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ABSTRACT

Radiata pine (Pinus radiata D.Don) is the most

important eXofic conifer in Aﬁstrélian plantations.
Ilowever, no major studies had been made of the concomitant
offects of thinning bn crown andkstem’parameters and on
wood denSityfeven though this silvicultural treatment is
widely,practiéed 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 1962r' Sampling was undertaken in 1970,
eight yvears after the initial treatment was applied.

Selectea crown and branch paraheters were Qomparéd
between treatments and a gradation of values found with
increasing intensity of thinning. Foliage wéight by age
clasées was reiated to branch Qross—éectional ared using
the allomefric equation, and the relationship used to
estiméte foliage weight in the crown and the relative
distribution of foliage aé’different stand densities. ~These
‘data were aSsociated with stem D.B.H.0.B. to estimate foliage
biomass per hectaré and annual productivity of needles.
Foliage biomass increased significantly with increasing stand
vdensity.

The effect of thinning on stem form and taper was
examined usiﬁg 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 80% of
the profiles examined, and the mechanistic theory explains
a considerable amount of the variation found in stem shape.

‘Wood density variations after thihning were dompared

rusing the X-ray densitometry technique. Thinning reduced



C(xii)
méun density, percent latewood, and density rangc, while |
ring width was substantially increased‘after treatment.

The major cffect was fbund below the green crown and outsido
the juvenile core.

Thc'interrelatidnships between selected»cfoﬁn,
stem and wood density varidbles indiéate a strong
intéfaction betﬁeen the crown and stem. In the general
dispussion‘the results of the study are summarized and
the implications of the crown-stem relationship discussed
_ in relation to the effect of thinning. The implicatioﬁs
of the findings and their usefulﬁess 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—hﬁmid climafe 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 environﬁents, its ease of propagation
and the general utility of its timber. The species has‘
been extensively planted in Ausfralia, the total area of
government and private plantations by March 1971 being
294,000 ha (Commonwealth Year Book, 1972).

Rédiata pine plantations are managed under intensive
silvicultural regimes which invdlve 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 grpwth
and wood properties are initial spacing, mineral fertilizing
and thinning (Paul, 1963; Elliott, 1970a).

The yield and quality of both wood fibre and solid
wood products from either cnnifer or hardwood stands depend
largely on wnod density-and other wood properties. Whilst
the wood-using industries have constantly changing
recquircments 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

Tforest frowth are essential.



McKinnell (1970) studied the effects of mineral

fertilizing on wood density in radiata pine and found that

changes in density reéulting from fertilizer application

'areino_greater than the natural variation within the species:

he.cpncluded that fertilizing willlnot affect thé

utilization of.fhe species. The State Forest Services and
the Forest Products Laboratory, CSIRO, have also inVestigated
the effects of fertilizing on radiata piﬁe“but McKinneil'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 maﬁagement aﬁd the
general management philosbphy. '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 clﬁssical concepts - permanently breaking the
canopy" (Ford—Roberfson, 1971).

The theory of thinning is bésed on the forest standi
regarded as an ecological unit and dbminated by tfees which
continually need more growing space to femain healthy and to
develop stem, crown and roots proportionally. For example
Day (1966) defined three stages in a forest stand inb

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,
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with total growth balanced and distributed between its members.
A light to medium grade of thinning is prudent at this stage.
Fairly rapid taﬁopy closurc folvlo‘ws and’ re thinniﬁ;r is then
required to alleviate_further competition for light, space,

soil moisture and nutrients. Height growthi 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 beén
defined in Various.ways, the mostrcémmon definitions being
the level of the lowest green whorl, of the lowest green
branch, or halfway between these two lévelé (Ford—RobertsOn,
1971). .Another definition is where the first green leaves
occur (Ward, 1964). Thé more complex definitions by

Czarnowski (1961) and Beekhuis (1965) involve some

~mathematical éalculation 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 whorl
incrcasing at approximately the same rate as total height.

A similar finding was made by Stiell (1966) in P. resinosa

Ait.. lowever, if the stand is thinned crown length will



'v:u‘y. li(z(xi{l]‘u_l,s (1965) concluded ". . . , to obtain a
‘reliable cstimate Qr crown depth under different thinning
regines, both stand density and stand heighf have to be
‘taken into consideration." |

Neither crown length nor crown length ratio.(the ratio
of green crown length to total height of the tree) were
found to vary when Keister, Crow and Burns (1968) compared fhe
effects of four classical methods of thinning on 40-year-old-
P.elljottii Engelm.. The most efficient crown length ratios
are .45 to .50 accofding te Holsoe (1950) and Ward (1964)
but‘these values could vary with speciee, age and.stand
density.

Under a constant stand density with repeated lighf
thinnings, crown length ratio decreases with increasing.
stand height (Kramer, 1966) because crown length remains

'relati?ely constant (Beekhuis, 1965; Stiell, 1966).

.Thinning also has effect on crown diameter, though in
radiafa pine the response may be less than for crown length
(van Laer, 1963). Field determination of crown diameter is
generally difficult beeause of the physical problems in |
making direct measurements and the irregularity of the
crown outline (Walters and Soos, 1962). Crown diameter may
be estimated from stem diameter(Ilvessalo{ 1950 ; Smith and
Bailey, 1964). Conversely it is used to estimate the stem
diamecter ana volume of trees on aerial photographs (Husch,
19%7; Spurr, 1960).

For a.given stand density, crown diameter tends to
stabilize (Stiell, 1966). Honer (1971) developed equations

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

St. & Pogg., relating crown radius at any level in. the crown
to variables incorporating total tree height and the length

along the bole from the tree tip to the level at which



crown radius is measured. e coneluded t,l\ftl. portions ofr
~crowns above the maximum crown radius have similar growing
conditions in both forest- and open—gfown trees of the same
specics and height.

A major long term affect of reassnably heavy thinhiﬁg
is an increase in both erWn width and length so that a.
'reiegsed crown retains a particular shape (Curtin; 1968).

Al though géneral descripfions sf crown shapé are common,
quantitative descriptions are not. Quantitative measures
are important in studies of productivity‘because of the
relationship between crown size and rate of tree grthh
(Honer, 1971).

ACrown 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 treé, 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 brsnch size, angle and distfibution,‘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 aﬁd 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



0.
older ncedies is reduced with i'l-'lc;[‘eﬂSillt’,‘ plantation age.
Thinning temporarily arrests this process and thereby affects
ncedle persistence and the distribution of foliage age classes
in the crown. In general, the photosynthetically'efficient
crown forﬁs a sheath which moVes upward’With increasing age at

a rate depending on the relative spacing between trees.

1.2.2 Stem Form and Tépef

Stem ﬁform" refers to the shape of the tree stem aﬁd
"taper" to the raterof decrease in diameter with increasing
height up the stem (Ford—Robertson, 1971).

Larson (1963a) 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 (1969) on two different
coniferous species.

: )

In a review of the effédct of growing space on the
growth of conifers, Jorgensen (1967) conclﬁded that
spacing affects stem taper, and that.taper increases with
increasing stem D.B.H.0.B. e.g. see Klem (1952) and
‘Cromer and Pawsey (1957).

Jacobs (1954) 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 afterlthinning.
Larson (1965) found these changes were largely determined

by the size and vigour of the live crown.
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Elliott (1970b) has suggested that more even ring widths
ub the stem could be achieved by the selective application
éf thinning treétment. This will involve a change of shape
if the bole resémbles a second degree péraboloid, but not
a conoid, before thinning.

Carron (1968) sfated: "... . , whether variation in
(stand) density affects diameﬁer growth along. the stem, to
what e#fent (and) qnder what cirbumstances, is a matter on
which there is considerable but conflicting evidence. This
is one of the largeét 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, 1961). 1In
radiata pine sfdnds, 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
ol a $ampleAto the weight of é volume of water equal to
the volume of -the sample at some specific moisture coptent)
and basic density (density based on the oven—dry weight and
grcen volume of wood), as defined by Ford-Robertson (1971),
arc 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,



and pulp quality and yield. A comprehensive review of the
literature on woodvdensity_of conifers covering measurcment,
variation in and between trees, and the effects of heredity
and silvicultural treatments, was compiied by Elliott (1970&).
Farlier reviews include those by Spurr and Hsiung (195&), |
Larson (1957) and Goggans (1961).

Initial spacing and thinning are similar in that both
are designed to give trees adequate growing space. ' Their
effects on basic density are somewhat controversial. Pgul
(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,
1965; Fielding, 1967b; Maeglin, 1967).

Initial spacing is of major importance to stand
development until first thinning is applied. Close spacing
reduces brénch development (Fielding, 1967b) and it has
been sugggsted that consequéntly stem taper will be reduced
(Boyd 1967). Close spacing also reduces fhe size of the
juvenile core (Kleutérs, 1964).

Thinning after canopy c¢losure can have a considerable
effect on wood density. Larson (1963b) reportéd 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 incrcases
again (Lnrson, op.cit.; Paul, 1963). Thinning of overcrowded
stands relcascs trees from conditions fqvouring latewood
formation, and one would expect a fall in basic density.
.Howevor, 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 sencscent stands because the crowns are receded and are



a considerable distance from the zones of wood production

(Spurr and Hsiung, 1954; Larson, 1957).

1.3 Relationships between Crown, Stem and qud Density

In forestry practice, the concept of a crown-stem
relationship is ofteh overlooked (Larson, i969). Reukema
(1961) suggests that the histbry of crown development of
a tree is possibly more important in explaining Stem growth
thaﬁ'the size of the crown at a givén time. He is suppérted
by Smith (1963) who advocates control of.thé crown as the
basis of growing forest tree crops for a particular ehd
use.

The most efficient cfowns 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 mdre 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 Koilowski (1960) consider the ability of an
individual tree to produce bole wood is a function of:
(i) the average effipiency of the photosynthetic material,
(ii) the total photosynthetic area céntributing to the
production of carbohydrates, (iii) the duration of
photosynthetic 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 formation of wood on the bole is regulated by the
growth and development of foliage in the crown (Larson, 1969).
The relationship is particularly well exprgssed in the young

tree whose stem is fully enclosed by the green crown.



The juvenile wood or core wood in the stem of conifers
is generally characterized by low specific gravity, low
percent latewood, short tracheids, wide micellar angle and
high longitudinal shrinkage (Fielding; 1967b). It often
includes substantial amounts of spiral grain and compression
wood. Larson (1963b) Suggested fhe juvenile wood should be
defined as the wood formed in the live crown. The term aptly
describes the type bf 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 all 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 latewoqd in each growth ring
gradually increases with incfeasing distance below the
crown. Latewood is initiated at or neaf the stem base in
trées of all ageéiand proceeds upward as the growing season
-continﬁes.' 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 létewood has a considerable effect on wood
density, more so than percent earlywood. In many studies the
density of latewood is reported to be more than twice that
of earlywood (Elliott, 1970a).

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 wvariation in
environmental factors influencing trees during their long
life are significant (Fielding, 1967b). Ring width depends

on growth rate, but there is considerable evidence that ring
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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 be tween ring
width and basic density (Keith, 1961).

In this discussion the relationships betweeﬁ the
crown and wood fprmatidn processes have been indicated.
Thinnihg generally has most éffect on the green crown,‘
and any modifications to the crown may be reflected by
changes in wood density. Indirectveffects‘of thinning .
include éhanges in branch size,'branch longevity, the
proportion of iive and dead whorls and branch angle; thése_
factors determine the size and nature of knots, whefher'green
or dry, which in turn affect peeling quality, veneer appearanée,
pulp quality and the strength properties of s;wn timber
(Wright, 1971). |

While the green crown is important because it governs
the patterns of tree growth and celi characteristics, and
hence wood denéify (Larson, 1969), crown parameters also
affect stem shape. Changes in the crown résulting in variation
of ring width at different heights in the stem‘may causé
variations in stem‘form. A relationship between stem shape
and wood density is therefore conceivable.

Treﬁdelenberg (1932, 1935), Volkert (1941), Schniewind
(1962) and Doerner (1964) have shown that a tree may meet
. strength requirements by producing a smaller volume ofbhigh
density wood or a larger volume. of low density wood.
McKinnéll (1970) has shown a statistically significant
vrclationship between stem taper and wood density in radiata
pine, therefore it seems likely fhat 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 ofl
© thinning on crown and stem parameters and on wood density of
plantatioh_trees.
This study was undertaken to determine these effects and

to examine the nature of any interrelationships.
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CHAPTER 2
MATERIAL AND GENERAL METHODS

2.1 Tﬁe ExperimentalAArea

In ordef to oiaminc 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 wherefstand
density is the only wvariable. 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 2.1).

The experiment and forest area have been described
in detail by Shepherd and Forresti(in press). Briefly,; the
experimental area is part of Cpt. 68, planted with 1/0

Aradiata pine seedlings in 1947 at a nominal spaciﬁg of 2.4m x
"2,4m (1736 stems ha-1). The seedlings used were from seed
collected from various silvicultural thinnings in older
plantations, so the full genetic variability of the

original plantafion is retained in the study area.

The stand is situated on a broad, gently leping site:
fhe 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 prunea to 3.0m in 1956 and the best 400
trees ha—1 were pruned to 6.1m by 1960. The compartment was
thinned for the first time in 1962 at age 15 years énd this

was a commercial thinning. The experiment was established
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to .
Batlow

Randomized block design
Four replications of six treatments

Thinning Nominal
Treatment Basal Area
1 11.5-18. 4 m*ha”"
2 15.0-21.9 "
3 18.4-25.3 "
4 23.0-29,9 "
5 27.6=34.5 "o
6 Control - "unthinned"

FIGURE 2.1 Layout of the study thinning trial in Green Hills
State Forest, NoeSoWe
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at this time to provide reliable growth data on which to bqse~
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
(n® na™")
1 11.5 - 18.4
2 15.0 = 21.9
3 18.4 - 25.3
4 23.0 - 29.9
5 27.6 - 34.5
6 Control ("unthinned")

When fhe experiment was established in 1962, each plot
ﬁas thinned to the relevant‘lower basal area. All plots
were rethinqed to the prescribed lower limits in 1964 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 mortalify and maintain.
stand hygiene.

The fourth experimental thinning was done in 1970 and
the tree material used in this study was drawn from it.

By 1970 the top height of the tallest 50 trees ha” ! was

27.6m.

2.2 Sample Tree Selection
In generél the techniques described in the literature

for sampling, particularly for wood properties, are subjective
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~and liable to bias, samples tendingpto be confined to
.dominanf and co-dominant trees. Pedrson (1952) considered
that sampling was only valid when the diéfribution of values:
of each wood property in the sample representedrthe |
distribution of wvalues in the population.

Greater precision is usually obtained from a larger‘
number ot trees even if fewér samplés are taken per tree.
vquhmér and Snodgrass (1967), Harris (1967) and Wolski
(1965, j968)wdeviéed suitable sampling techniques.A
Wolski recommended selection ofrsample trees based on D.B.H.
and weighted according fo frequency in each diameter class;r
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 réquires complete enumeration of the stand.

A fastef method is to estimate the number of trees
required from an estimate of the population variance, and

a specified allowable error, using the equation;

where n = required sample size
| t = Studentt'!s "t" value for small samples
sz= estimate of population variance of a wvariable
e = required precision of estimate of the population

mean value.

McIntyre (1952) suggested a "ranked-set" sampling
teclmique which requires a minimum number of samples and
is casily applied in the field. Although developed
originally for studies of pasture or annual crop yields,
the method has good possibilities in studies of wood
bproperfies (McKinnell,‘1970).
In the selected study area, evidence from growth data and

2 -
observation suggested that Treatment 2 (15.0 to 21.9 m ha 1)
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would not add appréciably to>any comparison, so was excludéd.
In addition; twovreplicates of the control treatment were
discarded because of severe wind damage.

From considerations of variability within the stands,
previous experience and practicality, a total sample size
of approximately 50 trees was thought adequate to give -
reliable information 6n growth»andbdevelopment under the
different thinniﬁg treatments.

It was desirable for statistical 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 plét wefe selecfed
at random, though a minimum of twobtrees and a maximum of
six trees per plot were specified. This resulted in the
following distribution of sample trees -~ the total 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)
A 3 3 3 3 12
(29)  (25) (28)  (26) (108)
5 | 4 4 4 4 16
(20)  (36)  (38)  (L4) (158)
6 + + 6 6 12
(60)  (73) (133)

+ Excluded from study because of wind damage.
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The seiection of sample trees was based on the 1962

emuneration of the D.B.H.0.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 (ef. 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 treeé, and trees with severe leans or sweeps)vwere
replaced by one of the reserve trees. A total of 10btree$
was replaced due to defect. An édditional six trees were
replaced on the selection list because the ForestryFCdmmission
considered their removal was silviculturally undesirable,

bearing in mind the experiment was to be continued beyondr

1970. This factor prevented the use of McIntyre's "ranked-set"

method.

2.3 Sampling,fCollection 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 groﬁs at a minimal rate and may be
virtually dormant (W. Forrest, pers.comm.). The D.B.H.O0.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 paraméters were measufed:

(1) total heigﬁt (m)

(ii) height from ground‘to lowest green whorl (defined

as having a minimum of two live branches)



'18.
(iii) diameter overbark immediately below:the‘lowest-:
green whorl (cm) o
(iv) diameter of each branéh in eaCh'gfee@'whorl
measured at a distance of 5cm from the junction

with the stem (cm).

2.3.1 Sampling for Stem frofile Description and Wood Density

Sampling the wood properties of-trees requires a knowledge
of pattérns of variation within trees and the factérs 
affectiﬁg these properties. The génefal pattefn-inZCOniférs
is for density to increase from'étem apex tb base, and from
pith to bark at any given height in the tree (é.g._Elliott,

. 1970a). In many earlier studies,vthe sténdard 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 sampliné‘syétemé described by Duff and
Nolan (1953), Richardson (1961) and Balodis (1966).

Duff ahd Nolan (1953) described three'séquenCes to
represent Variationé in wood density patterﬁs. 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
downwardé. The vertical Sequence traces denéity 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 intermode
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age wasvdifficult, he suggested sampling at fixed percentaQQS”
of total tree height. Japobs (1936) suggested a teéhhique-for  :
v"iden£ifying the growth stages in the crownS‘of mature radiaté |
. pine after felling, but this is usually laborious. In
addition, the internodal positions are.difficultbto detect
along the clean section of the bole.

The method of sampling wood density described by
Richardson (1901) was found to be impractical because of
problems in identifying the spring‘whorlsf :Sampling
baéed on the percentile height system was necessary be low
the green crown so this method was extended to the whble
stem. Sampling positions were defined at intervais‘aldng-
the stem of h% 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 trée. The number of
positions varied from 23 for the largest trees to 20 for the_
smallest. The north datum mark was extended froﬁ B.H. to‘
each sémpling point so transverse disc sections (50m thick)
could be orientéd 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 eaéh 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
bnrk—toépith 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 te the dry state (BoOth,
196&): removal of the radial section gave the additional
advantage that‘no checking resulted from loss of ﬁeisture

during storage.

2.3.2-CroWﬁ Sampling.

Published data on sampling tree crowns indieate a
minimum of about 60 branches is required to»adequately
describe the size and weight characteristics of tree crons in

a forest stand. = In a study of Pinus echinata 'Milig.Loomis;

Phares and Crosby (1966) sampled one brarnch from every

fourth whorl in six trees growing in five diffefeht sfand
densities, which on average gave 60 branches‘per treatment;f,
They achieved an error for predicted values of foliage

weight of 5.1% at ;)(.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 geneticall& uniform.
cuttings se 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

spaeing treatment of ?inus resinosa.

iIn consequence, it was thought about 60 branches per
treatnent would be sufficient in this study to give an
acceptable level of accuracy (about iS%).v 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



nuﬁber of strdtd, containing equal numbers of whorls, and
oné braﬂch was seloétod at random from cach stratum. A
”two—dimeﬁsional matrix of bLranch diameter (1em classes)
agaiﬂst height sampled in tree (_’}m clnsses) was compiled lor
cach treatment to ensure the}seleéted branches adequately l
represented the range of branch sizes and positioﬁs within
the canopy. A second or third choiée wés used if a matrix
cell was alfeady-océupied. This procedure is valid\qu
regression analysis since all branches were.sélegted by'
size and pésition but without reference to foliége wcight
or the mature of the canopy at that position. Selected
branches were cut flush with fhe stem, pldced infheavy duty
paper bags, then transported to the laboratory and stored

at 2% pending processing.

2.3.3 Processing Sample Material

Details of the methods used in processing and
measuring the sampled material are described within the
releyant chapters. Briefly, in addition to the field 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
(ii) wood discs - stem analysis and six wood density

" parameters of each grthh ring.

2.4 Data Analysis

The amount of fiéld and laboratory data collected was
voluminous. Computer facilities of both the A.N.U. Computer
Centre (IBM 360/50 and UNIVAC 1108) and the Division of
Computing Rescaréh, CSIRO, were used extensively fo analyse

them. Prepared programs, some of which required
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modification, were used for the more standard operations:-
(1) _BASTATS (Sokal and Rohlf, 1969) was used to
' 'écreen data before carrying out further statistical
tests. The basic statistics used froﬁ the computer
output were the coefficient of‘variatibn, aﬁd
fhe Kolmogorov-Smirnov statistic, Dmax? which
compares the observed data with a normal
distribution based on the sample mean and
variance.
(ii)‘ FACTO (Davidson, pers.comm.) performs prihcipal
- comﬁonent anéiysis and factor analysis.
(iii) A program described by Pluth (1971) was used io‘ |
compute tree growth parameters from stem ahalysis.
(iv). LINREGR (McIntyre and Ward, 1970) is a linear
regression program. Features include the
testing of heterogeneity of slopes andbintercept
values of sets of regression lines. | |
(v) NO2FCT (McIntyre, 1970) computéé a two-way
| factorial analysis of variance for non—orthogonal

data.



CHAPTER 3
EFFECT OF THINNING ON CROWN STRUCTURE

The management of forests according to silviculturél
principles requires a thorough understanding of.the effects
of thinning on crown morphology and crown-stem
relationships. Tree growth, whether measured as dry maffer
production or crop volume incremeht, depends on the amduﬁt,

distribution and relative efficiency of the foliage.

The crown characteristics of radiata pine in the study:

area are examined in this éhapter 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 constané weight at 85°C. The separation was according
to the method described by Jacobs (1936). Some four-year’
‘and five—year;old needles occﬁrred in the lower crown,
particularly of trees in the more heavily thinned
treatments, but their numbers were féw and their weights
were highly wvariable.
~ All dry weight data were adjusted by +8% to correct

for losses due to respiration during storage. This

23.
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adjustment was based on losses in dry weight of 7.6%
recordéd for radiata pine by Forrest (1968) and iO%
sﬁggested as an average weight loss for several éoniférs'by
Bray and Gorham (1964). Young foliage of radiata pine tends
to have a higher moisture content and respiré less than
-oldef foliaéé (Wood, 1969), therefore different dry weight
‘adjuétmeﬁts might beAvalid‘for each age class. HdweVer, thé
available data are insufficient to justify such adjustment.
Errors resulting from the use of a sihgle borreﬁtion féctor‘

will probably be small.

3.1.2 Forest Bidmass 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 imporfént. Of‘the
. simple regression modelé (linear, eiponential, allometric and
hyperbolic) the allometric growth equation is the most
widely accepted curve form for estimation of biomass.
Huxley.(1932) recognized the wvalue of thé func£ion for
describing the constant proportionality between the
relative growth ratesvof two organs, or between the organ and
the entife organism. The equation has the form:
loge Y = lbgeA + B loge X

where A denotes the initial size of the component, and
the coefficiént.B is the ratio of the relative growth rates.
Kittredge (194L4) apparently.was the first researcher to
usec 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 allometfic
cquation e.g. Zar (1968) and Baskerville (1972) considered that
usc of the function commonly results in a systematid
undcrestimate of biomass and they suggested methods to
overcome the problem. Satoo (1966) overestimated féliage'
~biomass by between 1%rand 9% in stands of two different
.conifers using the allometric equation.

In the present study, the coefficiént of determination

was used to evaluate tﬁéﬂmost suitable mathematical modei.

3.1.3 Data Analysis
The measured tree, crown and branch parameters were
first screened using the BASTATS pfogram (Chapter 2).
This demonstrated the desirability of logarithmicallyb
transforming most data to fulfil the requirements for
analysis of variance (Sokal and Rohlf, 1969). However,
one parameter (the number of green whorls per trée)
required a square root transformation, another (crown
length ratio) an ércsin transformation, and two others
(cfown length and the number of green branches per tree)
were left untransformed for optimum statistical presentation.
Separate énalyses using Bartlett's test and the.F-max
tést (Sokal and Rohlf, op.cit.) demonstrated homegeneity of
Varianceé, so the a priori test describéd by Sokal and
Rohlf (p238) was used to test differences between tfeatment
mecans of the individual crown and branch vdriables.
Trcatment combinations tésted involved gréups 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



Lﬁrn Lo branch cross—secfional area, using regréssion
uuﬁlysls techniques with both variables logarithmically
transformed. Preliminary testing'had indicated the
’allometric‘model was more suitable than the‘Simple linear
and exponential models. |

The regréssion equations calculated to reléte 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 significanf differences between intercept wvalues did'
occur. Data were pooled for those treatments which did
not differ significantly and regresSion equations weré
recalculated. | |

The use of linear regressions with logarithmic terﬁs
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 1ogérithmically 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 iimits calculated for such data (Keay and
Turton, 1970; W. M&ller, pers.comm.) remains unresolved.

Principal component analysis (Cooley and Lohnes, 1962;
Seal, 196&) was used to test the overall relationship
between various crown and stem parameters and to find the
most useful variables for understanding intra-crown
relationéhips. 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



residual variancc. The basic data, transformed to standard
doyiaics from the mean beccause of the different units of
mecasurcment used for individual varidbles, and the
oigcnvéctors'frbm the first two principal coﬁponénts were
combined‘to calculate two values for each tree (Norris,
1971). These values indicate the location qf each tree.in
the optimum tWo—dimensional representation of the
multidimensionél space described by principal components.
They are used to indicate differences between differeﬁt
thinning treatmenfs and this mightFSUbseQuehtly be |

confirmed by t-tests.

3.2 Results
The basic data for the results presented in thé:

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 variabies ére not affected by.thinhing, Viz.

tofal height, number of green whorls per metre of crown
length and mean number of branches per whorl. Significant,
differences (p)(0,01) 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
(1)(0.05) 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 5. - The
fegréssions for Treatmepts 1, 3 and 4 are similar in both

slope and intercept, while Treatment 6 has a significantly



TABLE 3.1

o . . . L . 1
Effect ol thinning on crown and branch variables

28.

Trans- Thinning Treatment
Variable form'n 1 3 4 5 6 Signif.

Total height log, 28.2 28.0 28.5 28.6 28.0 N.S.

(m) | -
Height to loge’ 6.7 7.3 8.3 9.9 13.5 * %%
lowest green » ——ee
whorl (m)
Crown length - 21.5 20.7 20.2 18.5 14.5 KX

(m)
Crown length - arcsin _'.76 <7k .71 .64 .52 ‘***H
ratio , _—
No. green square 41.9 " 46.2 44,3 36.3 32.9 **
whorls per tree root '
No. green - . log, 2.0 2.2 2.2 2.0 2.3 N.S.
whorls per )
metre crown
length
No. green - 205 231 220 184 164 *HH-
branches per
tree
No. green , loge L.9 5.1 5.0 5.0 5.0 N.S.
branches. per : ‘
whorl
Mean branch log 2.2 1.9 1.9 1.7 1.6 *%

. e

diameter (cm)
Branch log, 1110 950 885 590 430 @ xxx
sectional area —
per tree (cm?)
Mean branch 1oge 5.5 3.9 4.0 3.3 2.7 *xx
sectional area

(cm?)

means of the transformed wvariables.

Figures given are the arithmetic equlvalonts ot

Underlined values indicate non-significant

differences at‘p<<.05.

the
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smaller intercept.

The pattern of branch deyelopment within the green
crewn is shown in Figure 3.2. Branch diameter increases
down the stem from the apex to approximately 60% of tdtai
trce height and then tends to stabilize. The large meanv
diameter of branches low in the crown of trees from |
Treatment 6 is due to one sample tree which was s "waf"
tfee. The effect of thinning on branchAdiaﬁeter is»mostb
marked in the middle upper crown, corresponding to
50 } 80% of total tree heighf, wheré'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 thé"< 1cm diameter class incfeases-ﬁifh>
increasing stand density whereas in the hem class it
decreases. The intermediate.1cm to 3cm ciassesbare little
affeoted by thinning treatment.

However, there is a strong relationship between bianch
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 10% of total height).

Repression equations of the fofm:
: Log0 ncedle weight =7a + b loge branch sectional area, were

calculated for each height stratum, leaf age class and
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TABLE 3.2
Lincar regréssiqn coefficients of the relationship between
grecen crown length and D.B.II.0.B. in 23-year-old radiata

pine subjected ‘to different thinning treatments

Thinning

Treatment b S.E., . a N r  Sipgnif.
I .hko .348 1.385 .46 N.S.

-3 | L4462 . 181 1.345 .72 | *i

Y .300 .123 - 1.903 .61 Cox

6 479 121 1.032 - .78 *x

5 . 1.164 314 | 'A-1.187 .70 k%

Combined . 786 .090 0.095 .77 *HK

bthinning tfeatmént. All regressions for each height St;atﬁm
were independeﬁt of thinning treatment, so data wefe pooled
b& strata and common regression lines fitted for each foliage
.ége class (Table 3.3). In some instances the regressions
for adjacenf strata were not significantly aifferent.so
these were also combined. Generally the regression SIOpe
"b" is greatest at mid-crown 1evel,‘least at the crown
base, and decreaées with increasing needle age. |

Foliage weight.by agé 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 percehtage ofvone—year-old foliage within a height
stratum decreases from approximately 80% in the upper
stratum to 35—&0% in the mid and lower strata, whereas tﬁe
percecentage of two-year-old foliage tends to increase from
approximately 20 to 35% with increasing depth in the cfown.

Three-year and older foliage is concentrated in the mid and
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“lowor strata where if comprises upproximatelyijo% of the
foliage weight.
| TABLE 3.4

Percentage distribution of needles within height strata in
the crown of 23-year-old radiata pine. All treatments combined. .

Foliage Age

%

Total 1-year 2-year 3-year & older
Height Mean S.D. Mean S.D. Mean S.D.
90-100 77.6 2.2 22,4 2.2 - -
80-90 67.3 0.8 24.3 0.5 8.4 1.3
70-80 56.6 3.1 26.7 0.3 16.7 2.8
60-70 41,7 0.1 30.2 0.2 28.1 0.6
50-60 4o.2 0.8 29,1 0.5 30.7 1.3
Lo-50 35.5 1.4 30.1 1.5 4.4 0.0
30-40 37.1 1.6 35.8 2.1 27.1 3.6
2.3 35.1 2.7 - 26.9 0.4

20-30 38.0

Trees in fhe most heavily thinned treatments carrf a
greafer weight‘of their foliage high in the crown than do
" trees in lightly thinned stands (Figure 3.5). The estimated
percentage of ﬁeedlesAabove 70% of total tree height in the
five thinning treatments ranged’from 3&% in Treatment 1 to
55% in Treatment 6 (Appendix 3). On the other hand, no
foliage occurred below,ho% of total tree height in the
"unthinned" control: corresponding values in the thinned
treatments ranged from 7% in Treatment 5 to 13% in Treatment 1._
These trénds are further illustrated in Figure 3.6 which
shows the distribution in i970 of neédles on trees belonging
to the same stem diameter‘class in 1962 be fore thinning
treatment was applied. The combined weight of one and two-
year-old foliage in the crown appears to be unaffected by
thinning treatment and ranges from 77% to 80% (Appendix 3).

The crown biomass was esfimated 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 h). These estimates were

then related to various stem parameters as independent

variables to find the most suitable vuriablé for predicting

foliage biomass per hectare e.g, D.B.H.0.B., D D.B.11.0.B.

B’
x HEIGHT and B.A. x HEIGHT. Each was related to total 5
crown foliage weight using the allometric growth equation.
The éoefficients of determination indicate that, oVerall,
D.B.H.0.B. is 'the best predictor of foliage weight,
followed by B.A. x HEiGHT (Tablev3.5). 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 3.5

Coefficients of determination (r ) relating total welght
of foliage to various stem parameters

Thinning Treatment

Variable 1 3 4 5 6 Combined
D.B.H.0.B. .83 .78 .90 .51 .93 .88
Dy .83 .75 .93 .49 .94 .86
D.B.H.0.B. x HT .88 .74 .83 .54 .92 .85
B.A. x HT .87 .76 .86 .53 .93 .87

The regression lines for each fdliage age class‘in fhe
various thinning treatments had homogéneous slopes énd
intercepts so the data for each foliage age class were
pooled (Table 3.6). |

TABLE 3.6

Lincar 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 transformatlon)

Foliage b S.E.b a r - Signif.
Age

1 2.286 0.107 -5.859 .95 * %%

2 2.593 0.123 -7.525 - .95 * %%

3+ 2.698 0.142 -8.162 .94 **x

Total 2.459 0.114 -5.780 .95 ** ¥




3h.

The D.B.H.0.B. of each tree in the study area was

~substituted into the relevant equations to derive trce

foliage weight.

The data were then summed to give foliage biomass by

dge classes within each treatment (Table 3.7).

TABLE 3.7

-Estimates of foliage biomass (tonnes ha-]) for radiata pine

growing under a range of stand densities

Stand

Thinning Density Foliage Age 1
Treatment ( 2. -1 1-yr 2-yr. 3-yr All foliage
. (m ha ) .

1 11.5-18.4 1.88 1.15 0.91 3.95

3 18.4-25,3 2.64 1.54 1.19 5.38

4 23.0-29.8 3.21 1.86 1.45 6.54

5 27.5-34.4 3.52 1.97 1.51 7.02

6 Control 4,55 2.45 1.86 8.89

L.S.D. , 0.09 0.06 0.05 0.21

1The figures for all foliage differ slightly 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 foli&age

biomass of each age class and total weight, combined with

L.S.D. tests (Sokal and Rohlf, 1969), showed that each.

successive pair of thinning treatments are significantly

different at p € 0.05.

3.2.3 Interrelétionships

The interrelationships between various stem,

branch

and foliage variables for all 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

all data, logarithmically transformed, was constructed

using every possible combination of two variables (Table

3.8).
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Eigenvalues and associated eigenvectors derived from
correlation coefficients between crown,

TABLE 3.9

and stem wvariables

branch, foliage

30.

Pr;ncipal
Components I IT IIT v \%
Eigenvalues 10.98 2.61 1.53 0.99 0.59
Cumulative % . 7
eigenvalues 6L4.6 80.0 88.9 94.8 98.1
% eigenvalue in .
each component 6L4.6 15. 4 8.9 5.9 3.3
Total height -.15 -.03" -.49 .19 -«75
Height lowest whorl .24 -.11 -.33 .24 -.03
Crown length "'027 .11 009 -:30 "'032
Crown length ratio -.26 .13 .23 -.37 -.15
Green whorls per tree -.16 .15 -.13 -.06 .02
Whorls per metre of _
crown length .07 .52 =.27 .22 .35
Green branches. per
tree —.16 ,Ll.? 022 0026 -.11
Mean branches pér
Whorl .01 - 11 .64 . 56 =.21
Mean branch diameter -.24 -.32 -.12 .04 .19
Total branch sectional |
area -.30 -.,02 .02 0114 .01
Mean branch sectional
area ) -.26 —030 —012 001 018
Wt. 1-yr foliage -e29 -.03 .03 .20 .12
Wt. 2-yr foliage -.30 -.03 -.02 .13 .09
Wt. 3-yr + foliage -+ 29 -.02 .02 R .07
" D.B.H.0.B. ~e29  -.05 =.11 D11 .12
Dy -.30 .01 .01 -.03 -.,02

Five principal components were derived from the

matrix, accounting for 98.1% of the total variation (Tablé

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 major
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contributofs. The number of green whorls per metre of
,:crown length, the number»of Qhofls and number of brdqches
per tréobﬁaQe ﬁogt’effect oﬁ‘CompéheﬁfiiI.; Qvepall,‘the
.bweight of foiiage.éf each age.qlasé and totnl'foliagé
 weight_péfFfreerﬁogether.with’tofal-bfénch sectibnai area
"'andiDB aré mo?e’stfongly interrelaféd £han'ére crbwh:lengfh;
',héight'to‘thé 1OWéétbgreeh>whdri ahdbcrowﬁ:length rafib;
>The effecthf'thinning on the iﬁﬁerrelationship of
’variébles.was assesséd by cémbining eigenvectéfs and:the
basic data to calculate standard deviafesvfromrzero mean
(Norris, i9f1). The 1océ£ion.of each‘tfee in the beét'two;
dimensional representation of the sﬁaceAdescribed by the
:principal componénts, together.witﬁ the mean position for each.
thinning treatment,_are piotted in Figure'3.7,' Mos+t
variation occurs in Compdnent I, with différences obvious
between each successive pair of.thinning treatments with
the exééption-of_Treatments 3 and 4 (18.&—25.3;and'

Zha"- 1

23.0-29.8 m respectiv@ly); T-tests_cbnfirm that
Treatments 3 and h‘are Similar but all other pairs of
treatmehts differ at pﬂ(O;bS._ Theré are no signifiéant
differences between successive pairs of ﬁféatmenté with
Component II (Tablé'3.10).. |

The concluéibn.reached is_thét thinhihg.treafment
affects.the interrelafiénship of variabies‘guch és total

branch cross-sectional area, foliage weight,‘DyB;H.OgB;'

and o
an DB

:3.3 Discussion
The observed negligible effect of thinning Qn,treé

height growth is well known'(e.g. Dell ,and Collicott, 1968;
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TABLE 3.10

- T - tests between thinning treatments of coefficicnts
derived from principal component analysis

Thinning ’ ‘Component T Component IT
Treatment ) '
1, 3 -2.21 * -1.94 N.S.
3, L -0.27 N.S. 0.58 N.S.
hy 5 : ' -3.11 * 1.33 N.S.
5, O -2,63 ¥ -0.31 N.S.

Van Laar, 1969). Analysis of the Qariables height to the
lowest green whorl, green crown length, and crown length
ratio indicates that crown development is similar at
stand basal arees ranging from 11.0 to 29.9 mzha—1
(Treatments 1, 3 and 4), whereas significant differencee
exist between thinning treatments with basal area ranges

1

of 23.0-29.9 mzha- , 27.6=34.5 m21'_1a._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 mzha'-1 respectively.

Beekhuis (1965) developed regression equations for
predicting crown length from stocking data (stems per acre)
in New Zealand-grown radiata pine. Substituting the
stockings of eaeh thinning treatment in the Green Hills
trial into Beekhuis's equation (crown depth = 358.83-/ 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 affectﬂcfewn length (Beekhuis, 1965; Kramer, 1966).

Crown length ratio (syn. crown percent) has received
considerable attention iﬁ the literature. Looﬁis et al.
(1966) found the ratio in P. echinata varied from .55 to

.35 in stands covering a range of stand densities

comparable to the range covered in this study. However,



the ratio for radiata pine at Green Hills varied'from .76
in Treatment l to .52 in the control.-_Presumably species
vdifferences_andAthe factors:mentioned by Beekhuis»(1965>
and'Kremer (1966)'account for.the absolute difference in
'the'ratlo.!A N |
TABLE 3.11
Compar1son of observed and predlcted crown.lengths

Thinning Treatment o
1 3 L 5 6.

39.

’ Stocklng (trees ha 1) 108 215 270 390 665

Measured crown length - 21.5 '20.7 - 20.2 18.4 . 14.5_:
(m) ‘ :

“Predicted ?rgwn_length"23;9 19.1 . 17.8  16.1  1b.0

'Differéncef(%) ‘ o 1.2 7.7 11.9  12.5 3.4

The number df green Whorls nroducedAner netre of
‘green crown length and the number of green branches per"
whorl appear to be 1ndependent of th1nn1ng treatment
(Table 3. 1) as mlght be expected because both parameters.

- are under strong genetlc control (F1e1d1ng, 1960 Forrest
and 0V1ngton, 1971) The number of whorls on the.annualb
shoot apparently is not 1nf1uenced greatly by 51teA
k‘dlfferences (Fielding, 1960).

The influence of thinnlng.on branch size isbconfined E
'mainly to the 50-80% 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; Tn the lower crown the branches would have

developed under uniform conditions,-that is, the'conditionsr

prevailing before the first thinning treatment was applied;‘

The branches above theISO% level of total height are free
of competition for light irrespective of treatment. -

The highly significant relationship between cross-



scctional arca of all branches in the tree and the cross-
scctional arca of the bole at the basce 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 EBucalyptus obliqua L'Hérit. (Curtin, 1970).

Needle weight and branch cross-sectional area were
significantly related, irrespective of thinning treatment,
at éimilar levelé 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 becéuse 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 3.4). Although the Fb"
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 bothh 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 within each stratum is

independent of thinning. The amount of foliage prodﬁced on
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a branch in one season is influenced by branch age and the.
amount of light received. Branch size réflects 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
ovér_several‘years, particularly in the more heavily
thinnéd.treatments;.

Madgwigk (1968) proposed a model fO’explain foliage
distribution in P. resinosa crowns, viz., under condifidns
of free growth, the weight of needles in avwhori‘increases
exponentiélly with time. However, with shading, as occurs
in forest stands,vbranch apical growth.is restricted, and
individual needle development is less. The weight of a
one—year-o;d needle at the canopy base is commonly only
- ho-L5% of the wéight of a needlevnear the érown 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 lé&el in the crown these same parameters increased
with needle age. In the present study the weight of
" individual needles might vary considerably between height
strata, but no empirical data on needle morphology were
collected. |

There are few published data on the relative
contribution of needles of different age classes fo the
total weight of foliage in tfee crowns of Pinus species.
In the present study, one and two-year-old foliage -
comprised 78% of the total foliage overall. Wood (1969) found
in a total sample that these two age classes comprised 82% of
the foliage in a six-year-old tree of radiata pine. Studying
P. resinosa, Madgwick (1962) and White (1964) 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. kThis species difference could
account for the different resulte.

In forest biomass studies, weight of the various
tfee components is commonly related to an easily-measured
stem variable for predicting bidmass..’The best predictor
of foliage.Weight in the crown in the present study was
 D.B.H.O0.B. (cf. Weetman and Harland, 1964 ; Baskerville,
1965), whieh was superior to Dy, B.A. x HEIGHT and
D.B.H.0.B. x HEIGHT (Table 3.4). ;

Loomis et al. (1966) found the stem diameter etrthe

base of the green crown, D was the best predictor of

B’
foliage biomass, but DB is difficult to measure compared

to D.B.H.0.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, Strend‘and Altenberger (1964)
respectively.

The relationships between either total foliage biomass
and tree D.B.H.0.B. and foliage weight by age classes and
D.B.H.0.B. in this study were both unaffected by thinning
treatment. The "b" value of 2.46 for the total foliage
equation is consistent with wvalues reported in the
literature. Forrest (1969) estimated "b" values of 1.70
and 3.32 for a five-year and a 12§year—old stand
respectively of radiata pine, while Ovington and Madgwick
(1959) 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
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undergrowth was absent only from the pldfs of the control
treatment.

Mgller (1947) proposed the classic theory thét within
a wide range of stand densities the amount of foliage
of a given species reméins constant with age and differs
little with site. This proposal has been substantiated
by many researchers working in diversé forest types,
including Senda and Satoo (1956), Ovingtoﬁ (1957) and
Hutnik and Hickok (1967).

\Mgller (1947) showed constant foliage biomass of

Picea abies (L.).Karst. and Fagus sylvatica L., the latter

inv50—year-old stands at basal areas ranging from 18 to

1. This range corresponds with that of Treatments

2 -
35 m ha
3 to 5 in the preseht 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 véry heavy
stocking (more than 5000 s.p.ha).significantlyvdecreasedv
stand biomass of one-year-old and tdtal needles. This
stocking is considerably greater than any in the present:
study.

The foliage biomass and annual féliage production
estimated in this study are compared with selected results
from other studies of Pinus species (Table 3.12). The
maximum estimate for foliage biomass of 8.9 tonnes ha—1
is slightly less than the weights estimated by Willx(i964)
and Forrest and Ovington (1970) of 9.0 and 9.2 tonnes ha™
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
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of 32.9 mzha_1, equivalent to Treatment 5 in this study,
though 11 years younger. Forrest and Ovington considered
that after the 10th year foliage biomass was fairly constant
from year to year at just less than 10 tonneé ha—1, withb

possibly a very gradual decrease with time.

TABLE 3.12
Foliage biomass and annual foliage production in plantations
of Pinus species (tonnes hafj and tonnes ha,"1yru'1
respectivelyl‘ :
Annual
Species Biomass Production Reference
g.sylvestris‘L. - 2.9 Ovington'(1957)
: 1"
" 5.0 - Moller (1947)
o 7.3 - Ovington and
‘Madgwick (1959)
P.densiflora Sieb. & - 1.7 Maruyama and
Zucc, : Satoo (1953)
" 5.4 - Satoo et al. (1955)
P.radiata (7yr) 11.2 4.8  Forrest and
Ovington (1970)
" (9yr) 8.4 1.5 "
" (12}7]?) 9,2 3.0 ]
" " 9.0 - will (1964)
" (23yr) 8.9 3.51 Present study-control

Assumesithe mean weight of one- and two-year-old foliage
is equivalent to amnual 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 (Madgwiék, 1970). This estimate may differ from the
actual annual production becausé it does not téke into
account factors such as any décline in the weight of
individual needles at the end of the growing season, losses
due to insects or physical damage, as well as the,yeér to

year variation in foliage production referred to earlier
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(Bréy and Gorham, 1964).

The relative efficiency of foliage in the different
thinning treatments was briéfly examined‘ﬁy relating foliage
biomass of each sample tree both by age class of foliage
and all age claséés combined to total stem volume
increment from 1968 +to 1970'(Table 3.13): the estimation of
the latter is being deécribedvin Chapter 4., Tests of
homogeneity of slope and intercept indicated that thinning
had no effect on thé relationship be&ween either the foliage
of each age class or the total foliage with the total
stem volume increment for 1968 to 1970.

| TABLE 3.13
Linear régression relationships between stem volume increment

(1968-1970) and foliage weight per tree. All thinning
treatments combined and log:log transformation.

i;iiage b S.E., a r Signif.
1 1.151 .07l ~4.020 .90 *xx
2 1.018 .065 -3. 144 .91 * % ¥
3 0.964 062  =2.793 .90 * ¥ ¥

Comb., 1.079 .067 ~4.611 . .91 **%

Assessmeﬁt of fhe interrelationships between crown,
branch, foliage and stem variables by using principal
. component analysis confirms different relationships
previously recorded in the literature. For instance,

Fielding (1960) and Bamnister (1962) noted a significant

© relationship between total number of green whorls and

stem D.B.H.0.B. for Australian and New Zealand-grown
radiata pine réspectively. Iﬁ this stﬁdy green crown
length is correlated to ‘total foliage weight at p{0.001
(cf. Senda and Satoo, 1956 ; Curtin, 1968), but D.B.H.0.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 mannef 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.
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CHAPTER 4
EFFECT OF THINNING ON STEM FORM

The terms form and taper have been used frequently to
describe the same concept (é.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 forést trees and of
the manner in whiqh stems taper is important in many branches -
of forestry including mensuration, utilization, tree
breeding and silvicultﬁre. Larson (1963a), in his review
of stem form development, commented that the most
controversial aspecf'from the forest management viewpoint
is the degree to which silvicultural operations can alter
stem form.

Any effect of thinnihg on the form and taper of
radiata pine stems might have considerable significance
for mensuration and utilization. Although Gray (1956)
studied the relationship between heightvwithin 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 hormonai

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
énd nutritional theories in combination provide a
satisfactory explanation. Duffield (1968), on the other
hand, favoured a combination of the hormonal and mechanistié
theories (which he termed a "dynamic hypothesis") as
being more realistic than any single theory. He pointed
out that researchers only recently havevcome to appreciate
the relationship between stem form andrwood 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 anq water conduction theories do mnot
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
theory, proposed by Metzger and described in B&sgen and
M&nch (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 thoee 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 Joneon (1910-1912), Wright (1927) and
Behre (1927). These workers sought to describe the
profiles of conifere 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), recogniziﬁg 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‘methqd of
collecting wood discs were described in Chapter 2.

Methods of stem analysis are described in the
literature (e.g. Jerram, 1939; Chapman and Meyer, 1949;
Husch, 1963). The technique described by Jerram (1939) to
reconstruct the growth history of sample trees has the
disadvantege that estimating meen diameter of a disc from
two measurements taken at right angles to each ether
assumes a centrally located pith. Eccentric discs and
circular discs with off-centre pith are not uncommon end,
for these, the intersectioh of the maximum and minimum

diameters may not coincide with the pith. To overcome this
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pfoblem, Chapman and Meyer (1949) 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 axeé for ring measurements., This method was
used in thé present study.

The discs were air-dried before stem anaiysis. Some
radial shrinkage, less than 2% (Booth, 1964), would have
occurred but no correction waé 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:
2. b

v© =k x (Whyte, 1971)

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 = O;v
-for a'quadratic paraboloid, b = 1; for a cone, b = 2; and
for a neiloid, b = 3.

Logarithmic transformation of the general equation gives
log10(y2) = log10k + b log10 Xx. The exponent "b" is now
given by the slope of the linear regression line and "k"
is derivable from the regression constant.

However, as "k" detefmines 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
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80% of the stem profiles examincd (Appondix 5), ﬁhut is,
scctional arca plotted against height up the stem is lincar,
an alternative method of assessing changé in tapef with
time is to assume that the boles of all trees are second
degree paraboloids and use the slope "b" of the 1inéar
regression line as the index of taper, namely:

Height in tree = a + b (Diameterz).

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 allowb
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 ffom‘the lowest three
discs were excluded from'analysis.

Thé 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 NOZFCT (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, 1969, p228) were used to défect'significant
changes in stem taper with time from before treatment
(average of 1961 and 1962 values) to 1970 inclusive.

The stem 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 proéram for computing tree volumes, as this model

was suggested by the results presented in Appendix 5.
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M.QA Results

Average stem form index was similar in all stands prior
to thinning in 1962 at the end of the 1961-62 growing season
(Table 4.1, Appendix 5), 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 4.1).

Form did mnot vary significantly with stem diametér
class either before or after thinning (Table 4.1). although
data suggest a slightly decréasing stemAform index with
decreasing stem size (Figure M.Z). No interaction between
thinning treatment and diameter class occurred.

Thirty of the sample trees retainedAtheir original
shape throughout the 10-year period (Appendix 5). The
rémdining trees except one changed from a conoidal to a
second degrée paraboloidal shape. Tree 31 changed from
a second degree to a third degree paraboloid. 1In 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 h.1), the average stem
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TABLE 4.1
Variation in stem form with thinning and tree. diameter class

Variance ratios

Thinning Diameter
Year Treatment Class " Interaction
Before
treatment - - -
196 3 1.77 N.S. 0.71 N.S. 1.09 N.S.
1964 3.24 * 1.50 N.S. 1.43 N.S.
1965 1.&9 N.S. 0.89 N.S. 0.99 N.S.
1966 3.65 % 0.49 N.S. 0.94 N.S,.
1967 L,77 %% 0.59 N.S. 0.52 N.S.
1968 L6l *x 0.60 N.S. 0.42 N.S.
1969 6.14 *xx 0.66 N.S. 0.33 N.S.
1970 4,92 *x 0.79 N.S. 0.24 N.S.
Combined
1963—1970 4.25 *% 0065 N'SO 0061 NoSo
' Source of Variation d. f.
Thinning treatmenf L, Ll
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 1961/2 (before treatmenﬁ) to 1970,
the percentage increase in mean taper ranged from 55% in
Treatment 1 to 6% in Treatment 6 (Table 4.2). This
increase of 6% for trees in the control plots is nét
statistically significant, but it may be a real effect
associated with mortality losses in 1966 and the subsequentv
light thinning in 1967 to maintain stand hygiene. Taper
was not affected by tree diameter class nor waé theré any

interaction between thinning treatment and diameter class
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The effecct of thinning on the stem taper of trees of
similar D.B.H.0.B. in 1962 is illustrated in Figure 4. 3.

Stem profile diagrams (height in tree plotted against
stem diameter) weré drawn for one tree per thinning
treatment selected at random from the 23 cm D.B.,H.0.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 stém in the more heavily thinned treatments,
and decreases doﬁn the stem in the control and lightly
thinned treatments. This finding éssists in intérpreting
the obsérved variation in both stem shape and taper
fdllowing thinhing, as differences in ring width at the
top and base of the bole obviously bring aboﬁt 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 mosf
in the more heavily thinned standé. 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 iocated
within the green crown because of the depth of crown
(approximately 75% of total height - Table 3.1) and because
the lowest three discs (to.2.5 m above ground) ;f each
sample tree were discarded due to buttswell. This may
partly explain why stem form index was vi?tually constant

under heavy thinning in Treatment 1, whereas in the less
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FIGURE 4.4 Time course of the effect of thinning on the
: profile of stems of similar D.BcH.0O.B.,
(22.0-23.9 cm class) in 1962.
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heavily thinned stands (Treutments 5 and 0) it decrcased -
with time.

Différences in the average stem form index betWeen
freatnents wonld be partlyldue to the combination of someb
crnnn thinning with low thinning in the more heavily
.fhinned treatments. In 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 averagé stem form of the stand. Although considerable
variation could be encountered in the growing condifions‘
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 nn stem
form may be accounted for by differences in the type of
thinning applied as well as in thinning grade and stem
form prior to thinning; As mentioned, crown and low
thinningvhave quite different effects on average stem form of
the stand. Dominant trees are moré likely to have deeper‘
crowns and a stem shape tending towards a conoid. Remo#al
of some of these trees in crown thimmning conld result in a
change.of avérage stem shape towards the second degree
parabolnid. ‘

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



may not change the stem profile, depending on stem shape
before thinning and the regularity of changes of diameter
up the stem.

From 1961-62 to 1970 the percentageiof stems approximating
a conoidal shape fell from 30% to 9%. The great majority of
stems approximated second degree paraboloidé (Appendix 5)
which is consistent with the findings of Gray (1956) and
Newnham (1965). B |

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 ofv
‘open-grown trees ofbfhe'same species approximated a cocnoid
or oécasioﬁéilyia néiloid. Newvnham 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 sfresseé at: the stem base are greatér, and the 1afger
- cross-sectional area at the stem base (Larson, 1969)vincreases
the tendency to the conoidal shape. Jacobs (195&), Myers
(1963) and Larson (1965) also accredited increased
increment at the stem base affer thinning, and the pbssible
effect on Stem form, to the influence of Wind.
| Mgller (1947) proposed»frequent 1ight thinnings‘to
alleviate the “*problem of increased taper dﬁe to greater
diametef growth at the stem base than higher up fhe stem. .
This proposal is reasonable as heavy thinning does produce
more diameter grthh at thé stem base because’of'closer
proximity to the greén crown and greater availability of
photosynthates (Larson, 1969).

The observed increase of average Stem taper with

'severity of thinning (Table 4.2) is consistent with the

findings of Newnham (1965) for P. sylvestris stands
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thinned using 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 iess than

14 m*ha”!

. This suggests a difference in response befween.
species,

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 steﬁ taper of trees in different dominanée
classes could explain why thinning was considefed 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 moré toltreatment 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.0,B. are closely related (Cromer and Pawsey, 1957)
and thinning almost inevitably reduces the diameter
distributipﬁ of residual trees in fhe stand.

The stem profile diagrams (Figure h.h) also indicafe
 that thinnihg éffects stem form. Under 1light 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 fhe‘more heavily thinned treatments
diameter incrément remains mbre 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 cénciusive resﬁlts, particularly as the time between each
suécessive.thiﬁning of this trial has been only two or three
‘years; The Qariation of ring widfh'at»different heights in

the‘stem,will be discussed in more detail in Chépter 56
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CHAPTER 5
EFFECT OF THINNING ON WOOD DENSITY

The effect of silvicultural techniques such as
thinning on basic wood density, which is an important
componenf in overall wood quality, has been reviewéd by
a number of workers, e.g. Paul (1963), Boyd (1967) and
Fielding (1967b). Current research in this field mostly
concerns the effects of minerél fertilizing and variation

of available growing space through initial spacing and
thinning (Eliiott, 1970a).

The‘distribution of basic density within the steﬁ
of coniferous stems has been discussed by Spurr and
Hsiung (195&) and Goggans (1961). 1In general,}baéic
density decreases with increasing height up the stem,
and, ét any level, dincreases with increasing age and
distance from pith. Ring width and percent latewood also
influence wood density. . The diversity‘of findings in‘the
iiterature 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 cérrelated with other wood properties such as strength;

maéhinability, weight, and pulp quality and yield.

5.1 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
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conventionél gravimetric methods for determining specific
"gravity and basic density were widely applied (Phillips,
1960 ; Elliott, 1960a). |

| Rudman (1968) referred to techniques using visible
light (e.g. Green and Worrall, 1964) and X-rays aﬁd visible
light (e.g. Polge, 1963) as microspectrophotometric.
Greemn and Worrall (1964) developed a téchnique in which a
computer tape record is produced of the area and
distribution of ceil walls from meaéuréments of relative
transmission of light through a stained microtome wood
section. Specific gravity and percent latewood are
estimated from fhese measurements., Besley (1969) modified'
the technique by»using reflected light which allows
direct scanniqg of smoothed increment coreé of diécs.

Three radiation techniques have been evolved for
measurement of wood density: (i) beta-ray e.g. Cameron,
Berry and Phillips (1959), Phillips (1960). (ii) gamma-ray
e.g. Loos (1961), Jurasek and Zokel (1963). (iii) X-ray
e.g. Polge (1963, 1965, 1966), Rudman et al. (1969).

Each of these techniques assumes that in a éample of
uniform thickness and moisture content the amount of
radiation absorbed is directly proportioﬁal to wood
density. The thickness of samples using the beta-ray
technique ranges from microtome sections (1AC source)
to sections approximately 12 mm thick (9O$'source). The -
1“0 isotope haé relatively low penetration, and the sample
is passed between the source and a scintillation probe
to obtain particle counts whose variations are converted
to a continuous record of wood density variation.

Gamma-rays penetrate better than beta—raysbso wood
sections as thick as 6 cm may be used (Loos, 1961).

. The X-ray technique is based on radiographs of the



‘"wood samples. Variation in optical density of the sample
images on the X-ray negative is converted to a continuous
‘recdrding of wood density by a double-~beam recording
micrbdensitometer. The‘relationship between wood density
and optical density is approximately linear when using
low energy or "soft" X—fays ovef a range of approximately

0.2 to 0.9 g cmm3

. Polge (1965) has described the
theoretical backgrdund to the technique. The samples can

be either increment cores or machined specimens of

standard thickness cut frdm larger blocks.

Rudman et al. (1969) described a practical method of .

X-ray densitometry developed at the Australian National
Universiiy. thef 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
ﬁéss the film and wbdd sample at a Qonstant rate past a
stationary X-ray source. .

Harris énd Polge (1967), Phillips (1968) and Polge
(1969) compared the beta-ray (9oSr) 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

sections and the 1L‘C isotope, comparable to results using

the X-ray technique.

Polge and Nichélls (1972) discussed choice of 
parameters using these new radiation methods, and
concluded that maximum and minimum density and ring width
afe 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
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horizontal line to'di§ide the spacé under the dehsity
curve and abové the minimum density level into two equal
;reas. 'Nicholls.and Brown (1971)‘déscribed an alternative
method in which a triangle is constructed equal in area
to thé afea under the density curve.

Thc most cbntroversial of the parameters measured
uéing radiation techniques is percent latewood. Green and
Worrall ‘(1964) and Elliott and Brook (1967) suggested the
earlywood-latewood boundary should be halfway between<the
first=formed eariywodd and the last-formed latewood.
Similar suggesﬁions were made by Harris (1969) with his
"latewood ratio" and by Nicholls aﬁd Brown (1971).‘

Phillips (1960) suggested that percent latewood .
should be the ‘proportion of the ring having density
'-greater than a specified figure, and Rudman (1968) and
Brazier (1969) also considered that division of the riﬁg

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-pitli
suﬁples from éach disc of wood taken at 4% levels of
total height were described in Chapter 2.

Wood density was assessed using the X-ray densitometry
technique developed by Rudman et al. (1969).

Each radial bark-to-pith segment was re&ﬁced to a 1 cm.
square cross-section ensuring that the radial axis was
aligned at right angles to the direction of the‘grain. The
sémple was then extracted for eight hours iﬁ a Soxhlet
apparatus containing a 2:1vbenzene—alcohol mixture to

remove the extractive contents.



Samples were vacuum—drigd for approximately 24 hours
and then plaéed 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 i 0.5 mm in the radial longitudinal
direction and returned to the desiccator until removed
for X-raying. |

The_procedﬁres recommended by Rudman et al. (1969)

to minimize errors were adhered to. Two cellulose acetate

working standards ("step wedges") were plébed with the
wood samples on each X;fay film. Samples Qere kept at
least 4 cm from the edge of the film. |

'The manual techniques used for developing the X-ray:
films occasionally fesulted in variation in the amount of
blackeningpbn the plates and therefore variation in
optical density. Where the'variétion of the baseliné
(i.e. the amount of blackening on the backgrouhd_of the

film) exceeded b 3 mm, the samples were X-rayed again. A

Vproportional.correctionbwas made in'measuring height abové

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 machiﬁe
~response characteristics. A constant scanning beam of
0.18 x 1.0 mm and a constant scanning speed were usgd to

ensure that any error incurred was constant.

;

6L.

The technique of measuring the wood density parameters

involved: (i) measuring the height above baseline of each
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step of the step wedges and plbtting these values against
the known density values - 0.229, 0.344, 0.468, 0.592,

3 for steps 2-7 respectively.

0.717 and 0.867 g cm™
| (i) 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 represenf the area
under the curve of the density tracing, based on therleVel
of minimum aensity-(Nicholls and Brown,v1971; Figure 5.1).

(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

1}

maximum‘ring density
m = minimum ring density
Nichollé and Brown (1971) claimed their method was
"precise". The precision was checkéd'by measuring both a
narrow aﬁd‘a wide ring several times; mean density béing
calculated on each occasion. The coefficient of wvariation

was calculated and substituted into the equation -

2
n= (%)
- e
where n = nuaber of measurements
i ¢ = 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% for the narrow ring and 2.5% for fhe wide ring. These
crrors werce considered acceptable considering the many

factors which influence wood density.
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Maximum
Density : o
Y n
Density
w Range ’

m
Minimum
Density

Mean density =-¥ (M=m) + m

Percent latewood =-¥ x 100%

FIGURE 5.1 Method of calculating mean wood density and
percent latewood (after Nicholls and Brown, 1971)



Percent latewood, equivalent to the "laté wood ratio"
of Nicholls and Brown (1971), was calculated from the
equafion: Percent latewood = ¥ X 100%.

This method is independent of variation in density at
differeht 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 deriyed for
each sample tree were minimum, maximum and mean ring
density, density range, ring width and percent 1atewood.

Samples were taken from the outer 10 or, where less than

66.

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 anélysis of covariance using
NO2FCT (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 (AppendJ=l2L The data enable
an examinatioh of the effect of thinning and size of tree
(pased on the 1962 D.B.H.0.B. classes) on the a?erage

1
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 1961 and 1962 growth sheaths.

5.3 Results

Both thinning and position in the tree (using thé word
"position" because both height in the tree and distance from
ﬁith are in;olved) significantly affect (p&{.001) each of the
six wood density parameters studied. In addition, the
interaction of these two factors is significant (Table 5.1).

All parameters except ring width exhibit a similar trend
of increasing values with increasing stand densitf (Figures
‘5.2.to 5.7) The effect of thinning on maximum ring density .
may be overridden by environmental effects such as the 1967
drought (Figure 5.2), whiie minimum density was not affected
(Figuré 5;3). The notabie feature is the marked drop in
maximum density in 1968 following peak values at all 1eyels
in the stem during 1967. The increase in minimum density
becomes less pronouncéd with increasing height in the stem, -
and at loﬁer levels, becomes more pronounced with time.
Density raﬁge exhibits a poorly defined trend, evenrthough
tending to increase with stand density (Figure 5.4). The
density rénge 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 5.5). Percent latewood increases with decreasing
severity of thinning, mainly in the lower bole at less than
40% of total height (Figure 5.7). 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 5.6).
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Variation in wood density parameters with height in stem
Data grouped by 10% levels of total height.

and thinning.

. . 1
Variance ratios

Year 1963 1964 1965 1966 1967 1968 1969 1970 Comb.
MAXIMUM DENSITY
Thinning 11.8 10.8 26.4 29.1 10.2 6.0 11.6 59.7 36.7
Height 9.6 14.8 25.0 14.2 8.0 1.6 5.7 5.3 25.1
Interaction 1.8 4.3 3.0 1.1 2.8 1.0 1.8 1.4 1.7
MINIMUM DENSITY
Thinning 3.6 3.7 11.2 16.5 17.7 23.2 37.6 39.0 38.2
Height 11.6 4.5 40.8 7.6 16.8 13.3 8.8 5.8 25.4
Interaction 1.2 1.3 0.7 1.1 1.4 2.7 3.4 3.2 2.1
DENSITY RANGE
Thinning 13.1 4.4 18.2 32.6 4.6 26.4 1.9 1b.1 14,7
Height 9.2 12.3 23.1 11.2 4.3 3.6 5.3 2.4 i5.2
Interaction 1.8 A4 2.6 1.0 2.6 1.4 2.4 1.9 1.8
MEAN DENSITY
" Thinning 4.3 9.6 18.0 41.8 22.7 10.0 47.6 62.2 53.5
Height 3.2 7.8 15.9 17.8 10.2 3.9 9.5 15.8 23.2
Interaction 1. 2.1 0.8 1.6 3.1 1.4 3.9 2.8 2.3
RING WIDTH
Thinning 30.2 45.3 47.2 83.5 65.5 170 76.1 221 96.1
Height 3.8 5.6 4.9 13.8 10.4 9.0 1.0 21.7 8.2
Interaction 11.7 14.0 19.4% 13.3 19.1 6.2 13.8 2.2 24.2
PERCENT LATEWOOD , |
Thinning 9,1 1.8 8.2 3.8 10.8 38.3 19.7 9.1 13.0
Height 8.5 10.8 1.9 17.2 3.4 12.6 5.4 11.3 11.8
Interaction 2.4 2.3 2.9 2.0 4.6 2.0 3.6 2.6 5.2
! Source of variation da.f. p= .05 .01 .001
Thinning treatment b, Ll 2.58 3.78  5.62
Height in tree 5,44 2.43 3.46 5.06
Interaction 17,44 1.86 2.42 3.28

Thinning has no significant effect on maximum ring

density and density range.

However, differences in minimum

density are significant between treatments at p ( .05 (due

to the 1968 and 1969 figures), as are differences in percent

latewood (due primarily to the 1968 figure).
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With increasing height in the stem, the values of all
parameters except ring width decrease. Maximum density
decfeases above 40% of total‘height. The density rangé
tends‘to decrease slightly in the upper bole, at 80% of total
height. Percent latewood decreases to the 60% level.

The effect of distance from the pith at different
heights in the stem differs with different variables.
Maximum and minimum density inCréase with increasing distancé
from the pith in the upper levels, from 60% of total height
upwards. Mean density increases with increasing distance
from the pithvat 40% of total height and above. Density
range exhibits no clear trend, and is largely unaffected by
_increasing ége 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 highér levels in the stem, with the effect most marked
in the control and lightly thinned stands. The average ring
h width in the 1970 growth sheath at different percentile |
heights; for eaéh 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 result from machiﬁe résponse characteristics»of the
microdensitometer because the growth rings were Very narrow.

The 6verail 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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TABLE 5.2
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Variation in wood density parameters with thinning and
stem size class.

. . ' 1
Variance ratios

Average for each growth sheath.

Mean ring density differs significantly overall at

p .01, with treatment having no effect until 1966.

Year 1963 1964 1965 1966 1967 1968 1969 1970 Comb.
MAXIMUM DENSITY SR
Thinning 2.08 0.37 1.27 6.40 0.21 1.54 0.74 1.73 1.05
Size class 1.23 0.25 0.61 0.46 0.58 0.25 1.83 0.51 0.28
Intreaction 0.46 0.63 0.67 2.03 0.83 0.26 1.01 0.93 1.20
MINIMUM DENSITY |
Thinning 0.8 1.33 0.22 2.23 2.11 2.74 3.86 2.33 2.78
Size class 0.44 2.43 1.95 1.01 0.51 0.97 0.62 0.53 0.97
Interaction 1.03 0.61 0.68 1.37 1.12 0.61 0.40 0.30 0.70
DENSITY RANGE
Thinning 2.44 0.18 1.55 4.32 0.46 2.72 0.53 0.20 0.71"
Size class 0.79 0.35 0.99 0.49 0.39 0.51 0.56 -0.23 0.12"
" Interaction 0.38 0.80 0.67 1.73 0.87 0.23 0.52 0.60 - 1.00
: MEAN DENSITY
Thinning 0.87 0.85 0.79 5.74 3.25 1.42 6.31 5.63 4.16
Size class 1.45 1.47 0.72 1.37 0.35 0.19 0.80 0.82 0.89
Interaction 0.40 1.03 0.90 1.76 2.01 0.68 1.11 0.51 1.18
RING WIDTH
Thinning 17.8 16,5 21.7 28.1 14.7 19.3 10.2 9.8 20.4
Size class 1.14 0.99 0.92 1.37 0.66 0.88 0.59 0.50 0.87
Interaction 0.75 0.83 1.08 0.96 0.91 0.52 0.64 0.93 0.77
PERCENT LATEWOOD' | | |
Thinning 3.16 0.36 3.76 1.91 3.62 7.68 2.47 0.81 3.70
Size Class 1.05 1.01 0.04 2.58 0.30 1.82 1.38 0.29 1.38
Interaction 0.55 1.19 0.52 0.57 1.08 0.88 0.47 0.71 0.57
' Source of variation  d.f. = .05 .01 .001
Thinning treatment L, Ll 2.58 3.78  5.62
Size class L, LYy 2.43 3.46 5.06
Interaction 17,44 1.86 2.42 3.28

(Figure

5.10). 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'(.oo1)
occurring imhediately after the application of treatment
(Figure 5.11).

Of the six parameters studied, the trend with five 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 andbdensity range
ﬁas overridden by the adverse environméntal effects of the
1967 drought, in whicn both wvariables incfeased in all
tréatments and differences between treatments werebaimoét
eliminated. 1In contrast minimum density was not affected‘by
the drought. |

The average parameter values of each growth sheafh
exhibit varying trends with increasing time after treatment.
Minimum and mean density increase with time, while'there is
no clear trend in maximuﬁ 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 1963, then increases
with time. |

The effect of thinning on wood density does not vary
with tree size class (Table 5.2) which suggests that frees in‘
1diffefent‘diameter classes react similarly to changes in
stand denSity. The interaction between thinning and size

class in all instances is insignificant (Table 5.2).

5l Discussion

| There ié 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 densitometric

method, either at the Forest Products Laboratory of CSIRO
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of at tihe Australian National University: th0>Forostry and
Timber Bureaﬁ has recently acquifed 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 corrcsponds
to the findingé of Harris (1969) and Nicholls and Brown (1971)
that:iﬁ radiata pine maximum density increased thrdugh
successive growth rings in at least 12 rings from the pith.
Even though samples were taken at aifferent heights in
the separaterstudies, comparisons are possible.

Nicholls (hnpub. data, quoted by.Nicholls and Brown,
1971) found in both a 27- and 29-year-old radiata pine free
‘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_3 and at the
86% ievel was .07 g cm_B, a decrease of 11%. HOWevér, most
of the decrease occurred in the upéer half of the stem above
the L40% level of“total height. Part of fhevdeérease'with
increasing height up the stem would be due to differenceé
of physiological age in the cambdium.

Thinning héd 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 unaffecfed by treatment‘ 
in mature P. pinaster. Presumably some of the variation
may be accounted for by differences in species ana climatic
conditions. For radiata pine, Harris (1969) and Nicholls
and Brown (1971) showed that values of thé 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 vefy:small e.g. the 60% level in'Figure 5.3, from
1961 to 1967. The slight decregse of maximum density at
breast’héigﬁt (Figure 5.2) agreed with the findings‘of
Harris (1969).

As a more uniform raw material is easier to process,
density range is economically important. The fihding that,
overall, thinning had no effect on dehsity range is
significént. The differences in this parameter at different
heights in~the stem exhibited an ill—defined trend |
(Figure 5.4).

" There Qas no evidence of reduction in mean.density
after thihning, even though percent latewood decreased in
Treatments 6 and 6. Larson (1963a) suggested basic density
decreased initially after thinning because of increasing
xeéplywdod production (i.e. é reduced percent latewood
résults). The increasing mean dénsitvaith increasing
age at a giﬁen height in the tree (Figure 5.5) corresponded
with an increase in percent latewood (Figure 5.7). A
similar pattern has been observed in other Pinus épecies
e.g. Larson (1963a), Paul (1963). At 80% of total height
(Figure 5.5), ﬁhere the data are from rings near the pith,
mean density_decreased slightly from the second to the foﬁrth
groﬁth ring from the pith (1964-1966) and then ihcreasedb
with age. Nicholls and Dédswell (1965) reported a similar
trend.

Within each growth sheath, the cambia decrease in
physiological age with increasing height in the stem. A
valid comparison between thinhing treatments of the
average values of the six wood density pardmeters is
possible, because the groﬁth sheath formed in a given
ycar in treces growing under different stand densities

includes a similar range of physiological ages. The increase



.
in avérage‘parameter value with fime is due to data coming
from fewer rings of crown-formed wood and more rihgs of
maturé 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,j
increasing with stand density exceptrat the 80% level of
total height (Figure 5.7). The decrease in percenf.
latewood from 43% at breast height (a1l freatments
combined) to' 32% at 80% of total height agrees with
‘Larson (1969), Qho also states that near the stem apex
latewood formation ceéses. Zahner (1963) proposed that
differences in percent latewood can result from‘variafibns
in basic density. The large amoﬁnt of variation in percent
latewood 'in the 1968 growth sheath boﬁld be accounted for
by this exijlanation. Edlin (1'965) commented that the
reasons for variation in latewood between species, within
species and at differént heights in fhe stem are either
unknown or else are imperfgctly understood.

: Ringbwidth was more affected by thinning than was

any other variable tested. It responded to all thinning
grades, particularly the more heavy, soqn‘after treatment
(Figure 5.9). Jacobs (1962) reported a similar finding.
Turnbull (19&7) and Larson (1957) éoncluded that rate of
gfowth, based on ring width measurements, did not determine
the basic density of wood formed in any particular year.
Fielding and Brown’(1960) found rate of growth has either

little or mo effect on specific gravity, or else has a



small bﬁt‘significant effect because of the'gféat variation:
in the genus Pinus and the diverse environmental conditiéns
“encountered. According to Turnbull (1947), age is the most
important factor affecting basic density. The results of
this study indicate that wood of higher dehsity is formed.
below the region of the crown, and outside the rings formed
close to fhé pith. This sﬁggests that the increased
density'is-a function of.age’and;position}in the stem.

The patterns of.variation in éverage ringAwidthAat
'diffefent‘heights in the'stem, for the 1970 growth sheathy
-1ndlcated that maximum ring w1dth occurs in the mid-upper
crown (Flgure 5e 8), where the maximum concentratlon of

foliage is found (Figure 3.5).
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CHAPTER 6
INTERRELATIONSHIPS AND GENERAL, DISCUSSION

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

.Larson (1962) has emphasized the role ofithe green
crown in the physiology of wood formation.v Generally;
environmental factorsihave,é direct effect on cambial
acfivity ohly uﬁder 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_v
wood formation is influenced‘indirectly; |

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

Thinniné 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 002. It may result in optimal metabolic activity.
IlHowever, th; 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 indi#idual 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 cdmponent analysis, and the overall findings of

the study are discussed.

6e1 InterrelatibnShips between Crown, Stem and Wood Density
’ Variables : -

.The crown variables selected for thelprincipal
component analysis were those significantly affected bf
fhiﬁning, namely, height to the lowest green whofl, chwn
' 1ehgth, total number of brancheé, total cross-sectional
area.ofbbranches,.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 (Appehdices 5 and 6 respectively).
Taper increases with decreasing index falue. The Wood
density paramefers includéd mean density of the ring, ring
width and percent latewood, the data being means of all
heights.sampled in the 1970 growth sheath of eéph treé
(derived from Appendices 10-12).

The matrix ofrcorrelation coefficients for tﬁe
‘different combinations of variables'(all treatments combined)
highlights the interrelationship of crown, stém 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 DB indicate that these are the most influential qf’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.0.B., D and stem taper, as well as with the two

B’
crown variables mentioned above.

There“{é no reasonable explanatién for the strong
correlatiori between stem form index and stem taper indéx;
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 variabieé contribute most to
each éomponént (Table 6.2). These are totai cross-sectional
~area of tﬁe branches, total foliage weight, and crown length
among the»crown varigbles, and D.B.H.O.B.,»DB, stem tapér
and‘meah ring width among the remainder. Percent iatewood’
Vand ﬁean 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
accountlfor-SS% of the total wvariation. |

| T-tests were used to détermine the effect of thinning
- on the inferrelationship between crown, stem and wood
denéity variables (Norris, 1971), results of which are
given in Table 6.3. The'tests.weré based on values describing
the position of each sample tree in the multidimensional
épace definediby the principal components, and calcuiatedk
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 first principal component,
cxcepting Treatments 3 and 4; the greatest difference
6ccurring between Treatments 4 and 5 (23.0 - 29.9 mzhat-'1 énd
27.6 - 34.5 mzha—1 respectively). Differences between

successive treatments are not significant for Component II

and are only significant for Component III (p ¢ .05)
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TABLE 6.2

Eigenvalues and associated
correlation coefficients b
and wood density variables

eigenvectors derived from
etween selected crown, stem

80.

Principal
Component I IT ITT IV Vv VI
Eigenvalues 7.99 1.34 0.91  0.60 0.49 0.37
Cumulative % of , _
eigenvalues 66.5 77.7 85.3 90.3 94,3 97.4
% eigenvalue in '
each component 66.5 11.2 7.6 5.0 L.o 3.1
Variables Eigenvectors
Mean ring density -.19 .53 -.12 -+53 ~-.16 .60
Ring width | .33 -.09 -.04 -,18 .10 .1
Percent latewood -e17 .63- F,2O -.14 .37 -.58
Height to lowest . | | -
whorl -.28 -.28 .13 -.15 .61 L .22
Crown length .31 21 =.17 .04 -.38 -,18
Total number of v , : | .
branches .20 .36 -.42 .61 ol .32
Total branch cross- v i
sectional area .34 .05 .01 -.e17 .18 -.08
Total foliage weight <34 .05 .02 -.14 .16 -.0h4
D.B.H.0.B. .34 -.09 .06 -.27 .18 .05
D, | .35 .02  -.03 =.15 -.02 -.03
Stem taper index -.34 .07 -.13 - .14 -. 17 -.06
Stem form index .16 .20 .84 .32 ~-.12 .30
, TABLE 6.3
T-tests between thinning treatments of coefficients derived

from principal components

analysis.

Component t-values
Thinning
Treatments I IT IIT
143 2.49 % -0.46 N.S. 3.20 *
3,4 0.64 N.S. -0.96 N.S. -1.33 N.S.
h,5 Fo 4l *x% 0.96 N.S. 0.48 N.S.
5,6 2.42 % 1.28 N.S. -0.86 N.S.
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bétWeén Tréﬁtmenté'1‘and 3 dué to differeﬁces in the stem
form index;

V Over a wide range of basal aréas (from appfoximately
11.0 to 30;0 mzha—j) growth of the crown and stem is
suchjfhat péfémeters are related in a similar manner.
Thinning'affects'the inferrélationships between branch
cross—sectional area, foliage weight, aﬁd’measures of

stem size and taper at basal area levels above 30 m ha .

6.2 General Discussion

The 23-year-old radiata piné stand studied, in the
Green Hills State Forest near Tumut, hds stand density
as the>6nly'variable. The site and general environmental
conditions ape uniform. The frees include a wide,range‘éf
genetic variability because their origin was seed ffom
silvicultﬁral thinnings. Each of the six thinning
treatments has four réplications, which is uncommon ih‘
experiﬁénts.in stands of this age. A large stratified
randqm sample (a miniﬁum 10% of standing trees) was taken
from each tredtment.. Thus the source of.materiél is most‘
suitable considering the objectives of this study.

_The.data, which include parameters of.crown structure,
stem form and taper, and wood,densit&;‘weré used to study‘.
tree growth following thinning in this stand. The résults
generally should not be extrapolated to stands on different
Site qualities. |

In deciding which crown parameters to measure, crown
width'was cxcluded because observations indicated that
large or?ors were likely in estimating this parameter in
the control and lightly thinned treatments. Thé crown
parameters included in the study (Table 3.1) allowed

precise measurcment.



‘The strong relationship bétweén foliage weight dnd.
branch cross-sectional arca was based on large nuhbérs
:of samplé branches inAoach_dccilo height stratum of the
" different treatments. Considerable variation was expected
in fhis relationship in»individual branéﬁes,.because of the
nﬁture’of the green créwn. Tﬁe association éf a branch
with othor bréﬁchos'in the same crown and néighbouring
cranS'reéulté in‘differences“in the amount of light
received,swhiie branchband foliage.age aré also involved.
Consequéntly5 the contribution of an individual branch to
étém grOWth isvdifficult to aésess, and estimates of
foliage‘weight in the crown must include some errors.

The stem analysis data used to sfudy stem form and
taper were precisely measured to an accuracy of 0.5 mm. The
anaiysis was based on the main>stem above the region of
buttswell (2.5 m) cven though thé latter contained 25% of
stem volume.

The wood density data were heasured using the very
aécurate X—fay densitometry technique, the major disadvdntage
of which'is-the time taken to obtain each measﬁrement. The
data, which came from wood samples taken from the north—point
of  the stem to the pith, would have errors»of méasureméht
lesé than the variation found around the stem at a given
height (Taras, 1965). Fielding (1967b) commented that
roéuits of thinning studics are oftoﬁ confusiﬁg bécausc of
‘complications due to rcaqtion wood fTormation. -~ In this
study, the problem was not encountered because any
compression wéod forms on the uhderside of the stem, away
from the prevailing north-westerly winds in the Tumut‘area.
(Brown and Hall, 1968), to compensate for the general lean
of' the stand to the south-cast. 1In addition, the presecnce

of compression wood would be obvious using the X-ray
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‘densifométryvfechnique bécauée ofvaiétincfiVe density |
patterns.
" In general, the sources of error- in the data wefe

rclutivciy limited.

Certain crown and stem characteristics such as total
tree height generally afé indépendent of stand density
(bell and cqllicott; 1968). 1In the‘23—yea?—old radiata
pine stands studied, thinning treatment had no effect 6n
variables such as total height, the number of green whbrls
per metre of crown length and the number of gréen_branches
‘per whorl (Table 3.1). The laétvtwo parameters are»under
strong genetic control'(Fielding, 1960; Forrest and
Ovington, 1971)¢ However, sigﬁificant differences were
obvious betWéen thinning treatments for such chéractetistics
as the total number of green whorls and branches per‘trée,
the height'to'the iowest green whorl,,qrown length and
crown length ratio, and total and mean branch cross-
séctional area and méan branch diametef. The most marked
différénces pécurred between the modefately thinned
Treatment 4 (23;0 -~ 29,9 mzha-1)'and the lightiy thinned
Treatment 5 (27.6 - 34.5 m“ha™ ') and also between Treatment
5 and the "unthinned" control at 46 mzha—1. At lqwer stand
vdeusitios these same variables were unaffeéted‘by treatment.
‘Thus progressi?oly intense thinning results in increasing

offect on several cfown characteristics, but only to a stand

density of approximately 30 mzha-1. Thinning beyond this

density has little further influence on ény,crown paraheter.'
In the managemenf of Australian radiata pine

plantations, it is common for stands in the 15-to"25;fear

age class to be thinned to approximately 20 mzha.“I (FOrrest,

pers.comm. ). Generally accepted lower limits of standing

2 — .
basal arca range from 23 to 30 m ha ], depending on age



and site qﬁality (Shephérd} 1970);‘ Treeé grown at such
stand densities would have crowns which differ markedly
from theicrowns of trees gfowing in unthinned stands. A»
moré intense thinning to stand basal.areas les$>than 23.
mzha_1'presumably woﬁid have little effect on crown
characteriétips.

AS arrésulf of_moderate or>heavy thinning, crowns
iengthehAas the upward recession of theAlive branches
decreases;‘the size of livé branches increases and their
distribution in the érown changes particulafiyAin the
mid-upper ctown 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 fullvsunlight_
irrespective of stand density. The lowest branches, below.
50%.0f the totél height of approximately'28 m, have pfesumabiy
déveloped,undef full sunlight then tended to become moribund
vunder low light conditions prior to thinning. These branches
femain'partly shaded because of higher branéhes in that
crown and in -neighbouring crowns, although shading is least
in the open, most intenSively thinned stands. The branches
grqwing in the mid-upper 2zone may or may notvreCeive fqll’“;'
light depending on stand density.

- The size increase in 1ivé branches after thinﬁihg ié
greater with increasing severity of treatmenf. The foliage
weight per branch was closely corfelated with branch cross~ -
sectional area (Table 3.3) with the reiationshipAbeing )
independent of thinning although variation was evident between.
different levels within the canopy at different stand densities
'In addition the cross-sectional érea of all green branches per
.tree was closely correlated with the bdle cross-sectional area
at crown base, as suggested by Jacobs (1938), and this also’

' was independent of thinning treatment (Figure 3.1).



vThe ionéévity‘6f‘the lower branches was increésed 5y
thinning, as suggested by the presence of a higher
proportion of thfee—year and older needles on branches-
from trees in the more heavily,thinned tredtments
(Appendix 3)¢ Crown length increased with intensity of
Athihnihg. _The:relationship betﬁeen crown length and
D.B.H.0.B. also differed between treatments mainly because
of the effeét'of differences in the rate of érown recession
éfter thinning. | |

The gfowth patterns éf wood as interpreted froh the
basic data are similar to those deécribed by Larson (1969).;
The majbr changes in wood formation occurred in the
lower stem bclow the green crown. Some variation was
Vobéer&gd'in fhe base of the green crown, beneath the most
activé'branches. The actual height of the most active zoné
varies little between thinning treatments. As branches in
the upper crown carry a gréater percentage of more
efficignt foliége than branches in the lower crown (Wood,
1969) and from 34% (Treatment 1) to 55% (Treatment 6) 6f_the
total fo1iage weight (Appendix 3),.it is probable that
leaves ofithose branches have a major effect on wood
formation. Larson (1969) commented that "..... acéumulated
~evidence strongly suggests that the foliar organs regulate wot
formation dﬁring 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 fhe bole. The increase in diametér growth is
throughout the bole but dependent on stand density. At
the basc of the stem, the average ring width increases
with @hinuinﬁ grade; at breast height the average ring widths
for the 1970 sheath of trees in Treatments 1 and 6 are 0.90>>

and 0.30 cm respectively (cf. Jacobs, 1962). The maximuin
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width of ring in the 1970 sheath OCCurréd Between 70% éndﬁSO%u
of total height in all treatmenfs (Figure 5;8). These levels
correspond to the greatest concentration of foliage ;n the
vcfown (Appendix 3) in ail treatments. This contrasts with
the findings- of Blnlsgen and Munch (1929) and Duff and Nolan
(1953) that maximum ring width‘was immediately below the
crown. Hall (1965) found maximumkying width at’fhree-
quarters of crown depth, which presumabiy was near the
occurrence of maximum foliage concentration in the croﬁns
of the P._resinosa trees of his study. |

Thus riﬁg width decreases with distance below the
position of.méximum ring width in all thinningvtreatments,

- the greatest decrease being found in the contrdi dndA. |
lightly thinned treatments (Figure 5;6). 'The'vafiation in 
wood properties (Figures 52 to 5.5, 5.7) occurs bel&w

this level. Wood production is relatively uniform betﬁeen
treatments in the upper part of.the stem, because at thcv
80% ievel-of total height, in the region of the actiﬁe
crown, thinning has no effect as branches are_iﬁ fuil/
suniight.

The 23-year-old radiata pine trees exhibited the'genefai
tendency of the species for mean density to decrcase with
inéroasing height in the stem and to incrcuse with
lncrousing distance from the pith at any given height
(u.g. Elliott, 1970&). The influence of incrcasing age
and distance rfom the pith was therefore evident. Wood
formed in the region of the crown was df.lowcr density than
wood formed below the crown and outside thé juvenile core.
Within the green crown, wood properties were relatively
uniform over all stand densities (Figures 5.2 to 5.7).

.Trees in the most heavily thinned stands have a

larger amount of juvenile wood in the upper crown
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(Figure.5.5) and‘a Smallef percent latewood in the léwer
‘bole (Figure>§.7) than trees in the control or lightly
thinned stands. Larson (1969) suggested a gradual 1atewoqd'
tranSition zohe is found in the stem of more open-grown
trees while in‘more closed sténds'the latewood transifion
is more abrupf, i.e. the type of iatewood tracheid Changes.
Sténd density éffects'wood:quqlityiby gradual chénges in
érown sizé,_structure and efficiéﬁcy. *Larsonl(1962) thought
that through thése changes in the crown a large amount of
the Qariability in wood quality can be interpreted. The
intenéity of thinning determines tﬁe degree of response to
treatment. | | | |
| ‘Hence each of the six wood density parameters meésured
(maximum, minimum.and mean density,'density range, percent
latéwood and ring width) weré influenced by thinning
treafment whén height within the stem was considered.
Significant differences were found between thinning
treatmehtS'and betweeﬁ'd;fferenf heights in the stém and
there was signifiéant iﬁteraction between the two factors
(Table 5.1). Variation in wood properties at ‘differjent
"leveis within the crown is associated w{th corresponding
variation in crown parameters as a response to thinning.

The relationShip between.the crown, fhe stém and bole
wood is extremely compleﬁ aﬁd‘not amenable to simple
description. - For example, unless the state of health and
relative‘officiency of.the individual branch are known, it
is difficult to assess the contribubion of that branch to
stem growth -« the fact that the needles are still green doqs
not mean the branch is contributing. At ahy height specified
in the tree branches of the same cross—sectional area may
carry the same weight of foliage, but contribﬁte quite

differently to stem growth (cf. Labyak and Schumacher, 1954),
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depcndihg on the amount of light received and»needle'aée.
Thus the influénce of the individual branch on stém.growth‘
.isAdetefmined by position of the branch in tﬁe créwn, the
~efficiency of the foliage, and geﬁefal environmental
cénditions. |

The patterné of wood density.distribution in one
randomly seleqtéd tree of the 22.0 to 23.9 cm D.B.H.0.B.
lass (1962) frém each treatment were plotted on the stém.”
‘ pfofiles from 1961 to 1970, taking each sécond growth |
'Qhéafh'(Figure 6.3). Theée five7frees had é second‘degree.
- paraboloidal shape before treatment and maintained the
‘same shape afterwards. The data suggest that the tree
meeﬁs ifs,strength requireménts by producing a smaller
;volume of high density wood.(e.g. Treatment 6) or a
-larger voiume qf low density wood (e.g. Treatment_1), as
‘postulated by Trendelenberg (i932, 1935), Schniewind (1962)
" and Doerner (1964). The wood density of the stem and 5trength>
properties are closely related (Fielding, 1967b).
| ‘The effect of thinning‘on stem form and taper is mosf‘
interésting. " The average stem form index decreased after
treafmént, and the shape tended'towards.the second degree
‘ éaraboloidal‘shape postulatéd by Gray (1956)£u'0ver the
10;year study.périod, stem shape approximated a ‘second.
degree parabolbid in 83% of fhe_profiles examined. Prior
to thé first thinning at age 15 years, the shape of the
" larger treeé_in Treatment 1 was closer to a conoid, while
thé othér trees tended towards the second degree
paraboloid. Many researchérs have found that stem.shape
within the green crown is approximately conqidal (carron,
2i968), and this is suppofted by the present study, because
in Treatﬁept 1 most sample discs came from the region of

" the crown. Trees in this treatment tended to retaih a‘
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uniform'stém form indéx because thinning delayed the’
recéssioh of the crown and the distribution of sdmples_froﬁ
Qithin and beloﬁ thegréen érown remained relatively constant.

| The cﬁbic paraboloidal shape propqsed by Metzger.
(B&sgen and M&nch; i929);the propoéal has had considerable
support in the literature (e.g. Assmann, 1970) - was found
after thinning iq a single tree (Tree 31) which came from
Treatment 5.
Petrini (1921) had suggested a stem equation

comparable to the one used in Chapter 4, viz.

v = k x° (Whyte, 1971)
where y = radius 6f cross~section at x
x = distance from apex
k = a coﬁstant
b = the stem form index..

The results of this study égree with Petrini's suggest;on
that the power value “b" describing the stem shépe was
rarely a whple number (Appendix 5), 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 buttsweil. Ip this study buttswell
effecfs were obvious to approximately72.5 m above ground, |
oVef the rénge of treatments. Above the buttswell, the
main part of the bole has generally been considered a
second degree paraboloid, whiie the section of the stem
in the upper crownvis generally conoidalv(Carron, 1968).

The results presented in Chapter 4 confirm this.
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Even thoﬁgh therevdre’twé major pointstf'inflectibn
in the stem, there may be sceveral minor points. The shape
ol the stem dis (l,oL("L‘mi:nod by t.ho'- W:Ly in which cach
successive sheath is laid down along tlm. lé]‘l(fth ol the
bole (Figure 4.4). An& variation inAshape would result ffom
_ differences in ring width ét different heights in the free,
Thé‘bending forbé of the wind and the weight of the
h crown and stem producé stresses which result in redistribution
of growth along the bole. Although more fhan 80% of the
stem profiics studied weré sécond degreé paraboloids,
Gray's>(?950) theory is based on.the_tréc boingvanchéred
in a relatively weak substrate and so requiringvless stém
vdJume than the third degréé'paraboloid pqstulatéd by 
Metéger. llowever, the two control plots excluded frdm.
sampling because of severe wind damage were damaged soon
after fhe iight thinning in 1967 to maintain stand hygiene.
Tfees were broken rather than wind-throwh, suggesting that
part of the fespoﬁse after thinning is adjustment of tree1
‘'shape to counteract fhe generai ciimaticvconditiohs féund
in the arca (e.g. Jacobs,'195h), Therefore, SOvatrccs
were unable to withstand the stressecs imposcd by a severc
sform after the structure of’the canopy was changed by
thinning. The mechanistic theory apparently does notvcxplain.
all.variation fqund in the stem shape of forest trees.

There is mno evidence from the data that either
nﬁtriti§ngl gradients (e.g. Hall, 1965) 6r hormonal
gradients (org, Larson, 1963&) regulafe thé.distribution
of radial growth along the stem and hence stem form and
tapcr.v'However, these hypotheses would help to interpret
th¢ phenomenon of changes in stem-shape and taper resulting
'rom the bending stresses imposéd by the wind and the

‘weight of the tree. Duffields' (1968) "dynamic hypothesis"
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suggeétedithe-involvemeht ofvbieZOelectric effécfé as.an
extension of the auxin hypothesis.

Thinning has a considerable effect on stem taper. The
average stbem tﬁpcr of treces in both_ﬁhe thinned and the
0.61114'01 stA;é.mbds wds similar béfdre treatment. Avéru;';c taper
inCrenscd»in ali treatments,-fhe increase ranging from 55%
in the most heavily thinned stand to 6% in the control.
.Thellatter~fequired a light thinning in 1967. Although
vstem form remained constant in the nost heavily'thinned
treafment,itaper increased .considerably. |

At the standard rates of thinning employed in
Austrélian ?adiafa pine plantatiqns; viz. thinning to a.
lower busal arca limit of 23 to'BO 111211:')."1 depending on
bgitc and age (Shephdrd;‘1970), tﬁe cffect of‘treatment
on stem taper is limited (Table 4.2). |

In thé_previoué diSCQSSion, the importance of the
association between crown, stem and‘woqd density was
udiécﬁssed.‘ Thé principal component analysis‘reiatingb
yariables indicated strong correlations befween the
crown and stem (TablesbJ, 6.2),‘bearing in ‘mind that
félationships between crown sizé and steﬁ growth may
or may not give a good statistical correlufion becausec of the
vnryinﬁrcontributions of bLranches to stem growth. IlTowever,
il is bvidont‘Lho prdcesses of wood formition arc dircctly
al'f'ecetod py the sivze and efficiency of tho preen CrowU,
iwnpo the ‘ct'own and stem shape and taper are c¢loscly
velated.

"The cffect of thinning on foliage bibmass ahd stem
volume production as elements of stand growth was
considered.

In.Austrdlianfgrown radiata pine, biomass and annual

produclivity have received little attention. Fofrcst and



Ovihgfon'(i97d) sfudicd aﬁ'dﬂé soquencé of stundé ihfthe
Tumut avea Lo estimate the. l)iolo;';..i.(::tl production of the
i.(_;'till pl;uleLtjon ovosystém. - The st:’;il;ls, u,«';‘edv up Lo ’l.‘i
years, were regarded as representing. the development of
an individual stand. Dargavel (1970) esfimated the biomuss‘
of individual trees, but did not ext?apolate histfindings
. to an area basis. ‘However, no assessments had been made
of'foliagé biomasé in stands over 20-year-old; or of thg
éffect-of thinning on foliage'biomass in Australian pine
‘pldntntions until this study;

The strong correlation betwbcﬁ the weight of foliage
in the indiQiduai tree dnd stem D.B.I1.0.B. (Table 3.6)"
indicated these variables ﬁquld Be used to estimate étand
foliage biomass., This waé fogndrto‘increase with increaSing' 
stand density (Table 3.7). | |

Geﬁeiélly,*it is accepted that within certain basal
area limits the weight of foliage per hectare of a forest
stand is relatively constanf (Mgller, 1947; Satoo et al.,
1955) . Although the range of stand densities spccified by
‘ Mgllor (19&7)‘corresponds to the'basai arca range of
Treatments -3 to 5 (18.H.to 34.5 mth-]) in the thinnihg'
trial reported heré, the wcight‘of fbliage'per hectare
Qiffers significantly between treatﬁents. A possibie
explandtion for the difference in‘foliage biomass at
different stand densities is that the sténdS»iﬁ the study
were thimned évory two or tﬁree years. This is a shorter
period than the a\}cra(';e Life of the mneedles (thrcc to five
yours) w0 new loliage producced alfter tliimlin‘"; is not fully
(lc\./o.l oped. Conscquently the more heavily thinned stands may
:curry less weight of foliage than usual for stands of their
- basal area. The maximum estimate for foliagé biomass of

8.9 tonnes ha~' in the control plots is slightly less than
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the weight "és"c‘imated by Forrest and Ovington (1970) of 9.2
tonnes ha_1 for 12-year-old stands of radiata pine at a
basal afea of 32.9 m*ha”'. Forrest and Ovington suggested
that after the 10th year foliage biomass remains relatively
constant with perhaps abslight decrease with time.

The relationship between foliage wéight»per treé and
total stem volume increment from 1968 to 1970 seemed
to be independent of thiﬁning (Table B.ij). Howévér,
‘foliage weight is not the only detefminént of volume
,prodﬁgtion. The age of needles and fheir relative
efficiencies at different heights iﬁ the tree, and af
diffefent stand densities, also influence production.
Volume increment was poorest inAfhe most heavily thinned
stands where foliage biomass was least;'but increment in
.the‘unbhinnod stand with greatest foliage biomass was only
sltightly grcéter'thdn in thc'moderately or lightly thinhcd
stands. -

Shepherd and Forrest (in press) estimated mefchanfable
vélume prédpction to 10 cm d.u.b. in the study plots.
The merchantable volume increment (1968-tor1970) in éhe
control was less than inérement in Treatment 5 and
approximately‘equal to inérement in Treétment L, Howevcy,
when these merchantable Voiume inérements are reldtcd to
foliage biomass ostimatcs,frpm this study, the quuntity.
of’ 'oliage required to produce one cubic métro‘of |
mprchnntabjo wood in Trecatments 1 to 6 is 0.23, 0.21, 0.22
and 0.29 t}m‘mos Im—\-] respectively. The uhthinned céntrol
treatment is thereforc relatively inefficient as far as
merchantable volume production is concerncd. Eveﬁ a light
thinning apparently allows the foliage to be more efficient.

Shepherd and Forrest (op.cit) found that, overall, lighf

: 5 1
thinning in Trcatment (23.3 - 29,9 m"ha” ') produced the



lur{;;c.St 1116'1'0]'1:.11111:11)l(; volume o IO (‘.m':(l,v. u..l'?.'.v ‘.Aft.,o'r f-.lli‘
initial thinning in 1902 and rethinning in 1964 and 1907

the merchantable vdlume<inCrement-produced in Treutmcutslh,
5 and 6 was similar. A light thinning thcreforé,rather thin
a hcavy thinning,results.in more volume pfoduction.

- The silvicultural_ffgatments aﬁplicd to forest stands
depend ﬁcﬁorally on current management dbjectiveé, which
éhould allow a certain amount of fiexibility beéduse market
reqﬂiromonts,mﬂy change over a short time. ‘The silvicul tural
'roquiromonts of the forest arc iﬁ clffect fléxiblc,vand
docisioné in forestry managémenf now tend to'depend,on such
criteria as the curreht market demand and forecasts:of_
future demand, with the objective of maximizing profits
from thé forestry enterprise whilé ensuring an adéduate
suﬁply-of forest products.

Thinning as a cultural treatment has considerable
impoytuuéo in‘forostry, particularly with regard to
utilivzation and.mensuration. From the utiliZation
viowPOinf,:the quality of the product for a particuiar end
use doponds on the lzldnner in which the crbwri and stem have .
deVeloped. The increaéed'éfown size following thinning is
related to the intensity of treatment, and is the result of
inqreasing diameter and length of green,branches. In‘
lightly thinned stands the lowestvbranchcs apparently do not
respond to fhinning.by increased growth. These branches
become movribund and die, and crown recession continucs
upward. TIn the most heavily t‘hinncd stands, the reccession
almost ccases.  In the study s*tzu:ld the basce of the green
vroWn‘Lh bvory tree was above the upper limit bf pfﬁning,
s0 somc crown recession had occurred after treatment. With
largér branches, wood quality suffers because'of the large

knots found over the major length of the bole after the



cbntinuéd dévélopment bf the lower branches: Theéeraffect 
peeling Quality, veneer appearance, pulp qualities and the
strength properties qf sawn timber (Wright, 1971).

In rédiata pine,-the'number of whorls, the number of
brahcheé per whorl, branchbdiaheter and angle, internode
leﬁgth‘and stem taper.are characteristics associated with
wood quality (Fielding, 1967b). Thé.number of branches

'pef whorl and internode length are uﬁder~sfrong genetic co

control. The other variables can be controlled by thinning.

The results of the study indicate that heavier thiﬁning
prdduces_larger,'more tapered logs. Howevér,‘this is
economically advantageous where sawlogs rather than pulp
logs afe required, Because 6f 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 thé maximum
yield of pulp logs. |

From the mensurational aspect, the findings on stem
taper are important. The significant differenées in averagc
stem taper between trees of different size claéses at a
gi?eﬁ stand_density, and between trées of thé same size
class in stands of different dénsities, suggests a measure
of stem taper is essential as an independent variable in
the preparation of tree and s£and Qolume tables. Estimates
of stem volume from such tables would be considerably more
precise tll_zm cestimates from tub]os based on D.B.1.0.B. and
total height only. The radiata pine general volume table
prepared in 1955 includes stem taper.

Because stand density has such a great infiuence on ‘the
quality of wood formed, the silviculturist controls the
initiﬁl stocking by spacing, and once canopy closure occurs,

stand density can be regulated by thinning. Judicious
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'tﬁinningféchedules are a valuablé means of regulating both
woodryield and quality, because in uncontrollcd growth
lnck-df uniforﬁity in the wood is a major problem to the
woodAusing industrics. Other silvicultural treatments
such ué Féptilizing and pruning_inf]uencé wood proporties;
but overall thimming is 'tﬁe most usctul technique avail able.
Thinning afrects crown development, and Lhrough‘thc Crown
influenées the processes 6f wobd fbrmation and the sizc and

shape‘df the stem.
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APPENDIX 3.
‘Mean S.D.
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80-90

as percentages of total foliage weight in the crown.
Mean S.D.

90~ 100
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Effect of thinning on the distribution of needles in the crown of radiata pine.

Thinning Foliage
Treatment Age (yr)

‘Total

3+
Total
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Estimated weight of foliage by age class, and overall, in

crowns of all sample trees within thinning treatments

" Tree D.B.H.0.B. D

FoliageAweights (kg)

Thinning
Treatment  No. (cm) (cm) 1-yr 2-yr  3-yr(+) Total
1 3 45,3 38.0 17.47 10.93 9.32 37.72
L 4.1 36.3 19.47 11.67 9.17 40. 31
19 48.4  4O.1 22.68 15.15 12.75 50.58
20 41.9 33.0 12.19 6.73 4.79 23.71
35 42,3 33.4 12.92 7.38 5.67 25,97
36 4o.l4 30.4 11.99 6.89 5,42 24,30
55 52,7 L2.5 22.37 13.02 9.83 . 45,22
56 45,9 35:4 16.37 10.89 9.48 36.74
3 1 Lo.8 34.3 12.91 7.65 5.95 26.51
2 2.5 26.2 10.77 5.93 4.30 . 21.00
21 L,k 36.9 17.13 ° 9.87 7.18 34,18
22 38.2 30.6 11.66  6.60 4,99 ° 23.25
23 33.4 26,6 9.75 5.7% L4.53 20.02
.24 36.54 26.9 10.39 5.64 4.02 20.05
' 50 45,0 36.0 21.13 13.58 11.16 45,87
_ 51 36.4 29.2 9.29 5.69 L.L46 19.44
L 5 39.7 29.5 14.70 7.98 6.08 28.76
6 36.8 29.6 12.35 6.95 5.43 24.73
7 37.2  29.2 11.71 7.28 .5.73 24 .74
16 531 41,7 28.24 16.90 13.50 58.64
17 Ly.o 34.6 19.16 11.12 8.52. 38.80
18 39.6 30.5 12.94 7.60 5495 26 .49
37 35.3 = 25.9 8.84 5.09 4.00 17.93
38 - 4G.9 30.2 11.55 6.43 4.79 22,27
39 35.1 26.0 10.61 6.71 5.58 22.90
52 46.0 35.7 19.20 11.38 8.85 39.43
53 " 34.3 25.6 9.73 5.18 3.73 18.64
54 32.4. 23.8 8.15 6.75 L4.21 19. 11
5 8 38.4 30.1 10.38 6.74 6.11 23.273
9 35.2 25.3 9.13 5.11  3.98 18.22
10 31.5 23.8 8.61 4.93 3.92 17.46
11 27.7 16.1 6.26 3.06 2.05 11.37
12 4o.2 29,7 17.08 10.11 8.09 35.28
13 35.6 25.4 7.91 4.70 3.88 16.49
14 33.0 24,4 10.94 6.74 5.60 23.28
15 4.4 21.8 7.03 3.69 2.83 13.55
31 Lo .1 30.6 13.11 7.42 5.68 26,21
2 35.8 28.7 11.51 7.14  5.52 24,17
33 32.2 23.3 7.36 h.12 3.16 .64
34 25.2 15.0 3.46 1.64 1.13 - 6.23
46 35.6 32.3 10.06 5.83 L.s54 20.43
iy 34.3 26.8 7.51 4.27 3.35 15.13
48 30.7 21.8 8.53 4h.95 3.81 17.29
49 28.3 22.0 7.26 ho1h 2,97 14,37
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'APPENDIX 4 (Continued)

2
Thinning Tree D.B.H.0.B. D Foliage weights (kg)
Treatment No. (cm)  (cm) 1-yr 2-yr  3-yr(+) Total
6 25 43.8 29.1 15.84 9.09 7.13 32.06
26 33.7 23.6  9.30 L4.85 3.59 17.74
27 33.8 21.2  8.68 4.93 ~3.94 - 17.55
28 27.7 18.5  5.50 2.98 2.35 10.83
29 29,8 19.0 7.61 3.75 2.0604 14.00
30 24.5 1.4 4,08 1.72 1.12 6.92
Lo - 35.6 23,7  8.52 4,52 3.58 16.62
L1 32.1 21.9 8.13  4.13 3.08 = 15.34
L2 29,2 19.0 6.09 3.26 2.54 - 11.89
43 31.5 20.0 5.67 < 2.83 2.40 10.90
Ly 25.3 16.7 L.hs 2.38 1.88 8.71
45 21.9 14.1 3.66° 1.83 1.43 6.92



Effect<of'thinning'0n the stem form index '"b"

sample tree.

APPENDIX
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A value of 2.00 indicates a conoidal

of each

shape, 1.00 a second degree parabolold, and 0.67 a
thlrd degree paraboloid. ,

Thin. Tree Before - Year '

Treat. No. treat. 1963 1964 1965 1966 1967 1968 1969 1970

1 3 - 1.62 1.69 1.74 1.74 1.67 1.61 1.62 1.60 1.52
L 1.41 1.31 1.47 1.53 1.41 1.41 1.44 1,49 1.47.

19  1.70 1.52 1.49 1.52 1.44 1.45 1.59 1.54 1.52

20 1.65 1.57 1.53 1.55 1.44 1.45 1.61 1.60 1.50

'35 1.25 1.24.1.23 1.24 1.29 1.28 1.28 1.31 1.27

36 1.30 "1.35 1.27 1.25 1.27 1.26 1.29 1.34 1.31
55 1.39 1.18 1.13 1.23 '1.25 1.28 1.33 1.41 1.42

56 1.48 1.61 1.50 1.42 1.46 1.51 1.56 1.61 1.57

3 1 1.76  1.75 1.67 1.64 1.41 1.33 1.32 1.31 1.26
’ 2 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 2 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 1.40 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

L 5 1.55 1.45 1.49 1.44 1.41 1.31 1.30 1.27 1.22
. 6 .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 1.40

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 1ol 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

5 8 .24 1.40 1.72 1.57 1.40 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 1.14

10 . 1.46 1.33 1.22 1.21 1.38 1.32 1.31 1.31 1.25

11 1.48 1.44 1.30 1.21 1.06 0.98 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 1.0 1.34% 1.27 1.41 1.18 1.16 1.18 1.20 1.20

31 1.09 0.93 0.64 0.77 0.70 0.61 0.55 0.48 0.42

2 1.45 1.34 1.05 0.91 1.05 1.05 1.07 1.08 1.0L4

33 1.4 1.37 1.35 1.39 1.31 1.27 1.29 1.29 1.23

34 1.19 1.15 1.10 1.08 1.08 1.08 1.13 1.17 1.18

L6 1.55 157 158 1.54 1.39 1.48 1.50 1.50 1.48

hy 1.39 1.30 1.04 0.93 1.12 1.15 1.16 1.12 1.09

48 1.60 1.82 1.70 1.31 1.29 1.27 1.29 1.30 1.30

4o 1.26 1.25 1.31 1.27 1.04 1.03 1.10 1.09

.16
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Thinn. Trée Before

—

Year

Treat. No. -treat. 1963 1964 1965 1966 1967 1968 1909 1970
6 25 1.44 0 1.23 1.26 1.49 1.47 1,44 148 1,45 1,43
l26 1.62 1.32 1.19 1.17 1.04 1.06 1.13 1.20 1.22

. 27 - - - - - e = -

28 1.37 1.44 1.34 1.33 1.22 1.18 1.19 1.19 1.19

29  1.38 1.24 1.14 1.13 1.08 1.05 1.07 1.09 1.09
30 1.45 1.03 0.94 0.89 0.84 0.80 0.81 0.86 0.92

4o 1.39 1.45 1.34 1.26 1.17 1.19 1.24 1.21 1.16

41 1.76° 1.4 1.45 1.40 1.29 1.22 1.22 1.19 1.15

L2 1.38 1.24 0.86 1.10 1.04 1.10 1.16 1.17 1.17

k3 - 1.29 1.24 1.17 1.16 1,12 1.08 1.11 1.97 1.07

L 117 1.24 1.16 1.26 1.17 1.13 1:14 1.10 1.06

45 1.88 1.33 1.31 1.33 1.12 1 1.17 1.16 1

Accidently destroyed.

.13

.16



 APPENDIX 6

Effect of thinning on stem taper index of cach sample tree
based on the height in tree/diameter squuarcd relationship

(m/m”)

Thinn. Tree Before ' R _
Treat. No. treat. 1963:1964 1965 1966 1967 1968 1969 1970

1 3 366 337 300 268 230 205 191 171 160
' 4 Lok 358 311 271 245 218 202 177 162

19 312 276 - 252 233 211 192 177 156 142

20 365 350 316 287 260 246 231 211 201

35 408 363 317 285 257 239 227 208 199

36 425 381 345 314 288 262 240 210, 196

55 286 . - 259 222 196 174 152 138 120 112

5 - 387 - 299 263 236 214 192 . 180 - 163 156

332 310 292 270 250 230 216 196 186

3 1
2 619 554 484 448 419 375 345 307 281
21 . 339 322 295 269 249 234 220 198 183
22 430  hO1 362 321 293 272 258 238 223 .
23 371 372 379 372 361 349 333 308 293
24 R Wiy 426 396 366 324 319 292 270
- 50 369. 336 304 270 248 226 214 189 179
.51 - 505 482 462 413 370 334 313 276 251
4 5 313 301 279 264 248 239 229 214 206

6 b 414 394 362 337 316 303 279 269
7 526 488 436 L4OO 359 325 305 265 245
16 226 208 194 175 185 145 136 124 115
17 32 295 275 258 241 225 210 186 170
18 538 523 477 426 375 338 303 255 224
37 L1s hok 377 363 350 334 323 310 298
38 4o Lhs 396 352 323 295 279 248 231
" 39 511 Lsh 406 353 323 297 284 266 257
52 312 281 253 232 211 196 187 172 165
53 391 390 387 376 365 347 334 316 310
54 597 581 549 498 449 413 386 354 . 330

"3

S -~ 280 262 254 241 23 233 2132 225 223
© 9 436 408 388 1376 365 350 338 324 314
10 394 Lo8 392 393 387 371 362 346 331
11 L1y 43o 427 423 431 439 441 442 L43
12 377 359 344 330 316 299 287 268 251
13 . b1y . 397 - 370 348 334 311 296 277 269
14 h4s 430 423 409 398 380 370 340 321
15 536 508 465 449 4h2 414k 394 367 344
31 37h 370 369 350 327 309 294 275 261
32 b5 k19 397 381 372 365 354 336 324
33 ko3 392 381 368 363 351 339 328 322
34 621 625 597 562 543 530 522 505 506
46 367 343 326 318 300 278 269 251 236
b7 503 470 441 410 385 365 350 28 306
48 436 . 423 K12 420 412 Lok 396 371 354
4o 508 533 534 519 504 493 483 444 418
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Thim. Tree Before o ' C
‘Treat. No. = treat. 1963 1904 1965 1966 1967 1968 1969 1970

6 - 25 266 248 240 225 216 208 204 197 191

i26 249 248 250 256 263 273 277 278 280
- 127 ’

28 378 bk 426 L34 4LO 446 L5444 W61
29 - 550 528 507 L98 491 472 455 431 L1
30 621 648 653 659 671 694 689 686 677
4o 322 325 326 325 319 312 308 294 280
Lq 355 368 369 374 380 372 369 356 342
k2 . 476 492 486 486 482 471 L69 448 436
43. 549 534 519 495 479 448 436 L0o8 383
b 547 512 509 511 516 523 527 530 529
4s . 630 660 681 700 699 686 678 652 632

1. Accidently destroyed..



Thinn. Height

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

%

Befor

APPENDIX 7

trees per treatment

e

113.

1965 1966 1967 1968 1969 1970

Treat. in Tree Treat. 1963 1964
1 80 - - «55 .56 .57 .71 .65 66 .07
70 .03 .59 .64 .66 .66 L.7h .65 .67 .07
60 N .66 .67 .71 W67 .75 L6 .69 .69
50 .71 .71 .70 .75 .70 .81 .64k .70 .70
4o S5 W72 .73 .77 .70 .81 ,66 .71 .71
30 77 273 .75 .79 .71 .83 .68 .73 .71
20 .78 276 .75 W77 0 .72 .85 .68 .73 .72
10 .78 .75 .76 .78 .72 .86 .68 .71 .72
.~ B.H. .76 .72 .73 .76 .69 .83 .70 .70 .71
3 80 - - b4 .65 .62 64 .61 .65 .07
70 .62 64 64 .70 .68 .74 .64 .67 . .68
‘60 .62 .65 .68 .7h .71 .78 .71 .68 .68
50 .68 .70 .70 .77 .73 .80 .67 .68 .71
40 ST W71 W73 .79 .73 .83 .66 .73 .74
30 ST7h .75 .75 .81 .77 .87 .69 . .7h .7k
.20 .77 .77 .76 .82 .76 .86 .69 .7h .73
10 . .79 .82 .79 .82 .79 .90 .71 .73 .75
B.H. .79 .79 .78 .80 .74 .8h .69 .70 .72
. 80 - - .60 .64 .00 .70 .62 .66 .05
70 .62 <71 .69 .71 .68 .7 .67 .69 .69
60 .02 08 .69 .75 .70 .77 .67 W69 L7
50 .69 .72 .71 .80 .72 .82 .68 .71 .72
Lo .76 .76 .74 .80 .75 .86 .70 .7h 0 .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
5 80 - - 60 .65 .61 .70 .62 .65 .08
70. .65 ¢ 57 .64 .72 .71 .70 .64 69 .72
60 .62 C70 W71 W79 .75 .79 L6670 W71 .75
50 .71 7 .73 .82 .78 .86 .68 .72 .76
4o .77 .77 .75 .83 ,L,80 .87 .68 .75 .77
30 ~ .80 81 .76 W84 .79 .86 .70 W7h .77
20 .80 82 .78 .83 .79 .86 .09 .7h .77
10 .81 .84 .80 .84 .81 .89 .69 .76 .77
B. I, .81 .84 .81 .84 .80 .89 .70 .75 .77
O S0 - - .57 .60 .62 .69 .59 .65 .67
70 02 .50 .05 .72 71 .79 .61 .68 .73
60 L0 .70 .71 .75 L7k .82 .63 .72 .75
50 .70 L7 .72 .76 .78 .83 .64 .73 .76
"o .75 S5 WTh sy w77 W84 .66 .75 .77
30 77 .78 .76 .76 .78 .84 .69 .75. .78
20 .81 .83 .81 .79 .80 .86 .68 .74 .79
10 .81 .83 .81 .80 .81 .88 .71 .77 .80
B.H. .81 .84 .83 .84 .81 .89 .68 ,76 .81



Mininum density within growth sheaths
heights in the stem -

.
0
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average of
treatment

at different
all tevees por

114,

Thinn. Helgh,t Before - ’ ‘

" Treat. in Tree Treat. 1963 1964 1965 1966 1967 1968 1969 1970
1 80 - - .29 ,27 .28 .28 .30 .29 .31
: 70 . .27 .28 .28 .28 .29 .29 ,30 .29 .33

60 .27 .27 .27 .28 .28 ,28 .30 .30 .32

50 . .27 .28 .28 .29 .29 ,30 .31 .30 .33

4o .28 .29 .28 .30 .29 .29 .31 .30 .32

30 .29 .31 .30 <31 .29 .31 .32 .30 .32

20 .32 .34 .31 .32 .29 .31 .32 .30 .32

- 10 .33 .35 ;32- .33 .31 .32 .33 .31 .32

B.H. " e35 .37 w34 .35 .33 .32 .34 .33 .34

3 80 ~ .28 .30 .28 .28 .29 .28 .32
70 .27 .29 ,28 .27 .28 .29 ,28 .29 .32

60" .27 £27 .27 .27 28 .29 ,29 .29 . .32

50 .27 .28 .28 .30 .29 .29 ,31 .29 .33

Lo .27 .28 .28 .30 .28 .29 .31 .30 .32

30 .28 .30 .29 .31 .29 .31 .32 .3t .32

20 29,30 .29 .31 .29 .31 .31 .30 .31

10 32 . 33 .30 .33 .31 .31t .32 .31 .32
B.H. 34 .35 .32 . .34 .32 .32 .34 .33 .33

4 80 - - .28 .28 .29 .29 .31 .29 .32
70 .28 .28 .28 ,29 .30 .29 .31 .30 .32

60 .28 .28 .28 .29 .29 .30 .32 .30 .32

50 + 28 .2 .28 .31 .29 .31 .32 .31 .33

Lo .28 .30 .2 .32 .30 .32 .33 .31 .33

30 .30 .32 .30 .33 .29 .32 .33 .32 .33

20 .32 .33 .32 .34 .31 .32 .33 ,}21-.3%
10 . 34 .35 .33 .35 .32 .32 .34 .34 .34

- B.H. +37 .38 .36 .37 .35 .34 .36 .35 .36

5 80 - - .26 P27 .28 .27 .29 .28 .31
' 70 .28 £26 .27 .27 .27 .28 .30 .2 .32
60 .28 .28 .28 29 .30 .29 .31 .30 0 .33

- .50 .28 .29 .29  ,30 ..30 .30 .32 .32 .33

4o .28 .30 29 .31 .31 .31 .33 .32 .34

30 .30 .31 .31 .33 .32 .32 .32 .32 .34

.~ 20 .32 .32 .31 .33 .31 .32 .32 .32 .34

10 .33 <34 .33 .34 .32 .33 .35 34 £ 35

B.IT. .36 .37 .35 .37 34 .3k .37 .35 .37

0 80 - - L28 .28 .28 .29 .30 .29 .32
70 .30 L28 .29 .29 .29 .20 ,31 .30 .33

00 . 30 29 .19 230 .30 L3 .31 .32 L35
50 .08 200 .20 .31 L3 W31 .33 .33 0360

"o .28 £70 .20 .32 .31 .31 .33 .30 L 30

30 .30 230 .31 .32 L1320 .33 35 .30 .38

20 .32 L3200 .32 u3h .33 L3h L300 W36 .37

1o . 3N L3 .35 0 .35 030 035 .37 .37 .38

B.Il. .37 L3060 .36 .37 .35 .37 JhOo .39 .39



.. APPENDIX 9

Range of wood density within annual growth sheaths
deferont heights in the stem - average of all trees
per treatment

ol

nt

- .
Thinn. Height Before: _ o ' :
Treat. in Tree Treat. 1963 1964 1965 1960 1967 1968 1969 1970
1 80 - - .27 .29 .30 43 .35 .38 .36
70 .35 .31 .36 .37 .37 . .46 .35 .37 .35
60 - +38 - .39 Jho .43 .39 .47 .34k .39 .36
50 Ul 43 Lh2 46 L4151 W34 Lo .38
ko <46 4L 45 W47 41 o520 .36 W41 .38
30 .48 <43 .45 W47 k2 .53 .37 L4h .39
20 - L4600 L4k 43 Ju4s o Lh2 .54 .36 L4h ko
10 . 46 <1 WA4h 45 L4t .55 .36 .ho Lho
B.H. 1 .35 .39 W41 .36 .51 .35 .38 .37
3 .80 - - .33 .32 .32 .36 .33 .37 .35
70 «35 ¢35 .36 .43 .JhOo .46 .36 .38 .30
60 .35 .38 .42 .47 .43 .50 .34 .39 .37
50 A LU2 k2 048 LWk L1 .35 .38 .39
Lo B TR ' T T SRR X o B T V. %5 TN 1 B I B |
30 LU0 Lh6 W45 .50 JWS 0 unh 0 W38 LW L h2 o
20 <48 0 L6 .48 .50 Lh7 0 .55 0 .38 L b h2
10 - .48 249 .48 .50 0 L4958 .39 42 .43
B.H. 45 45 4L L4643 .53 .36 .38 JbO
i 80 - - .32 .35 .32 .39 32 .37 .32
70 .29 .32 .35 .42 .39 47 .37 .39 .30
60 « 34 T R 46 .L2 .48 .36 .39 .37
50 L1 W44 L4y Lh9 45 .55 .36 .40 .39
Lo .48 L6 L4548 46 .54 .37 Jh2 L4
30 .49 .49 .48 .50 .46 .55 .38 L4142
20 .48 LA48 W47 .48 L4 .55 .39 L4242
10 A7 48 L6 L6 Lh5 .55 .39 .39 L4t
B.H. 43 Lh2 420 L45 .39 0 .52 .35 .36 .36
5 80 - - .34 38 .34 .43 .33 .37 .37
: 70 .32 .32 .36 WAhs W43 .51 L340 JLo L ho
60 .35 L2 uh2 .51 by ush U340 ULy L 42
50 A3 a5 ks .82 W8 0 .56 .35 Jh2 ULy
Lo 49 LAU8  Lh46 .51 .50 .56 0 .35 A3 Lh3
30 e 51 9 Jh6 .52 Jh9 U5 .37 o A3 L3
20 U8 LA L7 Lh9 L48 L5436 Lh1 k3
10 .48 .50 .48 .50 .50 .56 .33 L2 42
" B.H. A5 Py R T T A T T 5 TR ) R ITs T |
0 o - . <29 .31 .32 .41 .29 .36 .35
70 .31 29 L34 4L Jhk2 .50 .31 .38 Lo
60 <35 . Wh1oLh2 Lh6 LWk .52 0320 Jh uh
50 .43 JU46 W43 L4600 47 .53 .32 Jhho Lho
40 47 A6 Jh3 W43 46 .52 033 Jhr L
30 A7 48 45  Jhh o 46 .52 .34 LLOo o L4
20 .49 .51 48 .45 47 .52 . ,32 .38 42
10 . .48 .50 W47 45 L4y .53 L34 .39 .42
B.H. 45 .AS S L4y L6 .53 .29 .37 42



Mecan density within annual growth sheatlis at different

APPENDIX 10 -

. heights in the stem - average of

Thi
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nn. Height
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all trees per treatment

Treat. in Tree Treat. 1963 1964 1965 1960 1967 1968 1969 1970
1 80 - - .36 .35 .36 .40 4O L4142
- 70 .36 .36 .38 .38 .39 .43 4o .42 44

60 .36 .37 .38 .4ho .40 .42 kO L4244

50 .38 .39 .J4Oo .42 .43 Jh45  Jh42 L4446

) 4o Jh1 o Jh2 o L4343 W45 W43 Jhbh Lo

30 43 P TILS SED I PR U TR il T 'S ARS8 I ST

20 L6 L6 W46 46 W45 .48 4L L3 47

10 .48 JAU9 L4 o448 L4600 W49 Lh7 U477 o L 48

B.H. . .52 .53 .51 .51 .51 .52 .49 .49 .49

3 80 ' . - .39 .38 .38 .39 .39 .40 .43
B - 70 .36 38 .37 .39 .39 .39 .40 .41 L4
60 .37 .36 .36 .38 .39 .41 ko L2 o 4L

50 .39 .39 4o Jh2  L43  WL3 o Lh2 Lh3 o JW6

Lo .39 L0 L4 43 43 ks Lh3 o LbLs .MS

30 42 LUl Lhh o Lk 46 W8 L W6 L 46 L U8

20 U5 U5 L4546 W8 .48 46 Wby 48

10 b9 .50 .49 .49 .50 .51 .48 .48 .50

B.H. 51 .52 .50 .50 .48 .53 .49 .49 .50

4 80 - - .36 .37 .37 .42 ko L4 b2
- 70 .36 .35 .38 4O .41 u4h 41 b2 L)L

60 .36 .38 .38 .41 .43 .45 42 .uz .46

50 .39 40 JhO .43 LWL W6 43 LLL 48

4o U1 JU3 L43 L4h .48 J48 W45 W47 49

30 .45 A7 JL6 0 L4847 .50 L4777 .48 .51

20 .48 .49 49 .49 .50 .51 .48 .48 .52

10 .52 .53 .52 .51 .51 .53 .50 .50 .52

B.H. .54 .56 .54 .55 .52 .54 .52 .51 .52

5 80 - - .36 .36 .37 .38 .39 .40 .43
70 .36 L34 .37 .39 W41 w42 Lk 430 L L6

60 .37 .38 .39 42 .43 44 .42 LUl Lho

50 yTe) cho Lh2 LWL b5 L4530 LWh L4y 50

4o Ju2. Jh42 .44 L4600 W48 49 W6 L4880 L 31

30 46 - .45 L4748 .49 50 .u9 A8 .52

20 . Lo A48 .49 .50 J48 .51 .48 .49 . .52

.10 .51 <51 .52 .52 .53 .49 .53 .52 .53

B.H. 54 .56 .56 .55 .55 .57 .53 .54 .5l

[¢ 80 - - .38 .36 .38 .4Oo .39 .LO .42
- 70 .36 ¢35 A1 JhOo L4 L4341 Jh20 L6

60 .39 .39 4O .41 43 W45 Jh2 L4600 b9

50 .40 L4040 L4300 W47 L7 L4k L 48 .50

Lo oLk Jh2 Jho L8 49 LhWG .50 .52

30 Shl A3 L4 L6 L 48 .51 L4B .52 .54

20 Ly I8 h8 W49 .52 .53 .49 .53 .54

10 e 51 .51 52 .51 .50 .56 .52 .54 .50

B.ll. .55 54 .55 o855 .56 53 .57 58

058



APPENDIX 11

Ring width at different heights in the stem

average of all trees per treatment.

117.

| %
Thinn. Height Before : _

Treat. in Tree Treat. 1963 1964 1965 1966. 1967 1968 1969 1970
1 80 - - .81 .78 .92 ,86 .70 .72 .94
70 .95 .95 .94 .88 1.10 .94 .76 .76 .95

60 1.10 1.03 1.03 -.89 1.07 .88 .73 .72. .85

50 1.10 1.04 .97 .80 .95 .81 .71 .76 .83

ho .97 .98 .94 .83 .93 .84 ,72 .86 .81

30 .75 1.00 1.00 .92 1.00 - .89 .76 .97 .84

20 .66 .96 1.02 .99 1.04 .94 .80 1.03 .80

10 55 .95 1.0% 1,08 1.03 .93 .71 1.04 .83

- B.H. .49 1,00 1.21 1,13 1.15 1.01 .79 1.10 ,90

3 80 - - .91 .70 .87 .85 .60 .65 .82
70 1.01 1.03 .95 .83 1.04 .90 .68 .69 .80

60 t.10 1.06 .97 .80 .97-.,86 .60 .64 .76

50 1.07 .98 .89 .,77 .89 .80 .60 .63 .70

Lo .93 .85 .82 .72 .79 .72 .56 .65 .71

30 L72 472 .73 .70 .69 .68 .57 L.7h .73

20 .61 .73 W73 .73 .74 .77 .58 .86 .80

10 +53 .70 .76 .78 .73 .71 .54 .85 .75

B.H, .53 .69 .82 .82 .81 .78 .60 .89 .84

4 80 - - .86 .77 .98 .83 .69 .74 .93
70 - 1.08 97 .76 .76 1.01 .73 .68 .67 .78

60 - 1.15 1.02 .94 .79 .85 .65 .63 .63 .07

50 1.09 295 .83 .72 .76 .70 .53 .59 .63

4o .92 B4 .78 .71 .71 .63 .53 .69 .67

30 .67 L7h .72 .66 .66 .64 .52 .68 .64

20 .56 .65 .68 .69 .69 .68 .53 .71 ,61

10 . 50 64 .72 .78 .7k .69 .B2 .76 .68
B.H. .51 .77 .88 .88 .85 .77 .59 .83 .74

5 80 - - .98 .83 .94 .88 .59 .65 .76
70 1,10 .98 .93 .81 .96 .83 .53 .56 L60O

60 1.12 1.02 .88 .75 .79 .70 .48 .52 .52

- 50 .99 .90 .79 .64 .65 .58 .44 .49 49

Lo .78 .71 .67 .56 .54 .50 .40 .48 .45

30 .60 .64 .60 .52 .65 .52 .41 ,52 .48

" 20 . 50 540 .55 L4954 49 .37 .50 .h6

10 43 .52 .53 .48 .46 .50 .35 .52 .u8

B.ll. A2 L49 .57 .51 J46 W47 .35 .52 .48

O 30 - = .92 .73 .85 .84 .53 .63 .67
70 1.02 1.08 .99 .82 .83 .71 .43 .54 .48

60 1.08 . .98 .88 .68 .64 .56 .38 .47 .44

50 1.01 .78 .68 .52 47 .h5 .32 J4O .35

Lo .84 .62 .56 .hs 43 W42 .29 .38 .36

30 .68 .54 .52 .43 .38 .38 .27 .39 ,38

20 .50 43 .44 .39 .33 .36 .25 .38 .37

10 A6 b0 W41 .38 .32 .36 .31 .41 .38

B.II. 42 .37 .38 .36 .30 .34 .23 .39 .36'



Percent latewood at different heights in the

APPENDIX 12

118.

stem - average of all trees per treatment.
‘ o
Thinn. Height Before ‘
Treat. in Tree Treat. 1963 1964 1965 1966 1967 1968 1969 1970
1 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 26.6 24,6 27.8 27.0 29.7 30.2 31.7 33.6 32.8
"~ 50 26.1 25.3 28.3 26.8 30.4 29.0 33.7 33.8 34.8
ko 27.4 27.9 30.1 26.3 32.8 30.1 34.4 34.3 36.6
30 30.4 30.4 30.7.27.5 34.0 30.7 34.6 34.1 36.8
20 32.9 31.4 33.4 29.7 36.3 31.4 34.3 36.1 37.0
10 - 35.7  40.0 36.0 30.9 37.8 32.7 38.3 38.2 39.5
B.H. 2 39.4 44,0 41.3 36.1 44,1 38.7 1.5 42,7 L2.2
3 80 - - 27.7 25.7 29.8 28.0 31.4 32.7 33.4
o 70 24,9 24,6 27.2 26.9:28.7 27.0 29.6 32.3 34.6
60 25.5 25,6 26.9 25.4 30.8 25.5 31.5 33.9 34.8
50 28.0 27.2 29.8 26.0 32.6 27.0 32.5 35.0 35.0
4o 27.3 27.7 30.0 26.1 33.2 30.1 33.0 34.5 37.0
30 30.2 30.3 35.1 27.2 34.9 29.5 36.6 35.6 39.5
: 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 31.5 39.0 33.7 38.8 38.8 42.2
o "B.H. 4%0.3 41.6 41.8 35.6 44.8 37.9 4L4.3 Lh.1 h2.4
L 80 - - 28.3 27.1 27.1 26.5 30.1 32.1 32.3
70 26.8 23.4 27.7 25.8 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
Lo 27.8 27.5 31.4 26.3 35.0 30.0 35.5 36.0 39.6
30 31.6 30.7 34.2 29.4 39.0 32.2 38.3 39.7 41.7
20 34.4 33.5 37.8 32.0 40.6 33.7 38.8 38.0 42.1
10 38.0 38.2 41.1 34.4 41.9 36.4 42.2 43.2 43.9 .
B.H. 1.6 44.0 43.4 39.2 44.7 39.2 45.6 45.1 44,9
5 80 - = 28.3 26.6 26.6 206.6 31.5 33.0 33.0
70 25,0 25.6 27.2 26.7 28.1 26.5 33.1 35,4 35.2
60 28.6. 24.9 26.5 26.3 30.4 27.7 38.2 34.9 37.6
50 26,6 26.0 28.6 25.9 31.7 28.1 35.9 36.7 39.3
Lo 28.2 26.0 31.5 27.5 35.1 31.7 37.6 38.7 Lo.7
30 30.8 28.2 35.0 30.2 37.71 32.2 39.4 38.8 41.2
20 35.3 31.1 37.6 32.7 41.0 34.9 41.0 LOo.5 L2.4
10 '37.8 34.4 39.8 36.9 42.9 35.9 4h.,1 43.1 L2.6
- BJ.H. 1.5 Lo.2 44 4 39,1 46,77 h1.9 48,7 48.2 L4,k
O 30 - - 28.2 25.7 28.3 27.0 31.3 30.8 29./
70 28.0 26.4 27.2 25.6 29.6 26.9 31.8 34.1 33.3
00 27.8 23.9 26.8 25.2 29,4 27.7 35.1 36.0 306.3
50 26.5 23.2 28.0 26.8 32.7 30.1 37.5 38.5 38.4
ho 28,0 25.8 31.5 31.6 35.5 33.2 40.2 39.7 40.3
30 29.6 27.9 34.0 32.4 36.4 34.7 L1.7 41.8 L2.4
20 32,4 30.5 35.5 34.7 39.6 37.6 43.1 43.6 42.4
10’ 36.0  34.7 38.2 37.5 42.1 40.0 45.9 45.1 43.4
B.H. 4o.1 37.4 40.2 39.0 4h.4 41.8 48.1 48.2 5.5
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