 1964), would have 
occurred but no correction was made as comparative 
measurements are more important than absolute figures in 
this instance.

A general equation for the profiles of the set of solid 
bodies approximated by tree stems is: 

y^ = k x*3 (Whyte, 1 971 )
where k = a constant

y = radius of cross-section at x 
x = distance from apex.

The exponent "b", the stem form index, determines the way 
the solid tapers i.e. its shape, and "k" determines the 
rate of taper within this shape. For a cylinder, b = 0; 
for a quadratic paraboloid, b = 1; for a cone, b = 2; and 
for a neiloid, b = 3-

Logarithmic transformation of the general equation gives 
Io -̂j qCy ) = l o g ^ k  + b log^Q x. The exponent "b" is now 
given by the slope of the linear regression line and ”k M 
is derivable from the regression constant.

However, as "k" determines the rate of taper within 
a given shape, it is invalid to use it as a measure of 
taper in comparing the effects of thinning if shape has 
also changed in the period under study. As results indicate 
that stem shape was a second degree paraboloid in more than



80^ of the stem profiles examined (Appendix r>), that is, 

scctionai area j)lotted against height up the stem is linear 

an alternative method of assessing change in taper with

time is to assume that the boles of all trees are second 

degree paraboloids and use the slope "b" of the linear 

regression line as the index of taper, namely:

Height in tree = a + b (Diameter2).

Although by definition taper is the rate of decrease 

of diameter per unit increase in height, height is used 

as the dependent variable in this study to allow 

visualization of the standing tree (Appendix 6).

Preliminary plotting indicated that buttswell effects 

in most trees extended to a height of approximately 2.5 m 

from ground level, therefore data from the lowest three 

discs were excluded from analysis.

The indices calculated for stem form and taper were 

screened and found to be homogeneous and normally 

distributed. A two-way factorial analysis of covariance 

was made using the program N02FCT (McIntyre, 1970) to test 

the effect of thinning and of stem diameter class on the 

indices of form and taper, and to find if any interaction 

occurred between treatment and size class.

The a. priori tests for comparisons among means (Sokal 

and Rohlf, 19^9» p228) were used to detect significant 

changes in stem taper with time from before treatment 

(average of 1961 and 1962 values) to 1970 inclusive.

The stern analysis data for each tree were processed 

using a modified version of the program described by Pluth 

(1971)« A second degree parabolic model was substituted 

into the program for computing tree volumes, as this model 

was suggested by the results presented in Appendix 5»
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.2 Results

Average stem Torrn index was similar in all stands prior 
to thinning in 1962 at the end of the 1961-62 growing season 
(Table 4.1 , Appendix 3)> more than 70$ of the trees sampled 
having a shape best described by a second degree paraboloid; 
the remainder were closer to conoidal. By 1966, significant 
changes in stem form had developed between thinning 
treatments and the differences tended to increase with 
time (Table 4.1, Figure 4.l).

Form did not vary significantly with stem diameter 
class either before or after thinning (Table 4.1) although 
data suggest a slightly decreasing stem form index with 
decreasing stem size (Figure 4.2). No interaction between 
thinning treatment and diameter class occurred.

Thirty of the sample trees retained their original 
shape throughout the 10-year period (Appendix 5 ). The 
remaining trees except one changed from a conoidal to a 
second degree paraboloidal shape. Tree 31 changed from 
a second degree to a third degree paraboloid. In assessing 
these changes, a stem form index 1.5 was arbitarily 
selected as the boundary between the conoidal and second 
degree paraboloidal shapes, and 0.83 as the boundary between 
second degree and third degree paraboloids. A small 
variation in the index value could therefore affect the 
classification of shape and this has to be kept in mind 
when interpreting the data.

Average stem form index decreased with time in the 
least heavily thinned treatments and the control, shape 
approaching closer to a second degree paraboloid as the 
stands aged. In the more heavily thinned treatments,
average stem form index remained more or less constant 
with time after treatment (Figure 4.1), the average stem
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TABLE 4. 1

Variation in stem Torin with tliinning and tree diameter class
I

Variance ratios

Y e ar
Thinning
Treatment

Diame ter 
Class Interaction

Before 
tre atment

1963 1.77 N.S. 0.71 N.S. 1.09 N.S.

196^ 3»24 * 1.50 N.S . 1.43 N.S.

1965 1.49 N.S. 0.89 N.S. 0.99 N.S.

1966 3 . 6 5 * 0.49 N.S. 0.94 N.S.

1967 4 . 7 7 ** 0.59 N.S . 0.52 N.S.

1968 4.64 ** 0 . 6 0 N.S. 0.42 N.S.

1969 6.14 *** 0.66 N.S. 0.33 N.S.

1 970 4 . 9 2 ** 0 . 7 9 N.S. 0.24 N.S.

Combined

1963-1970 4.25 ** O. 6 5 N.S. O. 61  N.S.

1
Source of Variation d. f .

Thinning treatment 4,44

Diameter class 5,44

Interaction 17,44

retaining a shape intermediate between a conoid and a 

second degree paraboloid.

While thinning, or a lack of thinning, clearly 

affects stem form, the effect of thinning on stem taper 

is more marked. From 1 9 6 1 / 2  (before treatment) to 1970, 

the percentage increase in mean taper ranged from 5 5$ in 

Treatment 1 to 6$ in Treatment 6 (Table 4.2). This 

increase of 6$ for trees in the control plots is not 

s ta t is t ica l ly  significant, but i t  may be a real effect 

associated with mortality losses in 1966 and the subsequent 

light thinning in 19 6 7 to maintain stand hygiene. Taper 

was not affected by tree diameter class nor was there any 

interaction between thinning treatment and diameter class
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The effect of thinning on the stem taper of trees of 

similar D.B.H.O.B. in 1962 is illustrated in Figure -4.3*
Stem profile diagrams (height in tree plotted against 

stem diameter) were drawn for one tree per thinning 
treatment selected at random from the 23 cm D.B.II.O.B. class 
in 1962 (Figure 4.4). This class was selected because it 
includes trees closest to average size in most thinning 
treatments. The profile diagrams indicate the effect of 
thinning on diameter increments at different heights in 
the stem, namely, diameter increment remains more or less 
constant down the stem in the more heavily thinned treatments 
and decreases down the stem in the control and lightly 
thinned treatments. This finding assists in interpreting 
the observed variation in both stem shape and taper 
following thinning, as differences in ring width at the 
top and base of the bole obviously bring about changes in 
stem shape and taper with time.

4.3 Discussion
This study of stem form and taper in radiata pine 

suggests that stem form changes most in unthinned or 
lightly thinned stands whereas stem taper changes most 
in the more heavily thinned stands. However, the effect 
of thinning on form may be indirect because of the effect 
of the green crown. Most data from the most heavily 
thinned Treatments 1 and 3 were derived from discs located 
within the green crown because of the depth of crown 
(approximately 75$ of total height - Table 3.1) and because

1

the lowest three discs (to 2.5 m above ground) of each 
sample tree were discarded due to buttswell. This may 
partly explain why stem form index was virtually constant 
under heavy thinning in Treatment 1, whereas in the less
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Treatment I Tree 36 3 ~ 24

4 - 6

FIGURE 4*4 Time course of the effect of thinning on the 
profile of stems of similar D „B«,II »0 • B. 
(22o0-23*9 cm class) in 1962.
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heavily thinned stands (Treatments 3 and b) it decreased 
with time.

Differences in the average stem form index between 
treatments would be partly due to the combination of some 
crown thinning with low thinning in the more heavily 
thinned treatments. Xn the lightly thinned treatments, low 
thinning only was applied. Stem form varies with 
dominance class (Larson, 1963a) so removal of dominants 
in one stand and suppressed trees in another will affect 
the average stem form of the stand. Although considerable 
variation could be encountered in the growing conditions 
available to individual trees at each nominal stand 
density, trees of different size classes in 1962 responded 
to thinning in a similar manner, generally tending 
towards the second degree paraboloidal shape.

Larson (1963a) pointed out that most differences in 
the results of studies of the effect of thinning on stem 
form may be accounted for by differences in the type of 
thinning applied as well as in thinning grade find stem 
form prior to thinning. As mentioned, crown and low 
thinning have quite different effects on average stem form of 
the stand. Dominant trees are more likely to have deeper 
crowns and a stem shape tending towards a conoid. Removal 
of some of these trees in crown thinning could result in a 
change of average stem shape towards the second degree 
paraboloid.

The findings of this study tend to support Larson (1963a) 
who considered that any change in crown development 
resulting from thinning will be reflected by a change in 
stem form. Stiell (1964) and Bassett (1969)» studying two 
different coniferous species, found thinning had no effect 
on stem form. The increased diameter growth after thinning
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may not change the stem profile, depending on stem shape 
before thinning and the regularity of changes of diameter 
up the stem.

From 1 9 6 1 - 6 2  to 1970 the percentage of stems approximating 
a conoidal shape fell from 30$ to 9$» The great majority of 
stems approximated second degree paraboloids (Appendix 5 ) 
which is consistent with the findings of Gray (1956) and 
Newnham (1 9 6 5 )«

Newnham (1958) in a study of fir, hemlock and cedar 
trees, found stem form in stand-grown trees approximated 
a second degree paraboloid. In contrast, stem form of 
open-grown trees of the same species approximated a conoid 
or occasionally a neiloid. Newnham considered these 
differences resulted from the greater crown lengths in 
trees of open-grown stands than in trees of the same height 
in forest stands. With larger crowns, wind pressure effects 
and stresses at the stem base are greater, and the larger 
cross-sectional area at the stem base (Larson, 1 9 6 9 ) increases 
the tendency to the conoidal shape. Jacobs (195^0» Myers 
(1963) and Larson (1965) also accredited increased 
increment at the stem base after thinning, and the possible 
effect on stem form, to the influence of wind.

MMöller (19^7) proposed frequent light thinnings to 
alleviate the “problem of increased taper due to greater 
diameter growth at the stem base than higher up the stem.
This proposal is reasonable as heavy thinning does produce 
more diameter growth at the stem base because of closer 
proximity to the green crown and greater availability of 
photosynthates (Larson, 196 9 ).

The observed increase of average stem taper with 
severity of thinning (Table k.2) is consistent with the 
findings of Newnham (1 9 6 5 ) Tor P. sylvestris stands
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thinned usin^ light low (Grade A) to heavy low (Grade D) 
schedules (Hummel, 1953). Lohrey (1961) found with 
P. resinosa that an increase in stem taper occurs- only
in heavy thinning treatments with stand density less than

2 - 114 m^ha . This suggests a difference in response between 
specie s,

In contrast to Larson (1963a), the response in stem 
taper after thinning in the radiata pine stands studied 
occurred equally in all diameter classes. Larson suggested 
the variation in stem taper of trees in different dominance 
classes could explain why thinning was considered by some 
authors to have no effect on mean taper of the stand.
Mackenzie (1950) considered the effect of thinning on 
average stem taper of a stand is often regarded as 
negligible, because even though trees of the smaller diameter 
classes may respond more to treatment than those in larger 
diameter classes, they make the least contribution to stand 
volume•

The range of stem taper values of trees in the thinned 
treatments decreased after thinning, because stem taper 
and D.B.H.O.B. are closely related (Cromer and Pawsey, 1957) 
and thinning almost inevitably reduces the diameter 
distribution of residual trees in the stand.

The stem profile diagrams (Figure 4.4) also indicate 
that thinning affects stem form. Under light or no thinning 
the annual diameter increment up the stem increases, and 
stem diameter at different heights in the stem is changing 
differentially each year. A change in stem shape with 
time therefore occurs. In the more heavily thinned treatments 
diameter increment remains more constant up the stem, and 
stem shape is relatively unchanged after thinning. A 
longer period than eight years is probably necessary for
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more conclusive results, particularly as the time between each 
successive thinning of this trial has been only two or three 
years. The variation of ring width at different heights in 
the stem will be discussed in more detail in Chapter 5*



CHAPTER 5

EFFECT OF TITINNING ON WOOD DENSITY

The effect of silvicultural techniques such as 

thinning on basic wood density, which is an important 

component in overall wood quality, has been reviewed by 

a number of workers, e.g. Paul (l9^3)j Boyd (1967) and 

Fielding (1967k). Current research in this field mostly 

concerns the effects of mineral fertilizing and variation 

of available growing space through initial spacing and 

thinning (Elliott, 1970a).

The distribution of basic density within the stem 

of coniferous stems has been discussed by Spurr and 

Ilsiung (195̂ +) and Goggans ( 1961 ) . In general, basic 

density decreases with increasing height up the stem, 

and, at any level, increases with increasing age and 

distance from pith. Ring width and percent latewood also 

influence wood density. The diversity of findings in the 

literature can be attributed to the large number of 

factors affecting basic density.

In this study, the effects of thinning on wood 

density in radiata pine are examined. The results of the 

study have practical application because wood density 

is correlated with other wood properties such as strength, 

machinability, weight, and pulp quality and yield.

3.1 Measurement of Wood Density

The study of wood properties within the individual 

ring has increased during the last decade with the 

development of radiation techniques. Before this, the



conventional gravimetric methods for determining specific 

gravity and basic density were widely applied (Phillips,

I960 ; E l l io t t ,  1960a).

Rudman ( 1 9 6 8 ) referred to techniques using visible 

light (e.g. Green and Worrall, 1964) and X-rays and visible 

light  (e.g. Polge, 1963) as microspectropliot ome t r i e .

Green and Worrall (1964) developed a technique in which a 

computer tape record is produced of the area and 

dis tribution of cell walls from measurements of relative 

transmission of light through a stained microtome wood 

section. Specific gravity and percent latewood are 

estimated from these measurements. Besley ( 1 9 6 9 ) modified 

the technique by using reflected light which allows 

direct scanning of smoothed increment cores or discs.

Three radiation techniques have been evolved for 

measurement of wood density: (i)  beta-ray e.g. Cameron,

Berry and Phillips (l959)> Phillips ( i 9 6 0 ). ( i i )  gamma-ray 

e.g. Loos ( 1 9 6 1 ), Jurasek and Zokel ( 1 9 6 3 )» ( i i i )  X-ray 

e.g. Polge ( 1 9 6 3 ? 196 3 j 1966), Rudman e_t ad. ( 1 9 6 9 )*

Each of these techniques assumes that in a sample of 

uniform thickness and moisture content the amount of 

radiation absorbed is directly proportional to wood 

density. The thickness of samples using the beta-ray

/ 1 4 \technique ranges from microtome sections ( C source) 

to sections approximately 12 mm thick (^Sr source). The

1 4C isotope has rela tively low penetration, and the sample 

is  passed between the source and a sc in t i l la t ion  probe 

to obtain partic le  counts whose variations are converted 

to a continuous record of wood density variation.

Gamma-rays penetrate better than beta-rays so wood 

sections as thick as 6 cm may be used (Loos, 19 6 1).

The X-ray technique is based on radiographs of the



ü 2

wood samples. Variation in optical density of the sample 

images on the X-ray negative is converted to a continuous 

recording of wood density by a double-beam recording 

microdensitometer. The relationship between wood density 

and optical density is approximately linear when using 

low energy or "soft” X-rays over a range of approximately
_  O

0.2 to 0.9 g cm . Polge ( 1965) has described the 

theoretical background to the technique. The samples can 

be either increment cores or machined specimens of 

standard thickness cut from larger blocks.

Rudman ejt _al. (1969) described a practical method of 

X-ray densitometry developed at the Australian National 

University. Other variations of the technique have been 

used, for instance at the University of Toronto (Annual 

Report, 1970-71)> where a moving stage was constructed to 

pass the film and wood sample at a constant rate past a 

stationary X-ray source.

Harris and Polge (19^7)» Phillips ( 1968) and Polge 

(l909) compared the beta-ray ( ^ S r )  and X-ray techniques 

and concluded that the beta-ray method could not resolve 

within-ring patterns as effectively as the X-ray method, 

but results of the two methods generally agreed. Phillips 

(1968) obtained reasonably accurate results, using microtome
1 4sections and the C isotope, comparable to results using 

the X-ray technique.

Polge and Nicholls (1972) discussed choice of 

parameters using these new radiation methods, and 

concluded that maximum and minimum density and ring width 

are useful characteristics easily read from the recording 

charts. Where charts only are available, mean ring 

density must be estimated by measuring the area under the 

curve using a dot grid, planimeter, or by positioning a



horizontal line to divide the space under the density
curve and above the minimum density level into two equal 
areas. Nicholls and Brown (1971 ) described an alternative 
method in which a triangle is constructed equal in area 
to the area under the density curve.

The most controversial of the parameters measured 
using radiation techniques is percent latewood. Green and 
Worrall (l964) and Elliott and Brook (1 9 6 7 ) suggested the 
earlywood-latewood boundary should be halfway between the 
first-formed earlywood and the last-formed latewood.
Similar suggestions were made by Harris (1 9 6 9 ) with his 
"latewood ratio" and by Nicholls and Brown (1971)•

Phillips (i9 6 0 ) suggested that percent latewood 
should be the proportion of the ring having density 
greater than a specified figure, and Rudman (196S) and 
Brazier (1 9 6 9 ) also considered that division of the ring 
should be on the basis of an arbitary density level.

5.2 Materials and Methods
The selection of sample trees from each thinning 

treatment and the subsequent removal of bark-to-pitll 
samples from each disc of wood taken at kfi levels of 
total height were described in Chapter 2.

Wood density was assessed using the X-ray densitometry 
technique developed by Rudman et ad. ( 19t>9) -

Each radial bark-to-pith segment was reduced to a 1 cm 
square cross-section ensuring that the radial axis was 
aligned at right angles to the direction of the grain. The 
sample was then extracted for eight hours in a Soxhlet 
apparatus containing a 2:1 benzene-alcohol mixture to 
remove the extractive contents.
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Samples were vacuum-dried for approximately 24 hours 

and then placed in a desiccator over a saturated solution 
of sodium dichromate for conditioning to 8 + 0 . 5  per cent 
moisture content. Finally, the samples were machined to 
a thickness of 6.9 - 0.5 mm in the radial longitudinal 
direction and returned to the desiccator until removed 
for X-raying.

The procedures recommended by Rudman e_t ad. (19^9) 
to minimize errors were adhered to. Two cellulose acetate 
working standards ("step wedges") were placed with the 
wood samples on each X-ray film. Samples were kept at 
least 4 cm from the edge of the film.

The manual techniques used for developing the X-ray 
films occasionally resulted in variation in the amount of 
blackening on the plates and therefore variation in 
optical density. Where the variation of the baseline 
(i.e. the amount of blackening on the background of the 
film) exceeded -  3 mm, the samples were X-rayed again. A 
proportional correction was made in measuring height above 
the baseline whenever a variation less than 3 mm was 
encountered.

The optical contrast of the X-ray plates was 
transferred to continuous recordings, using a Joyce-Loebl 
microdensitometer, and the optical density measured by 
the linear displacement from the arbitary baseline.

The values for maximum and minimum density read from 
the tracings may not be true values because of machine 
response chciracteristics. A constant scanning beam of 
0. 18 x 1.0 mm and a constant scanning speed were used to 
ensure that any error incurred was constant.

The technique of measuring the wood density parameters 
involved: (i) measuring the height above baseline of each
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step of tlie step wedges and plotting these values against 
the known density values - 0.229, 0.344, 0.468, 0 .592, 
0.717 and O .867 g cm for steps 2-7 respectively.

(ii) recording the height above the baseline of the 
maximum and minimum optical densities for each ring and 
reading the absolute density value from the graph

(iii) constructing a triangle to represent the area 
under the curve of the density tracing, based on the level 
of minimum density (Nicholls and Brown, 1971; Figure 5«l)*

(iv) calculating mean density using the equation of 
Nicholls and Brown (loc.cit.), viz.

Mean density = (M - m) + m
where w = mid-height width of the triangle 

constructed
r = ring width
M = maximum ring density
m = minimum ring density

Nicholls and Brown (1971) claimed their method was 
"precise". The precision was checked by measuring both a 
narrow and a wide ring several times, mean density being 
calculated on each occasion. The coefficient of variation 
was calculated and substituted into the equation -

n = ( —  )'e
where n = number of measurements

1 c = coefficient of variation of 
measurements

t = Student's "t" value for small samples
e = error per cent of the mean.

The error for a single measurement of mean density was
2.1/0 for tiie narrow ring and 2.5/° for the wide ring. These 
errors were considered acceptable considering the many
factors which influence wood density.
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Maximum
Density

Density

Minimum
Density

Mean density = (M-m) + m
Percent latewood s x 100$>

FIGURE 5«1 Method of calculating mean wood density and
percent latewood (after Nicholls and Drown, 1971)
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Percent latewood, equivalent to the "late wood ratio" 
of Nicholls and Brown (l97l)j was calculated from the 
equation: Percent latewood = x 100$.
This method is independent of variation in density at 
different heights in the tree.

Determinations were not carried out on material from 
the growth ring adjacent to the pith because this ring is 
invariably incomplete and non-representative (Nicholls and 
Brown, 1971)•

In summary, the parameters measured or derived for 
each sample tree were minimum, maximum and mean ring 
density, density range, ring width and percent latewood.
Samples were taken from the outer 10 or, where less than 
10, from all rings (except the innermost) of discs collected 
at each 4$ of total height.

Data Analysis
The effect of thinning on the properties of wood 

formed in a given year at different heights in the stem 
was investigated by an analysis of covariance using 
N02FCT (McIntyre, 1970). The data were grouped in decile 
levels from 10$ to 80$ of total tree height, with data 
from the first and second discs at the stem base (0.3 m 
and 4$ of total height respectively) combined to give 
values representative of breast height. The samples in a 
growth sheath are equivalent to those in Duff and Nolan’s 
(1953) "oblique" sequence.

The mean value of each wood density parameter in each 
growth sheath was calculated (Append.7-12). The data enable 
an examination of the effect of thinning and size of tree 
(based on the 1962 D.B.H.O.B. classes) on the average 
value of properties of wood laid down in each successive
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year after treatment, again using analysis of covariance.
The analysis compares the average of each parameter for 
each growth sheath, from 1963 to 1970, to the mean of values 
from the pre-thinning 19 6 1 and 1962 growth sheaths.

5•3 Results
Both thinning and position in the tree (using the word 

"position” because both height in the tree and distance from 
pith are involved) significantly affect (p^.001) each of the 
six wood density parameters studied. In addition, the 
interaction of these two factors is significant (Table 3»l)»

All parameters except ring width exhibit a similar trend 
of increasing values with increasing stand density (Figures 
3.2 to 3«7)* The effect of thinning on maximum ring density 
may be overridden by environmental effects such as the 1967 

drought (Figure 3*2), while minimum density was not affected 
(Figure 3«3)» The notable feature is the marked drop in 
maximum density in 1968 following peak values at all levels 
in the stem during 1 9 6 7» The increase in minimum density 
becomes less pronounced with increasing height in the stem, 
and at lower levels, becomes more pronounced with time.
Density range exhibits a poorly defined trend, even though 
tending to increase with stand density (Figure 3*^)» The 
density range was reduced by the 1967 drought, particularly in 
the lower bole. The increase in mean ring density with 
stand density is less marked at higher levels of the bole 
(Figure 3»3)« Percent latewood increases with decreasing 
severity of thinning, mainly in the lower bole at less than 
hO°/o of total height (Figure 3» 7)» Ring width, in contrast 
to the other parameters, decreases with increasing stand 
density with the most marked effects at the lower levels 
in the tree (Figure 3*6).
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TABLE 5 * 1

V a r i a t i o n  i n  w o o d  d e n s i t y  p a r a m e t e r s  w i t h  h e i g h t  i n  s t e m  
a n d  t h i n n i n g .  D a t a  g r o u p e d  b y  10 'Jo l e v e l s  o f  t o t a l  h e i g h t .

V a r i a n c e  r a t i o s
Y e a r 1 9 6 3 1 9 6 4 1 9 6 5 1966 1 9 6 7 1 9 6 8 1 9 6 9 1 9 7 0 C o m b ,

MAXIMUM DENSITY

T h i n n i n g 1 1 . 8 1 0 . 8 2 6 . 4 2 9 . 1 1 0 . 2 6 . 0 1 1 . 6 59« 7 3 6 . 7

H e i g h t 9 . 6 1 4 . 8 2 5 . 0 1 4 . 2 8 . 0 1 . 6 5 . 7 5 . 3 2 5 . 1

I n t e r a c t i o n 1 . 8 4 . 3 3 . 0 1 . 1 2 . 8 1 . 0 1 . 8 1 . 4 1 - 7

MINIMUM DENSITY

T h i n n i n g 3 . 6 3 . 7 1 1 . 2 1 6 . 5 1 7 * 7 2 3 . 2 3 7 - 6 3 9 « 0 3 8 . 2

H e i g h t 1 1 . 6 4 . 5 4 0 . 8 7 . 6 1 6 . 8 1 3 . 3 8 . 8 5 « 8 2 5 . 4

I n t e r a c t i o n 1 . 2 1 . 3 0 . 7 1.  1 1 . 4 2 . 7 3 . 4 3 . 2 2 .  1

DENSITY RANGE

T h i n n i n g 1 3 .  1 4 . 4 1 8 . 2 3 2 . 6 4 . 6 2 6 . 4 1 . 9 14 .  1 1 4 . 7

H e i g h t 9 . 2 1 2 . 3 2 3 . 1 1 1 . 2 4 . 3 3 . 6 5 . 3 2 . 4 1 5 - 2

I n t e r a c t i o n 1 . 8 1 . 4 2 . 6 1 . 0 2 . 6 1 . 4 2 . 4 1 . 9 1 . 8

MEAN DENSITY

T h i n n i n g 4 . 3 9 . 6 1 8 . 0 4 l . 8 2 2 . 7 1 0 . 0 4 7 . 6 6 2 . 2 5 3 « 5

H e i g h t 3 . 2 7 . 8 1 5 . 9 1 7 . 8 1 0 . 2 3 . 9 9 . 5 1 5 . 8 2 3 . 2

I n t e r a c t i o n 1 . 5 2 .  1 0 . 8 1 . 6 3 .  1 1 . 4 3 . 9 2 . 8 2 . 3

RING WIDTH

T h i n n i n g 3 0 . 2 4 5 . 3 4 7 . 2 8 3 . 5 6 5 . 5 170 7 6 . 1 221 9 6 .  1

H e i g h t 3 . 8 5 . 6 4 . 9 1 3 . 8 1 0 . 4 9 . 0 1 . 0 2 1 . 7 8 . 2

I n t e r a c t i o n 1 1 . 7 1 4 . 0 1 9 - 4 1 3 . 3 19*1 6 . 2 1 3 . 8 2 . 2 2 4 . 2

PERCENT LATEWOOD

T h i n n i n g 9 .  1 1 . 8 8 . 2 3 . 8 1 0 . 8 3 8 . 3 1 9 * 7 9« 1 1 3 - 0

H e i g h t 8 . 5 1 0 . 8 1 . 9 1 7 - 2 3 . 4 1 2 . 6 5 . 4 1 1 . 3 1 1 . 8

I n t e r a c t i o n 2 . 4 2 . 3 2 . 9 2 . 0 4 . 6 2 . 0 3 . 6 2 . 6 5 « 2

1
S o u r c e  o f  v a r i a t i o n d .  f . Pi= . 0 5 • 01 . 0 0 1

T h i n n i n g  t r e a t m e n t 4 , 4 4 2 . 5 8 3 . 78 5 . 6 2

H e i g h t  i n  t r e e 5 , 4 4 2 . 4 3 3* 46 5 . 0 6

I n t e r a c t i o n 1 7 , 4 4 1 . 8 6 2 . 42 3 . 2 8

T h i n n i n g  h a s  n o  s i g n i f i c a n t  e f f e c t  o n  m a x i mu m  r i n g  

d e n s i t y  a n d  d e n s i t y  r a n g e .  H o w e v e r ,  d i f f e r e n c e s  i n  m i n i m u m  

d e n s i t y  a r e  s i g n i f i c a n t  b e t w e e n  t r e a t m e n t s  a t  p  ^  . 0 5  ( d u e  

t o  t h e  1 9 6 8  a n d  1 9 6 9  f i g u r e s ) ,  a s  a r e  d i f f e r e n c e s  i n  p e r c e n t  

l a t e w o o d  ( d u e  p r i m a r i l y  t o  t h e  1 9 6 8  f i g u r e ) .
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With increasing height in the stem, the values of all 

parameters except ring width decrease. Maximum density- 
decreases above 40^ of total height. The density range 
tends to decrease slightly in the upper bole, at 80$ of total 
height. Percent latewood decreases to the 60/o level.

The effect of distance from the pith at different 
heights in the stem differs with different variables.
Maximum and minimum density increase with increasing distance 
from the pith in the upper levels, from 60̂ o of total height 
upwards. Mean density increases with increasing distance 
from the pith at 40$ of total height and above. Density 
range exhibits no clear trend, and is largely unaffected by 
increasing age at any given height. Percent latewood 
increases with distance from the pith. Again, ring width 
differs from the trend exhibited by the other variables.
With increasing distance from the pith, ring width decreases 
at the higher levels in the stem, with the effect most marked 
in the control and lightly thinned stands. The average ring 
width in the 1970 growth sheath at different percentile 
heights, for each thinning treatment, is plotted in Figure 
5.8.

Even though minimum density values tend to increase 
with distance from pith, the comparatively larger values from 
1968 to 1970 of the control and lightly thinned stands could 
partly rcsuLt from machine response characteristics of the 
microdensitometer because the growth rings were very narrow.

The overall effect of thinning on each wood density 
parameter was studied using the average value for each 
individual growth sheath. Results of the two-way factorial 
analysis of covariance of the basic data, using thinning 
treatment and stem size class as factors, are given in Table 
5 . 2 . Trends are illustrated in Figures 5*9 to 5*11*
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Maximum density

Thinning 
Treatmen t

Density range

Minimum density

Thinned ThinnedThinned
1965

YEAR

FIGURE % 9  Maximum and minimum wood density and density range 
within each annual growth sheath from 19 6 1 to 1970, 
Data are means by treatments for all trees and 
heights sampled.
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Thinning
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O  40

1967 1969

YEAR

Thinned!’*'Thinned Thinned
1963196 1 1967

YEAR

FIGURE 5®11 Mean percent latewood and ring width within 
each annual growth sheath from 1961 to 1970
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TABLE 5*2
Variation in wood density parameters with thinning and 
stem size class. Average for each growth sheath.

Variance ratios 1

Year 1963 1964 1 9 6 5 1 9 6 6 19&7 1 9 6 8 1969 1970 Comb
MAXIMUM DENSITY
Thinning 2.08 0.37 1 .27 6.40 0.2 1 1.34 0.74 1.73 1.03
Size class 1.23 O . 2 3 O . 6 1 0.46 0.58 0.23 1.83 O . 3 1 0.28
Intreaction 0.46 O . 6 3 O . 6 7 2.03 0.83 0.26 1.01 0.93 1.20
MINIMUM DENSITY
Thinning 0.86 1.33 0.22 2.23 2.11 2.74 3 . 8 6 2.33 2.78
Size class 0.44 2.43 1.93 1.01 0.31 0.97 0.62 0.53 0.97
Interaction 1.03 O . 6 1 0.68 1.37 1.12 0 . 6 1 0.40 0.30 0.70
DENSITY RANGE
Thinning 2.44 0.18 1.55 4. 32 0.46 2.72 0.33 0.20 0.71
Size class 0.79 0.33 0.99 0.49 0.39 0.51 0 . 5 6 0.23 0.12
Interaction 0.38 0.80 O . 6 7 1.73 0.87 0.23 0.32 0 . 6 0 1.00
MEAN DENSITY
Thinning 0 . 8 7 O . 8 3 0.79 5 . 7 4 3.23 1.42 6.31 5 . 6 3 4 . 1 6

Size class 1.45 1.47 0.72 1.37 0.33 0 . 1 9 0.80 0.82 0 . 8 9

Inte raction 0.40 1.03 0.90 1 . 7 6 2.01 0.68 1.11 0.51 1 . 1 8

RING WIDTH
Thinning 1 7 . 8 1 6 . 3 2 1 . 7 28. 1 14.7 19.3 10.2 9 . 8  ;20.4
Size class 1 . 1 4 0.99 0.92 1.37 0.66 0.88 0.39 0 . 3 0 0 . 8 7

Interaction 0.75 0.83 1.08 0 . 9 6 O . 9 1 0.52 0.64 0 . 9 3 0 . 7 7

PERCENT LATEWOOD
Thinning 3 . 16 0.36 3 . 7 6 1.91 3.62 7.68 2.47 0 . 8 1 3 . 7 0

Size Class 1.05 1.01 0.04 2 . 3 8 0.30 1.82 1.38 0 . 2 9 1.38
Interaction 0.35 1.19 0.32 0.37 1.08 0.88 0.47 0 . 7 1 0.37

Source of variation d. f. ii 0 Ur .01 .001

Thinning treatment 4,44 2 . 3 8 3 . 7 8 5.62
Size class 4,44 2 . 4 3 3.46 3 . 0 6

Interaction 1 7 , 4 4 1.86 2.42 3-28

Mean ring density differs significantly overall at 
p^.01, with treatment having no effect until 1 9 6 6 . (Figure 
3 .1 0 ). Though! differences are not significant in 1968» the 
same trend is evident. The most marked response is in average
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ring width, highly significant differences (p^*00l) 
occurring immediately after the application of treatment 
(Figure 5•11)•

Of the six parameters studied, the trend with live is 
for the parameter to increase with increase in stand density, 
whereas with ring width the trend is the exact opposite.
The effect of thinning on maximum density and density range 
was overridden by the adverse environmental effects of the 
1967 drought, in which both variables increased in all 
treatments and differences between treatments were almost 
eliminated. In contrast minimum density was not affected by 
the drought.

The average parameter values of each growth sheath 
exhibit varying trends with increasing time after treatment. 
Minimum and mean density increase with time, while there is 
no clear trend in maximum density or density range. Average 
ring width increases initially, with the absolute change 
depending on the grade of thinning, then decreases with time. 
Percent latewood decreased initially in 19^3» then increases 
with time.

The effect of thinning on wood density does not vary 
with tree size class (Table 5*2) which suggests that trees in 
different diameter classes react similarly to changes in 
stand density. The interaction between thinning and size 
class in all instances is insignificant (Table 5*2).

r>. Discussion
There is little available literature on wood studies 

of Australian-grown trees of Pinus spp. using radiation 
methods because such methods are a recent innovation. Any 
studies using radiation have been by the X-ray densitometrie 
method, either at the Forest Products Laboratory of CSIRO
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or at the Australian National University: the Forestry and
Timber Bureau has recently acquired a beta-ray apparatus.

Maximum ring density increased with increasing distance 
from the pith in the upper levels in the tree, from 60$ of 
total height and above (Figure 5*2). This increase corresponds 
to the findings of Harris (1969) and Nicholls and Brown (1971) 
that in radiata pine maximum density increased through 
successive growth rings in at least 12 rings from the pith.
Even though samples were taken at different heights in 
the separate studies, comparisons are possible.

Nicholls (unpub. data, quoted by Nicholls and Brown,
1971) found in both a 27' and 29-year-old radiata pine tree 
that maximum density towards the top of the stem was 10^ 
less than that recorded at breast height. In this study, 
the maximum density at breast height in the 1970 sheath 
(averaged over all treatments) was .75 g cm J and at the 
SO°o level was .67 g cm , a decrease of 1 1/o. However, most 
of the decrease occurred in the upper half of the stem above 
the k O a/o level of total height. Part of the decrease with 
increasing height up the stem would be due to differences 
of physiological age in the cambium.

Thinning had a significant effect on maximum, minimum 
and mean density (Table 5*2, Figures 5*2, 5*3 and 5*5) in 
contrast to the findings of Nicholls (1971) who showed that 
maximum and minimum density were unaffected by treatment 
in mature P. pinaster. Presumably some of the variation 
may be accounted for by differences in species and climatic 
conditions. For radiata pine, Harris (1969) and Nicholls 
and Brown (1971) showed that values of the last two 
parameters increased with increasing distance from the 
pith, and results of this study agree. However, the rate 
of increase of maximum density in the rings near the pith
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may be very small e.g. the 60$ level in Figure 3*3» from 
1$)6 l to 1967. The slight decrease of maximum density at 
breast height (Figure 3*2) agreed with the findings of 
Harris (1909).

As a more uniform raw material is easier to process, 
density range is economically important. The finding that, 
overall, thinning had no effect on density range is 
significant. The differences in this parameter at different 
heights in the stem exhibited an ill-defined trend 
(Figure 3• ^ )•

There was no evidence of reduction in mean density 
after thinning, even though percent latewood decreased in 
Treatments 6 and 6. Larson ( 1963a.) suggested basic density 
decreased initially after thinning because of increasing 
earlywood production (i.e. a reduced percent latewood 
results). The increasing mean density with increasing 
age at a given height in the tree (Figure 3*3) corresponded 
with an increase in percent latewood (Figure 3*7)* A 
similar pattern has been observed in other Pinus species 
e.g. Larson (1963a), Paul (1963)* At 80fo of total height 
(Figure 3*3)» where the data are from rings near the pith, 
mean density decreased slightly from the second to the fourth 
growth ring from the pith ( 196^1-1966) and then increased 
with age. Nicholls and Dadswell (1963) reported a similar 
trend.

Within each growth sheath, the cambia decrease in 
physiological age with increasing height in the stem. A 
valid comparison between thinning treatments of the 
average values of the six wood density parameters is 
possible, because the growth sheath formed in a given 
year in ti’ces growing under different stand densities 
includes a similar range of physiological ages. The increase
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in average parameter value with time is due to data coming 
from fewer rings of crown-formed wood and more rings of 
mature wood below the green crown and outside the juvenile 
core. Larson (1963a) pointed out there are subtle differences 
between crown-formed and juvenile wood, although they are 
often considered similar. Both terms describe the wood 
formed in the young tree, while a similar type of wood is 
produced in the rings near the pith at all heights in the 
stems of older trees.

Percent latewood differed between thinning treatments, 
increasing with stand density except at the 80$ level of 
total height (Figure 5*7)» The decrease in percent 
latewood from 43$ at breast height (all treatments 
combined) to 32$ at 80$ of total height agrees with 
Larson (1969)» who also states that near the stem apex 
latewood formation ceases. Zahner (1963) proposed that 
differences in percent latewood can result from variations 
in basic density. The large amount of variation in percent 
latewood in the 1968 growth sheath could be accounted for 
by tliis explanation. Edlin (1965) commented that the 
reasons for variation in latewood between species, within 
species and at different heights in the stem are either 
unknown or else are imperfectly understood.

Ring width was more affected by thinning than was 
any other variable tested. Xt responded to all thinning 
grades, particularly the more heavy, soon after treatment 
(Figure 3*9)* Jacobs (1962) reported a similar finding. 
Turnbull (1947) and Larson (1937) concluded that rate of 
growth, based on ring width measurements, did not determine 
the basic density of wood formed in any particular year. 
Fielding and Brown (i960) found rate of growth has either 
little or no effect on specific gravity, or else has a
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small but significant effect because of the great variation 
in the genus Pinus and the diverse environmental conditions 
encountered. According to Turnbull (19^7)> age is the most 
important factor affecting basic density. The results of 
this study indicate that wood of higher density is formed 
below the region of the crown, and outside the rings formed 
close to the pith. This suggests that the increased 
density is a function of age and position in the stem.

The patterns of variation in average ring width at 
different heights in the stem, for the 1970 growth sheath, 
indicated that maximum ring width occurs in the mid-upper 
crown (Figure 5*8), where the maximum concentration of 
foliage is found (Figure 3»5)«
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CHAPTER 6

INTERRELATIONSHIPS AND GENERAL DISCUSSION

The concept of a close relationship between crown 
and stem parameters has been frequently overlooked in 
forestry practice (Larson, 1969) even though it is important 
in the development of suitable silvicultural techniques.

Larson (1962) has emphasized the role of the green 
crown in the physiology of wood formation. Generally, 
environmental factors have a direct effect on cambial 
activity only under extreme conditions such as drought 
and abnormal heat or cold. The green crown responds to 
variation in environmental factors through photosynthesis, 
respiration and growth-regulator production, and hence 
wood formation is influenced indirectly.

Silvicultural treatment directly affects crown 
characteristics and, through modification of the tree’s 
growth environment, indirectly affects the processes of 
wood formation. Ring width and percent latewood in 
particular are affected, changes in ring width influencing 
stem form and taper.

Thinning to manipulate stand density is a most 
effective method available to the silviculturist to 
regulate the quantity and quality of wood yield (Larson, 
1969)* Thinning reduces competition in the root zone for 
moisture and nutrients, and in the crown zone for light 
and C0o. It may result in optimal metabolic activity. 
However, the actual response generated, for both total wood 
production on the bole and wood quality, depends on the 
intensity and type of thinning, and on the responsiveness
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of the individual tree.

The previous three chapters dealt with the effects of 
thinning on crown structure, stem form and wood density 
respectively. In this chapter the interrelationships 
between crown, stem and wood parameters are examined using 
principal component analysis, and the overall findings of 
the study are discussed.

6.1 Interrelationships between Crown, Stem and Wood Density
Variables
The crown variables selected for the principal 

component analysis were those significantly affected by 
thinning, namely, height to the lowest green whorl, crown 
length, total number of branches, total cross-sectional 
area of branches, and total foliage weight of each tree 
(Appendix 1, Table 3»1)• Variables unaffected by treatment 
were ignored as they would contribute little to the analysis.

Stem form and taper indices of the 1970 stem profiles 
were used in the analysis (Appendices 5 and 6 respectively). 
Taper increases with decreasing index value. The wood 
density parameters included mean density of the ring, ring 
width and percent latewood, the data being means of all 
heights sampled in the 1970 growth sheath of each tree 
(derived from Appendices 10-12).

The matrix of correlation coefficients for the 
different combinations of variables (all treatments combined) 
highlights the interrelationship of crown, stem and wood 
density parameters (Table 6.1). The highly significant 
correlation of total branch cross-sectional area and total 
foliage weight with mean ring width, stem taper, D.B.H.O.B. 
and indicate that these are the most influential of the 
crown variables. The other crown variables are also 
correlated with the stem and wood density variables, but
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to a lesser extent. Ring width is highly correlated with

D.B.H.O.B., D , and stem taper, as well as with the two B

crown variables mentioned above.

There is no reasonable explanation for the strong 

correlation between stem form index and stem taper index, 

because a stem with a particular shape can have a wide 

range of taper valves.

The eigenvectors derived from the matrix of correlation 

coefficients indicate which variables contribute most to 

each component (Table 6.2). These are total cross-sectional 

area of the branches, total foliage weight, and crown length 

among the crown variables, and D . B . H . O . B . , D , stem taper 

and mean ring width among the remainder. Percent latewood 

and mean ring density of the outer growth sheath contribute 

most to the second component, and stem form index contributes 

most to the third component. Together, these three components 

account for 85$> of the total variation.

T-tests were used to determine the effect of thinning 

on the interrelationship between crown, stem and wood 

density variables (Norris, 1971)» results of which are 

given in Table 6.3» The tests were based on values describing 

the position of each sample tree in the multidimensional 

space defined by the principal components, and calculated 

from eigenvectors and basic data to give standard deviates 

from zero mean (Figures 6.1, 6.2).

Differences between treatments, taking successive 

pairs, arc significant for the f ir s t  principal component,

excepting Treatments 3 and 4; the greatest difference

2 — 1occurring between Treatments 4 and 5 (23*0 - 29*9 m ha” and 
2 — 127*6 - 34.3 m"ha respectively). Differences between 

successive treatments are not significant for Component II 

and are only significant for Component III  (p ( .05)
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TH i n n ing 
Treatment 

1 D
3 O

COMPONENT A

COMPONENT
II

FIGURE 6«1 Relationship between the first and second principal 
components of crown, stem and wood density variable
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Thinning
Treatment

COMPONENT 1 a
I 3 0

COMPONENT
I I I

FIGURE 6*2 Relationship between the first and third principal
components of crown, stem and wood density variables
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TABLE 6 . 2

E ig e n v a l u e s  and a s s o c i a t e d  e i g e n v e c t o r s  d e r i v e d  from 
c o r r e l a t i o n  c o e f f i c i e n t s  be tw een  s e l e c t e d  crown, stem 
and wood d e n s i t y  v a r i a b l e s

P r i n c i p a l
Component I I I I l l IV V VI
E i g e n v a l u e s 7-99 1.34 0.91 0 . 6 0 0 .4 9 0 .3 7
C um ula t iv e  $ o f  
e i g e n v a l u e s 6 6 . 3 7 7 . 7  8 5 . 3 •

OO
n 9 4 . 3 9 7 . 4

$ e i g e n v a l u e  i n  
e a c h  component 6 6 . 3 11.2 7.6 5 .0 4 . 0 3. 1

V a r i a b l e s E ig enve  c t o r s

Mean r i n g  d e n s i t y - . 1 9 • 53 - . 1 2 —■53 - .  16 . 6 0

R ing  w id th • 33 - . 0 9 - . 0 4 - .  18 . 10 . 1 1

P e r c e n t  l a tew ood - . 1 7 .63 .20 - .  1 4 .37 - . 5 8

H e ig h t  t o  lo w e s t  
w hor l - . 2 8 - . 2 8 .13 - . 1 3 . 6 1 . 22

Crown l e n g t h •31 .21 - . 1 7 .0 4 - . 3 8 - . 1 8

T o t a l  number o f  
b r a n c h e s . 20 .36 - . 4 2 . 6 1 . 4i .32

T o t a l  b ra n c h  c r o s s -  
s e c t i o n a l  a r e a • 34 .0 3 .01 - . 1 7 . 18 - . 0 3

T o t a l  f o l i a g e  w e igh t • 34 .05 .02 - .  1 4 . 16 - . 0 4

D. B. H. 0. B. .34 - . 0 9 . 0 6 - . 2 7 . 18 .03

db •35 .02 - . 0 3 - . 1 3 - . 0 2 - . 0 3
Stem t a p e r  in d e x - . 3 4 .07 13 .  1 4 17 - . 0 6

Stem form in d e x . 16 . 20 .84 .32 - .  12 .30

TABLE 6 . 3

T - t e s t s  be tw een  t h i n n i n g  t r e a t m e n t s  
from p r i n c i p a l  components  a n a l y s i s *

o f  c o e f f i c i e n t s  d e r i v e d

Component t - v a l u e s

T h in n i n g
T r e a tm e n t s  I II III

1,3 2 .49 * -0 .4 6  N .S . 3 .20  *

3 ,4  0 .6 4 N. S. -O . 9 6  N.S. - I . 3 3  N.S •

4 ,5  3 .44 * * O. 9 6  N.S. 0 .4 8  N.S •

3,6  2 .42 * 1.28 N.S. -0.86 N.S •



between Treatments 1 and 3 due to differences in the stem

form index.
Over a wide range of basal areas (from approximately 

11.0 to 30.0 m lia” ) growth of the crown and stem is 

such that parameters are related in a similar manner. 

Thinning affects the interrelationships between branch 

cross-sectional area, foliage weight, and measures of
- 1stem size and taper at basal area levels above JO m ha 

0.2 General Discussion

The 23-yoar-old radiata pine stand studied, in the 

Green Hills State Forest near Tuinut, has stand density 

as the only variable. The site and general environmental 

conditions are uniform. The trees include a wide range of 

genetic variability because their origin was seed from 

silvicultural thinnings. Each of the six thinning 

treatments has four replications, which is uncommon in 

experiments in stands of this age. A large stratified 

random sample (a minimum 10$ of standing trees) was taken 

from Ocicli treatment. Thus the source of material is most 

suitable considering the objectives of this study.

The data, which include parameters of crown structure, 

stem form and taper, and wood density, were used to study 

tree growth following thinning in this stand. The results 

generally should not be extrapolated to stands on different 

site qualities.

In deciding which crown parameters to measure, crown 

width was excluded because observations indicated that 

large errors were likely in estimating this parameter in 

the control and lightly thinned treatments. The crown 

parameters included in the study (Table 3»l) allowed

precise measurement.
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The strong relationship between foliage weight and 

branch cross-seettonal area was based on large numbers 
of s’ample branches in each docile height stratum of the 
different treatments. Considerable variation was expected 
in this relationship in individual branches, because of the 
nature of the green crown. The association of a branch 
witJi other branches in the same crown and neighbouring- 
crowns results in differences in the amount of light 
received, while branch and foliage age are also involved. 
Consequently, the contribution of an individual branch to 
stem growth is difficult to assess, and estimates of 
foliage weight in the crown must include some errors.

The stem analysis data used to study stem form and 
taper were precisely measured to an accuracy of 0.5 mm* The 
analysis was based on the main stem above the region of 
buttswelL (2.5 m) even though the latter contained 2 5/0 of' 
s tern vo Lnine .

The wood density data were measured using the very 
accurate X-ray densitometry technique, the major disadvantage 
of which is the time taken to obtain each measurement. The 
data, which came from wood samples taken from the north-point 
of the stem to the pith, would have errors of measurement 
less than the variation found around the stem at a given 
height (Taras, 19b5)• Fielding (1967b) commented that 
results of thinning studies arc often confusing because of 
complications due to reaction wood formation. In this 
study, the problem was not encountered because any 
compression wood forms on the underside of the stem, away 
from the prevailing north-westerly winds in the Tumut area 
(Drown and Hall, 1968), to compensate for the general lean
of the stand to the south-east. In addition, the presence 
of compression wood would be obvious using the X-ray
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densitometry technique because of distinctive density 
patterns.

In general, the sources of error in the data were 
relatively limited*

Certain crown and stem characteristics such as total
tree height generally are independent of stand density
(Dell and Collicott, 1968). In the 23-year-old radiata
pine stands studied, thinning treatment had no effect on
variables such as total height, the number of green whorls
per metre of crown length and the number of green branches
per whorl (Table 3«l). The last two parameters are under
strong genetic control (Fielding, 1960; Forrest and
Ovington, 1971)• However, significant differences were
obvious between thinning treatments for such characteristics
as the total number of green whorls and branches per tree,
the height to the lowest green whorl, crown length and
crown length ratio, and total and mean branch cross-
sectional area and mean branch diameter. The most marked
differences occurred between the moderately thinned

2 _ 1 \Treatment 4 (23.0 - 29.9 m ha ' and the lightly thinned
2 — 1Treatment 3 (27.6 - 34*5 m~ha ) and also between Treatment

2 -13 and the "untliinned" control at 46 m ha . At lower stand
densities these same variables were unaffected by treatment.
Thus progressively intense thinning results in increasing
effect on several crown characteristics, but only to a stand

2 -1density of approximately 30 in ha . Thinning beyond this 
density has little further influence on any crown parameter. 

In the management of Australian radiata pine
plantations, it is common for stands in the 1 5-to 23-year

2 — lage c'lass to be thinned to approximately 20 m~lia (Forrest,
peus * comm. ). Generally accepted lower limits of s tanding

2 -  ]basal area range from 23 to 30 m ha , depending on age



and site quality (Shepherd, 1970). Trees grown at such 
stand densities would have crowns which differ markedly 
from the crowns of trees growing in unthinned stands. A
more intense thinning to stand basal areas less than 23

2 - 1  •m ha presumably would have little effect on crown 
characteristics•

As a result of moderate or heavy thinning, crowns 
lengthen as the upward recession of the live branches 
decreases; the size of live branches increases and their 
distribution in the crown changes particularly'- in the 
mid-upper crown from 50$ to 80$ of total tree height 
(Figures 3*2 and 3*3). The uppermost branches of each 
tree ( 80$ of total height and above) are in full sunlight 
irrespective of stand density. The lowest branches, below 
50$ of the total height of approximately 28 m, have presumably 
developed under full sunlight then tended to become moribund 
under low light conditions prior to thinning. These branches 
remain partly shaded because of higher branches in that 
crown and in neighbouring crowns, although shading is least 
in the open, most intensively thinned stands. The branches 
growing in the mid-upper zone may or may not receive full 
light depending on stand density.

The size increase in live branches after thinning is 
greater with increasing severity of treatment. The foliage 
weight per branch was closely correlated with branch cross- 
sectional area (Table 3*3) with the relationship being 
independent of thinning although variation was evident between 
different levels within the canopy at different stand densities 
In addition the cross-sectional area of all green branches per 
tree was closely correlated with the bole cross-sectional area 
at crown base, as suggested by Jacobs (1938), and this also 
was independent of thinning treatment (Figure 3.1).
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The longevity of the lower branches was increased by 
thinning, as suggested by the presence of a higher 
proportion of three-year and older needles on branches 
from trees in the more heavily thinned treatments 
(Appendix 3)» Crown length increased with intensity of 
thinning. The relationship between crown length and 
D.B.H.OoB. also differed between treatments mainly because 
of the effect of differences in the rate of crown recession 
after thinning.

The growth patterns of wood as interpreted from the 
basic data are similar to those described by Larson (1969)*
The major changes in wood formation occurred in the 
lower stem below the green crown. Some variation was 
observed in the base of the green crown, beneath the most 
active branches. The actual height of the most active zone 
varies little between thinning treatments. As branches in 
the upper crown carry a greater percentage of more 
efficient foliage than branches in the lower crown (Wood,
1989) and from 3 $̂ (Treatment 1) to 55$ (Treatment 6) of the 
total foliage weight (Appendix 3)? it is probable that 
leaves of those branches have a major effect on wood
formation. Larson (1969) commented that "....  accumulated
evidence strongly suggests that the foliar organs regulate wo( 
formation during the entire seasonal course of development".

Thinning promotes an increase in both branch and 
crown size, which in turn increases the amount of wood 
formed in the bole. The increase in diameter growth is 
throughout the bole but dependent on stand density. At 
the' base o 1' the stem, the average ring width increases 
with thinning grade; at breast height the average ring widths 
for the 197O sheath of trees in Treatments 1 and 6 are 0.90 
and 0 . cm respectively (cf. Jacobs, 1962). The maximum
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width of ring in the 1970 sheath occurred between 70$ and 80$ 

of to tal  height in a l l  treatments (Figure 5*8). These levels 

correspond to the greatest concentration of foliage in the 

crown (Appendix 3) in all treatments. This contrasts with
it ii

the findings of Busgen and Munch ( 1 9 2 9 ) and Duff and Nolan 

( 1 9 5 3 ) that maximum ring width was immediately below the 

crown. Hall ( 1 9 6 3 ) found maximum ring width at three- 

quarters of crown depth, which presumably was near the 

occurrence of maximum foliage concentration in the crowns 

of the P. resinosa trees of his study.

Thus ring width decreases with distance below the 

position of maximum ring width in a l l  thinning treatments, 

the greatest decrease being found in the control and 

Lightly thinned treatments (Figure 5*6). The variation in 

wood properties (Figures 3*2 to 3- 5» 3-7) occurs below

this level. Wood production is rela tively uniform between 

treatments in the upper part of the stem, because at the 

80$ level of total height, in the region of the active 

crown, thinning has no effect as branches are in full 

sunlight.

The 23-year-old radiata pine trees exhibited the general 

tendency of the species for mean density to decrease with 

increasing height in the stem and to increase with 

Increasing distance from the pith at any given height 

(e.g. El l i o t t ,  1970a). The influence of increasing age 

and distance from the pith was therefore evident. Wood 

formed in the region of the crown was of lower density than 

wood formed below the crown and outside tlie juvenile core. 

Within the green crown, wood properties were relatively 

uniform over a l l stand densities (Figures 3*2 tc 3*7)«

Trees in the most heavily thinned stands have a 

larger amount of juvenile wood in the upper crown



(Figure 5»5) and a smaller percent latewood in the lower 
bole (Figure 5»7) than trees in the control or lightly 
thinned stands. Larson (19^9) suggested a gradual latewood 
transition zone is found in the stem of more open-grown 
trees while in more closed stands the latewood transition 
is more abrupt, i.e. the type of latewood tracheid changes. 
Stand density affects wood quality by gradual changes in 
crown size, structure and efficiency. Larson (1962) thought 
that through these changes in the crown a large amount of 
the variability in wood quality can be interpreted. The 
intensity of thinning determines the degree of response to 
treatment.

Hence each of the six wood density parameters measured 
(maximum, minimum and mean density, density range, percent 
latewood and ring width) were influenced by thinning 
treatment when height within the stem was considered. 
Significant differences were found between thinning 
treatments and between different heights in the stem and 
there was significant interaction between the two factors 
(Table 5*1)* Variation in wood properties at different 
levels within the crown is associated with corresponding 
variation in crown parameters as a response to thinning.

The relationship between the crown, the stem and bole 
wood is extremely complex and not amenable to simple 
description. For example, unless the state of health and 
relative efficiency of the individual branch are known, it 
is difficult to assess the contribution of that branch to 
stem growth - the fact that the needles are still green does 
not mean the branch is contributing. At any height specified 
in the tree branches of the same cross-sectional area may 
carry the same weight of foliage, but contribute quite 
differently to stem growth (cf. Labyak and Schumacher, 19 3 ̂4) ,
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depending on the amount of light received and needle age.
Thus the influence of the individual branch on stem growth 
is determined by position of the branch in the crown, the 
efficiency of the foliage, and general environmental 
conditions.

The patterns of wood density distribution in one 
randomly selected tree of the 2 2 . 0  to 2 3 * 9 cm D.B.H.O.B.
lass (1962) from each treatment were plotted on the stem 

profiles from 1961 to 1 9 7 0, taking each second growth 
sheath (Figure 6 .3 )» These five trees had a second degree 
paraboloidal shape before treatment and maintained the 
same shape afterwards. The data suggest that the tree 
meets its strength requirements by producing a smaller 
volume of high density wood (e.g. Treatment 6 ) or a 
larger volume of low density wood (e.g. Treatment 1), as 
postulated by Trendelenberg (1 9 3 2, 1 9 3 5)» Schniewind (1962)
and Doerner (1 9 6 4). The wood density of the stem and strength 
properties are closely related (Fielding, 1967b).

The effect of thinning on stem form and taper is most 
interesting. The average stem form index decreased after 
treatment, and the shape tended towards the second degree 
paraboloidal shape postulated by Gray (1 9 5 6). Over the 
10-year study period, stem shape approximated a second 
degree paraboloid in 83$ of the profiles examined. Prior 
to the first thinning at age 15 years, the shape of the 
larger trees in Treatment 1 was closer to a conoid, while 
the other trees tended towards the second degree 
paraboloid. Many researchers have found that stem shape 
within the green crown is approximately conoidal (Carron, 
1968), and this is supported by the present study, because 
in Treatment 1 most sample discs came from the region of 
the crow. Trees in this treatment tended to retain a
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uniform stem form index because thinning delayed the 

recession of the crown and the distribution of samples from 

within and below the green crown remained relatively constant.

The cubic paraboloidal shape proposed by Metzger
M It

(Dusgen and Munch, 1929)— the proposal has had considerable 

support in the literature (e.g. Assmann, 1970) - was found

after thinning in a single tree (Tree 31) which came from 

Treatment 3»

Petrini (1921) had suggested a stem equation 

comparable to the one used in Chapter 4, viz. 

y = k x (Whyte, 1971 ) 

where y = radius of cross-section at x 

x = distance from apex 

k = a constant 

b = the stem form index.

The results of this study agree with Petrini*s suggestion 

that the power value "b" describing the stem shape was 

rarely a whole number (Appendix 3) > in contrast to the 

opinion of Gray (1956).

The propositions advanced by Metzger and by Gray (1956) 

regarding the shape of the tree stem, together with those 

of Jonson (1910- 12) describe the stem in part only, because 

the shape actually changes along the length of the stem.

The base of a plantation-grown radiata pine is neiloidal in 

shape, being affected by buttswell. In this study buttswell 

effects were obvious to approximately 2.3 m above ground, 
over the range of treatments. Above the buttswell, the 

main part of the bole has generally been considered a 

second degree paraboloid, while the section of the stem 

in the upper crown is generally conoidal (Carron, 1968).
The results presented in Chapter 4 confirm this.
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Even though there are two major points of inflection 

in l lie stem, there may be several minor points. The shape 
of the stem is de term i .nod by the' way in whit'll each 
sueoessive sheath is laid down along; the Length of the 
bole (Figure 4.4). Any variation in shape would result from 
differences in ring width at different heights in the tree.

The bending force of the wind and the weight of the 
crown and stem produce stresses which result in redistribution 
of growth along the bole. Although more than Sofo of the 
stem profiles studied were second degree paraboloids,
Gray’s (lhab) theory is based on the tree being anchored 
in a relatively weak substrate and so requiring less stem 
volume than the third degree paraboloid postulated by 
Metzger. However, the two control plots excluded from 
s;nnpling because of severe wind damage were damaged soon 
after the light thinning in 1967 to maintain stand hygiene. 
Trees were broken rather than wind-thrown, suggesting that 
part of the response after thinning is adjustment of tree 
shape to counteract the general climatic conditions found 
in the area (e.g. Jacobs, 1954). Therefore, some trees 
were unable to withstand the stresses imposed by a severe 
storm after the structure of the canopy was changed by 
thinning. The mechanistic theory apparently does not explain 
all variation found in the stem shape of forest trees.

There is no evidence from the data that either 
nutritional gradients (e.g. Hall, 1965) or hormonal 
gradients (e.g. Larson, l9b3o) regulate the distribution 
of radial growth along; the stem and hence stem form and 
taper. However, these hypotheses would help to interpret 
the phenomenon of changes in stem shape and taper resulting; 
from the bending stresses imposed by the wind and the 
weight of the tree. Duffieids’ (1968) "dynamic hypothesis"



suggested the involvement of piezoelectric effects as an 

extension of the auxin hypothesis.

Thinning lias a considerable effect on stem taper. The 

average stem taper o I' trees in both the thinned and the 

control stands was similar before treatment. Average taper 

increased in a l l  treatments, the increase ranging; from 

in the most heavily thinned stand to 6 c/o in the control.

The la t te r  required a light thinning in 19 6 7• Although 

stem form remained constant in the most heavily thinned 

treatment, taper increased considerably.

At the standard rates of thinning employed in

Australian radiata pine plantations, viz. thinning to a
2  _ 1

lower basal area limit of 2'J to 30 m ha depending on 

s i te  and age (Shepherd, I970), the effect of treatment 

on stem taper is limited (Table h • 2 )  .

In the previous discussion, the importance of the 

association between crown, stem and wood density was 

discussed. The principal component analysis rela ting 

variables indicated strong correlations between the 

crown and stem (Tables6.1, 6.2), bearing in mind that 

relationships between crown size and stem growth may 

or may not give a p;ood s ta t i s t i c a l  correlation because of 

varying; contributions of branches to stem growth. However 

it is evident the processes of wood formation are directly 

affected by the size and efficiency o f the green crown, 

hence the crown and stem shape and taper are closely 

re Lated.

The effect of thinning on foliage biomass and stem 

volume production ns elements of stand growth was 

('on si de red.

In Australian-grown radiata pine, biomass and annual 

productivity have received lLttle attention. Forrest and
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Ovington ( 1970) studied an age sequence of stands in the 
Tuiiuit iiriM lo estimate the biological production o !' the 
total plantation ecosystem. The stands, aged up Lo I 2 
years, were regarded as representing; the development of 
an individual stand. Dargavel (1970) estimated the biomass 
of individual trees, but did not extrapolate his findings 
to an area basis. However, no assessments had been made 
of foliage biomass in stands over 20-year-old, or of the 
effect of thinning on foliage biomass in Australian pine 
plantations until this study.

The strong correlation between the weight of to1iage 
in the individual tree and stem D.B.ll.O.D. (Table 3*6) 
indicated these variables could be used to estimate stand 
foliage biomass. This was found to increase with increasing 
stand density (Table 3»7)*

Generally, it is accepted that within certain basal 
area limits the weight of foliage per hectare of a forest

itstand is relatively constant (Möller, 19^7; Satoo et al. ,
19 r>r>) . Although the range of stand densities specified by 
?!Möller (l9^7) corresponds to the basal area range of 

Treatments 3 to 5 ( 18 . U to 3^-3 m'ha ) in the thinning 
triaL reported here, the weight of foliage per hectare 
differs significantly between treatments. A possible 
explanation for the difference in foliage biomass at 
different stand densities is that the stands in the study 
were thinned every two or three years. This is a shorter 
period than the average Life of the needles (three to five 
years) so new foliage' produced after thinning; Is not fully 
de vc' I oped. Consequently the more heavily thinned stands may 
carry less weight of foliage than usual for stands of their
basal area. The maximum estimate for foliage biomass of

_ 18.9 tonnes ha in the control plots is slightly less than
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the weight estimated by Forrest and Ovington (1970) of 9*2 

_ 1
tonnes ha for 12 -year-old stands of radiata pine at a

2 - 1
basal area of 32*9 m ha . Forrest and Ovington suggested 

that after the 1 0 th year foliage biomass remains relatively 

constant with perhaps a slight decrease with time.

The relationship between foliage weight per tree and 

total stem volume increment from 19^8  to 1 9 7 0  seemed 

to be independent of thinning (Table 3 * 113) • However, 

foliage weight is not the only determinant of volume 

production. The age of needles and their relative 

efficiencies at different heights in the tree, and at 

different stand densities, also influence production.

Volume increment was poorest in the most heavily thinned 

stands where foliage biomass was least ,  but increment in 

the mi thinned stand with greatest foliage biomass was only 

s light ly  greater than in the moderately or lightly thinned 

slands.

Shepherd and Forrest (in press) estimated merchantable

vo 1 Lime production to 10 cm d.u.b. in the study plots.

The merchantable volume increment ( 1 9 6 8  to 1970) in the

control was less than increment in Treatment 5 and

approximately" equal to increment in Treatment 4. However,

when these merchantable volume increments are related to

foliage biomass estimates from this study, the quantity

of foliage required to produce one cubic metre of

merchantable wood in Treatments 1 to 6 is 0.23» 0.21, 0.22
-  I

and 0.29 tonnes ha respectively. The unthinned control 

treatment is therefore rela tively ineff ic ient as far as 

merchantable volume production is concerned. Even a light 

thinning apparently allows the foliage to be more effic ien t .

Shepherd and Forrest (op.eit) found that, overall, light 

thinning in Treatment -I ( 2 3 . 3  - 29*9 nf'lia” ) produced the



I ariosi Hier elian tab l e volume to 10 em d.u.b. • After tlu' 
initial thinning in 1902 and rethinning in 196*4 and 19b 7’ 
the merchantable volume increment produced in Treatments 't ,
3 and 6 was similar. A light thinning therefore»rather than 
a heavy thinning results in more volume production.

The silvicultural treatments applied to forest stands 
depend generally on current management objectives, which, 
should allow a certain amount of flexibility because market 
requirements may change over a short time. The silvicultural 
requirements of the forest are in effect flexible, and 
decisions in forestry management now tend to depend on such 
criteria as the current market demand and forecasts of 
future demand, with the objective of maximizing profits 
from the forestry enterprise while ensuring an adequate 
supply of forest products.

Thinning as a cultural treatment has considerable 
importance in forestry, particularly with regard to 
utilization and mensuration. From the utilization 
viewpoint, the quality of the product For a particular end 
use depends on the manner in which the crown and stem have 
developed. The increased crown size following thinning is 
related to the intensity of treatment, and is the result of 
increasing diameter and length of green branches. In 
lightly thinned stands the lowest branches apparently do not 
respond to thinning by increased growth. These branches 
become moribund and die, and crown recession continues 
upward. In the most heavily thinned stands, the recession 
almost ('eases. In the study stand the base of the green 
crown in every tree was above the upper limit of pruning, 
so some crown recession had occurred after treatment. With 
larger branches, wood quality suffers because of the large 
knots found over the major length of the bole after the
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continued development o I' tlie Lower brunches# These affect 
peeling quality, veneer appearance, pulp qualities and the 
strength properties of sawn timber (Wright, 1971)*

In radiata pine, the number of whorls, the number of 
branches per whorl, branch diameter and angle, internode 
length and stem taper are characteristics associated with 
wood quality (Fielding, 1967b)# The number of branches 
per whorl and internode length are under strong genetic co 
control. The other variables can be controlled by thinning.

The results of the study indicate that heavier thinning 
produces larger, more tapered logs. However, this is 
economically advantageous where sawlogs rather than pulp 
logs are required, because of the large price differential 
between royalties paid on sawlogs of different size 
classes. Shepherd and Forrest (in press) found in the same 
thinning trial that light thinning produces the maximum 
yield of pulp logs.

From the mensurational aspect, the findings on stem 
taper are important. The significant differences in average 
stem taper between trees of different size classes at a 
given stand density, and between trees of the same size 
class in stands of different densities, suggests a measure 
of stem taper is essential as an independent variable in 
the preparation of tree and stand volume tables. Estimates 
of stem volume from such tables would be considerably more 
precise Hum estimates from tables based on D.h.ll.O.B. and 
total height only. The radiata pine general volume table 
prepared in 1055 includes stem taper.

Because stand density lias such a great influence on the 
quality of wood formed, the silviculturist controls the 
initial stocking by spacing, and once canopy closure occurs, 
stand density can be regulated by thinning. Judicious
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thinning schedules are a valuable means of regulating both 
wood yield and quality, because in uncontrolled growth 
Lack of uniformity in the wood is a major problem to the 
wood-using industries. Other silvicultural treatments 
such as fertilizing and pruning” influence wood properties, 
bill overall thinning; is the most useful technique available. 
Thinning; affects crown development, and through the crown 
influences the processes of wood formation and the size and
shape of the stem.
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cm r^-’-  m -cf -cf -cf x  cm M nM noM J'.vo  cm \o wqocc men — co

o  O r  o  o  w O O ' - O O ' O N O O O J

0  
0 \

1
o
X

m mo mo — -cf moo cn o\-cf m a c o v o -c cm n n o o  — oo cm r̂ -oo o  o  
n- cm o\ t> cm o  cn — -cf m T- — cm n- mo cm ĵ -cm — —-cf — mo mo cm
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A P P E N D IX  4

E s t i m a t e d  w e i g h t  o f  f o l i a g e  b y  a g e  c l a s s ,  a n d  o v e r a l l ,  i n  
c r o w n s  o f  a l l  s a m p l e  t r e e s  w i t h i n  t h i n n i n g  t r e a t m e n t s

T h i n n i n g
T r e a t m e n t

T r e e  D . B . H . O . B .  D 
N o .  ( c m) ( c m )

F o l i a g e  
1 - y r

w e i g h t s  ( k g )  
2 - y r  3 - y r ( + ) T o t a l

1 3 4 5 . 3 3 8 . 0 1 7 * 4 7 1 0 . 9 3 9 . 3 2 3 7 . 7 2
4 4 7 .  1 3 6 . 3 1 9 . 4 7 1 1 . 6 7 9 .  17 4 0 . 3 1

19 4 8 . 4 4 o .  1 2 2 . 6 8 1 5 . 1 5 1 2 . 7 5 5 0 . 5 8
20 4 1 . 9 3 3 . 0 1 2 . 1 9 6 . 7 3 4 . 7 9 2 3 . 7 1
3 5 4 2 . 3 3 3 . 4 1 2 . 9 2 7 . 3 8 5 . 6 7 2 5 . 9 7
3 6 4 o . 4 3 0 . 4 1 1 . 9 9 6 . 8 9 5 . 4 2 2 4 . 3 0
5 5 5 2 . 7 4 2 . 5 2 2 . 3 7 1 3 . 0 2 9 . 8 3 4 5 . 2 2
56 4 5 . 9 3 5 . 4 1 6 . 3 7 1 0 . 8 9 9 . 4 8 3 6 . 7 4

3 1 4 o . 8 3 4 . 3 1 2 . 9 1 7 . 6 5 5 . 9 5 2 6 . 5 1
o 3 2 . 5 2 6 . 2 1 0 . 7 7 5 . 9 3 4 . 3 0 21 . 0 0

21 4 4 .  4 3 6 . 9 1 7 * 1 3 9 . 8 7 7 .  18 3 4 . 1 8
2 2 3 8 . 2 3 0 . 6 1 1 . 6 6 6 • 6 0 4 . 9 9 2 3 . 2 5
2 3 3 3 . 4 2 6 . 6 9 . 7 5 5 . 7 4 4 . 5 3 2 0 . 0 2
2 4 3 6 . 4 2 6 . 9 1 0 . 3 9 5 . 6 4 4 . 0 2 2 0 . 0  5
50 4 5 . 0 3 6 . 0 2 1 . 1 3 1 3 . 5 8 1 1 . 1 6 4 5 . 8 7
51 3 6 . 4 2 9 . 2 9 . 2 9 5 . 6 9 4 . 4 6 1 9 . 4 4

4 5 3 9 . 7 2 9 . 5 1 4 . 7 0 7 . 9 8 6 . 0 8 2 8 . 7  6
6 3 6 . 8 2 9 . 6 1 2 . 3 5 6 . 9 5 5 . 4 3 2 4 . 7 3
7 3 7 . 2 2 9 . 2 1 1 . 7 1 7 . 2 8 5 . 7 3 2 4 . 7 4

16 5 3 .  1 4 1 . 7 2 8 . 2 4 1 6 . 9 0 1 3 . 5 0 5 8 . 6  4
17 4 4 . 0 3 4 . 6 19* 16 1 1 . 1 2 8 . 5 2 3 8 . 8 0
18 3 9 . 6 3 0 . 5 1 2 . 9 4 7 . 6 O 5 . 9 5 2 6 . 4 9
3 7 3 5 - 3 2 5 . 9 8 . 8 4 5 . 0 9 4 . 0 0 1 7 . 9 3
3 8 4 0 . 9 3 0 . 2 1 1 . 5 5 6 . 4 3 4 . 7 9 2 2 . 2 7
3 9 3 5 .  1 2 6 . 0 1 0 . 6 1 6 . 7 1 5 . 5 8 2 2 . 9 0
52 4 6 . 0 3 5 * 7 1 9 . 2 0 1 1 . 3 8 8 . 8 5 3 9 * 4 3
5 3 3 4 . 3 2 5 . 6 9 - 7 3 5 .  18 3 . 7 3 1 8 . 6 4
5 4 3 2 . 4 2 3 . 8 8 .  1 5 6 . 7 5 4 . 2 1 1 9 . 1 1

r> 8 3 8 . 4 3 0 . 1 1 0 . 3 8 6 . 7 4 6 . 1 1 2 3 . 2 3
9 3 5 . 2 2 5 . 3 9 . 1 3 5-  11 3 . 9 8 1 8 . 2 2

10 3 1 . 5 2 3 . 8 8 . 6  1 4 . 9 3 3 . 9 2 1 7 . 4 6
1 1 2 7 . 7 1 6 . 1 6 . 2 6 3 . 0 6 2 . 0 5 1 1 . 3 7
12 4 0 . 2 2 9 . 7 1 7 . O 8 1 0 . 1 1 8 . 0 9 3 5 . 2 8
13 3 5 . 6 2 5 . 4 7 . 9 1 4 . 7 0 3 . 8 8 1 6 . 4 9
14 3 3 . 0 2 4 . 4 1 0 . 9 4 6 . 74 5 . 6 0 2 3 . 2 8
1 5 3 4 . 4 2 1 . 8 7 . 0 3 3 . 6  9 2 . 8 3 1 3 . 5 5
31 4 0 .  1 3 0 . 6 1 3 . 1 1 7 . 4 2 5 . 6 8 2 6 . 2 1
3 2 3 5 . 8 2 8 . 7 1 1 . 5 1 7 .  14 5 . 5 2 2 4 . 1 7
3 3 3 2 . 2 2 3 . 3 7 . 3 6 4 .  12 3 .  16 1 4 . 6 4
34 2 5 .  2 1 5 * 0 3 . 4 6 1 . 6 4 1 . 1 3 6 . 2 3
46 3 5 - 6 3 2 . 3 1 0 . 0 6 5 . 8 3 4 . 5 4 2 0 . 4 3
4 7 3 4 . 3 2 6 . 8 7 . 5 1 4 . 2 7 3 . 3 5 15 .  13
4 8 3 0 . 7 2 1 . 8 8 . 3 3 4 . 9 5 3 . 8 1 1 7 . 2 9
4 9 2 8 .  3 2 2 . 0 7 . 2  6 4 . 1 4 2 . 9 7 1 4 . 3 7
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APPENDIX 4 ( C o n t i n u e d )

2

T h i n n i n g  T r e e  D . B . H . O . B .  D F o l i a g e  w e i g h t s  ( k g )  
T r e a t m e n t  N o .  ( c m) ( c m ) 1- y r  2 - y r  3 - y r ( + )  T o t a l

2 3 43 .8 29.  1 13.84 9 .09 7. 13 32.00
26 33-7 23 .6 9 .30 4 .83 3 .39 17.74
2 ? 33 .8 21 .2 8 .68 4 .93 3 .94 17.33
28 27-7 18.3 3 .30 2 .98 2 .3 3 10.83
29 29 .8 19.0 7.61 3 .73 2 .6  4 14.00
30 24. 3 14.4 4 .08 1.72 1.12 6 .9 2
4o 33.6 23 .7 8 .52 4 .32 3 .38 16.6 2
41 32.1 2 1 .9 8 . 13 4 .13 3 .08 13.34
42 29 .2 19.O 6 . 0 9 3.26 2 .5 4 11.89
43 31 .3 20 .0 5 .67 2 .0 3 2 . 4o 10.90
44 23 .3 16.7 4 .45 2 .38 1.88 8.71
43 21 .9 14. 1 3.66 1.83 1.43 6 .9 2
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APPENDI X 5

E f f e c t  o f  t h i n n i n g  o n  t h e  s t e m  f o r m  i n d e x  " b "  o f  e a c h  
s a m p l e  t r e e .  A v a l u e  o f  2 . 0 0  i n d i c a t e s  a  c o n o i d a l  
s h a p e ,  1 . 0 0  a  s e c o n d  d e g r e e  p a r a b o l o i d ,  a n d  0 . 6 7  a  

t h i r d  d e g r e e  p a r a b o l o i d .

T h i n .
T r e a t

1

3

4

3

T r e e  B e f o r e  Y e a r
N o . t r e a t . 1963 1 9 6 4 1965 1966 1967

00\o0\ 196 9 1 9 7 0

3 1.62 1.69 1 . 7 4 1 . 7 4 1.67 1.61 1.62 1.60 1 - 5 2
4 1 . 4 1 1 . 3 1 1 . 4 7 1 - 5 3 1 . 4 1 1 . 4 1 1 . 4 4 1 . 4 9 1 . 4 7 -

19 1 . 7 0 1 . 52 1 . 4 9 1. 52 1 . 4 4 1 . 4 5 1 - 5 9 1. 54 1. 52
20 1 . 6 5 1 - 5 7 1 - 5 3 1 - 5 5 1 . 4 4 1 . 4 5 1 .61 1.60 1 . 5 0
3 5 1.25 1 . 2 4 1 .23 1 . 2 4 1.29 1 . 2 8 1 . 2 8 1. 3 1 1 . 2 7
36 1.30 1 - 3 5 1.27 1.25 1.27 1.26 1 . 2 9 1 . 3 4 1 . 3 1
55 1 - 3 9 1.18 I . 13 1 .23 1.25 1 . 2 8 1 - 3 3 1 . 4 1 1 . 4 2
56 1 . 4 8 1.61 1 . 5 0 1 . 4 2 1 . 4 6 1 . 5 1 1.56 1.61 1-57

1 1 . 76 1-75 1.67 1. 64 1.41 1.33 1.32 1.31 1.26
o 1.32 1 . 34 1.32 1.56 1.61 1.47 1-47 1.43 1.37

21 1.17 1 . 17 1.12 1.05 1- 15 1 . 16 1. 23 1.24 1.25
22 1.39 1.38 1. 05 1.20 1.20 1.18 1.21 1.22 1-17
23 1.58 1.29 1. 24 1.12 1.03 1.21 1. 20 1.24 1.21
24 1-33 1.40 1.18 1.17 1.21 1.22 1.24 1.25 1.23
50 1-35 1.49 1 . 4o 1.50 1.46 1.44 1.46 1.50 1.44
51 1.34 1.32 1.28 1.15 1.26 1.30 1-33 1.36 1-35

5 1-55 1.45 1.49 1. 44 1.41 1-31 1- 30 1.27 1.22
6 1.43 1-53 1.31 1. 24 1.22 1.17 1-17 1.19 1- 15
7 1.54 1.67 1.47 1-37 1 - 37 1.31 1.29 1.29 1-25

16 1-77 1.65 1.80 1.70 1.69 1.65 1.67 1.66 1.60
17 1.52 1.38 1.58 1.40 1 - 39 1.31 1- 31 1-33 1.32
18 1.33 1-33 1.40 1-37 1-31 1 • 33 1-34 1.42 1 . 4o
37 1.43 1-35 1.34 1.31 1.21 1.27 1-34 1.33 1.20
38 1-37 1.47 1.41 1.47 1.54 1. 52 1- 53 1.50 1.43
39 1.26 1-15 1. 25 1.32 1.37 1.42 1-45 1.47 1.42
52 1.44 1.29 1.27 1.28 1.22 1-35 1. 42 1.48 1.46
53 1.48 1.43 1.42 1.47 1.38 1-35 1•35 1.32 1.26
54 1.18 1.04 1. 14 1 . 23 1.23 1.23 1.27 1.30 1.27

8 1.24 1 . 40 1 . 72 1-57 1 . 4o 1.30 1• 32 1.29 1.24
9 1.48 1 - 57 1.66 1 . 43 1.28 1.20 1.21 1.18 1. 1 4

10 1.46 1-33 1.22 1.21 1.38 1.32 1-31 1.31 1.25
1 1 1.48 1.44 1.30 1.21 1.06 0 . 9 8 1.01 1.04 1.05
12 1.45 1. 43 1.44 1.46 1-35 1.42 1-38 1-33 1.28
13 1 - 35 1.38 1-35 1.32 1.32 1.34 1-39 1.47 1.50
14 1 - 53 1.60 1.52 1.48 1 . 41 1-35 1-37 1.32 1-39
15 1 . 40 1.34 1.27 1 . 41 1.18 1 . 16 1. 18 1.20 1.20
31 1.09 0 . 9 3 0 . 6 4 0 . 7 7 0 . 7 0 0.61 0 -55 0 . 48 0 . 4 2
32 1.45 1 . 34 1.05 0.91 1.05 1.05 1-07 1.08 1.04
33 1.4 4 1.37 1-35 1-39 1.31 1.27 1.29 I . 29 1.23
34 i . 1() 1. 15 1. 10 1.08 I . 08 I . 08 1- 13 1 - 17 1.18
46 1.55 1 - 57 1.58 1. 54 1 • 39 1.48 1- 50 1 . 50 1.48
4 7 1 - 39 1. 30 1.04 0 . 9 3 1.12 1.15 1. 16 1.12 1.09
48 1. o c> 1 . 82 1 . 70 1.31 1 . 29 1.27 1.29 1. 30 1 . 30
49 I . 2b I . 2 5 1.31 1.27 1 . 16 1.04 1.03 1 . 10 1.09



APPENDIX 5 ( C o n t d )

T h i n n . 
T r e a t .

6

T r e e  B e f o r e  Y e a r
N o .  t r e a t .  1 9 6 3  1 9 6 4  1 9 6 3  1 9 6 6  1 9 6 7  1 9b 8  lDoO

25 1 . 4 4 1 . 2 3 1., 26 1.. 4 9 1,. 4 7 1 .. 44 1 . 4 8 1 .' 3
26 1 . 6 2 1 . 3 2 1.• 19 1,► 17 1,, o 4 1 .. 06 1 . 13 1 ., 20
27 - - - - - - -
28 1 . 3 7 1 . 4 4 1.- 34 1.. 3 3 1.. 22 1 .. 18 1 . 19 1 .- 19
29 1 . 3 8 1 . 2 4 1., 14 1.- 13 1 ,. 0 8 1 .. 0 5 1 . 0 7 1 .•09
30 1 . 4 3 1 . 0 3 0, , 9 4 0. . 8 9 0 ,. 8 4 0, . 8 0 0 . 81 0. . 86
40 1 . 3 9 1 . 4 3 1.- 3 4 1., 26 1,. 17 1 ,- 19 1 . 2 4 1., 21
41 1 . 7  6 1 . 4 6 1,. 4 3 1,. 40 1.. 2 9 1 .. 22 1 . 22 1.• 19
42 1 . 3 8 1 . 2 4 0. , 86 1.. 10 1,. 0 4 1 ■. 10 1 . 16 1.• 17
4 3 1 . 2 9 1 . 2 4 1 ,. 17 1.. 16 1,, 12 1 ,. 0 8 1 . 1 1 1.•97
44 1 . 1 7 1 . 2 4 1 .. 16 1., 26 1,. 17 1 ,. 13 1 . 1 4 1.. 10
43 1 . 8 8 1 . 3 3 1 ,-31 1.. 33 1,. 12 1 ,■ 13 1 * 17 1,. 16

1

1 9 7 0

1 . ^ 3  
I . 22

1 . 1 9  
I . 0 9  

0 . 9 2  
1 . 1 6  
1 . 1 5  
1 . 1 7  
I . 0 7  
1 . 06  
1 . 16

A c c i d e n t l y  d e s t r o y e d
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APPENDIX 6
Effect of thinning on stem taper index of each sample tree 
based on the height in tree/dianieter squared relationship

(m/m2 )

Thinn. Tree Before
N o . t r e a t . 1963 1964 1965 1 966 1967 1968 1969 1970

3 366 337 300 268 230 20 5 191 171 160
4 4o4 338 311 271 243 218 202 177 162

19 312 276 252 233 21 1 192 177 1 56 1 4 2
20 365 330 316 287 260 246 231 21 1 20 1
35 408 363 317 283 237 239 227 208 199
3 6 425 381 345 314 288 262 240 210 196
55 286 239 222 196 174 152 138 120 1 1 2
56 387 299 263 236 214 192 180 163 156

1 332 310 292 270 230 230 216 196 186
o 6 19 554 484 448 41 9 375 345 307 28  1

21 339 322 293 2 69 249 234 220 198 183o o 430 401 362 321 293 272 258 238 22 3
23 371 372 379 372 361 349 333 308 293
24 446 447 426 396 366 324 319 292 270
50 369 336 304 270 248 226 2 14 189 179
51 50 5 482 462 4 i  3 370 334 313 276 251

5 313 301 279 26 4 248 239 229 2 14 206
6 4 41 414 394 362 337 316 30 3 279 269
7 526 488 436 400 339 325 305 265 245

16 226 208 194 175 183 145 1 36 124 115
17 325 295 275 238 241 225 210 186 170
18 538 523 477 426 375 338 303 255 224
37 41 5 40 4 377 363 350 334 323 310 298
38 491 443 396 332 323 295 279 248 231
39 511 434 4o6 333 323 297 284 266 257
52 312 281 233 232 21 1 196 187 172 165
53 391 390 387 37 6 3 6 5 347 334 316 310
54 597 381 549 498 4 4 9 4 1 3 386 354 330

S 280 262 234 241 2 37 233 2 32 225 22}
9 4 3 b 4o8 388 376 3 6 5 350 338 324 314

10 394 408 392 393 387 371 362 346 331
11 417 4 30 427 423 431 439 441 442 4 4 3
12 377 339 344 330 3I6 299 287 268 251
13 414 397 370 348 334 311 296 277 269
1 h 4 4 5 430 423 409 398 380 370 3^0 321
15 530 308 46 3 449 442 414 394 367 344
31 374 370 369 330 327 309 294 275 26 1
32 443 419 397 381 372 365 354 336 324
33 403 392 381 368 363 351 339 328 322
34 6 21 6 2 3 597 362 543 530 522 50 5 506
46 367 343 326 318 300 278 269 251 236
47 303 470 441 410 385 365 350 328 306
4 8 436 423 412 420 41 2 40 4 396 371 354
49 308 333 534 319 504 493 483 444 418



APPENDIX 6(Continued)

T l i i n n . 
T r e a t .

6

Tree Before
No

1

0 t r e a t . 1963 1964 1965 1966 1907 I 96 8 1969 I97O

25 2 66 248 240 225 216 208 204 197 191
26
27
28

249 248 250 256 263 273 277 278 280

378 414 426 434 440 446 454 454 461
29 550 528 507 498 491 472 455 431 411
30 621 648 653 6 59 671 694 689 686 677
40 322 325 326 325 319 312 308 294 280
41 355 368 369 374 380 372 369 356 342
42 476 492 486 486 482 471 469 448 4 36
43 549 534 519 495 479 448 436 408 383
44 547 512 509 511 516 523 527 530 529
45 630 66 0 681 700 699 6 86 678 652 6 32

1 Accidently destroyed
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APPENDIX 7

Maximum density within annual growth sheaths at 
different heights in the stem - average of all 

trees per treatment

*Thinn. Height Before
i n  Tree T r e a t . 1963 196 4 1965 1 966 1967 1968 196 9 1970

80 — — .55 . 56 . 57 • 71 .65 . 66 .67
70 .63 .39 .64 .66 .66 . 7 ;i .65 .67 • 6 7
60 . 6 4 . 6 6 .67 • 71 •67 • 75 .64 .69 .69
30 • 71 .71 .70 .75 .70 .81 .64 • 70 . 70
40 • 73 . 72 .73 .77 .70 .81 . 6o .71 .71
30 • 77 .73 .75 .79 .71 .83 .68 • 73 .71
20 -78 .76 .75 .77 .72 .85 . 6 8 • .73 . 72
10 . 78 •75 .76 . 78 .72 .86 .68 • 71 ’̂7 O • / ^

B.H. .76 .72 .73 .76 .69 .83 • 70 .70 .71

80 — — .64 .65 . 6 2 .64 .6 1 .65 .07
70 .62 . 6 4 .64 • 70 .68 •74 .64 .67 .68
6 0 .62 .63 .68 .74 .71 •78 .71 .68 .68
30 . 6 8 • 70 • 70 .77 . 73 .80 .67 .68 •71
40 .71 •71 • 73 •79 •73 • 83 .66 .73 . 74
30 .74 • 73 .75 .81 •87 .69 • 74 .74
20 .77 .77 •76 .82 .76 .86 .69 .74 .73
10 .79 .82 • 79 .82 .79 • 90 .71 • 73 .75

B . I I . . 79 •79 • 78 .80 . 74 .84 .69 .70 .72

80 _ — . 60 .64 .60 .70 . 6 2 .66 .66
70 .62 .71 .69 .7 ! .68 . 74 .67 .69 .69
60 .62 .68 •69 .75 • 70 . 77 .67 .69 .70
30 .69 .72 •71 . 80 .72 .82 .68 • 71 • /
4o .76 .76 .74 . 80 .75 .86 .70 .74 .74
30 • 78 .81 •77 .83 • 75 .87 • 71 • 73 .76
20 •79 .81 .78 . 82 . 78 .88 •73 .74 .76
10 .81 .83 . 78 .81 .77 .88 . 72 .72 .75

B.H. .80 .80 .78 .82 • 73 .86 .71 .70 .72
80 - _ .60 .65 . 6 1 • 70 .62 .65 .68
70 .65 .37 .64 . 72 • 71 . 70 . 6 4 .69 . 72
60 .62 . 70 .71 .79 .75 .79 .66 .71 • 73
30 .71 • 74 .73 .82 .78 .86 .68 .72 . 76
40 .77 • 77 • 75 .83 .80 . 87 . 6 8 .75 .77
30 . 8 0 .81 • 76 . 8 4 .79 .86 . 70 .74 .77
20 . 80 .82 . 78 .83 .79 . 86 .69 .74 • 77
I0 .81 .84 . 80 . 8 4 .81 .89 .69 .76 •  11

n .  i i . .81 .84 .8 | . 8 4 .80 .89 . 70 .75 •  11
80 - - • 57 .60 .62 .69 . 59 .65 .67
70 . 6 2 . 36 .6 5 . 72 •71 • 79 .6 1 .68 •73
60 , 6 'l .70 .71 .75 •74 .82 .63 .72 • 75
60 •70 •74 .72 • 76 . 78 .83 .64 •73 •76
4o • 73 • 75 .74 .77 • 77 .84 .66 .75 ' -77
30 .77 . 78 . 76 .76 • 78 .84 . 6 9 .75 • 78
20 .81 .83 .81 .79 . 80 .86 .68 .74 .79
10 .81 .83 .81 . 80 .81 .88 •7 1 • 77 . 80

B . H . .81 .84 .83 .84 .81 •89 .68 .76 .81



APPENDIX 8

T l i i n n
T r e a t

1

3

4

1 14 .

Mini juuin d e n s i t y  w i t h i n  g r o w t h  s h e a t h s  a t  d i f f e r e n t  
heights in t h e  s t e m  -  a v e r a g e  o f  aLI  t r e e s  p e  r

t r e  a  t i n e n t

H e i g h t  B e f o r e
i n  T r e e T r e a t . 196 3 1 9 6 4 1 9 6 5 1 9 0 6 1 9 0 7 1 9 8 8 1 9 6 9 1 9 7 0

8 0 _ — . 2 9 . 2 7 . 2 8 . 28 . 3 0 . 2 9 . 3 1
70 . 2 7 . 28 . 28 . 2 8 . 2 9 . 2 9 . 3 0 . 2 9 . 3 3
6 0 . 2 7 . 2 7 . 2 7 . 2 8 . 2 8 . 28 . 30 • 30 . 32
50 . 2 7 . 28 . 2 8 . 2 9 . 2 9 . 3 0 . 3 1 • 30 . 33
40 . 28 . 2 9 . 28 • 30 . 2 9 . 2 9 . 3 1 • 30 . 3 2
30 . 2 9 . 3 1 • 30 . 31 . 2 9 . 3 1 . 3 2 • 30 . 3 2
20 • 32 . 3 4 . 3 1 . 3 2 . 2 9 . 3 1 . 3 2 • 30 . 32
10 . 3 3 . 3 5 • 32 . 3 3 •31 . 3 2 . 3 3 . 3 1 • 32

B . H . • 35 . 3 7 • 34 • 3 5 • 33 • 32 . 3 4 . 3 3 . 3 4

80 _ — . 2 8 . 3 0 . 2 8 . 28 . 2 9 . 2 8 . 32
70 . 2 7 . 2 9 . 2 8 . 2 7 . 28 • 2 9 . 2 8 . 2 9 . 3 2
GO . 27 . 2 7 . 2 7 . 2 7 . 2 8 . 2 9 , 2 9 . 2 9 . 3 2
50 . 2 7 . 28 . 2 8 . 3 0 . 2 9 , 29 . 3 1 . 2 9 . 3 3
40 . 2 7 . 2 8 . 2 8 • 30 . 2 8 . 2 9 . 3 1 • 3 0 . 32
30 . 2 8 • 30 . 2 9 . 3 1 • 2 9 . 3 1 . 3 2 . 3 1 . 32
2 0 . 2 9 . 3 0 . 2 9 - 3 1 . 2 9 . 3 1 . 3 1 • 30 . 31
10 . 3 2 • 33 . 3 0 . 3 3 . 3 1 . 3 1 • 32 • 31 . 32

B . H . . 3 4 . 3 5 . 3 2 . 3 4 . 3 2 . 3 2 . 34 . 3 3 . 3 3

80 — _ . 2 8 . 2 8 . 2 9 . 2 9 . 3 1 . 2 9 . 3 2
70 . 2 8 . 28 . 28 . 2 9 . 3 0 . 2 9 . 3 1 . 3 0 . 32
Go . 2 8 . 28 . 28 - 2 9 . 2 9 . 3 0 . 3 2 • 30 . 32
50 . 2 8 . 2 9 . 2 8 . 3 1 . 2 9 . 3 1 • 32 . 3 1 . 3 3
40 . 28 • 30 . 2 9 . 3 2 . 3 0 . 3 2 • 3 3 . 31 . 33
30 . 3 0 . 3 2 . 30 . 3 3 . 2 9 . 32 • 3 3 . 3 2 . 3 3
2 0 . 32 . 3 3 . 32 . 3 4 . 31 . 32 . 3 3 . 3 2 . 3 4
10 . 3 4 . 3 5 . 3 3 . 3 5 . 3 2 . 3 2 . 3 4 . 34 . 34

B . H . . 3 7 . 3 8 . 36 . 3 7 . 35 • 34 . 3 6 . 3 5 . 3b

8 0 _ _ . 26 . 2 7 . 2 8 0 7 . 2 9 , 2 8 . 3 l
70 . 2 S . 26 . 27 . 2 7 . 2 7 . 28 . 30 . 2 9 . 32
bO . 2 8 . 28 . 2 8 . 2 9 • 30 . 2 9 . 31 • 3 0 . 33
50 . 28 . 2 9 . 2 9 . 3 0 • 30 . 30 . 32 . 32 . 3 3
40 , 2 8 • 30 . 2 9 . 3 1 . 3 1 . 31 • 3 3 • 32 . 34
30 . 3 0 . 31 . 3 1 • 3 3 . 3 2 . 3 2 • 3 2 . 3 2 . 34
20 . 3 2 . 3 2 . 3 1 . 33 . 3 1 . 32 • 32 . 3 2 . 3 4
10 . 3 3 • 34 . 3 3 • 34 . 32 . 3 3 . 35 • 34 . 35

B . H . . 3b . 37 . 35 . 3 7 • 34 • 34 • 3 7 • 35 . 37

80 _ _ . 28 . 28 . 28 . 29 . 3 0 • 2 9 . 32
70 . 30 . 2 8 . 2 9 . 2 9 . 20 • 2 9 . 31 • 30 . 33
(>0 . 30 . 29 . 2 0 . 30 . 30 . 3 I . 3 1 . 3 2 • 3 5
30 . 28 • 20 . 2 9 . 3 I . 31 . 3 I • 3 3 . 33 . 36
’lO . 28 . 20 . 20 . 32 . 3 1 . 3 I . 33 . 3 4 . 3b
30 . 30 . 30 . 3 I . 3 2 . 32 . 33 . 3 5 • 3 b . 38
2 0 . 32 . 32 . 32 . 34 . 3 3 . 34 . 3b . 3b . 37
I0 . 3 4 . 3 4 • 35 . 3 5 . 34 • 35 . 37 . 37 . 38

B . H . . 3 7 • 3b • 3b . 37 . 3 5 • 3 7 . 40 . 3 9 . 3 9
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APPENDIX 9

Rangc o f  wood d e n s i t y  w i t h i n  annua l  growth  s h e a t h s  a t  
d i f f e r e n t  h e i g h t s  in  th e  stein - a v e rag e  o f  a l l  t r e f ' s

p e r  t r e a t m e n t

T li inn .  H e igh t  B e fo re
T r e a t ,  i n  T ree  T r e a t .  190 3 1964

80 - - . 2 7
70 • 3 5 • 31 . 3 6
6 0 . 3 8 • 3 9 . 40
50 . 4 4 . 4 3 . 4 2
40 . 46 . 4 4 . 4 5
30 . 4 8 . 4 3 . 4 5
20 . 4 6 . 4 4 . 4 3
10 . 4 6 . 41 . 4 4

B.H. . 4 i • 35 • 39

8 0 _ _ • 33
70 . 3 5 • 35 • 36
60 • 3 5 . 3 8 . 42
30 . 4  l . 4 2 . 42
40 . 4 r) . 4 3 . 4 5
30 . ’10 . 46 . 4  5
20 . 4 8 . 4 6 . 4 8
10 . 4 8 • 49 . 48

B.H. . 4 5 . 4 5 . 4 4

80 _ — . 3 2
70 . 2 9 . 3 2 . 3 5
6 0 . 3 4 . 40 . 4 1
50 . 4 1 . 4 4 . 4 4
40 . 4 8 . 4 6 . 4 5
30 . 4 9 . 4 9 . 4 8
20 . 4 8 . 4 8 . 4 7
10 . 4 7 . 4 8 . 4 6

B.H. . 4 3 . 42 . 42

80 — . 3 4
70 • 32 . 3 2 * 36
60 . 3 5 . 42 . 42
50 . 4 3 . 4 5 . 4 5
4o . 4 o . 4 8 . 4b
30 . 51 • 49 . 46
20 . 4 8 . 49 • 47
10 . 48 • 5 0 . 4 8

B.H. . 4 5 . 4 7 . 4 6

CO — _ . 2 9
70 . 31 . 2 9 . 3 4
60 • 35 . 41 . 4 2
50 . 4 3 . 4 6 . 4 3
4o . 4 7 . 4 6 . 4 5
30 . 4 7 . 4 8 . 4 5
20 • 49 • 51 . 4 8
10 . 4 8 • 5 0 . 4 7

B.H. . 4 5 . 4 8 . 4 7

196 5 1 96 a 1907 1 9 6 8 1969 1970

. 2 9 • 3 0 • 4 3 - 3 5 . 3 8 • 36

. 3 7 . 37 . 4 6 . 3 5 • 3 7 • 35

. 4 3 . 3 9 . 4 7 • 34 • 39 . 3 6

. 4 6 . 41 . 51 . 3 4 . 4o . 3 8

. 4 7 . 4 1 . 5 2 . 3 6 . 41 • 38

. 4 7 . 42 . 53 . 37 . 4 4 • 39

. 4 5 . 42 • 54 . 3 6 . 4 4 . 40

. 4 5 . 4 1 • 55 . 3 6 . 4 o . 40

. 41 . 3 6 • 51 • 35 • 38 • 37

. 3 2 . 3 2 . 3 6 • 33 • 37 • 3 5

. 4 3 . 4o . 4 6 . 3 6 . 3 8 • 3o

. 4 7 . 4 3 . 50 • 34 • 39 . 3 7

. 4 8 .4^1 . 51 • 35 • 38 • 3 9

. 4o . 4 4 • 53 . 3 5 . 4  3 . 4 1
• 50 . 4 8 . 56 . 3 8 . 4 4 . 4 2
. 5 0 . 4 7 . 55 . 3 8 . 4 4 . 42
• 50 . 4 9 . 5 8 • 39 . 4 2 . 4  3
. 4o . 4 3 . 5 3 . 3 6 . 3 8 . 4o

. 3 5 . 32 • 39 . 3 2 . 3 7 . 3 2

. 42 • 39 . 4 7 • 37 . 30 • 3o

. 4 6 . 42 . 4 8 • 36 . 3 9 • 37

. 4 9 . 4 5 • 5 5 . 36 . 4 0 • 39

. 4 8 . 4 6 . 5 4 • 37 . 42 . 41
• 5 0 . 4 6 • 55 • 38 . 41 . 42
.48 . 4 6 . 5 5 . 3 9 . 4 2 . 42
. 4 6 . 4 5 • 55 • 39 . 3 9 . 41
. 4 5 • 3 9 . 5 2 . 3 5 • 36 . 3 6

. 3 8 . 34 . 4 3 • 33 . 3 7 • 37

. 4  5 • 43 . 51 . 3 4 . 4o . 4o

. 5 1 . 4 5 . 5 4 . 34 . 4  1 . 42

. 5 2 . 4 8 • 56 . 35 . 42 . 4 3
• 51 . 50 . 56 . 3 5 . 4 3 . 4 3
. 5 2 • ;i 9 . 55 . 37 . 4 3 . 4 3
. 4 9 . 48 . 5 4 • 36 . 4 1 . 4 3
. 5 0 . 5 0 . 5 6 . 3 5 . 42 . 4 2
. 4 7 . 46 • 55 . 34 . 4o . 4 1

• 31 . 32 . 4 1 . 2 9 . 3 6 . 36
. 4 4 . 42 • 50 • 31 • 38 . 40
. 4 6 . 4 4 . 5 2 . 32 . 4 1 . 4 1
. 4 6 . 4 7 • 53 . 32 . 4  i . 4o
. 4 5 . 4 6 . 52 • 33 . 4 1 . 41
. 4 4 . 4 6 . 5 2 • 34 . 4 o . 4 1
. 45 . 4 7 . 5 2 . 3 2 • 38 . 4 2
• 45 • 4 7 • 53 . 3 4 • 39 . 4 2
. 4 7 . 46 . 53 . 2 9 . 3 7 . 42
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116.

Mean d e n s i t y  w i t h i n  ann u a l  g rowth  s h e a t h s  a t  d i f f e r e n t  
. h e i g h t s  in  th e  stein -  a v e r a g e  of' a l l  t r e e s  p e r  t r e a t m e n t

T h in n .  H e ig h t  Before
i n  T r e e T r e a t . 1963 1964 1905 19d 0 1907 196 8 1909 1970

80 . 3 6 . 3 3 . 36 . 40 . 40 . 41 . 42
70 . 3 6 • 36 . 3 8 . 3 8 • 39 . 4 3 . 40 . 4 2 . 4 4
6 0 . 3  6 • 3 7 • 38 . 40 . 4o . 42 . 40 . 4 2 . 4 4
50 • 38 • 3 9 . 4 0 . 4 2 . 4 3 . 4 5 . 42 . 4 4 . 4 6
4o . 4 0 . 41 . 42 . 4 3 . 4 3 . 4 5 . 4 3 . 44 . 4o
30 . 4 3 . 4 3 . 4 4 . 4 4 . 4 3 . 4 7 . 4 4 . 4 5 . 46
20 . 4 6 . 4 6 . 4 6 . 4 6 . 4 3 . 4 8 . 4 4 . 4 5 . 4 7
10 . 4 8 . 4 9 . 4 7 . 4 8 . 4 6 . 4 9 . 4 7 • 47 . 48

B . H . . 3 2 • 53 . 31 • 31 •31 . 3 2 . 4 9 . 4 9 . 4 9

80 — — . 3 9 . 3 8 • 38 • 3 9 . 3 9 . 4 0 . 4 3
70 • 36 . 3 8 • 37 • 39 . 3 9 . 3 9 . 40 . 4 1 . 4 4
60 . 3 7 • 36 . 3 6 . 3 8 • 39 . 41 . 40 . 4 2 . 4 4
50 - 3 9 . 3 9 . 4o . 4 2 . 4 3 . 4 3 . 42 . 4 3 . 4 6
*4 0 . 3 9 . 40 . 4 1 . 4 3 . 4 3 . 4 3 . 43 . 4  5 . 4 8
30 . 4 2 . 4 4 . 4 4 . 4 4 . 4 6 . 4 8 . 46 . 4 6 . 4 8
20 . 4 5 . 4 5 . 4 5 . 46 . 4 8 . 4 8 . 4 6 . 4 7 . 4 8
10 . 4 9 . 5 0 . 4 9 . 4 9 . 50 .31 . 4 8 . 4 8 • 50

B.H. . 3 1 . 3 2 . 3 0 . 3 0 . 4 8 . 53 . 4 9 . 4 9 - 5 0

80 __ . 36 . 3 7 • 37 . 42 . 40 . 4 1 . 42
70 . 3 6 • 33 . 3 8 . 4o . 41 . 4 4 . 41 . 42 . 44
6 0 . 3 6 . 3 8 . 3 8 . 41 . 4 3 . 4 5 . 42 . 42 . 4 6
50 • 39 . 4 0 . 4o . 4 3 . 4 4 . 4 6 . 4 3 . 44 . 48
40 . 41 . 4 3 . 4 3 . 4 4 . 48 . 4 8 . 4 5 . 4 7 . 4 9
30 . 4 3 . 4 7 . 4 6 . 4 8 . 4 7 . 50 . 4 7 . 4 8 • 51
20 . 4 8 . 4 9 . 4 9 . 49 •50 . 5 1 . 4 8 . 4 8 . 52
10 . 32 . 3 3 . 3 2 . 5 1 . 31 . 5 3 . 5 0 • 50 . 52

B.H. . 3 4 . 3 6 . 5 4 . 3 3 . 32 . 54 . 5 2 . 51 . 52

80 _ . 3 6 . 3 6 . 3 7 . 3 8 . 3 9 . 4o . 4 3
70 . 3 6 . 3 4 . 3 7 • 39 . 41 . 42 . 41 . 4 3 . 4 o
00 . 3 7 . 3 8 • 39 . 4 2 . 4 3 . 4 4 . 4 2 . 4 4 . 49
30 . 4 o . 4o . 4 2 . 4 4 . 4 5 . 4 5 . 4 4 . 4 7 . 50
4o . 4 2 . 4 2 . 4 4 . 4 6 . 4 8 . 49 . 46 . 4 8 . 5 1
30 . 46 . 4 3 . 4 7 . 4 8 . 4 9 . 50 . 4 9 . 4 8 . 52
20 . 4 9 . 4 8 • 49 . 3 0 . 4 8 .51 . 4 8 . 4 9 . 5 2
10 . 3 1 . 31 . 3 2 . 3 2 • 53 . 49 . 5 3 . 5 2 • 53

B.H. . 3 4 . 3 6 . 3 6 - 3 3 . 3 5 . 5 7 • 53 . 5 4 . 54

80 . 3 8 . 30 . 3 8 . 40 . 3 9 . 40 . 42
70 . 3 6 . 3 3 . 41 . 4o . 4 1 . 4 3 . 4 1 . 4 2 . 4 6
0 0 . 3 9 . 3 9 . 40 . 4 i . 4 3 . 4 5 . 4 2 . 4 6 . 49
30 . 40 . 4 0 . 4o . 4 3 . 4 7 . 4 7 . 4 4 . 4 8 . 5 0
4o . 4 1 . 4 1 . 4 2 . 46 . 4 8 . 4 9 . 4 6 . 5 0 . 32
30 . 4 4 . 4 3 . 4 5 . 46 . 4 8 . 5 1 . 4 8 . 52 . 54
20 . 4 7 . 4 8 . 48 . 4 9 . 52 . 53 . 4 9 . 53 . 54
10 . 5 1 . 5 l . 52 . 51 . 54 . 56 . 3 2 . 54 . 50

n . 11. . 5 5 . 34 . 33 . 5 5 . 56 . 58 . 5 3 • 57 . 5 8
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APPENDIX 11

Ring width at different heights in the stem - 
average of all trees per treatment.

Height Before
i°

i n  T r e e T r e  a t . 1 9 6 3 196 4 1 9 6 5 1966 1 9 6 7 1 9 6 8 1 9 6 9 1 9 7 0

80 . 8 1 . 7 8 . 9 2 . 8 6 *70 . 7 2 . 9 4
70 * 9 5 * 9 5 * 9 4 . 8 8 1 . 10 *94 *76 *76 * 9 5
6 0 1 . 10 1 . 0 3 1 . 0 3 * 8 9 1 . 0 7 . 8 8 * 7 3 *72 *85
50 1 . 10 1 . O h * 9 7 . 8 0 *95 . 8 1 *71 *76 *83
40 * 9 7 *98 * 9 4 . 8 3 *93 . 8 4 . 72 . 8 6 . 8 1
30 * 7 5 1 . 0 0 1 . 0 0 *92 1 . 0 0 *89 . 7 6 *97 . 8 4
20 . 66 * 96 1 . 0 2 * 9 9 1 . 0 4 *94 . 8 0 1 *03 . 8 0
10 *55 *95 1 . 0 4 1 . 0 8 1 . 0 3 * 9 3 *71 1 . 0 4 *83

B . H . *49 1 . 0 0 1 . 2 1 1 . 1 3 1 * 1 5 1 . 0 1 * 7 9 1 . 10 *90

80 — _ *91 *70 . 8 7 * 8 5 . 6 0 * 6 5 . 8 2
70 1 . 0 1 1 . 0 3 * 9 5 * 8 3 1 . 0 4 *90 . 6 8 *69 . 80
6 0 1 . 10 1 . 0 6 * 9 7 . 8 0 *97 . 8 6 . 6 0 . 6 4 *76
50 1 . 0 7 . 98 . 8 9 * 7 7 • 8 9 . 8 0 . 6 0 . 6 3 *70
4o * 9 3 . 8 5 . 8 2 . 72 *79 *72 * 56 . 6 5 *71
30 . 72 * 7 2 * 7 3 . 7 0 . 6 9 . 6 8 * 5 7 . 74 * 7 3
20 . 6 1 *73 * 7 3 * 7 3 *74 *77 *58 . 8 6 . 8 0
10 * 5 3 *70 *76 * 7 8 *73 *71 * 5 4 *85 * 7 5

B . H . * 5 3 *69 . 8 2 . 8 2 . 8 1 *78 . 6 0 . 8 9 . 8 4

8 0 — _ . 8 6 * 7 7 *98 * 8 3 . 6 9 *74 * 9 3
70 1 . 0 8 * 9 7 . 7 6 *76 1 . 0 1 * 7 3 . 6 8 *67 *78
6 0 1 . 1 5 1 . 0 2 . 9 4 * 7 9 *85 . 6 5 . 6 3 *63 * 6 7
50 1 . 0 9 *95 * 8 3 * 7 2 *76 *70 * 5 3 *59 *63
40 . 92 . 8 4 . 78 *71 *71 . 6 3 * 5 3 . 6 9 *67
30 . 6 7 * 7 4 * 7 2 . 66 . 66 . 6 4 * 5 2 . 6 8 . 6 4
20 *56 . 6 5 . 6 8 . 6 9 . 6 9 . 6 8 * 5 3 *71 . 6 1
10 *50 . 6 4 *72 * 7 8 *74 . 6 9 * 5 2 *76 . 6 8

B . H . *51 * 7 7 . 8 8 . 8 8 *85 *77 * 59 * 8 3 *74

8 0 — _ . 9 8 * 8 3 . 94 . 8 8 * 5 9 . 6 5 *76
70 1.  10 . 98 *93 . 8 1 *96 * 8 3 * 5 3 * 56 . 6 0
6 0 1 . 1 2 1 . 0 2 . 8 8 * 7 5 *79 *70 . 4 8 *52 * 52
50 *99 * 90 * 7 9 . 6 4 . 6 5 *58 . 4 4 *49 * 4 9
4 o *78 *71 *67 *56 . 54 • 5 0 . 4 0 . 4 8 • 4 5
30 . 0 0 . 6 4 . 6 0 . 5 2 . 6 5 • 52 . 4 1 . 5 2 . 4 8
2 0 *50 * 5 4 * 5 5 * 4 9 *54 . 4 9 * 3 7 *50 . 4 6
10 * 4 3 . 52 * 5 3 . 4 8 . 4 6 . 50 *35 * 52 . 4 8

B . H . .42 *49 * 5 7 * 51 . 4 6 *47 * 3 5 *52 . 4 8

80 — *92 * 7 3 *85 . 8 4 * 5 3 *63 *67
70 1 . 0 2 1 . 0 8 * 9 9 . 8 2 *83 *71 * 4 3 *54 . 48
0 0 1 . 0 8 *98 . 8 8 . 6 8 . 6 4 . 56 * 3 8 *47 . 44
50 1 . 0 1 *78 . 6 8 * 52 . 4 7 . 4 5 *32 . 4o * 3 5
40 . 8 4 . 6 2 *56 * 4 5 * 4 3 . 4 2 * 2 9 *38 . 3 6
30 . 6 8 *54 * 5 2 * 4 3 *38 *38 *27 *39 *38
20 *50 *43 . 44 * 3 9 *33 * 36 * 2 5 *38 *37
10 . 4 6 . 4o . 41 * 3 8 *32 *36 *31 . 4 1 *38

B . H . . 42 *37 *38 *36 *30 - 3 4 . 2 3 *39 *36
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APPENDIX 12

Percent latewood at different heights in the 
stem - average of a l l  trees per treatment.

r*
Height Before
in Tree Treat. 1963 1 9 6 4  1965 1966 1967 1968 1969 1 9 7 0

80 28. 3 28. 0 27. 8 28. 8 29. 0 32. 2 32. 6
70 24. 0 23. 9 27. 7 27. 0 27. 9 30. 8 28. 6 34. 4 33. 4
60 26 .16 24. 6 27. 8 27. 0 29. 7 30. 2 31 • 7 33. 6 32. 8
30 26. 1 23. 3 28. 3 26 . 8 30. 4 29. 0 33. 7 33- 8 34. 8
4o 27. 4 27. 9 30. 1 26 . 3 32. 8 30. 1 34. 4 34. 3 36. 6
30 30. 4 30. 4 30. 7 27. 3 34. 0 30. 7 34. 6 34. 1 36. 8
20 32. 9 31. 4 33. 4 29.1 7 36. 3 31 . 4 34. 3 36. 1 37- 0
10 33.• 7 4o. 0 36. 0 30. 9 37- 8 32. 7 38. 3 38. 2 39. 5

B • II. 39.,4 44. 0 41. 3 36., 1 44. 1 38. 7 41. 5 42. 7 42. 2

80 27. 7 23.■ 7 29.,8 28. 0 31. 4 32. 7 33. 4
70 24.•9 24. 6 27. 2 26.■9 28.«7 27. 0 29. 6 32. 3 34. 6
60 23.■ 5 23., 6 26. 9 23.,4 30.. 8 25. 5 31. 5 33. 9 34. 8
30 28.,0 27-, 2 29. 8 26.,0 32., 6 27.. 0 32. 5 35. 0 35-,0
40 27. 3 27.■ 7 30. 0 26., 1 33., 2 30., 1 33. 0 34. K 37- 0
30 30.,2 30. 3 33. 1 27. 2 34. 9 29.«5 36. 6 35. 6 39-, 3
20 33., 6 31. 5 34. 7 29.,0 39-«9 30., 2 38. 9 37- 0 39-,0
10 36., 2 34. 9 37. 6 31. 3 39-,0 33-•7 38. 8 38.,8 42., 2

B.H. 40..3 41., 6 4 i . 8 33*, 6 44.,8 37- 9 44. 3 44.> 1 42.,4

80 28. 3 27., 1 27. 1 26 .-5 30. 1 32., 1 32.«3
70 26.,8 23.,4 27. 7 23.,8 28.•7 26 .•7 29. 3 30,, 6 33««7
60 26.-7 23-, 2 26 . 3 25.■7 28. 9 28.■3 30. 9 32.«3 36..4
50 26««7 25..0 28. 7 25.• 9 30..8 27.,0 33. 2 32,.8 39«.2
4o 27..8 27.-5 31 • 4 26.-3 33..0 30,,0 35- 5 36..0 39 .6
30 31..6 30., 1 34. 2 29..4 39 .0 32.. 2 38. 3 39««7 41,- 7
20 34..4 33-•3 37. 8 32..0 4 o ..6 33«• 7 38. 8 38, .0 42,. 1
10 38,.0 38.. 2 41 . 1 34..4 4 1.•9 36,.4 42. 2 43«. 2 43«-9

B.H. 4 1.. 6 44..0 43. 4 39-. 2 44. 39- 2 45- 0 45«, 1 44,. 9

80 28. 3 26., 6 26.> 6 2o ,» 6 31. 5 33«,0 33«.0
70 23..0 23., 6 27. 2 26.>7 28.. 1 26,-5 33- 1 35-.4 35- 0
60 28,» 6 24.•9 26. 3 26 ,-3 30,.4 27,> 7 38. 2 34,•9 37«. 6
30 26 ,. 6 26..0 28. 6 23--9 31 ■• 7 28,. 1 35- 9 36,-7 39«-3
4o 28., 2 26..0 31 • 3 27.. 3 35-. 1 31 «• 7 37- 6 38,-7 40,.7
30 30,.8 28., 2 33. 0 30.. 2 37«. 1 32,. 2 39. 4 38,.8 4 i ,, 2
20 33.-3 31.. 1 37. 6 32.-7 41 ..0 34.-9 41. 0 40,* 5 42,.4
10 37-.8 34..4 39- 8 36.-9 42,-9 35,- 9 44. 1 43«. 1 42,. 6

B.H. 41,. 3 ho. . 2 44. 4 39-. 1 46,.7 4 1,• 9 48. 7 48, 2 44,.4

80 28. 2 23.>7 28,. 3 27«.0 3 1 • 3 30,.8 29 .4
7'0 28,.0 20..4 27. 0 23..6 29«.6 20,• 9 3 1 • 8 3 h.. 1 33 . 3
(>0 27,.8 23.• 9 26. 8 25. O 29,.4 27,• 7 35 • 1 36,.0 36,.3
r)0 26 .. 5 23.. 2 28. 0 26..8 32,-7 30 . 1 37- 5 38,. 5 38,.4
4o 28,.0 23..8 31 . 3 31 ■. 6 35«. 5 33«. 2 4o. 2 39«* 7 40,-3
30 29,. 6 27,.9 34. 0 32..4 36..4 34,-7 4 1. 7 41,.8 42,.4
20 32,.4 30,-3 33- 3 34.- 7 39«.6 37«.6 43- 1 43«. 6 42,.4
10 36,.0 34,• 7 38. 2 37.-3 42., 1 4o,.0 45. 9 45,. 1 43«.4

B.II. 40,. 1 37-.4 4o. 2 39-,0 44,.4 41,.8 48. 1 48.« 2 45«-5
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