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Abstract i

Abstract

Wood stiffness or modulus of elasticity (MOE) is onetlod most important wood
properties for solid timber applications, and as such, etifieacy of wood use,
especially for structural timber is strongly related tO& MOE inPinus radiatais
highly variable and poorly understood. In this study, the e@émitial stand spacing
and breed on outerwood MOE and the vertical distribubibRlOE of Pinus radiata
was assessed. Understanding positive or negative inflsierfcgrowth caused by
initial stand spacing and genetic material on MOE is alopge because it could
enable us to better comprehend how forest growers coddgt asilvicultural
operations to the demands of wood processing.

Physical characteristics of different breeds and promagatethods oPinus radiata
were assessed at a variety of initial stand spacirigs &iameter, crown height, stem
slenderness and branch size were all heavily influencetibbg spacing. Breed had a
marginally significant influence on diameter and steemd@érness. Internode length
was not affected by stand spacing, but showed sizeableratiffes, especially
between the long internode 870 breed and the remaining gramdhform (GF)
breeds.

Outerwood MOE was significantlyP€0.0001) influenced by stand spacing and
breed, but not their interactioX0.05). MOE scaled positively with stand spacing.
MOE increased by 39% from 5.4 GPa at 209 steriigtd.5 GPa at 2551 stems'ha
The majority of this increase (33%) occurred between 209 8% stems h&
Physiologically aged cuttings of greater maturation statdsbited greater MOE,
with the three-year-old cuttings being stiffer than @he-year-old cuttings, seedlings
from the 870, 268 and 850 series, by 15, 17, 22 and 27%, respectit@hy. S
slenderness exhibited the strongest signific&x0(0001) relationship with MOE
(r?=0.49), followed by green crown height£0.46) and diameter%0.44). Stem
slenderness and green crown height had a direct influem®ddQE that explained
53% of the variance in MOE.
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MOE was also significantlyR<0.0001) influenced by spacing and breed when using

the resonance technique to assess whole stem MOE. itloaMéistribution of MOE
showed that the lowest portion of the stem (bokvay approximately 30% less stiff
than bolts 2 and 3. After the greatest MOE value had bb#ined at bolt 3, MOE
gently declined to the top of the measured stem. Vaniaif MOE within trees was
significant (58%) at the high stockings of 1457 and 2551 sterhsbut somewhat
lower (36%) at the lower stockings. The 870 breed was appabaly 8% and 16%
stiffer than the 268 and 850 breeding series respectiv@lysaall stockings, with the
three-year-old cuttings being 7% stiffer than the one-gé&hcuttings. At stockings of
481 stems Haand less, the proportional height at which MOE wasitgst within a
tree was between 25% and 50% of stem height. At stockinmee 481 stems Hahe
proportional height at which maximum MOE was obtained Wetsveen 15% and
40% of stem height. Bolt slenderness was found to be ths gmignificant factor
impacting on MOE of the bolt.

Regression of critical buckling height against diameteground level yielded a
scaling exponent of 0.55, which was lower than the scalipgreent of 0.67 predicted
with constantdensity-specific stiffness. There was a tendency fonestolts with
lower mean diameter to display significantly highefesamargins than bolts with
higher mean diameter, suggesting that the largest bdishveccur at the base of
tree, are the point of most likely critical failure.
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Chapter 1 1

Chapter 1

General Introduction

Plantation forests occupy a large area of New Zeadawadcontribute to a significant
proportion of New Zealand’s export sector. Export fosestrthe third largest export
industry in New Zealand, contributing 13% to the total expexdtor and 3.4% of
national GDP. Plantation forests occupy 1.88 milliocthees of the 26.9 million

hectares of land within New Zealand, of whi€hnus radiataoccupies 1.63 million

hectares or 89% of the total forest resource. CurreNtyy Zealand’s forest industry
supplies 1.1% of the world’s and 8.8% of Asia Pacific'ee® products trade, from
0.05% of the world’s forest resource (N.Z.F.O.A., 2005), wihilicstrates the highly

productive nature of the New Zealand forest resource.

Pinus radiata’spredominance is attributed to its good growth rates, tadrsite
requirements, the degree to which growth patterns and sbanacteristics can be
controlled by tree improvement and forest managemeut,tlae versatility of the
species for a range of end-uses. The timber can beysasih, peeled or converted
to pulp (Cown, 1990).

Wood stiffness or longitudinal modulus of elasticity (HOis one of the most
important wood properties for solid timber applications (vand llic, 2001).
Modulus of elasticity measures the resistance of aemaatto deflection, with the
average MOE oPinus radiataincreasing with tree age. This occurs as a result of the
MOE increasing rapidly with increasing cambial age og mumber from the pith.
Corewood (the inner most cylindrical column of the tre@eeences lower and often
unsatisfactory levels of MOE. For several reasonsudieg faster growth due to
better silvicultural and genetic quality, rotations in Nésaland have become shorter,
all of which increases the proportion of corewood withirrege tthus affecting the
quality of the timber produced (Jayawickrama, 2001). Whilst potmsic wood
properties found within the corewood zone influence MOEcant study has shown
that initial stand spacing and genetics have an affectcarewood properties
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(Lasserre, 2005). The study described here will examine thd& MO mature
outerwood plus that of vertical bolts up the stem. ddvewood zone is recognised as
liable to be of inferior quality for numerous end-usesparticular, solid timber
applications and is aggravated by a much greater varialidly drises from the
rapidly changing properties within the corewood itself (Hueingl., 2003). However,

if clones are selected for improved stiffness and theuopled with optimal
silvicultural strategies for higher stiffness, therffiséiss of the corewood region can
be increased.

Evaluation of the resource can be made using instrumeagsdbon acoustic
principles, which are ideal tools for undertaking stiffiegasurements as they allow
for fast, simple and reliable determination of wood progertDicksonet al, 2004).
Two primary applications are those of “time of flightwvhich allow for non-
destructive sampling and “resonance” methods, which is #&udége method
(Andrews, 2000). The use of time of flight methods allofes rapid and non-
destructive evaluation of MOE and has the potential toflggeat importance to tree
breeders for selection of high stiffness clones, teoicsilturalists to allow for
monitoring of the effect of silviculture on stiffneasd to forest owners wanting to
select premium stems for the sawmill (Yang and Evans, 200@8)resonance method
has been shown to be superior to the non-destructive ¢iirflight method as it
provides an estimate of whole log MOE opposed to thatsifthe outermost few
rings of a tree (Andrews, 2002; Lasserre, 2005).

Initial stand spacing can have a major influence on stiesnacteristics and intrinsic
wood properties including MOE (Lasserre, 2005). It is welbgeised that lower
stocking rates result in numerous undesirable charaasr&ich as greater branch
growth, thus larger knots, and rapid diameter growth andeftre, a higher
proportion of less stiff corewood and greater taper. Hewehe occurrence of these
traits at lower stocking rates has not halted the meat stocking rates over the past
few decades. Initial stand spacing may affect MOE in maogways. Tree sway,
canopy height, radial growth rate and stem slenderoessper are all possible
mechanisms for MOE development, mitigated through standirgpaBy assessing
how stand spacing impacts on MOE, and determining how tireealactors dictate
MOE formation, forest managers will be provided wituadle information allowing
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for the determination of optimal initial stand spacingtthvill allow for greater
control of MOE by silviculturalists.

Coupled with stand spacing, another method to improve plamsais genetic
improvement. In 1953 an intensiVnus radiatabreeding programme commenced
with emphasis placed upon improvement in growth ratesaech form. A further
breeding programme also started in the late 1960s witbtseleemphasis placed on
longer internodal length to produce an increased propasticlearwood (Wilson and
Carson, 1990). The main breeding effort was established in 198ich a rating
system was designed to rank seedlots for genetic quahgy rating system is based
on growth and form (GF), where a higher improvement gadgsures greater genetic
improvement (Burdon, 1995). New ZealandPsus radiatagenetic improvement
programme has been shown to deliver large gains in sagh as diameter and
volume, straightness, log quality and branch clustguiacy (Jayawickrama, 2001).
Although it has been found in genetic gain trials that dndghF rated stock has better
attributes (Wilson and Carson, 1990), little is known almbffiérences in key wood
properties such as stiffness between different genetitermals. Therefore, wood
properties have become a major thrust in New ZealaRatiss radiatabreeding
programme due to a realisation that there will be Baamt benefits in having
improved wood properties in future forests (Sorenssbml, 1997). The present
future in genetics oPinus radiatais clonal forestry, which has great potential
advantages for increased genetic gains and crop uniformityzyasunherent risks, in
that it results in reduced genetic diversity through laggde clonal propagation.

Thesis Objectives

The general objective of this study is to determine thecebf initial spacing and

breed on wood stiffness and the vertical distributiowadd stiffness.

More specifically, this study addresses the following ctibjes:

a) Measure the effect of initial stand spacing anckdren stem size, stem
slenderness, branching and internode lengtirais radiatain Canterbury.
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b) Determine the effect of initial stand spacing aneetd on outerwood and
whole stem MOE ofPinus radiata using time of flight and resonance
techniques.

c) Determine the distribution of MOE up the sterPimius radiataat different
initial stand spacings.

d) Using measured mechanical properties, determineiticalduckling height
and allometric scaling relationships for trees within tkpeeimental plot.
Using a variant of the buckling formula, assess the pateftusing critical
MOE as a predictor of actual MOE.

Experiment L ocation

The experimental site was located at Burnham, appro&iyndB8 km south-west of
Christchurch (latitude 436.5’S, longitude 1747.75E, altitude 70 m a.s.l.).

i

Figure 1.1. Location of experimental plot at Burnham.
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Thesis Strategy

This thesis consists of seven chapters. Chapters 1 andidea general introduction
and a review of literature, with particular focus ohatv MOE is and why it is
important, the internal and external factors that infleeMOE and methods for
assessing MOE.

Chapter 3 examines the effect that initial stand spaaumgbaeed has on a range of
physical characteristics ¢finus radiatain Canterbury. Physical properties assessed
include tree diameter, tree height, crown height, stiemdsrness, branch diameter
and internode length.

Chapters 4 and 5 assess the effect that initial stanchgpaad breed have on MOE of
Pinus radiata Outerwood MOE is examined using a time of flight aceusti
instrument, whilst whole stem MOE is examined using an&sce instrument. The

vertical distribution of MOE is also examined.

Chapter 6 examines critical height and critical MOE ngsneasured MOE and wood
density, critical buckling height and allometric snglirelationships are assessed for
trees within the experimental plot. Critical MOE is etetined for outerwood and
vertical bolts up the stem and assessed to determineaii be used as a predictor of
actual MOE.

The final chapter (7) presents concluding remarks and sudgester research that
could be carried out concerning wood stiffness.

As the chapters contained within this thesis have bedtewrwith the intent of
publishing them, some paragraphs or expressed ideas wikWwed by the reader on
a number of occasions. Although chapters in this thesimime factors other than
MOE, the focus of this thesis is undoubtedly on MOE, tihésfixed attention on
MOE in the literature review. No discussion chapter I@sn included within this

thesis as each chapter discusses the results found.within
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Chapter 2

Literature Review

General Introduction

Pinus radiatais an exotic conifer introduced into New Zealand fromGatia in the
1860’s.Pinus radiatais a native species of North America, growing at¢hlocations
in coastal Southern California and on two islandstwdfRacific coast of Mexico. The
species has become a major plantation species in titleeso hemisphere where it is
cultivated on a commercial scale in New Zealand (1.6amiha) (N.Z.F.O.A., 2005),
Chile (1.6 million ha), Australia (0.74 million h&)and South Africa. It has also been

successfully cultivated in Spain, France, Argentina, Greed India

Pinus radiatais versatile for a range of end-uses owing to itse eafs drying,
treatability and machinability (Cown, 1990). As a general pwsmdtwood,Pinus
radiata can have few equals. Easy to saw, dry, treat witheprasves and machine,
Pinus radiatais an even textured, medium density, softwood timber wisiggually
suitable for interior and exterior use, in structurahon-structural applications. It has
also proven to be very suitable for the manufactur@lpiood, particleboard and
fibreboard, and it provides first-class material for botfemical and mechanical
pulping. Few other timbers can matimus radiatafor overall performance in such a
diverse range of products (Harris, 1991). One of the majmiusts obtained from
this species is structural timber, therefore makindnstss or modulus of elasticity
(MOE) an important element of wood quality (Jayawickra®@1).

Performance and the potential value of products depend eond@& range of
interlinked fundamental wood characteristics. Theseigituenced by the genetics,
growth conditions, silviculture, and by the age at whicé trees are harvested
(Huanget al, 2003). The minimum technical considerations, both forsthemiller

and the consumer, are that the forest products afeastd that they remain straight

! http://www.greenplan.co.nz/Radiata_Pine.asp
2 http://www.forests.act.gov.au/radiatapine.html
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and stable. Stiffness or the lack of it, is thé more problematic in corewood
compared with the outerwood. Consequently, as standsaavesked earlier, the
industry has had to face a steady deterioration in woodtyjtialough the increased
proportion of corewood, which is further aggravated by a ngueater variability that
arises from the rapidly changing properties within corehiczelf.

Advances in tree breeding and changes in silviculturaltioea over the last few
decades have greatly enhanced growth rate of plantatiomngconifers. These
growth gains have resulted in shorter rotation lengtiidew Zealand of less than 30
years and therefore, an increased proportion of jusemilod within the stem. This
has caused a reduction in both the strength and stiffnessy qpfathe wood being
grown (Bookeret al, 2000). Improvements in the overall performance of lumber
products, especially stiffness, will depend on knowledgbéeMmost important factors
which can be influenced by either silviculture or tkeeeding (Cowret al, 1999).
Stiffness is a fundamentally important wood property whaffects customer
perceptions of value in both structural and appearance pgepdard thus greater

controllability of stiffness is required of the sawmid| industry.

Pinus radiatais subject to what has been traditionally called coma(juvenile

wood) and outerwood (mature wood). Whilst these termsuam@afmentally flawed,
owing to the fact that the terms are seriously inadeqfa@ accommodating the
behaviour of some important wood properties and serioumslgnsistent with the
well-established botanical concept of maturation (Bur@bral, 2004), they are
suitable enough when concerned with stiffness and thusfaresceto hereafter. The
corewood experiences lower density, higher microfibril lesigsmaller tracheid
length and greater spiral grain than outerwood and as stifftess is much lower in

the inner rings of the tree than outer rings.
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Modulus of elasticity

An important element of wood quality is that of “stifé$2 or its modulus of elasticity
(MOE). The end-use of wood material, especially foudtrral timber is strongly
related to MOE (Kumar, 2004). However, the low bendinfinsss ofPinus radiata
tends to be a troublesome limitation, especially whersgiecies is grown on the short
rotations that are favoured by fertile sites and thecsitural regimes that are
designed for rapid attainment of piece-size speciboatiBurdoret al, 2001). The
important factors influencing the stiffness of timbex #s density and the microfibril
angle, but there are many other variables, some arabimiorigin such as knots and
spiral grain and some environmental such as moisture c¢oateh temperature
(Donaldson, 1995; Donaldson and Burdon, 1995; Dinwoodie, 1996; Babka,
1997; Huanget al, 2003). Silvicultural practices such as initial stand sgpaimd the
selection of genetic families have also been foundawehan influence on MOE
(Wang and Ko, 1998; Zhareg al, 2002; Lasserre, 2005).

MOE defines the relationship between stress and stramnwibe elastic region.
Timber is considered to be an orthotropic material witke mutually perpendicular
axes in the longitudinal, radial and tangential diostst (Xu, 2000). The longitudinal
modulus of elasticity is a quantitative measure of thfness of the wood along the
grain. It is the most commonly measured elastic property the most important
elastic constant. Elasticity implies that deformasioproduced by low stress are
completely recoverable after loads are removed, andsthige accepted criterion of
stiffness. The elastic ratios in the radial, tangéatm longitudinal directions, as well
as elastic constants, vary within species and with on@stontent, microfibril angle
and basic density (Gree al, 1999).

MOE gradients withinPinus radiatatrees show apparent radial changes but less
conspicuous vertical changes as stated by Tsehaye (1995uamtiXValker (2000).

Xu and Walker (2000) found in a mill study of 62 trees, th@&Bvincreased radially
from the pith to the cabium with the greatest ratel@nge occurring near the pith.
Tsehaye (1995) also reported an increase in stiffnesstfrempith to the outer part of
the log, with the outerwood been almost twice as asifthat of the corewood. Xu and
Walker (2000) found that MOE up the stem showed very lithleation and that at
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2.4 - 2.7 m up the butt, MOE gradients became cylindrical motimoticeable further
decrease in MOE up the tree stem. Similarly, Tsehaye (19&@®&d that stiffness
changed little in going from the butt log to the top log.

From a mill study, Xu and Walker (2004) concluded that thealstiffness inPinus
radiata logs mimicked that of density, with a very poor corewoodamahcreasingly
stiff outerwood. This trend is also observed in other spesieh as black spruce
(Picea mariana (Zhanget al, 2002) and Japanese larttalix kaempfen (Nagaoet
al., 2000). Dicksoret al. (2003) found in their study dducalyptus dunnithat strong
correlations existed for density with MOE. Boolkgral. (1997) in their study dPinus
radiata observed that basic density was well correlated withEM@=0.78).
Decreasing microfibril angle was found to have @r0.75 with MOE, whilst
decreasing spiral grain had a correlation r6£0.25. In assessing the relative
importance of density and microfibril angle on MOEg thiork by Donaldson (1995)
and that of Cowret al. (1999) found that when the relationship between MOE,
microfibril angle and density were partitioned into juvemleod and outerwood,
microfibril angle was of slightly greater important@m density in the juvenile wood

but was significantly less important than density indbgerwood.

Significant differences not only exist for MOE witHirees but also have been found
between trees. Tsehaye (1995) reported that the stiff@%t of trees that were
examined were almost 80% stiffer than the least stiff bd%ees that were examined
in a study of wood quality. The remaining trees of meditifiness were 39% stiffer
than the least stiff trees. It was also establishadl ih the butt log, the inner half of
the log had the lowest MOE of any part of the tree,st/lile outer half of the butt log
had some of the highest MOE values for any part ofrg® Xu and Walker (2000)
using data from 62 trees which had been cut into 35 x 90 mm tuamioemachine
stress graded from a 27-year-old stand in the CentrahNskind, New Zealand,
found that by eliminating the least stiff 20% of lumbére taverage stiffness of
lumber from the remaining logs was enhanced. The difterenstiffness between the

two populations was 1.6 GPa.

An area of major concern with regards to stiffnesfas of the butt log. The butt log

is valuable due to its larger size, higher density and redkiettiness (if pruned).
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However, the butt logs ofinus radiatahave a high proportion of low stiffness
corewood (Tsehaye, 1995; Xu and Walker, 2000). More significsirthat the
problems of the butt log are not just limited to the ca@dv An enlarged low
stiffness wood zone forms a truncated cone from the bbthe tree to approximately
three metres up the stem, which largely limits the strattuse and profitability of
butt logs (Xu and Walker, 2000; Huarg al, 2003; Xuet al, 2004). Hirakawa and
Fujisawa (1996) found in sugi treeSryptomeria japonicy that in trees with low
stiffness the cone is wider at the base and talléheagpex than in more stiff trees.
Perstorper (1996) reported a similar observation in Nors@yce Picea abiel
however, only the lowest 1.0 m of the butt log was sigaiftly affected. Xu (2000)
found that in the butt log, up to 2.4 - 2.7 m, the averageess values are inferior to

those found elsewhere in the stem.

It is obvious that a timber property such as stiffnessilghceflect the increase in
density, since density is the measure of the mass of wdistiasice present in a given
volume of timber. However, there is more to it tihhis. The quality of wood is not
necessarily constant, even though the density of woodbmayhe stiffness of wood
in conjunction with density arises from its cellulose teoh and the way that it is
distributed within the cell wall. Cellulose occurs asyveng crystalline microfibrils

that are very stiff in the direction of the mictaril axis (Cave and Walker, 1994). All

this makes stiffness a difficult property to control amahipulate.

The improvement of stiffness in plantation forests dolshve a major impact on
forest revenue. Dickson and Walker (1997) estimated that-e&@% increase in the
MOE of corewood, would result in 50% of corewood been up-grdced low
guality uses such as boxing, dunnage or paper, to uses likendraihis would
benefit New Zealand growers by $250 million per year.
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Internal influences on MOE

Density

Wood density is often considered to be the single mopbritant wood property
because of its strong influence on the quality of a waastge of solid wood and fibre
products and has as such, received the most attentiomn(€pal, 2002). Bunn
(1981) states that “basic density is probably the singlst important intrinsic wood
property for most wood products”, while Bamber and Burley (1988}t mut, “of all
the wood properties, density is the most significant itert@ining end use”.
Similarly, Zobel and van Buijtenen (1989) state that “dgrisitgely determines the
value and utility of wood and overshadows the importaricgher wood properties”.
However, the importance of density as an indicator afdvguality alone is debatable
because variability is due to many intrinsic factorsedesf and variations inherent in
basic wood structure. It is currently considered thatsithens the most useful
characteristic to predict or assess wood quality bec#us well correlated with the
mechanical properties of wood such as strength and ssffgiedd and quality of pulp
and other properties such as machinability, drying rate and tacqueperties
(Silcock, 2005).

Tree species have characteristic patterns of densiywatems and iRinus radiata
the specific values are strongly influenced by a numbéaabdrs including tree age,
position in the stem, site, environment, genotype andsiture and is thus subject to
much variation (Zobel and van Buijtenen, 1989; Cown, 1999; rCewal, 2002).
Variations in density occur within a stem in both tierizontal and vertical axes.
Density is not a simple characteristic but is determimgdeveral characteristics of
wood such as cell size and wall thickness, the propodiomajor growth ring
components (earlywood and latewood), as well as cherdigabsits within and
between cells (Zobel and van Buijtenen, 1989). Sinceitgaas function of the ratio
of cell wall thickness to cell diameter, increasing dgmgisults in increasing stiffness
of the cell (Silcock, 2005).
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Pinus radiatacan be described as a medium density softwood with enage basic
density of 420 kg M. Average wood density increases rapidly over the figssto 15
rings from the pith (Xwet al, 2004), rising from around 300 - 320 kg’ mt the pith to
between 400 and 500 kg¥m mature wood depending on rotation age and site. The
increase in density with age is thought to be principdlig to increases in the
proportion of higher density latewood within rings as tlee tmatures (Cown, 1999).
Typically, average earlywood density increases froouad 300 - 320 kg that the
pith to 350 - 400 kg m in “mature wood” — defined as wood further than 10 rings
from the pith. On the other hand, average latewood deinsitgases from 420 - 460
kg m* near the pith to around 450 - 550 kg in the outer rings (Cowet al, 2002).
The percentage of latewood within rings typically rangemftlO - 20% near the pith
to 50 - 60% in the outerwood, thus a corresponding incieaseerage basic density
of successive rings particularly over the first 10 orisgsris observed (Cown, 1999).
Variations in density between earlywood and latewood maynsarge, however,
variations found irPinus radiata are small in comparison with other pines such as
the “southern pines or Caribbean pines” and very smalbmparison with Douglas

fir (Pseudotsuga menzigsfHarris and Cown, 1991).

Cownet al. (1991a) reported that the average difference in basic gdieiveen the
butt logs and the top logs &finus radiataranges from 7% to 11%. Cown and
McConchie (1982a) in their study of density on samplegct from 10 trees of 12-
year-old Pinus radiatafrom Kaingoroa Forest observed a drop in the mean basic
density of 50 - 70 kg fhbetween the butt and three metres up the stem followed by
decrease of about 10 kg*nfor each further three m height increment to thexape
further studies, on samples collected from 10 trees ofe24-old and 10 trees of
34-year-oldPinus radiata Cown and McConchie (1982b) and McConchie and Cown
(1984) observed a decrease in the mean basic density of 20 —n30 befween the
butt and breast height and a further 20 — 30 Kydecrease for each 10 m height
increment to the apex. Tsehaye (1995) observed that lystinlere 6.5% denser than
the top logs in his study of 48 trees from a 25-year-old aimmt on the Canterbury
Plains, whilst Donaldson and Burdgh995) and Tiaret al. (1995) also observed

decreasing density with height in their studyafus radiata
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Typically in Pinus radiata stiffness increases by a factor of three to five duttirey
first 30 years of growth. As basic density increases fiioencore outward, by 30 to
40% over the first 20 to 30 annual growth layers (TsehB§85), the magnitude of
the increase in MOE is far in excess of the incraasé could be expected from
density alone (Bendtsen and Senft, 1986; Cave and Walker, 1994pfibtic angle
is therefore seen to work in tandem with density to adctmmthe majority of the
increase in MOE experienced. Donaldson (1995) found that MGEswaificantly
correlated with basic density and microfibril angle.siBadensity and microfibril
angle together explained 80% of the variation in cleadvblOE, whilst Evans and
llic (2001) found that density and microfibril angle accodrte 96% of the variation
in MOE.

Microfibril angle

Microfibril angle is the angle between the helicalpund cellulose microfibrils in
the middle (9 layer of the secondary wall of the tracheid andlomgitudinal cell
axis (Dadswell and Wardrop, 1959). Microfibrils are long tilamients of crystalline
cellulose and are the main component of the cell waléking up about 80% of the
volume of the middle lamella and form the structuraimieavork of the tracheids,
which account for more than 95% of the wood (by volume) K&ral1993;
Dinwoodie, 1996; Pahalawatta, 1999). The microfibrils areosinded by a matrix of
hemicelluloses and lignin. The winding angle of micraliom the S layer of cell
walls has proved to have a major influence on wood pregertcluding stiffness,
especially in conjunction with density. The performancevodd is closely associated
with the microfibrillar angle of the Sayer, and it is possible to relate a substantial
amount of the variation in strength, stiffness, dimeamalionstability in the presence

of moisture, and fracture morphology to variationshis ingle (Dinwoodie, 1996).

Microfibril angle varies within the stem with the hmst angles occurring in the
corewood — typically in the first 5 — 10 rings from ththpand small angles occurring
in the outerwood, with angles showing a curvilinear dedtiom pith to bark irPinus
radiata (Erickson and Arima, 1974; Bendtsen and Senft, 1986; Donald€998;
Donaldson and Burdon, 1995; Xat al, 2004). Microfibril angles tend to range
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between 10 — 50 degrees within a tree, however, extremes\@duebe found as high
as 70 plus degrees in some trees. Pith to bark trendsoteedome flatter with height
so that corewood is not as sharply defined beyond severang the stem. Angles
may also vary with height and Finus radiata shows a rapid decline from the butt to
seven metres height at rings of comparable cambealAggles then remain more or
less constant but may show a slight increase in threwood of the top log
(Donaldson, 1992). Microfibril angles show variation withiiees, between trees on
the same site and trees in different locations oggphic regions (Donaldson, 1992;
Donaldson, 1993).

The changing microfibril angle has a functional purposeonifer tree growth. It can
be assumed that the age dependent decrease in micrafigid found indicates a
functional shift from the flexibility of a young shosti¢m that is required to allow the
sapling to bend in high wind without breaking, to the greadadity of an older tree
stem that must support the increasing weight of the atehtrown (Lindstronet al,
1998). Modifications of the angle allow branches to maamtheir direction of growth
and to enable stems forced out of vertical alignmemeg¢ain a vertical orientation
(Barnett and Bonham, 2004). It is therefore suggestedtibamicrofibril angle of
tracheids is a responsive function to vascular caml@atvity, turgor pressure and
mechanical strains on the tree stem (Lindstedral, 1998). Whilst these variations
may be of benefit to the tree in order for its surviaatl continued optimal growth,
they can have negative economic consequences for #st frd timber industries.

Walker (1993) stated that microfibril angle in the corewbad an enormous effect
on wood properties, and in particular, very strongly mheitees the stiffness of wood
within the first 20 growth rings from the pith, as wedl @creasing longitudinal
shrinkage. Tsehayet al. (1997a) found that decreasing microfibril angle was well
correlated with increasing MOEr?€0.83). Lindstromet al. (2004) found that
microfibril angle had a high correlation with staticO# in three-year-oldPinus
radiata (r>=0.75).

A reduction in microfibril angle as distance from thlh pncreases has been observed
in numerous species such as slash pitiaug elliott) (Hiller, 1964); loblolly pine
(Pinus taeda (Bendtsen and Senft, 1986); cottonwoddofgulus balsamifena
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(Bendtsen and Senft, 1986); Norway sprueeda abiek (Saranpa&t al, 1997) and
sugi Cryptomeria japonica (Hirakawaet al, 1997). Walker and Butterfield (1996)
have found that the stiffness of cells increase sigmifly (five-fold) from pith to
cambium as the microfibril angle decreases from c. ADtdegrees, whilst Huarey
al. (2003) state that a three to five-fold increase in ss8ra the cell wall in the axial
direction (along the grain) occurs. This occurrence &lgs been noted in the
earlywood of sitka spruceP{cea sitchens)s where a six-fold increase in stiffness
occurred when microfibril angle decreased from 40 to 10 degi€ewdrey and
Preston, 1966). Similarly, Bendtsen and Senft (1986) obserfred-fold increase in
stiffness over the first 30 growth rings in loblolly pirféifus taeda It is dramatic
changes in stiffness with decreasing microfibril angte those examples outlined
above that lead Cave and Walker (1994) to state that #esure of cellulose
orientation in the S2 layer of the tracheid cell walk principle predictor of timber
quality, with density behaving as an auxiliary variable. desv, since microfibril
angle tends to decline sharply with ring number frompitle towards the bark, a
corresponding gradient is to be expected in its importaagea determinant of
stiffness (Burdoret al, 2001; Evans and Kibblewhite, 2002).

Microfibril angle is known to be inversely related tiacheid length (Donaldson,
1993; Barnett and Jeronimidis, 2004). Because of this caomglamhicrofibril angle is
indicative of cell length and as such gives informatioritee position of the tree from
which the fibres are derived (Dadswell and Wardrop, 1959). ifportance of
tracheid length was observed by Echols (1955) in slash (#limaus elliotti) as
tracheid length accounted for 91% of the variation in nfilend angle, whilst
Erickson and Arima (1974) found that tracheid length aceaufbr 92% of the

variation in Douglas fir.

Tracheid dimensions

Tracheid dimensions are highly correlated with microfiangle and density. Like
microfibril angle and density, tracheid length is subjectconsiderable variation

within and between trees and sites (Cawal, 1991a).
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There is a general trend of increasing tracheid length threefirst 15 to 20 annual
growth layers. In this region, lengths more than doubtamfabout 1.5 mm close to
the pith, to 3.5 - 4.0 mm at the outer growth layefsough values may increase
slightly thereafter with increasing cambial age, thsrea tendency for length to
fluctuate around a mean value of a little over 4 mm @issal, 1951; Harris and
Cown, 1991). Tracheid length also shows variations betwadywood and latewood
of 0.5 mm. The longest tracheids have been found to att¢he outerwood at about
50% of tree height. Tracheid diameter is thicker in @aytd than latewood in both
the corewood and outerwood, with diameter been largehenouterwood. Wall
thickness is also greater in the outerwood but is thickethe latewood than
earlywood of both the corewood and outerwood (HarrisGowin, 1991).

There are pronounced regional variations in length, wdmelweaker than for density,
but are well correlated with mean annual temperatG=®(75) and latituder{=0.76).
They decrease in length by about 0.75 mm from the nortthé south of New
Zealand (Cowret al, 1991a).

Within a tree the microfibril angle changes with tradh&ength over successive
growth layers, the angle being least in the longesthé&ids. The variations in
microfibril angle that occur within trees and in relattontracheid length are thought
to be controlled by the strains imposed on the celthait time of differentiation
(Donaldson, 1992).

Tsehayeet al. (1995) in their study oRinus radiatafrom Canterbury found that the
logs that yielded the stiffest lumber had the longesteids. This was also observed
in a subsequent study &mus radiatafrom Nelson (Tsehayet al., 1997b).

Spiral grain

Spiral grain refers to the alignment of secondary xyleanhgids at an angle to the
stem axis. The cause of spiral grain is not definitelyvkm but there is evidence that
it is a hereditary characteristic of individual treasd acting through the preferred
orientation of the pseudo-transverse tangential divissdnthe cambial initials
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(Dinwoodie, 1996). Tiart al. (1995) found that 10% of the variation in the MOE of
clearwood specimens could be explained by the variatmoite angle of spiral grain,
whilst Bookeret al. (1997) found that decreasing spiral grain had a correlation of
r’=0.25 with MOE. This result was also observed by Tselya. (1995). They
found that with increasing spiral grain, stiffness de@@as comparison with the
stiffness of straight grained specimens. Tsehayeal. (1995) also found that
corewood MOE was less sensitive to spiral grain thatersvood MOE, as in
corewood, spiral grain has a complementary role to otiagor factors that result in
corewood being of lower stiffness than outerwood.

The greatest angles are usually reached by the completitimee second or third
annual growth layer. After this, grain angle decreaseslgland usually approaches
zero by the ninth annual growth layer, beyond which smalingangles, seldom
exceeding two degrees may occur, thus making spiral graiRinos radiata
essentially a feature of corewood (Harris and Cown, 199&jvever, Cownret al.
(1991b), suggest that spiral grain does not reach the “ngle”auntil 15 rings from
the pith. Tsehaye (1995) and Cownhal. (1991b) have observed when examining
Pinus radiatasamples that spiral grain increases in severity upttm. sSThey both
observed that spiral grain increased significantly up td-lmight of the tree after
which, changes were less marked. Trtnal. (1995) also noted that the grain
increased until a maximum was reached at about 15 mgird®e stem, followed by a
gradual decrease further up the stem.

Spiral grain has not only been found to influence MOE lautdsponsible for the
higher longitudinal shrinkage observed in juvenile wood (Gol@99). Dinwoodie
(1996) states that the presence of spiral grain has s@mifpractical implications:
twist in dry sawn timber, distortion in plywood sheetisort grained failure of timber

under stress and problems during machining.
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External influences on MOE

Initial Spacing

Initial spacing can have a major influence on stem charstite and intrinsic wood
properties including MOE, however, the effect of spacirdj@her influences such as
genetics, on wood properties is not fully understood. éffext of spacing on growth
and vyield, however, is well understood and is an import@mal used by
silviculturalists. Stocking differences affect wood projgsrtnot only through their
effect on crown development and growth rate but alsoutih their effect on the
utilization of nutrients and water (Zobel and van Buge, 1989).

Past research for numerous species has found thatiM@#ases with stocking. This
is the case for Japanese ceflaryptomeria japonica(Wang and Ko, 1998), black
spruce Picea mariana (Zhanget al, 2002) and 11-year-oHinus radiata(Lasserre

et al, 2004). Wanget al. (2000b) found that for both dynamic and static MOE, lower
density stands exhibited a trend toward decreased stress amalv static bending
properties. In this study of western hemlodlsfga heterophyllaand sitka spruce
(Picea sitchens)s the highest MOE values (stress wave and staticitgnd/ere in
the control stands or un-thinned stands, followed by ttress in the lightly thinned
stands followed by the medium and heavily thinned stands.

Initial spacing is seen to affect the MOE of trees umarous ways. The proposed
mechanisms require further work in order to demonstfated to what degree they
affect MOE. One proposed mechanism that is influencedtdigkiag which is an
important component of the trees’ physical environmentvisdflow. Reduced
stocking allows more wind to penetrate, increases ¢hedgnamic roughness of the
canopy surface and increases turbulence. The treeshsrare less likely to touch
and thus dampen each other’s sway (Creshat, 1982). The result is increased stem
deflection. The effect of low stockings and windflowe avaried. It can lead to
mechanical stress, which can significantly increasengeaigle from vertical to
between 5 degrees and 17.5 degreédnas radiata(Coutts and Grace, 1995). It also

results in increased amounts of compression wood intéime, svhich exhibits higher
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longitudinal shrinkage than normal wood. The effect afdaalso results in increased
radial growth and a reduction in stem, branch and leagektion (Telewski and Jaffe,
1986). Pruynet al. (2000) found that increased stem movement induced by wind,
reduced MOE inPopulus trichocarpawhilst Telewski and Jaffe (1986) have stated
there is a clear tendency for a decrease in MOE aoftdma in response to wind. The
effect of spacing on tree sway and its effecPamus radiataMOE is currently being
examined (E. Mason, pers. comm.). The changes in magyahd anatomy produce

a tree which is less stiff to counteract excessiven sieflection and possible stem
failure. It is also likely that in highly stocked standg&em slenderness induces high

MOE to counteract failure.

Low initial stocking increases radial tree growth, whicitreases the relative
proportion of stem volume occupied by the juvenile ca@ivwhich exhibits poor
MOE values (Shelbourne, 1997). It is has been proposedhthiat growth affects the
proportion of anticlinal versus periclinal cell divisiomsd may therefore affect
microfibril angle (J. Walker, pers. comm.). Lindstranal. (1998) found that the
normal trend of pith to bark decrease in microfibriglencan be interrupted by a
surge in growth rate such as may occur following thinning oovahof competitor
trees. This has led to the suggestion that suppressigavefile growth could
contribute to a reduction in the amount of wood with hgbrofibril angle in a tree at
harvest. Stem slenderness or taper is a further meohainé theory suggests may
regulate MOE. Wattet al. (2006a) found that tree taper, which is a function of
stocking, accounted for 53% of the variation in MOE faurfyear-oldPinus radiata
across 22 plots established on a range of sites to evaitatguality. They found that
tree diameter and tree height had indirect effects @EMnediated through taper,
however, neither variable had a significant direct infeee on MOE. The Euler
buckling formula is related to stem slenderness, which stgdgleat in a competitive
situation decreases in taper will induce increases in MQOEduce the risk of critical

failure of the stem.

Canopy height is also seen as an influencing factor &Mt is known that green
foliage and developing buds produce auxins, and it has been pedttHat these
auxins influence MOE (Larson, 1962). The canopy rises map&ly in higher
stocked stands and as such lower concentrations of aangn@esent in areas below
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the green canopy. Auxins play an important part in eadd/latewood formation, as
well as tracheid elongation in conjunction with gibbenelliCurrent evidence
supporting the hypothesis that greater distance from gengranopy results in stiffer
wood has come from a School of Forestry (UniversitfCahterbury, New Zealand)
experiment (Mason, 2006).

Genetics

New Zealand'sPinus radiatabreeding programme is reputedly the most advanced in
the world (Dorey, 2001) and since 1953 has seen the considargstevement of
many internal and external characteristsus radiataproduction has traditionally
been dominated by a focus on external log specificatioob as diameter growth,
straightness and forest health (Sorenssaal, 1997). Selections of seedlots in recent
times have instead focused on wood quality issues as dentedstost the
development of a ‘high density breed’ and a ‘structuraibér breed’. Wood
properties have become a major thrust in New ZealaRaliss radiata breeding
programmes due to a realisation that there will baifstgnt benefits in having
improved wood properties in future forests (Sorenstat, 1997).

The different genetic breeding series used in this stietg all developed to exhibit
some traits in a superior manner to other breeding sdieee of the most widely
planted series within New Zealand are the 268, 850 and 8&@ibgeseries. The 268
and 850 series are from the same breed. The 870 breedfinstsganeration special
purpose breed. Within the 268 series, one and three-yeahg&iofmgically aged
cuttings were developed.

The number “850”, “870", “268”, is a prefix number denoting a ipalar series of
breed. The first digit in the series number referdoregional origin of the breed (8
signifies collections carried out by the New ZealandeBbiResearch Institute, not
necessarily within one conservancy, whilst the 2 melausit come from Kaingaroa
Forest). The second two digits refer to the yeaetdcsion; either 1950, 1970 or 1968
(Vincent and Dunstan, 1989). The 850 and 268 breeding $mtedave a GF rating.

Seedlots of the GF breed cover a range of gain exmewavhich can be classified
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by their GF rating. A relatively unimproved seedlot vinlive a low GF rating. The
rating is an index that allows improvements in growth famch to be combined for
ranking the approximate genetic quality of one seedlotuseenother (Vincent,
1987).

The 850 breeding series was selected for a combinationheofotlowing features:
straight stems, light flat angled branching, absena®pés in the lower to mid bole,
high vigour and lack of malformation. This series has ar&kg of 14. The 268
breeding series has a GF rating of 22 and comes frordehsity series. It has a
multimodal habit, very good growth and stem form (Jagkwmaimaet al, 1997a).
These GF breeds were devised to be good for structudaétiand, when pruned,
knot-free timber. However, their selection resultedhe reduction of the average
internode length below that of unimproved plantationkjctv reduces the yield of
clearwood in unpruned logs, thus the development a8Tlebreed (Jayawickrans
al., 1997b).

The 870 breed is a first generation long internode breleg. Areed is designed for
longer internodes in an effort to obtain long clear isast from unpruned trees.
Carson and Inglis (1988) found the 870 breed had significamber mean internode
lengths than the 850 and 268 breeding series (Shelbeuatg1986). The 870 breed
was selected for freedom from malformation, stemigititaess, good vigour and
uninodal branch habit. However, it tended to show incckasalformation, show
more susceptibility to top breakage in areas with frequgohg winds such as the
Canterbury Plains and have larger diameter branches3hdamilies (Jayawickrama
et al, 1997b).

One (GF 19) and three (GF 17) year-old cuttings were decl@moen the 268
breeding series. Cuttings provide greater stability at ofmganting and in the early
years of growth as they have thicker stems and thickere stable roots. They also
exhibit better stem form (Menzies al, 2004). However, physiological age should be
kept to three years or less if diameter growth lossedo be avoided. Cown (1988)
concluded that physiological ageing of seven yeargss in cuttings will produce
similar properties to those of seedlings. This was aiggported by Lausbergt al.
(1995), who observed few significant differences and msistent trends.
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Tree breeders are currently focussed on stiffness #atullity, which are now
accepted as the top priorities for breeding solid wood aedstoy Sorenssoet al.
(1997) and Jayawickramet al. (1997a). Preliminary studies on small numbers of
entries by Mathesoet al. (1997) and Shelbourne (1997) found high heritabilities for
MOE of Pinus radiata Individual-tree heritability estimates for MOE of 0.53 by
Kumar et al. (2002), compared favourably to those reported by Mathesoal.
(1997). However, these values are almost double that rdgoyt&umar (2004) who
sampled a greater number of specimens. Given this héttafor MOE, clonal
forestry allows for the predictability of such charaistécs, which facilities its

management and utilisation for particular end-productsif®hkrne, 1997).

Tree-to-tree variation in most wood properties is noy @rgnificant but is typically
strongly heritable, which makes it easy to improve spmepifoperties by selective
breeding. Selection for density, which is highly heritaidepf course an option for
indirect improvement of MOE (Burdaet al, 2001).

Cownet al. (1992) reported narrow-sense heritabilities of 0.9 - 1.M&sic density.
Burdon (1992) reported a value of 0.7 for narrow-sense hditjati density while
Burdon and Low (1992) reported heritabilities for density of30for two New
Zealand land race populations. Lindstr@tal. (2004) also found heritability of
density to be high (0.78 - 0.90). They also found that spiral gras heritable (0.55).

Microfibril angle in radiata pine is known to be sificantly heritable ?=0.7),
(Donaldson and Burdon, 1995). Lindstroet al. (2004) found heritability of
microfibril angle to be high (0.8 — 0.9) in the lower boft three-year-oldPinus
radiata. Donaldson (1997) stated that the significant genetigpoment to microfibril
angle variability does suggest that some clones have caoteol over microfibril
orientation during wood formation than do others. Donald4®95) also has stated
that genetic effects can account for up to 70% of betweenvariation in microfibril
angle within sites. The angle is affected by physioldgacge, but only within the
juvenile wood region, where, generally, average angkesestuced by one degree for

every year of physiological ageing.
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It would be of considerable interest to both growersgdadt breeders whether MOE
is influenced by the interaction between initial stand sygaand genetic populations.
The absence of such an interaction would mean that glaacing and genetic
populations can be used as complementary approachespfmving MOE (Lasserre,
2005). Previous information examining such interactions igddras spacing studies
tend to exclude genetic populations as a variable, whilst getretis use limited
spacings to allow for greater and more accurate assessindré genetic material
(Carsoret al, 1999). The unique design of a Nelder spacing trial as usbadisttdy
allowed interactions between plant spacing and genetidgtagns to be examined.

Environment

Significant variability in wood properties is a chamctic common to all wood
because a tree is subject to many constantly changingmces such as temperature,
moisture availability and soil condition. MOE Binus radiatais perhaps at its lowest
in stands situated on dry, stony sites on the CanterbaynsP(Walford, 1985;
Tsehayeet al, 1995). This has been shown in machine stress graded testvéy C
and Walker (1994) for MOE in which Canterbuiinus radiatawas only 40% as stiff
as that from Nelson. Previous work by Walford (1985) froatistoending tests has
shown that some of the least stiff timber in New Zeéleame from the drier, stonier
sites on the Canterbury Plains.

The environment has a strong effect on wood density in Kealand. It has been
demonstrated that average annual temperature and rainféfleademinant climatic
influences or latitude and altitude. The environment ciueince density as summer
drought can reduce the amount of latewood, which reduces weuosity in the
growth ring, thus impacting on MOE (Cave and Walker, 19%tional wood
density surveys have showed that density differences of38%6 occur across the
latitudinal range of New Zealand (Cown, 1999; Bestal, 2001). Overall, mature
wood density decreases by seven k§jfor every one degree increase in latitude and
every 100 metre increase in altitude. Most species showtiea in wood density
across the growth ring which is primarily a responsedasonal climatic variations
and the formation of latewood (Walker, 1993). Harris (1965)daimat basic density
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of the outer ten growth layers at breast height asit%s throughout New Zealand,
was found to be closely correlated with mean annual texnper (?=0.88). Tracheid
length was also found to be positively correlated wéthperaturerf=0.56). Cowret
al. (1991a) found that environmental factors accounted for 61%eof/ariation in
corewood and 66% of the variation in outerwood that thesgved.

Beetset al. (2001) observed in their study of 27-year-Bithus radiatain Woodhill
Forest, north of Auckland, that high cumulative autwamter/spring rainfall
decreased the latewood percentage and decreased mean wsiyg, @éhile high
summer rainfall appeared to have the opposite effect.

Watt et al. (2006a) reported that average minimum temperature accownt®8d% of
the variation in MOE for four-year-olRinus radiataacross 22 site quality plots, in
which the month of March had the strongest relationsliih MOE (r*=0.60). They
speculated that the significant influence of temperatureOE may be mediated
through regulation of latewood development. As for Mareimdp the most significant
month, they state that given that latewood with high Mi®HBormed during this
period, it follows that sites with warmer temperasuaed increased growth rates over
this month will develop a greater percentage of high M@&Ewood and as a

consequence higher overall stem MOE.

Methods for assessing the stem

Techniques have been developed that can measure thsitntvimod quality of logs
or trees. These technigues are based on acoustics, viteiclmme route to determine
MOE of wood based on stress wave, ultrasound velogitysonic resonance
(Lindstromet al, 2002). The most popular techniques used are stress waves tra
time methods, also known as “time of flight” and soresonance methods. Both
techniques were used in this study. Properly defined and execatedstic

measurements provide reliable measures of stiffness.
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Non-destructive testing techniques are frequently used irotkstfproducts industry
using stress waves and have by far received the mostti@tte Stress wave
propagation in wood is a dynamic process that is direetsted to the physical and
mechanical properties of wood. Examples of the usa@gsivave techniques include
internal inspections of wooden structures and evaluatimgnat defects, especially
decay in street and specimen trees in public gardens and pavks @nd Szalali,
2002; Grabianowski, 2003; Wamg al., 2004; Silcock, 2005) and grading of veneer
for laminated veneer lumber products (Grabianowski, 2003). liti@ido these
applications, stress wave techniques can be used to nouetigsty evaluate the
modulus of elasticity of trees and logs (Ariraal, 1990; Ross and Pellerin, 1991,
Bookeret al, 1997; Ros®t al, 1997; Tsehayet al, 1997b; Huang, 2000; Warej
al., 2000a; Lindstronet al,, 2002)

The time of flight method measures the time it takesah introduced stress wave to
travel from one point in a sample to another (LagseP005). It was originally
developed to detect rot in trees, not to measure MOE edewyit is the only accurate
non-destructive method for measuring MOE in standing &iee® access to the ends
of the stem is required. It has been closely coedl&d other more precise acoustic
methods. However, the method can only estimate MORBiwihe few outermost
growth rings (Andrews, 2000). Huang (2000) concluded in his studyaotgion
grown loblolly pine Pinus taedatrees that the velocity of sound wave propagation in
the outerwood to be a useful tool for predicting lumb#mstss, whilst Wanget al.
(2000a) concluded tham situ stress wave measurements provide relatively accurate
and reliable stress wave information that could be ueedssess the mechanical
properties of wood in standing trees.

The velocity of sound wave propagation in the outerwoodtanding trees is a
function of MOE and density (Divos and Szalai, 2002)estrwave propagation in
wood is a dynamic process that is internally relatechéophysical and mechanical
properties of wood. The speed of sound is significantlipémiced by the moisture
content of the wood because that in turn influences gmengilensity of the tree.

The resonance method is destructive, however, it hes $l@wn to be superior to the
time of flight method (Andrews, 2000; Lindstroghal, 2004; Lasserre, 2005). Here,
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the stress wave is introduced at one end of the specititeavels down the specimen
until it gets reflected. The reflected wave is measatétie same end of the specimen
as where the wave was launched. Resonance system$temehsure the average
speed of a number of reverberating waves, rather tlenirne of arrival of a first
wave front. The resonance method has been showa sersitive to the presence of
bark and branches. Lasserre (2005) noted that when bramctbaak removal
occurred, an increase in MOE values by an average of 8.8%.4f respectively

occurred.

Several studies have found that resonance generatédidM@ore closely related to
static MOE than time of flight generated MOE. Dicksdral. (2004) found a highly
significant and positive relationship for acoustic resecpameasurements made on
logs, whilst a weaker but still significant relationshipsaobtained for time of flight
measurements from standifinus radiatatrees. There was a significant positive
relationship between acoustic wave velocity in logs a@elstand the timber stiffness.
Lindstromet al. (2004) found that resonance and time of flight generate& M@ére

in close agreement with MOE from traditional statindiag ¢?=0.96 and 0.81
respectively), whilst earlier work by Lindstrorat al. (2002) found a strong
correlation between time of flight measured MOE aaticMOE ¢?=0.96).

Numerous studies have shown a good to strong relationr3hipg6 to 0.97) between
the dynamic MOE of trees and logs and the static MOHRummber cut from logs
(Arima et al, 1990; Ross and Pellerin, 1991; Bookeral, 1997; Ros®t al, 1997;
Tsehayeet al, 1997b; Huang, 2000; Wangt al, 2000a; Wanget al, 2001;
Lindstromet al, 2002). Wanget al. (2000a) found that the average stress wave
velocity measured in trees was very close to that umedsin the small, clear
specimens, in which statistical analyses indicatedignifisant difference between
the mean stress wave velocity in trees and thatmalls clear specimens. The
correlation coefficientrf=0.83) was highly significant at the 0.01 confidence level,
whilst Huang (2000) found that the relationship between steess wave velocity
and lumber MOE was’=0.76. Such relationships between dynamic MOE and static
MOE allow for confident estimation of MOE and thus yad@ silviculturists and
geneticist with a valuable tool for the determinatioM&E.
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Chapter 3

Effect of initial stand spacing and breed on stem size,
taper, internode length and branching
of Pinusradiata in Canterbury

INTRODUCTION

During the establishment of a forest plantation, twehef most important decisions
made are the selection of appropriate genetic mater@l saitable initial stand
spacing. Initial spacing can have a major influence on staracteristics including
diameter, taper or stem slenderness, crown heighbramith diameter. Differences in
stocking affect wood properties not only through their@$®n crown development
and growth rate but also through their impacts on thieation of nutrients and water
(Zobel and van Buijtenen, 1989). As with initial spacingetbreed can influence
internal and external characteristics in varying waygedding on what trait or traits
that genetic material was selected to exhibit. Whilshsterable research has
focussed on how genetic material and initial stand spacmpgdt on the external
characteristics of growth and form (Fries, 1984; Carspbil, 1999; Landet al,
2003), apparently no reported studies have examined thectiberaf these factors
on Pinus radiata incorporating such variation in stand spacing and genwterial
as that used in this trial.

Tree morphology is markedly affected by intra-specifianpetition. Intra-specific
competition is a function of initial stand spacing anel gnowth rate of the trees, and
thus begins earlier at high initial stockings than av lones. When competition
between trees reaches a certain point, self-pruningesatbe live crown to recede,
which is commonly attributed to the earlier death ofdowmbs due to shading, with
trees in stands of low stocking retaining live branchegeir bases longer than trees
growing in dense stands. This in turn influences diametem stlenderness and
branch size. Under the crown competition of a densedstbranching variability is
less, and less foliage is carried on a per tree b&sdial growth is markedly

responsive to spacing, with larger diameters occurringdsgr spacings, with growth
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under high stand stockings less in absolute terms, bwdate production being
greater in proportional terms (Lanner, 1985; Ballard and L48§8). Cromer and
Pawsey (1957) found that a linear relationship existed betwesam diameter and
spacing, whilst Sjolte-Jorgensen (1967) found that the meametier of trees in a
stand increased with increasing spacing.

Tree height appears to be relatively unaffected by stpading, except in extreme
situations. It has been asserted on numerous occakairsocking has no significant
impact on height growth. Hocker (1979) stated that “heggbwth is not too greatly
affected by stand density...except that height growth mayaffected where the
stands are near the extremes of stocking”. Lanner (198tes dfisat “it is almost
axiomatic that height growth of canopy trees is inge@sio initial spacing and to the
changes in spacing that follow the thinning of stands”, whitstmeret al. (1982) and
Siemonet al. (1976) noted that stocking @inus radiatahad little or no influence on
tree height. However, in a review of experiments it&jJorgensen (1967), it was
found that in most cases for conifers, the mean hagthe stand is increased with
increasing stocking. This observation of increasing heli@st also been noted by
Mason (1992), Maclareet al. (1995) and Carsoet al. (1999).

Stem slenderness is markedly affected by spacing, insréases as stand stocking
increases. This is primarily due to the ratio of heightlitmeter growth experienced
by the tree. Secondary to this, stem slendernessstadf as the distance between the
live crown and the base of the stem increases, withoptiopately more growth
occurring at the top of the first log than at the btmes reducing taper of the log
(Larson, 1969). This radial expansion of the stem has bbeerved to occur below
an application point of auxin (Sundbeggal, 2000), an important growth hormone,
which explains why the maximum radial growth occurs & gleneral vicinity of the
live crown base, which results in small crowned treesnbenore cylindrical as
opposed to the strongly tapered stems of trees witlp leigorous crowns (Larson,
1962).
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Branch size is heavily influenced by stocking, and is reseghnio be a vital factor in
assessing quality and value of timber. It is measured usimgtbindex (BIXJ. BIX
has a major impact on the recovery of structural tindgrades and as such, is an
important external property that declines when stocking ase® Larger knots
produced as a result of increased BIX have been acknowleéddeddresponsible for
stiffness reduction, especially in structural timber ard therefore undesirable
features (Xu, 2002). Tombles@an al. (1991) found that branch index for the second
log of Pinus radiatadecreased with increasing stocking. However, they obséne¢d
there was no obvious trend with stocking for internodgtle, which has also been
noted by Siemoet al. (1976) and Grace and Carson (1993). Ballard and Long (1988)
also found that branch size was strongly influenced bystpacing, whilst Cromer
and Pawsey (1957) found in their studyRihus radiatathat a linear relationship
between average branch size and initial stocking existed.

New Zealand has a longstanding genetic improvement programirfas radiata
which has seen breeders been proactive in trying to irapeaternal and internal
characteristics ofPinus radiata The breeding program has been described in
numerous publications (e.g. Shelbouetal, 1986; Jayawickramet al, 1997a). The
breeding programme has produced planting stock with altetednal features such
as internode length and branch diameter. Three ofrib&t widely planted series
within New Zealand are the 268, 850 and 870 breeding serie26Bh&nd 850 series
are from the same breed. The 870 breed was a first gjenespecial purpose breed
selected for long internodes. Within the 268 series, ond three-year-old
physiologically aged cuttings were developed. A brief descnpgfdraits and origins
of the breeds is given to provide background on the matarialhich this study was

carried out on.

The number “850”, “870” and “268” is a prefix number denoting ai@addr series of

breed. The first digit in the series number refers éorégional origin of the breeding
series (8 signifies collections carried out by the N2ealand Forest Research
Institute, not necessarily within one conservancy, whilst 2 means that it come

from the Rotorua district). The second digit referthyear of selection; either 1950,

3 BIX is the mean of the largest branch in each ofdbe quadrants for the nominated log length.
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1970 or 1968 (Vincent and Dunstan, 1989). The 850 and 268 breeding s¢hies bo
have a growth and form (GF) rating. Seedlots of theb€@ed cover a range of gain
expectations which can be classified by their GF rathgelatively unimproved
seedlot will have a low GF rating. The rating is an inttet allows improvements in
growth and form to be combined for ranking the approximabtetgequality of one
seedlot versus another (Vincent, 1987).

The 850 breeding series was selected for a combinationheofotlowing features:
straight stems, light flat angled branching, absena®pés in the lower to mid bole,
high vigour and lack of malformation and has a GF ratind4ufThe 268 breeding
series was selected for fast diameter growth, good siemdnd multinodal branch
habit with evenly distributed branch clusters, with $bedlings, one-year-old cuttings
and three-year-old cuttings from the 268 series havingaBfgs of 22, 19 and 17,
respectively. (Shelbourret al, 1986). These GF breeds were devised to be good for
structural timber and when pruned, knot-free timber. Howetlieir selection resulted

in the reduction of the average internode length belotwadthanimproved plantations,
which lead to the development of the 870 breed (Jayawicketad., 1997b).

The one (GF 19) and three (GF 17) year-old cuttings conme tfihe 268 series but
different seedlots. Cuttings have been found to providetgretability at time of
planting and in the early years of growth as they hi&er stems and thicker, more
stable roots. They also exhibited better stem form amsdniedformation (Menziest
al., 2004). However, it is recommended to confine physiologigalof planting stock
to three years or less if diameter growth lossestarbe avoided. Cown (1988)
concluded that physiological ageing of seven yearess in cuttings will produce
intrinsic wood properties similar to those of seedlinfisis was also supported by
Lausberget al. (1995), who observed few significant differences andcowsistent

trends in younger physiologically aged cuttings.

On an individual tree, internode length is under strongtiecontrol. Tree breeders
have taken advantage of this fact in developing a sppurplose “long internode”
breed (Grace and Carson, 1993). The 870 breed is the fiestagien long internode
breed. It is designed for longer internodes in an effmrbbtain long clear sections
from unpruned trees. Carson and Inglis (1988) found that 870 breed had
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significantly longer mean internode lengths than the®8%0268 breeding series. The
870 breed was selected for freedom from malformationn raightness, good

vigour and uninodal branch habit and come from a much narrgerestic base than

both the 850 and 268 series. It however, tended to showased malformation,

show more susceptibility to top breakage in areas wafuent strong winds such as
the Canterbury Plains and have larger diameter brantchas GF breeds

(Jayawickramaet al, 1997Db).

The objective of this study was to examine the influerfcitial stand spacing and
breed on stem and branch characteristicsPofus radiata identifying where
significant interactions between breed and stocking eXist. wide range of stand
spacings coupled with the three breeding series, two propagatethods and
different maturation status of the cuttings alloweddahorough examination of the
effects these factors have on stem geometBirais radiataon a dryland site.
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MATERIALSAND METHODS

L ocation

Measurements were taken from 17-yearidus radiatatrees that had been grown
in a Nelder experiment (Nelder, 1962) located at Burnham, appatedy 18 km
south-west of Christchurch (latitude®38.5’S, longitude 17°47.75’E, altitude 70 m
a.s.l.). The trial was situated on Lismore stony le#tm soil (N.Z.S.B., 1968) and
experienced a mean annual precipitation of 650 mm, in wieatonal water deficits
do occur during January to March, when evapotranspiraéroeeds rainfall

(G. Furniss, pers. comm.).

Experimental Plot

The experiment comprised five breed/cutting treatment&jding seedlings from the
850, 870, and 268 breeding series and cuttings taken from onelgeand three-
year-old parents. Both the one and three-year-old gsttivere from the 268 series.
The Nelder contained 45 spokes separated by 8 degree Imtiend® circular rings
(Figure 3.1) with high initial stocking rates present atdéetre of the Nelder to low
initial stocking rates present on the outer ring of tdelder (Table 3.1). Each
breed/cutting treatment occupied nine of the spokes sgitgiroup of five spokes on
one side of the plot and a group of four spokes on ther sttie of the plot.

Table 3.1. Nelder design.

Circle Radii of  Equivalent Initial
number  planting square spacing
circles(m) spacing(m) (stems ha™)
Buffer 12.35 / /
1 14.20 1.98 2551
2 16.31 2.28 1924
3 18.75 2.26 1457
4 21.54 3.00 1111
5 24.75 3.46 835
6 28.44 3.97 635
7 32.68 4,56 481
8 37.56 5.24 364
9 43.16 6.03 275
10 49.59 6.92 209

Buffer 56.99 / /
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The trees had not received thinning at any stage prior toieadon. Due to natural
mortality, windthrow or malformation, 385 of the origifd0 trees were suitable for
examination. A total of 182 trees had a complete seteawfhbours. The 65 trees

assessed for BIX and internode length were selectedtfiisrpopulation.
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Figure 3.1. Plan of the Nelder spacing design experiment. Trees angegl at each spot.

M easurements

Measurements of diameter at breast height, tree thaighcrown height were made
for the 385 trees. Diameter was measured using a tree diaiayee, whilst tree height
and crown height were measured using a vertex heightiinsnt. Crown height was
interpreted as the first live whorl. Branch diametadt anternode length was measured
on 65 trees which had been felled. The 65 trees seleqgirgsemted a combination of
the five breed/cutting treatments and seven of the listeand spacings. The largest
branch in each quadrant at every whorl in the secondl@g- (12.0 m) was measured
using callipers two centimetres from the trunk so tieatenswelling was minimised as
a factor. Quadrant 1 always faced true north. Interfexghs for each log (6.0 - 12.0
m) were obtained from internodes that were completeihin the log length
mentioned above by measuring the vertical distance fnentap of one whorl to the
base of the whorl above. Values of internode lengtrevaseraged to determine the

mean internode length for each tree.
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Data Analysis

All analyses were undertaken using SAS (SAS Institute, 2008anMalues of the

block level data were used for all analyses unless otbenwiicated. An analysis of
variance examined the main and interactive effectpating and breed on diameter,
height, slenderness and distance to canopy. The mesmdetermined for all variables
to assess what impact spacing and breed had on thblearaand a Student-Neuman-

Keuls (SNK) test was used to determine if the meams significantly different.

By taking into account repeated measures within tre@sear| mixed model (proc
MIXED) was used to assess the effect of height tolse of the internode on
internode length. As internode length was not found tg warh height, subsequent
analyses were undertaken at the block level using aver@geode length.

The effects of spacing and breed on BIX were initiaBgessed using analysis of
variance. The continuous variables tree diameter and mesnode length were then
included in the model to see if these terms could acc@muariation in BIX
attributable to spacing and breed.

Plots of residuals were examined for bias. Residual valkee plotted against
predicted values and independent variables.

RESULTS

Initial stand spacing had a highly significaR&(Q.0001) influence on tree diameter at
breast height, with diameter increasing over two-fotdf 17.7 to 36.6 cm as stand
spacing declined (Table 3.2). Tree height was not significafitected by stocking
ranging from 16.6 m at 209 stems*ha 18.4 m at 481 stems haCrown height was
also found to be very significantly influenced by spadifg0.0001), and exhibited a
curvilinear relationship, which flattened off at higher &ings (Figure 3.2). Another
stem characteristic found to be significantly infloed by spacing was stem
slenderness R<0.0001), with slenderness exhibiting a uniform increase with
increasing stocking.
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Table 3.2. Mean diameter, height, crown height and slenderness [l st&ind spacing.

Initial Mean Mean Crown Slend-
spacing diameter  height height erness
(stems ha™) (cm) (m) (m) (m/cm)
209 36.6 16.6 1.8 0.46
275 34.7 17.5 2.7 0.51
364 35.0 17.7 3.4 0.51
481 31.8 18.4 5.4 0.59
635 28.6 18.0 6.9 0.64
835 24.9 17.7 7.8 0.74
1111 24.0 17.8 8.8 0.77
1457 21.9 17.6 9.3 0.84
1924 18.9 16.8 9.4 0.95
2551 17.7 17.3 10.2 1.03
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Figure 3.2. Relationship between initial stand spacing and distamgesen crown for each
breed/cutting treatment; three-year-old cuttings (blactejirone-year-old cuttings (white
circle), 850 breed (black square), 870 breed (white sqaace268 breed (black triangle).

The influence of breed/cutting treatment on diameter wasginally significant
(P=0.0418), with the 850 series displaying the largest meamedé (29.4 cm),
whilst the 870 series and the three-year-old cuttings ezHikthe lowest mean
diameter (26.3 cm) (Table 3.3). Tree height was not sigmfly by breed, although
the 850 series demonstrated a noticeably greater meaht hkean the remaining
treatments. The effect of breed on crown height massignificant. Stem slenderness
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was marginally P=0.0211) influenced by breed. The three-year-old cuttings were

slightly more slender than other breed/cutting treatment

Table 3.3. Mean diameter, height, crown height and slenderness by tuged) treatment.

Breed/ Mean Mean Crown Slend-

cutting diameter  height height erness

treatment (cm) (m) (m) (m/cm)
1-year-old 27.2 17.6 6.6 0.70
3-year-old 26.3 17.5 7.3 0.75
268 27.8 17.4 6.3 0.68
850 29.4 18.2 6.0 0.68
870 26.3 17.1 6.7 0.71

Interactions between spacing and breed/cutting treasmemste not statistically

significant for diameter, height, slenderness and crosvght.

Internode length was significantly influenced by breBd((05) but not stocking or
the interaction of the two. The 870 breed with a meagtleof 61 cm across all stand
spacings was significantly different from the four remrag breed/cutting treatments,
which had mean lengths between 37 and 47 cm. The heigtitettoase of the
internode was found to have no influence on internodgthennternode length was

not significantly correlated with diameter.

Initial stand spacing significantly influenced BIX<0.0001), with values for BIX
ranging from 35 mm at 364 stems’t@ 13 mm at 2551 stems ha\either breed or
the interaction of breed and initial stand spacing hamy@aificantly influence on raw

BIX means.

Tree diameter exhibited a strong?50.80) significant P<0.0001) positive
relationship with BIX (Figure 3.3). Inclusion of stemmiieter in the model accounted
for the stocking effect on BIX; the latter effect wlasind to be insignificant when

added to the model with stem diameter.
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Figure 3.3. Relationship between BIX and tree diameter for the five licatthg treatments;
three-year-old cuttings (black circle), one-year-old custighite circle), 850 breed (black
square), 870 breed (white square) and 268 breed (black triabglepr lines have been
drawn through those breeds with the highest and lowest &4 fgiven diameter; the 870
breed (solid line) and the 268 breed (dotted line), respegtivel

Examination of the regression of BIX against stem diamsttowed that for a given
diameter, BIX differed considerably between breedgyuifé 3.3). Analysis of
covariance indicated that breed significantly influendeel intercept between BIX
and diameterR<0.01), but not the slopd$0.05). After adjustment was made for
diameter, BIX exhibited a 5.5 mm range between breeds,tha 870 series and 268
series, representing the breeds with the highest amdstoBIX for a given tree

diameter, respectively.

After correction had been made for tree diameter, gbleesidual BIX against mean
internode length revealed a positive relationship (Figure Bldan internode length
was significant <0.0001) when included in the model with stem diameter (also
P<0.0001) and improved the coefficient of determination o thodel from 0.80 to
0.90. Inclusion of mean internode length in the model adeduior the breed effect
on BIX; the latter effect was found to be insignifitarhen added to the model with

stem diameter and mean internode length.
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Figure 3.4. Relationship between residual BIX and mean internode lergththke five
breed/cutting treatments; three-year-old cuttings (blacitegj one-year-old cuttings (white
circle), 850 breed (black square), 870 breed (white sqaace268 breed (black triangle).

DISCUSSION

The results obtained provide considerable insight into bpacing regulates stem
geometry. As stem geometry (diameter, height, stemdskness, branch index) is an
important concern for forest managers, demonstratidheoéffect of a wide range of
operationally used spacings on these important extee®lcharacteristics is useful.
Spacing had a significant impact on diameter, crownhtegfem slenderness and
BIX, whilst breed marginally affected diameter and ssé@mderness but significantly
affected internode length.

Competition through stand spacing acts to reduce the greaeh of all individuals
by the same proportion. This results in plants at higbkengs showing less unequal
size distribution than plants at lower stockings. Tgeseralised statement applies to
trees within this trial. Greatest variations in dimensioccurred for diameter,
slenderness and branch size at higher stockings, wihtstheight and crown height
showed minor variation at high stockings.
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Both Jayawickramat al. (1997b) and Carson and Inglis (1988) stated that the 870
breed tended to grow more slowly than GF trees. This eonsistent with the study
reported here. Both GF breeds (850 and 268 series) demonstraseer gliameter
and height growth than the 870 series. The 850 and 268 sades tmean diameter
that was 3.1 cm and 1.5 cm larger respectively than the r@ed ,bwhilst the 850 and
268 series displayed a mean height that was 1.1 m and @aBenrespectively. The
differences in diameter were not statistically diéf®, however, the 850 series was
statistically different from the 870 series for meamght. The use of cuttings within
this trial showed that the cuttings were neither sopearor inferior to the seedlings

for any of the measured properties.

Diameter, as one would expect, was considerably affdmyeditial stand spacing.
There was an almost uniform decrease in diameter witheasing stocking that
resulted in over a two-fold increase in diameter. Thlationship between stocking
and diameter has been known for considerable time misitll routinely confirmed,
more recently from the Tikitere Agroforestry Tri&lnowleset al, unpubl), and from
work by Holley and Stiff (2003) and Laret al. (2003) using loblolly pineRinus
taedg.

No relationship was found between tree height and inii@aldsspacing. Variation in
mean height varied little between the ten stockings (1884 m) within this trial.
This result corroborates previous observations (Sieetoal., 1976; Hocker, 1979;
Cremeret al, 1982; Lanner, 1985). However, it contradicts Sjolte-Jorge(e67),
Mason (1992), Maclaregt al. (1995) and Carsoat al. (1999), who all noted that
mean height increased with increasing stocking in theservations of trials.

Crown height showed a substantial change of nine meétegeen the low and high
stand spacings, with significant differences existingwben spacings for crown
height up to 1111 stems ‘haafter which changes in crown height were less
pronounced. A roughly uniform increase of one metre wasdfd@tween spacings
for the first seven rings of the Nelder plot représen209 to 1111 stems ha
Beekhuis (1965) noted that both Brown (1962) and Whiteside (1962)Hdsadved an
approximate one metre increase in crown height forye®€r m increase in spacing,
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which was similar to results observed here. There n@sevident relationship
between tree height and crown height, which was texpected as crown height is a
response variable to spacing and tree height was shmWwave no correlation with

stand spacing.

Slenderness was also significantly influenced by spating well established that in
general, in trees of the same age, slenderness dexredd increasing diameter
(Sjolte-Jorgensen, 1967; Wang and Ko, 1998; Zketrg., 2002). In this trial, more
than a two-fold increase in slenderness occurred betwedawest and highest stand

stockings.

The significant influence of initial stand spacing on bramdex for the second log in
this trial corroborates findings by Tomblesen al. (1991) and Ballard and Long
(1988). Findings demonstrate that variation in BIX betweeckings was attributable
to differences in diameter. This is consistent withviones studies which show that
diameter accounts for variation in spacing induced diffenn BIX (Smith, 1986;
Knowles and Kimberley, unpubl; Woolloret al, 2002). For a given diameter the
greatest difference in BIX between breeds was betwee268 and 870 series. The
BIX for the 870 breed was found to be on average 5.5 myerldhan the 268 breed
after adjusting for stem diameter. This is supported bysd@@aand Inglis (1988),
Jayawickrameet al. (1997b) and Watet al (2000) who have all found that for a
given tree diameter the 870 breed tended to have largeter branches than GF
trees. Carson and Inglis (1988) state that selectionlofog internodes increased
average internode length but also tended to increasegavbranch size, which can
be supported from observations made in this trial.

Mean internode length accounted for the within and betvieeed effect on BIX.
This is consistent with research by Weittal (2000), and extends these findings to a
greater range of stockings and breeds. Analyses donee dre level (data not
shown) indicate that the relationship between measrrnode length and BIX was
strongest for the 268, 870 and 850 series. For these breedssaoiis suggest that
inclusion of internode length in models of branch diametay provide a useful

means of quantifying within and between breed variation ¥ Bl
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The effect of spacing on internode length agrees withnigedby Siemoret al. (1976)

and Tomblesoret al. (1991) who observed no obvious trend. Compared to many
other conifers, a distinctive feature Binus radiatais the relatively long internodes
which separate the whorls of branches (Lavery, 1986),afgaunder strong genetic
control once the juvenile state of the tree is pagsadery, 1986; Grace and Carson,
1993). The effect of breed on internode length was welbastnated within this trial
and compared favourable with results from Carson andsI(®88), who noted that
the 870 breed had significantly longer mean internode lengé#msthe 850 breeding

series.

Carson and Inglis (1988) noted that the 268 series wasreljrenultimodal, but this
observation was not consistent with results repdrezd. The 850 and 268 series had
an essentially identical number of whorls per tree ughout the trial, whilst as
expected, the 870 breed had considerably fewer whorlsel@bons in this study
suggest that internode length Bihus radiatamay be relatively independent of tree
size, which is in agreement with Woolloes$ al. (2002). In attempting to model
internode length, Woollonat al. (2002) noted that ‘it is evident internode length can
be regarded as a random phenomenon’. Results from this atddpreviously from
Carson and Inglis (1988) confirm that there is a largenpalefor exploiting genetic
variation in internode length to dramatically incretise yields of clearwood, without
unduly compromising growth rate. There are obvious adgastan growing
clearwood in long pieces, namely, reducing the costs-otitting and increasing the
versatility of the product for meeting a range of end uses.

CONCLUSIONS

. No statistically significant interactions betweencpg and breed were
found for any of the variables examined.

. Diameter, crown height and slenderness were gfiifssantly influenced
by initial stand spacing. Stem diameter decreased from 8616 ¢7.7 cm
as stand stocking increased from 209 sterfilstb®551 stems Ha Mean
crown height increased from 1.8 m to 10.2 m with inareastand
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stocking, whilst stem slenderness increased from 0.46 to 18 mvith

increasing stand stocking.

. The 850 breeding series had a longer canopy than anpeobther
breed/cutting treatments, and also had the largest mameter, although
the effect on diameter was only just statisticalgngicant.

. BIX was positively correlated with tree diametertekfadjustment was
made for tree diameter, BIX was positively correlateith internode
length, and the two variables together explained 90%rdadtian in BIX.

. The 870 breed had significantly longer internode lengths the other
breed/cutting treatments demonstrating its defining physleacteristic.
The 870 breed had a mean internode length of 61 cm, wielsemaining
four breed/cutting treatments had mean internode lengtish ranged

from 37 cmto 47 cm.
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Chapter 4

Modélling the influence of initial stand spacing and breed on
outerwood modulus of elasticity of 17-year-old Pinusradiata

INTRODUCTION

An important element of wood quality is “stiffness”, whishalso known as modulus
of elasticity (MOE). The usefulness of structural timizestrongly related to MOE
(Kumar, 2004). The longitudinal modulus of elasticity i tthost commonly
measured property to define elastic behaviour of wood anduresathe resistance of
wood to deformation under an applied load. MOE is oftersitlered more important
than strength (modulus of rupture) for predicting wood qualityPinus radiata
because boards rarely break in normal use; much megeently a load results in
excessive deflection (Walford, 1985).

Low stiffness ofPinus radiatalimits utilisation options, and is more prevalent when
the species is grown on the short rotations that aveutred by fertile sites and
silvicultural regimes that are designed for rapidiatteent of piece-size specifications
(Burdonet al, 2001). Consequently, two important decisions affectinghnest made
during establishment of a forest plantation are thecBete of appropriate genetic
material and initial stand spacing. Research has rel/¢h## both of these factors
have a significant influence on MOE (Wang and Ko, 1998; ghetnal, 2002;
Lasserreet al, 2005),

Initial spacing can have a major influence on stem charstite and intrinsic wood
properties, and thus the quality of the products yielded trenplantation. The effect
of spacing on MOE has received limited attention, althaxgmples of such work is
scattered in the literature (Wang and Ko, 1998; Zheingl, 2002; Lasserret al,
2004). Stand dynamics, coupled with tree morphology and magate markedly
affected by initial stand spacing, however, the consequfaat ®f initial spacing on
stiffness is not well understood. Past research for mumsespecies has found that
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MOE scales positively with stand stocking. This is tlesec for Japanese cedar
(Cryptomeria japonica(Wang and Ko, 1998), black sprud@idea mariana (Zhang
et al, 2002) and 11-year-olinus radiata(Lasserreet al, 2004).

Stand spacing may affect MOE through numerous mechanidrasdéntification of
possible mechanisms is on-going as is determining to whaeeld¢bese possible
mechanisms influence MOE. Windflow is believed to aff8dOE as it is an
important component of a tree’s physical environment ihabfluenced by stand
spacing. Closer spacings lower stem deflection through redugimdy speed within
the canopy and by dampening stem oscillations as the eanopneighbouring trees
buffer each other (Cremet al, 1982). Pruyret al. (2000) found that increased stem
movement induced by wind, reduced MOERapulus trichocarpawhilst Telewski
and Jaffe (1986) have stated there is a clear tenden@y decrease in MOE of the
stem in response to wind. Stand spacing also stronglyeimées radial growth rate
which in turn is thought to influence MOE by altering midoaf angle through the
proportion of earlywood within a tree, as well as havirtgract effect on microfibril
angle within earlywood. Green canopy and the role dbatns, a major plant growth
regulator, play in earlywood/latewood formation, as wsllti@acheid elongation in
conjunction with gibberellin is another possible mechanisifiluencing MOE
formation (Larsen, 1962; Mason, 2006). Recent researcht @Vatl, 2006b) also
suggests that taper or stem slenderness may regulate WiI@EEuler buckling
formula suggests that in a competitive situation inceasstem slenderness require
that trees increase MOE in order to reduce the riskria€al failure of the stem.
When light demanding species suchPasus radiataare grown with high levels of
competition, rapid height growth is important to ensuesy thre not overtopped by
neighbours. Under high levels of stand stocking treesrbectiolated as priority is
given to height growth at the expense of diameter merg, thus a tree will undergo
elastic buckling unless MOE increases (W&tttal, 2006a). It is hypothesised that
trees are able to sense and respond to higher comprsSsis® as a result of greater
height growth and thus produce new wood with higher MOEssipty by
manipulating the angle of cellulose microfibrils in exondary cell wall (Watt al,
2006Db).
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Genetics also strongly influence MOE, which has seencthirent attention of tree
breeders more focused on stiffness and stability, whiehnaw accepted as top
priorities for solid wood breeding (Jayawickraraa al, 1997a; Sorenssoet al,
1997). Preliminary studies on a small number of samplegldifesonet al. (1997)
and Shelbourne (1997) have found high heritabilities for M@Finus radiata
Individual-tree heritability estimates for MOE of 0.53 bBymar et al. (2002),
compared favourably to those reported by Mathesoal. (1997), however, these
values are almost double that reported by Kumar (2004) whplsdna greater
number of specimens. Variation in MOE in clonal maies wide, and studies have
shown thatPinus radiatacorewood values for MOE at age 10 may range 4.3 GPa or
198% between different clones (Sorenssbal, 2002). Given this high heritability,
and the wide variation observed across clonal matéreeding and clonal selection
has the potential to markedly enhance MOE.

Forest growers are interested in how stand stocking andtigeninteractively
influence MOE. Lasserret al. (2005) observed that while genotype and spacing both
significantly influenced MOE, these factors did not siguaifitly interact, indicating
that genotype and stand stocking had an additive effect oE.NR@evious studies
examining such interactions are limited as spacing studime$ to exclude genetic
populations as a factor, whilst genetic trials use limifgatmgs to allow for greater
and more accurate assessment of the genetic matarabf@t al, 1999). This study
utilises the unique design of a Nelder spacing trial (Nelti@62) which allows for
interactions between plant spacing and genetic popusatiiobe examined more fully.
The wide range of genetic material and stand spacingsingie trial reported here
provided an opportunity for a much greater analysis of thesevariables and their
relative influence on MOE d@®inus radiata than had been previously carried out.

Path analysis can be used to partition the influencdsstaen dimensions have on
stiffness if a suitable causal model can be developed. Whs carried out to
determine to what degree did stem dimensions influendmests of the trees
examined. A hypothesised model of MOE outlining linkages batwdOE, stem

slenderness, diameter, height, and distance to the greem is outlined in Figure
4.1. Within this model predictive variables may influence BM@rectly (solid line),

indirectly, whereby their effect is mediated through bhaotvariable (dotted line), or
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both directly and indirectly. As stem slendernessméir and distance to the green
crown are known to influence MOE, direct pathways hagen drawn from these
variables to MOE. Direct pathways have been drawm fdbameter and height to
stem slenderness. The direct pathway drawn from dianetgreen crown height,
assumes diameter acts as a surrogate for stand devisity, has a well documented
effect on green crown height (Beekhuis, 1965). Given ties height also affects
green crown height (Beekhuis, 1965) a direct pathway hasduted between these

variables.

Height \ A 4
Green crown

height %

MOE

Lmmme e o p| Stem T A
slenderness 1
»

Diameter

Figure 4.1. Proposed causal pathways linking tree dimensions and modulelasticity.
Solid lines represent direct pathways of influence, whi#eshed lines represent indirect
pathways of influence on modulus of elasticity. The doubleéwarrow between height and

diameter indicates a covariance.

The objectives of this study were to (i) determine tl@nnand interactive effects of
initial stand spacing and breed on outerwood stiffnessigngh(tition the direct and
indirect effects of diameter, stem slenderness, lieaght and distance to the green

crown on outerwood stiffness.
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MATERIALSAND METHODS

L ocation

Measurements were taken from 17-yearidus radiatatrees that had been grown
in an Nelder experiment (Nelder, 1962) located at Burnhampzippaitely 18 km
south-west of Christchurch (latitude®38.5’S, longitude 17°47.75’E, altitude 70 m
a.s.l.). The trial was situated on Lismore stony led#tm soil (N.Z.S.B., 1968) and
experienced a mean annual precipitation of 650 mm, in wieatonal water deficits
do occur during January to March, when evapotranspiraéroeeds rainfall

(G. Furniss, pers. comm.).

Experimental Plot

The experiment comprised five breed/cutting treatment&jding seedlings from the
850, 870, and 268 breeding series and cuttings taken from onelgeand three-
year-old parents. Both the one and three-year-old gsttivere from the 268 series.
The Nelder contained 45 spokes separated by 8 degree Imtiend® circular rings
(Figure 4.2) with high initial stocking rates present atdéetre of the Nelder to low
initial stocking rates present on the outer ring of tdelder (Table 4.1). Each
breed/cutting treatment occupied nine of the spokes sgitgiroup of five spokes on
one side of the plot and a group of four spokes on ther sttie of the plot.

Table4.1. Nelder design.

Radii of  Equivalent Initial
Circle planting square spacing
number circles(m) spacing(m) (stems ha™)
Buffer 12.35 / /
1 14.20 1.98 2551
2 16.31 2.28 1924
3 18.75 2.26 1457
4 21.54 3.00 1111
5 24.75 3.46 835
6 28.44 3.97 635
7 32.68 4,56 481
8 37.56 5.24 364
9 43.16 6.03 275
10 49.59 6.92 209

Buffer 56.99 / /
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The trees had not received thinning at any stage prioatmiaation. Due to natural

mortality, windthrow or malformation, 385 trees weréatle for examination.

Figure4.2. Plan of the Nelder spacing design experiment. Trees anegegl at each spot.

Three of the most widely planted series within New Zedlare the 268, 850 and 870
breeding series. As these genotypes were developed betwesty to forty years
ago they now constitute a large proportion of matilineus radiatawithin New
Zealand. The 268 and 850 series were predominantly selestephdd stem form,
multinodal branch habit and fast diameter growth, and @ the same breed.
Physiologically aged cuttings were developed within the 268ssty provide greater
stability at time of planting and in the early yeafgmwth as they have thicker stems
and thicker, more stable roots. The 850 breeding series gamv#h and form (GF)
rating of 14, whilst the seedlings, one-year-old cuttings thinee-year-old cuttings
from the 268 breeding series had GF ratings of 22, 19 ancedfectively. The GF
rating reflects a seedlots relative genetic worthgfewth and stem form, with growth
given twice as much weight as stem form (Carson, 1996glatively unimproved
seedlot will have a low GF rating. These GF breedeevaevised to be good for
structural timber and, when pruned, knot-free timber. Howetleeir selection
resulted in the reduction of the average internode lengidwbthat of unimproved
plantations, thus the development of a special purgosg internode” breed, the 870
breed (Jayawickramet al, 1997b). This breed is designed for longer internodes in an
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effort to obtain long clear sections from unpruned tr&me of these breeds were

bred with improved stiffness properties in mind.

M easurements

Measurements of diameter at breast height, tree thaighcrown height were taken
immediately prior to measurements of modulus of elifgt{®@1OE). Green dynamic
modulus of elasticity (GPa) was determined for 38bpsatrees between 0.5 and

2.0 metres up the stem using the time of flight technique.

MOE can be measured in standing trees using non-destrucbuste techniques.
Transit time or stress wave velocity was determinechlb standing trees by time of
flight using the portable instrument TREETAP (Versionadhon-destructive acoustic
tool developed at the University of Canterbury, New Zea(&glre 4.3).

Figure 4.3. A schematic outline of the measurements undertaken on stare#sgiging time
of flight instrument, TREETAP.

The use of non-destructive techniques to assess the pespeftiwood provides
obvious benefits. A variety of acoustic tools are add to assess the properties of
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wood including MOE, but only time of flight tools provide ayvaf assessing the
properties of standing trees (Ross, 1999). Time of fligbls use in-situ stress wave
measurements to provide stress wave information thatbe used to assess the
mechanical properties of wood in standing trees. Theodathn only estimate MOE
within the few outermost growth rings (Andrews, 2000), howeveseful
relationships between stress wave velocity measursragit properties of trees, logs
and lumber have been observed (Huang, 2000; Varg, 2000a). Studies have
found a strong relationship between standing tree MOEin&teby time of flight
measurements and MOE measured in small clear wood speci(f®ss, 1999;
Yamamoto, 2000). Lindstronet al. (2002) found a strong correlation existed
between time of flight generated MOE and MOE from itradal static bending
(r*=0.96).

Transit time was measured on both the windward and teesides of the standing
tree without removing the bark. Two probes connected ¢ TREETAP were
inserted in the butt log of the tree at a distance ofrlffom each other. A third probe
was inserted lower in the stem at approximately 0.15 m fizerlower probe. This
third probe was tapped and the velocity of sound was meadset@den the other two
probes. TREETAP detects the acoustic wave as it pdssdsst stop transducer and
starts a timer which records the time it takes forwiaee to reach the second stop
transducer placed a known distance from the first. fithe delay and the distance
between the two sensors allow the stress wave itielocbe calculated. The velocity
measurement was repeated eight times for each sitte tfele (i.e. 16 measurements
per tree) as this improves the consistency of the stwvase velocity through the
outerwood and thus the estimate of dynamic outerwood fdOE&ach tree.

The following equation was applied to estimate MOE:
MOE = pV*

wherep is green density (kg M) andV is stress wave velocity (mi's Stress wave
velocity was determined from sample lendihafd transit timet] as;V = | t™.
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Green density was calculated from a sample of 38 dae=n at 1.4 metres above
ground level from selected trees representing a combinatioreeds and initial stand

spacings. At time of felling 30 mm discs were taken for38drees. Green density
was determined as green weight/green volume, using thergioméechnique. From

analyses of these measurements, green density was fmwadytwith neither breed

nor stocking and mean density was 935 K§j(tn8.2 kg nt).

Data Analysis

All analyses were undertaken at the plot level using $8A&S Institute, 2000).
Values of MOE were averaged across both sides of ¢lee Ibefore plot means were
determined. An initial analysis of variance was condilitteexamine the main and
interactive effects of stand spacing and breed on ster@dions and MOE. Multiple
range testing was undertaken using the Student-Neuman-{SNKg test.

Univariate relationships between MOE and the continuousblas diameter, tree
height, distance to canopy and stem slenderness examined using appropriate
functional forms, both between and within breeds terd@he which variables were
significantly related to MOE. Analysis of covarianceswesed to determine how well

each variable accounted for the effects of stand spacitidpreed on MOE.

To control for the effects of common cause, pathyamlas used as an extension to
regression analysis, using the CALIS procedure (SAS IrsstiR@®00). Path analysis is
a multivariate statistical technique which bridges the gapvdeet empirical
observation and theoretical research. This technique resquievelopment of a
preconceived causal model in which directional flow ahd inter-relationships
among independent (exogenous) and dependent (endogenous) varaldpscified,
as outlined in Figure 4.1. A more complete description of paalysis is given in
Wright (1921, 1934), Li (1975) and Rao and Morton (1980).

Path analysis was used to determine the significancetlofags in Figure 4.1. Non-
significant pathways, denoted Ivalues of less than 1.96 were removed from the
model. After all non-significant pathways were removedel statistics were
examined. For the overall model values of the chi-squdare gmeater than 0.05
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indicate an acceptable fit between model and data. Hovesvihe chi-square statistic
has some limitations as an inferential test (sedadap990, for review), the goodness
of fit index, normed fit index and comparative fit idd€CFI) were also used to
determine the adequacy of the model fit to the data. fAhese indices range from O
to 1, with values over 0.9 indicating an acceptable fitveeh model and data. A
model exhibiting acceptable fit between the model and theadstahas normalised

residuals which are less than 2.

RESULTS

MOE was found to be significantly influenced by bothcsipg (P<0.0001) and breed
(P<0.0001). Examination of the partitioned sums of squaresie¢hat spacing had
the greater influence on MOE. Values of MOE scaled pe$jit with stand stocking
by 39% across the range in stand stocking. There wasdliregar increase in MOE
from 5.4 GPa at 209 stems hto 7.2 GPa at 835 stems hafter which the rate of
increase in MOE with further increases in stand stockingn@éel; reaching 7.5 GPa
at 2551 stems Ha(Table 4.2).

Table 4.2. Influence of initial stand spacing on MOE. Each vadiwn is the mean +

standard error. Means followed by the same letter a@rsigrficantly different aP<0.05.

Initial Mean SNK
spacing MOE grouping
(stems ha™) (GPa)

209 5.4 (0.24) A
275 5.7 (0.25) AB
364 5.9 (0.18) AB
481 6.6 (0.22) BC
635 6.7 (0.30) BC
835 7.2 (0.41) C
1111 7.1 (0.27) C
1457 7.1 (0.30) C
1924 7.6 (0.21) C
2551 7.5 (0.26) C

The significant influence of breed/cuttings was mainlyilaitable to the high values
of MOE recorded for the cuttings (Figure 4.4). Modulus agtity was lowest for
the 850 and 268 series, with values averaging 6.1 and 6.3r&dpectively. The
average respective MOE values for the 870 breed and @neslgecuttings of 6.6 and
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6.7 GPa, substantially exceeded that of the 850 and 26&.s€he three-year-old
cuttings had an average MOE of 7.7 GPa, which significartdgexled the one-year-
old cuttings and seedlings from the 870, 268 and 850 series by 1& and 27%,
respectively. No significant interactioX0.05) was found between breeding series

and stand spacing (Figure 4.4).

MOE (GPa)

4 L 1 L 1 L 1 L 1 L 1
0 500 1000 1500 2000 2500

Initial stand spacing (stems ha'l)

Figure 4.4. Relationship between mean MOE and initial stand spacangtlie five
breed/cutting treatments; three-year-old cuttings (sohe),li one-year-old cuttings (long
dash), 870 breed (short dash), 268 breed (dot) and 850 brebed@adot-dash).

No significant interactionR>0.05) was found between breed and stand stocking. The
propagation influence on MOE between the three-year-oldngatand the breed
exhibiting the lowest MOE values, the 850 series, rangem ft87 GPa at 2551
stems hd to 1.1 GPa at 209 stems haThe maximum difference between the three-
year-old cuttings and the 850 series was 3.03 GPa at 835tsiéms

The MOE variation between the windward (6.56 GPa) sidealbftrees was
significantly different P=0.0015) from the leeward (6.9 GPa) side of all treesh®f t
tree dimensions examined, stem slenderness exhibited rhegest significant
(P<0.0001) relationship with MOE. Stem slenderness exhibited aeosalationship
with MOE (Figure 4.5), which accounted for 49% of the var@amn the data.
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Distance to the green crown was significantly and pesjt related to MOE (Figure
4.6), accounting for 46% in the data. When distance tgren crown was expressed
as a percentage of tree height the coefficient ofratation increased marginally to
0.48. Diameter exhibited a significarf<0.0001) negative linear relationship with
MOE (Figure 4.7), accounting for 44% of the variance in M®Eight was not
significantly related to MOE. Within breeds, stem slendes was more closely
related to MOE than diameter or distance to the greesrcfor all five breed/cutting
treatments, with coefficients of determination randmgn 0.4 for the 268 series to
0.87 for the 870 breed.
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Figure 4.5. Relationship between modulus of elasticity and stem slerstefoe three-year-
old cuttings (black circles), one-year-old cuttings (whiteles), seedlings from the 268
(black squares), 850 (white squares) and 870 (black triartglesyling series. Linear lines
have been drawn through data for the three-year-olchgat{solid line) and 850 breed (dash-
dot-dot-dash) as after correction has been made for sliemderness, these represent the

breeds with the highest and lowest MOE, respectively.
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Figure 4.6. Relationship between modulus of elasticity and green crogight for three-
year-old cuttings (black circles), one-year-old cuttings tgvbircles), seedlings from the 268
(black squares), 850 (white squares) and 870 (black triartglesyling series. Linear lines
have been drawn through data for the three-year-olchgat{solid line) and 850 breed (dash-
dot-dot-dash) as after correction has been made for greem height, these represent the

breeds with the highest and lowest MOE, respectively.
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Figure 4.7. Relationship between modulus of elasticity and diameterthee-year-old

cuttings (black circles), one-year-old cuttings (white es}l seedlings from the 268 (black
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squares), 850 (white squares) and 870 (black triangles) bresslieg. Linear lines have been
drawn through data for the three-year-old cuttings (solid mel 850 breed (dash-dot-dot-
dash) as after correction has been made for diaméege trepresent the breeds with the

highest and lowest MOE, respectively.

Analysis of covariance showed that when included singihé model, diameter and
green crown height accounted for the effect of stand spaci MOE. Although stand
spacing was still marginally significarfe€0.05) in the predictive model of MOE with
stem slenderness, stand spacing added very little expipmetaer (partiat?=0.02).

In contrast, addition of breed was highly significaf<@.001) for univariate
relationships between MOE and stem slenderness, diaaretatistance to the green
crown (expressed as a proportion of tree height), Wwied accounting for an
additional 15, 20, and 18% of the variance in MOE respdytive

Path analysis was used to test the significance ofdlaionships outlined in the
initial model, described in Figure 4.1. As the pathway betwdOE and diameter
was insignificant >0.05;t value = 0.11) this pathway was dropped from the initial
model.

For the modified model outlined in Figure 4.8, an acceptabiel bf model fit to the
data was demonstrated by all goodness of fit indices>(a8i8) and the chi-square
ratio (P=0.44). None of the normalised residuals exceeded 1.l innitadg. In

addition all remaining pathways in the model were signiti¢davalues >1.96).

Path coefficients within the modified model (Figure 4.8dicated that tree
slenderness had a slightly higher direct influence on M@ distance to the green
crown (path coefficients of 0.40 vs. 0.35). Relationshipgaih these variables to
MOE were positive. Although diameter and height did dicectly influence MOE,
they did have significant indirect effects on MOE si@m slenderness and green
crown height. The final model explained 53% of the vaxam MOE, 91% of the
variance in stem slenderness and 82% of the variancean grewn height (Figure
4.8).
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Figure 4.8. Final path analysis model, with significa<Q.05) pathways shown. Solid lines
represent direct pathways of influence while dashed Iiepsesent indirect pathways of
influence. Values next to each line give the path coefitcior that pathway. The amount of

variance (°) explained for each endogenous variable is shown.

DISCUSSION

This study shows considerable variatiorPinus radiataMOE between spacings. The
substantial improvement in MOE with increasing stockingoissistent with findings
in other coniferous species over comparable spacing levaedsidVend Ko, 1998;
Chuang and Wang, 2001; Zhaagal, 2002). ForPinus radiata previous research
(Lasserreet al, 2004) has found that stand stocking scales positivelyM@E in the
outermost rings of 11-year-old trees, between standrgysaof 835 and 2500 stems
ha’. Data used in this study from 17-year-old trees indicatkess pronounced gain
across this stand stocking range (6% vs. 42%) which suggeastsuterwood MOE
between these stand stockings will converge with ageilppsas competition in the
lower stand stockings increases. Our research exteeds fhrevious findings by
Lasserreet al, (2004) to the commonly used operational stand spacingsteken
209 and 835 stems haver which MOE increased by 33%. This result indicates that
managers have considerable control over outerwood MOEtarenwood on dryland
sites through selection of appropriate stockings.

The considerable gain in MOE for the three-year-old cwtengd the moderate gain
in MOE for the one-year-old cuttings over seedlings ssigti@t a possible source of
MOE improvement may be through propagation technique and pdyisal age.
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Although physiological age is the main difference betwéle®a cuttings, they
originated from different seedlots and have differer® tings, thus possibly
impacting on the relative difference in MOE obtainednf these two treatments.
Menzieset al. (2004) observed that acoustic velocity at breast h¢aghéin indicator
of stiffness) increased significantly and consistentithvwincreasing physiological
age. Given that cuttings from more mature trees shove mdult-like morphological
characteristics, such as declining microfibril angle updtem, than seedlings, one
would expect wood in cuttings, for given ring numbers ftbepith, to match that of
wood of a point higher up in seedlings. On that basis, anddwexpect the butt logs
of cuttings with maturation to have lower microfitaitgle and greater MOE (Burdon
et al, 2004).

There was no significant interaction between stgratiag and breed, which indicates
that silviculture and breeding can be used as complameapproaches to improve
MOE. The lack of an interaction concurs with Lassetral (2004) who found that
no significant interaction between stand stocking andatlgenotype existed in 11-
year-old Pinus radiata Further research should investigate whether the ldck o
interaction between breed and stand stocking is maintaloed) the length of the

stem.

MOE is believed to be influenced by numerous mechanisnts itkeract. The
identification of these mechanisms is the topic ofgomg research, however,
evidence to date suggests that a number of these passibleanisms may contribute
to MOE formation. Whilst these mechanisms were not fipalty examined in this
research, the strong influence that was found betwesm slenderness and green
crown height on MOE further strengthens the developegbby many that these
factors directly influence MOE formation, whilst cagfidoubt on the importance of

diameter as a direct influence on MOE.

A significant negative relationship was found betweea odigrowth and MOE in this
study. This observation has also been noted in other stdolieouglas fir
(Pseudotsuga menzigs{\Walford, 1985) and 11-year-oRinus radiata(Lasserreet
al., 2004). Low initial stocking, which increases radial trgwth, has been
postulated to result in an increase in the relative ptigooof the stem occupied by
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the juvenile corewood which exhibits poor MOE values (Shelmut997). It is has
been proposed that radial growth affects the proportia@ntclinal versus periclinal
cell divisions and may therefore affect microfibrilgéan (J. Walker, pers. comm.).
However, exactly how the cell divisions impact on noiibril angle is unknown.
Lindstrom et al. (1998) found that the normal trend of pith to bark decrease
microfibril angle can be interrupted by a surge in growtie iuch as may occur
following thinning or removal of competing trees. This lekto the suggestion that
suppression of juvenile growth could contribute to a reducidhe amount of wood
with high microfibril angle in a tree at harvest. Thislationship may also be
explained by the variation in latewood percentage betwess of high and low
diameter. Previous research has shown that treesawhigh diameter have a lower
percentage of latewood and lower density than trees waWw diameter (Chuang and
Wang, 2001). As latewood fibres display a higher MOE thasé of earlywood, the
lower incidence of latewood in larger trees could accéamthe observed low MOE
within these larger diameter trees.

Whilst all this evidence supports radial growth rate asssiple mechanism for
MOE, Lasserre (2005) observed that when compdaings radiataat two sites with
almost perfectly equivalent yields but separated by twosyefiage, radial growth
apparently did not affect MOE. Although there was an @ifference, diameter at
both sites was indistinguishable, as was MOE, suggestatigncreased radial growth
rate at the younger site, did not have an impact on M@Eher research that would
contradict radial growth as a mechanism for MOE devata comes from Watt
al. (2006a, 2006b) who observed that stem diameter was positwelelated with
MOE. Furthermore, results from this study suggest tha@ati@n in MOE across stand
stocking gradients may be the direct result of spacing edlwhanges on stem
slenderness and green crown height, and that diameteinaingctly affects MOE

through these variables.

The significant positive influence of distance to theegreanopy on MOE found in
this study is consistent with previous research. In a sidgh included a range of
pruned heights Mason (2006) found that distance to the greem exhibited a
significant positive relationship with MOE. Distance be tgreen canopy within this
Nelder experiment was found to be significantly and pajt correlated with MOE,
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however, distance to canopy as an impacting factdviOk could not be accurately
assessed in this experiment, as it was a response vaa@bleesult of competition

induced through spacing.

The mechanism by which green crown height influences M@&been outlined by
Larson (1962) and Brown (1971) who hypothesised that auxins probydsuth the
green foliage and developing buds strongly influence cordwioomation. The
production of large diameter earlywood cells is dependent uvglatively high auxin
concentrations, where the current season’s growth andntbrnodes immediately
beneath it form juvenile wood (Zobel and van Buijtgn&989). With increasing
distance down the stem, cell size gradually decreasdsatalower internodes, true
latewood is produced as the auxin stimulus originating froantéhminal meristems
becomes more limiting. This however, is not the onttdaimpacting on latewood
formation. As the growth period advances, auxin synshesintinues to decline and
latewood cells can be found at higher and higher intesnadéhe tree. Proceeding
down the tree, auxin synthesis not only decreases bulrdéimeh distance over which
the stimulus must be translocated to the main steneases so that the lower
branches contribute less and less auxin to the suppie ahain trunk (Larson, 1962).
These lower auxin concentrations result in thicker callsilonger fibre length and
decreased fibril angle; properties which all contributentbeased MOE (Herman,
2005). Therefore, trees with high crowns such as thob@giy stocked stands may
produce lower proportions of earlywood in the bole and greatoportionate
guantities of higher density latewood (Larson, 1962) witbroxied wood properties.
This hypothesis has been further strengthened by obse&rvdtam Megraw (1985),
who observed that as the vigorous crown moved upwardsr fasirlywood to
latewood transition occurred, resulting in greater wood iens areas below the

crown.

Auxins also play a role in tracheid elongation. Kaden Aloni (1998) observed that
gibberellin, a growth hormone, in the presence of auximpted tracheid elongation
in leaves and the stem (Herman, 2005) by stimulating groWwhoth the upper and
lower ends of the tracheid. Tracheid length is known doirversely related with
microfibril angle, a known major influencing factor onO#, with very strong

correlations having been observed>(.9) between tree species (Echols, 1955;
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Erickson and Arima, 1974; Donaldson, 1992). Furthermor@dahition to tracheid
length affecting microfibril angle, it is also seenibfluence density, another known
major factor impacting on MOE, as some studies havpgsed that greater wood
density could be partly explained by longer and thicker &idsh(Dutilleulet al,
1998).

Green canopy may affect MOE not only through auxin graslidmut also though its
impact on stem slenderness, which has been recognizednashanical explanation
of stiffness development (Wagt al, 2006a). Numerous studies of stem form have
shown that trees with long, vigorous crowns produce stydiaglering stems with a
rather high proportion of earlywood to latewood. As th@ner recedes, owing either
to advancing age, stand closure, or artificial pruning, tigen sbecomes more
cylindrical and the proportion of earlywood to latewood deses. If the hypothesis is
accepted that auxin gradients regulate the size of thd @lements within an annual
ring, then it is logical to extend this hypothesis talude an auxin regulating
influence over increment distribution as well (Larsd®62). Radial expansion of
xylem and phloem elements has been observed below an &pplipaint of auxin
(Sundberget al, 2000) which explains why the maximum radial growth ocautbe
general vicinity of the live crown base, which resuttssmall crowned trees being
more cylindrical as opposed to the strongly tapered stétnses with long, vigorous
crowns (Larson, 1962).

Of the tree dimensions examined slenderness was fourel st strongly related to
MOE. Theory suggests that the positive relationship ebddretween MOE and stem
slenderness occurs as trees growing in very dense stahdsigh slenderness require
high MOE to mitigate the possibility of stem bucklingahgh self weight. Although
no buckling was observed within the Nelder trial, the folgsi of buckling was quite
real for trees planted at the highest stand stoclasgsdividual tree stem slenderness
reached values of up to 175 m'mwhich exceed all previously reported values within
the literature (Holbrook and Putz, 1989; Niklas, 1994a). lmdacent 17-year-old
stand of trees planted at 10 000 stemi$ 8% of the trees exhibited buckling (M.
Watt, pers. comm.). Stem slenderness for twentyesfatbuckled trees (determined as
Ht/DBH), exhibited a range from 122 to 178 it M. Watt, pers. comm.), which is
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comparable to tree slenderness values at the upper emelrahige found in our study
(range of 28 to 175 m ).

Although diameter has often been used to predict M@Ein sites for trees growing
under competition, there is considerable evidence to suggastthie effects of
diameter and height on MOE are mediated through slergteride relationship
between stem slenderness and diameter depends onctimasteinces in which trees
are grown. Considerable research has investigated how spawthg variation in
spacing trials within a single site influences MOE at eegiage. As with this
research, these studies typically conclude that isgrgastand stocking has little
effect on height growth, but does reduce diameter grovettkedly, which results in
increases in slenderness (Zhaetgal, 2002; Lasserre, 2005). This research shows
these increases in slenderness across stand stochahigrgs to be positively related
to MOE. As has been previously found, the correlation of MOEhwvditameter is
negative (Chuang and Wang, 2001: Zhaal, 2002; Lasserret al, 2005), and
MOE exhibits little correlation with height (Zhaeg al, 2002; Lasserre, 2005).

Relationships between MOE and diameter and height have fbeed to be quite
different across site gradients. The recent study by &¥al. (2006a) into variation in
Pinus radiataMOE of trees grown across a nationwide environmentalignadt the
same high stand stocking found height, diameter and sle®teito be positively
correlated to MOE, with slenderness exhibiting the strangaselation with MOE
(r’=0.61). Most of the variation in slenderness was attrietao between-site
variation in height as height growth was far morepoesive to improving site
conditions than diameter growth. Taken together theseilts demonstrate the
disparity in relationships between diameter and MOE anght@nd MOE. These
results also suggest that both the effects of siteittonsl and within-site competition
levels on MOEare at least partially mediated through changes in sleesgrawhen
trees are grown at high stockings. In the study reporteel énd that by Watt al.
(20064a), slenderness was found to exhibit a positive caorlaith MOE. It is quite
likely in both cases that increases in slenderness eddincreases iMOE to reduce

the risk of stem buckling.
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The relationship between the possible mechanisms discussede and their
influence on MOE will undoubtedly be complex. Thus,wtll be difficult to

determine what mechanisms contribute what proportion, if emylevelopment of
MOE gradients within trees. However, the now recognisgebrtance of stiffness as
a wood quality variable will ensure the continued workxameining the mechanical

and management influences on MOE.

Results from this trial, in addition to those from s@ageet al. (2004), unquestionably
show that greater MOE can be achieved from highekstge. Gains in MOE were
also achieved through the use of physiologically aged cattifigpe process of
growing plantation products is driven by economics, theeefows use stockings
comparable with those used at the high stand stockingsimgéds trial, financial

penalties would be incurred compared to use of low stockiHgsvever, the

possibility of implementing regimes using higher stockeddsaneeds to be further
investigated. Similarly, the use of physiologically agewktings over standard
seedling material would incur greater cost at time o&ldishment. Stiffness is a
fundamentally important wood property which affects custopeeceptions of value
in both structural and appearance products, and thus impraveamel greater
controllability of stiffness may justify these greatgrowing costs in some
circumstances. By developing management regimes in wgectetic breeds with
higher stiffness wood are used along with stand spadirajsathieve a compromise
between sufficient final stem size and higher stockitigsn the industry can look to

increase profitability through better utilisation of protuc

CONCLUSIONS

. Distinguishable increases in MOE (39%) were achieved witeased
stand stocking. The majority of this gain (33%) occurred éetw209
and 835 stems Ha

. Gains in MOE were also exhibited through the use ofeudifit
propagation techniques; namely the use of cuttings overnrsggdlvith
cuttings of greater physiological age displaying greater MOE.
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Differences in MOE between seedlings and cuttings dfatgr

physiological age were greater at higher stand stockings.

No significant interaction was found to exist betweeitial stand
spacing and breed. Any interaction between spacing and bnaed
existed was greatest at the highest stand stocking wihtmedces in

MOE between breed were most evident.

Stem slenderness’£0.49) explained the greatest amount of variation
in MOE, followed by distance to the green crown=0.46) and
diameter (*=0.44).
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Chapter 5

I nfluence of initial stand spacing and breed on vertical
distribution of wood stiffnessin 17-year-old Pinusradiata

INTRODUCTION

Wood stiffness or longitudinal modulus of elasticity (HOis one of the most
important wood properties for solid timber applicationsaiis and llic, 2001). As a
result, stiffness has been recognised as an importgoenpyafPinus radiatatimber

that requires greater attention due to potential lostimgs by the industry arising

from poor performing, low stiffness timber.

Radial changes in stiffness throughout a stenPimus radiata have been well
documented (Tsehaye, 1995; Xu and Walker, 2000), with MOPRinas radiata
increasing radially from the pith to the cambium, hnibe greatest rate of change
occurring near the pith. However, vertical changestiffness are less conspicuous.
Vertical changes in MOE show no obvious differencen@lthe vertical direction of
the stem as noted by Tsehaye (1995) and Tseadtagle(2000), whilst Xu and Walker
(2000) observed no real apparent change after approximately thetres up the
stem. The butt log, up to approximately three metres uptéme, has been identified
as a zone of low stiffness. However, as stiffnessesaradially, one would expect
variation up a tree because the radius of a stem dineis with height. The observed
lack of change in stiffness vertically up the stem asrobdgeby Tsehaye (1995),
Tsehayeet al. (2000) and Xu and Walker (2000) might be a surprise in vieweof th
increasing preponderance of corewood up the stem and ¢heedm the values of
most physical characteristics. This could be attributedvieraging within the stem
section. The corewood at the base of the stem isfisamnily less stiff than elsewhere
in the tree, but the butt log has also both more ani@rsttiterwood to compensate;
whereas at the top of the stem the corewood is sometitiar, but there is only little
outerwood of moderate stiffness (Buchaeéal., 1999).
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The localised reduction in MOE at the base of the tygdo approximately three
metres up the stem as reported by Hirakawa and FujisE@@6), Perstorper (1996)
and Xu and Walker (2000) has been suggested to serve a fuhgiiopase (K.
Niklas, pers. comm.). It has been suggested that thedbdsse acts as a “hinge” to
allow trees the ability to sway when external foraesapplied. Niklas speculated that
the localised reduction in MOE was adaptive in terms ofdvinduced bending

moments which allow the trunk to bend in the wind.

Although stiffness gradients iRinus radiatahave received increased attention in the
recent past, there has been no reported previous reseaestigating the impact of
different initial stand spacings, breeding series, propagatechniques and
physiological age of cuttings on the vertical distribotaf stiffness inPinus radiata
This is supported by Jayawickrama (2001) who states thattielies have examined
variation in MOE up the stem #&inus radiatatrees.

Wood properties have become a major thrust in New HAdalaPinus radiata
breeding programmes due to a realisation that therebeilsignificant benefits in
having improved wood properties in future forests (Sorenssah 1997). Selections
of seedlots in recent times have focused on wood quadities as demonstrated by
the development of a ‘high density breed’ and a ‘strattimber breed’. Preliminary
studies on small numbers of entries by Mathe=toal. (1997) and Shelbourne (1997)
found high heritabilities for MOE foPinus radiata Individual-tree heritability
estimates for MOE of 0.53 by Kumat al. (2002), compared favourably to those
reported by Mathesort al. (1997), however, these values are almost double that
reported by Kumar (2004) who sampled a greater number ofnspesi Given this
heritability for MOE, genetics has the potential to keally enhance MOE. Whilst
examining the outerwood ¢finus radiata(Chapter 4), it was observed that cuttings
were stiffer than seedlings, with cuttings of greatetunaion, having higher MOE
than younger cuttings. Whether this influence will euat¢ when examining vertical
variation in MOE is unknown as no previous findings exang this connection have

been found in the literature.



Chapter 5 67

Initial stand spacing has been found to influence MOE (Waddan 1998; Zhangt

al.,, 2002; Lasserreet al, 2004). Research has found that MOE increases with
stocking for Japanese ced@ryptomeria japonica (Wang and Ko, 1998), black
spruce Picea mariana (Zhanget al, 2002), juvenilePinus radiata(Lasserreet al,
2004) and maturPinus radiata(Chapter 4). MOE up the stem has been examined in
Norway spruce (Brucherét al, 2000) and was found to decrease up the stem,
especially above 50% of stem height. No apparent rdséas examined the impact
that stand spacing has on the vertical distribution of M@Ethe stem inPinus

radiata.

The objective of this study was to examine the mainiatedactive effects of initial

stand spacing and breed on vertical variation in MOEimfis radiata
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METHODSAND MATERIALS

L ocation

Measurements were taken from 17-yearidus radiatatrees that had been grown
in a Nelder experiment (Nelder, 1962) located at Burnham, appatedy 18 km
south-west of Christchurch (latitude®38.5’S, longitude 17°47.75’E, altitude 70 m
a.s.l.). They were situated on Lismore stony silt losmil (N.Z.S.B., 1968) and
experienced a mean annual precipitation of 650 mm, in wieatonal water deficits
do occur during January to March, when evapotranspiraéroeeds rainfall

(G. Furniss, pers. comm.).

Experimental Plot

The experiment comprised five breed/cutting treatment&jding seedlings from the
850, 870, and 268 breeding series and cuttings taken from onelgeand three-
year-old parents. Both the one and three-year-old gsttivere from the 268 series.
The Nelder contained 45 spokes separated by 8 degree Imtiend® circular rings
(Figure 5.1) with high initial stocking rates present atdéetre of the Nelder to low
initial stocking rates present on the outer ring o tdelder (Table 5.1). Each
breed/cutting treatment occupied nine of the spokes sgitgiroup of five spokes on
one side of the plot and a group of four spokes on ther sttie of the plot.

Table5.1. Nelder design.

Radii of  Equivalent Initial
Circle planting square spacing
number circles(m) spacing(m) (stems ha™)
Buffer 12.35 / /
1 14.20 1.98 2551
2 16.31 2.28 1924
3 18.75 2.26 1457
4 21.54 3.00 1111
5 24.75 3.46 835
6 28.44 3.97 635
7 32.68 4,56 481
8 37.56 5.24 364
9 43.16 6.03 275
10 49.59 6.92 209

Buffer 56.99 / /
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The trees had not received thinning at any stage prioatmiaation. Due to natural

mortality, windthrow or malformation, 385 trees weréatle for examination.

Figure 5.1. Plan of the Nelder spacing design experiment. Trees anegegl at each spot.

Three of the most widely planted series within New Zedlare the 268, 850 and 870
breeding series. As these genotypes were developed betwesty to forty years
ago they now constitute a large proportion of matilineus radiatawithin New
Zealand. The 268 and 850 series were predominantly selestephdd stem form,
multinodal branch habit and fast diameter growth, and @ the same breed.
Physiologically aged cuttings were developed within the 268ssty provide greater
stability at time of planting and in the early yeafgmwth as they have thicker stems
and thicker, more stable roots. The 850 breeding series gamv#h and form (GF)
rating of 14, whilst the seedlings, one-year-old cuttings thinee-year-old cuttings
from the 268 breeding series had a GF rating of 22, 19 an@dpkatively. The GF
rating reflects a seedlots relative genetic worthgfewth and stem form, with growth
given twice as much weight as stem form (Carson, 1996glatively unimproved
seedlot will have a low GF rating. These GF breedeevaevised to be good for
structural timber and, when pruned, knot-free timber. Howetleeir selection
resulted in the reduction of the average internode lengidwbthat of unimproved
plantations, thus the development of a special purpgoseg internode” breed, the 870
breed (Jayawickramet al, 1997b). This breed is designed for longer internodes in an
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effort to obtain long clear sections from unpruned tr&me of these breeds were
bred with improved stiffness properties in mind.

M easurements

Measurements of diameter at breast height, tree thaighcrown height were taken
immediately prior to measurements of modulus of @agt{MOE). Seventy-two
trees representing the five different breed/cuttingtmeats and six of the initial stand
spacings were selected. Three repetitions of each dirésel by spacing interactions
were sought. The felled trees were completely surroundegkigyhbouring trees. All
felled stems were de-limbed and cut into two metre lorits lp the entire length of
the stem (Table 5.2). Small end diameter and large entetka was measured using
callipers for all bolts. Assessment of wood velodiy all two metre bolts (n=543)
from the seventy-two felled trees was carried outgu$il TMAN, which provided a
volume weighted average of velocity (Harris and Andrel@99).

Table5.2. Bolt number and corresponding height (m) up the stem.

Bolt 1 Bolt 2 Bolt 3 Bolt 4 Bolt 5 Bolt 6 Bolt 7 Bolt 8
0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16

Velocity was assessed with the use of a resonanc@Hbid/AN, Carter Holt Harvey
Forests Limited, New Zealand). HITMAN (now called @irer HM200) allows the
operator to obtain measurements by holding the sensorsaganend of a stem and
hitting the same end with a hammer to induce a sounc waat travels down the
length of the log and reverberates off the other ergu(€ 5.2).

A\

Figure5.2. A schematic outline of the resonance measurement deiEl|AN.
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HITMAN measures the audible frequency of sound waves @urda004). The
reverberation time measurement is based on multiplasticopasses, up to several
hundred, instead of only a single acoustic pass. The reaédretime is measured by
the sensor and provides a direct measure of the lodisestsf, the stiffer the log, the
faster the wave and vice versa (Harris and Andrews, 1999).

Lindstromet al. (2004) found that resonance generated MOE was in closenagree
with static MOE (?=0.96), whilst earlier observations by Lindstran al. (2002)
found a correspondence between resonance generated MOBV@k from
traditional static bending to be very strontf=0.98) and relatively unbiased
(y = 1.04).

The resonance measurement of velocity is a near peatial average of the log,
both in log length and cross sectional area. The impeEstinance method usually
determines the frequency of the reverberation by Foungysis of the measurement
period i.e., the outcome is an average of the entgasarement period including the
time to achieve plane wave response (Hatrisl, 2002).

Green dynamic modulus of elasticity (GPa) was detemnuging the following

equation:

MOE =\ / 1000

whereV? is velocity (km &) andp is green density (kg M.

Green density was calculated from a sample of 38 da&e=n at 1.4 metres above
ground level from selected trees representing a combinatioreeds and initial stand

spacings. At time of felling 30mm discs were taken for38drees. Green density
was determined as green weight/green volume using the siomeechnique. From

analyses of these measurements, green density was fowadytwith neither breed

nor stocking and mean density was 935 K§j(tn8.2 kg nt).
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Data analysis

All analyses were undertaken using SAS (SAS Institute, 2006ng a MIXED
model with a cross-over design, an analysis of vaeamnas used to examine the
effects of independent variables including spacing, breeameter, and stem
slenderness on mean bolt MOE. The interactive effdctpacing and breed on MOE
were also assessed. The generalised model used was:

Yik =u+S§ +Bj+ (SBj) + D« + SS+ g

whereY;q is the dependent variable MOE&,is the overall meart; is spacingB is
breed 6B is the interaction between spacing and br&eds stem diametelSSis
stem slenderness aads the model error.

Plots of residuals were inspected for bias. Residual vakezs plotted against
predicted values and independent variables. SAS procedurABIAFY was used
to test for normality of residual frequency distribuson

Multiple regression analysis (MIXED model with a sasver design) was used to
determine what impact continuous variables such as ladealiameter, mean bolt
diameter and bolt slenderness had on MOE, whilst simpyression was used to
determine the significance and strength of diameterestsb height, large and small
end diameter, mean bolt diameter plus bolt slenderagsistwo forms of whole tree

slenderness on MOE at different spacings and betweedsbree

RESULTS

Mean tree MOE, taken as the average of all bolts mwithitree, was significantly
influenced by initial stand spacing<0.0001). Examination of the partitioned sums
of squares revealed that spacing had considerably gredliggnce on mean tree
MOE than breed did. MOE scaled positively with stand sgawith MOE increasing
from 5.18 GPa at 275 stems’hm 6.96 GPa at 2551 stems'H#&igure 5.3) or a 34%

increase.
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Mean tree MOE was also significantly influenced by dr¢e<0.0001). The 870
breed was approximately 8% and 16% stiffer than the 268 and 88&dihy series,
respectively. Propagation technique did not appear to influer@E, Mowever, the
maturation status of the cuttings did, as the three-glelacuttings were 7% stiffer
than the one-year-old cuttings. Multiple comparison steshowed that within
spacings, MOE between the breeds displayed a modeuaifdym pattern.
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Figure5.3. Relationship between mean tree MOE and initial stpadiag at the plot level.

A significant interaction®<0.0001) between spacing and breed for MOE was present
that could explain only a low proportion of the variatio?0.32) in mean tree MOE.
However, this interaction did not exist in any meanindduim. The breed treatments
did not display uniform patterns of MOE within and betwestial stand spacings.

The vertical distribution of MOE up the stem displayepeaked pattern. Bolt 1 was
found to be close to the weakest bolt (5.06 GPa) oeetethigth of the stem, being
only marginally stiffer than bolt 8 (5.02 GPa) at the tophe stem. Bolt 1 was 29%
weaker than bolt 2 (6.54 GPa) and 31% weaker than bolt 3 (6.84 BRich was the

stiffest bolt in the stem. After MOE had reached iesxrmum value at bolt 3, a gentle

decline in bolt stiffness was observed to the top ofitbasured stem.
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Spacing had a substantial impact on MOE up the stem. TDEE bf the lowest bolt
was greater with increased stocking, whilst all stockimgg a similar MOE for the
bolt at the top of the measured stem. It was at ghetdhe stem that the least amount

of variation in MOE between the different stockingswaesent (Figure 5.4).

MOE (GPa)

4 1 1 1 1 1 1 1 1
0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16

Height up the stem (m)

Figure5.4. Plot of MOE up the stem at each initial stand spacing; 26&&ms ha (black
circles), 1457 stems Hgwhite circles), 635 stems hgblack squares), 481 stems'Havhite

squares), 364 stems héblack triangles) and 275 stems*Havhite triangles).

The variation in MOE between stockings was greatesolt2, where a 56% or a
3.11 GPa difference existed between 275 and 2551 stemdha relative decrease
in vertical MOE between the stiffest bolt in theetrand the weakest bolt in the tree
was considerably larger at 2551 and 1457 sterflsthan for the remaining four
stockings. The variation in MOE between the weakestsaifigést bolt within a tree
was greatest at 2551 and 1457 stemy hénere there was 58% difference in MOE,
whilst at the remaining lower stockings, that differem@es reduced to approximately
36% (Figure 5.4).

The interaction between breed and height up the steM@& was not significant
(P=0.1381). All breed/cutting treatments displayed a subatgntower MOE in bolt
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1 than in bolt 2. MOE remained relatively constant forbaéied/cutting treatments
between bolt 2 and bolt 4, before declining up the stem @i§us). The relative
difference in MOE between the five breed/cutting treatts at all stand spacings

remained largely constant.
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Figure 5.5. Plot of MOE up the stem for each breed/cutting treatm@n®, breed (black

circles), three-year-old cuttings (white circles), 268 8ré¢black squares), one-year-old

cuttings (white squares) and 850 breed (black triangles).

When tree height was normalised for all initial stapacings, the portion of a tree
that displayed the highest MOE increased vertically whtacking decreased. At
stockings of 635 stems har greater, the bottom 15% of the stem was of lowEMO
The maximum MOE was obtained between 15% and 40% of btaght before
declining to the top of the stem. At stockings of 481 sthatsand less, the bottom
15% was again identified as being of low MOE. A transitigrexriod towards the
maximum MOE was present between 15% and 25% of stemtheigitst maximum
MOE was obtained between 25% and approximately 50% of seaghthbefore
declining to the top of the stem.

Variations in the proportional height of MOE were afsesent for breed. All five
breed/cutting treatments displayed low MOE up to 15% emsheight. Both the
three-year-old and one-year-old cuttings exhibited maxirM®& between 15% and
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30% of stem height before decreasing, whilst the 268, 85@&ddreeding series
obtained maximum MOE between 15% and 40% of tree heightré declining to
the top of the stem.

Mean bolt MOE was significantly influencedP<0.0001) by spacing for all bolts
except those at the very top of the stem, whilst fleeteof breed was only significant
for bolt 1 and bolt 8 #<0.05). Bolt slenderness expressed as bolt length/differe
between large and small end diameter was found to &asignificant P<0.0001)
correlation with bolt MOE, however, it only explainadow proportion °=0.24) of
the variation in MOE across all spacing treatments (Eigu8). Large and small end
diameter plus mean bolt diameter (Figure 5.7) were @ilifstant (P<0.0001), but
only explained 7%, 3% and 5% of the variation in bolt MOEee height was found
to have no impact on bolt MOE, however, crown heajtt(P<0.0001) for all but the
top two bolts (bolts 7 and 8).
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Figure 5.6. Relationship between MOE and bolt slenderness (bolt lenfjénétice between

large end diameter and small end diameter of bolt)lfto#s.
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DISCUSSION

Previous work by Tsehaye (1995) and Xu (2000) examining verticagebasf whole
stem MOE noted that no real apparent change up the steraweent and that MOE
values remained very consistent. This trial however fdwasd large variations in the
vertical distribution of MOE. Tsehaye (1995) reported tie#tre was no obvious
difference in mean stiffness along the vertical diogcof the stems, whilst Xu (2000)
reported that in the vertical direction, stiffnesssif®m the ground line and reaches
the mean stiffness of the stem at a height of approgigndt7 metres. Thereatfter, the

variation of stiffness in the vertical direction wasignificant.

The lowest portion of the tree (bolt 1) was often fotmcexhibit the lowest MOE
values of any part of the tree within this trial and had M@Hkies considerably lower
(29%) than that of the second bolt. This pattern has béen noted by Xu (2000),
who found that in the butt log, up to 2.4 - 2.7 metresatisgage stiffness values were
inferior to those found elsewhere in the stem. Furtbeemafter MOE had reached its
maximum value at bolt 3 (4 - 6 m up the stem), a gentlengeah stiffness was
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observed to the top of the stem. Xu and Walker (2000),tedted MOE on 90 x 35 x
4200 mm boards and averaged the boards from within a log |éhgtim long) to
give a mean MOE for that log, observed that the bgthlad the lowest MOE values,
whilst the MOE values in the second log were the highef&ire decreasing up the
stem. The height up the stem of the second log (4.2 m8.4hich displayed the
greatest MOE, corresponds well with results of thelgtreported here, however,
bolt 2 (2 - 4 m up the stem) in this trial was found to leila MOE value very similar
to that of the stiffest bolt. This particular lengtlas included in the butt log for Xu
and Walker (2000) and subsequently their study missed whéitiepdrtion of the
stem was in fact of high MOE. The vertical changeBIdE up the stem as noted by
Xu and Walker (2000) displayed only an 8% difference betweerwdakest and
stiffest logs, in which some of the accuracy wouldehamdoubtedly been lost due to
averaging, however, it was somewhat less than the 58%retite at the higher
stockings and the 36% difference at lower stockings withis trial. Similarly,
Tsehayeet al. (2000) found in their study of 3.6 metre logs from Canterbwhegre
the mean log MOE was derived from 90 x 35 mm dressed bahatsonly a 6%
difference existed between the weakest and stiffest Wiggs the second log being the
stiffest.

The discovery in this trial of low stiffness within th@west portion of the stem
confirms previous observations by Tsehaye (1995), Xu (200D)Xanand Walker
(2000). It is also a common feature found within other gsesuch as sugi trees
(Hirakawa and Fujisawa, 1996) and Norway spruce (Perstorper, 12R96R000)
stated that up to approximately three metres up the stéfimess was inferior to that
in the stem above this point, whilst Xu and Walker (2000) fahatithe low stiffness
was within the butt log, which extended 4.2 metres up the. skais trial suggests
that the area of low stiffness within the butt log migatconfined to an even smaller
distance up the stem, as the second bolt displayed MlDEsvalmost identical to that
of the stiffest bolt within this trial. This zone of podIOE is probably a result of the
large proportion of low stiffness corewood present withi butt log, which forms a
truncated cone from the base of the tree to approxiyndisge metres up the stem
(Xu and Walker, 2000; Huangt al, 2003; Xuet al, 2004). This localised reduction
in MOE has been suggested to serve a functional purpoddl(lés, pers. comm.). It
has been suggested that the base of tree acts as a “turgw trees the ability to
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sway when external forces are applied. Niklas specltiiz the localised reduction
in MOE was adaptive in terms of wind-induced bending momehishnallow the

trunk to bend in the wind. Furthermore, low MOE at theebahat affects the
structural integrity of the tree may be due to othertions that the stem is required

to perform other than stability.

Within the study reported here, the height up the stemhath MOE was greatest
increased as stocking decreased as demonstrated by thesenanedOE with
proportional height. MOE reached its greatest value rfdividual trees in the trial
reported here between 15% and 40% of stem height at stociif§s stems haand
above, and between 25% and 50% of stem height at stoakidgl stems hhand
below. As the mass and thus weight of trees higher estibm is greater at lower
stockings, the relative increase in MOE up the stem baag response in order to
support the extra weight of a thicker stem, larger bras@nd greater leaf area. This
increase in MOE proportionally higher up the stem atelostockings compared with
higher stockings would have enabled the affected stemsandléh the increased
weight of the stem and therefore, reduce the possibifiglastic buckling. This may
also be in response to the impact of external forceB ascwind and snow. The
increased “sail area” of a larger tree with a largenstevered in foliage may require
increased stiffness to ensure that when these extiemtals are applied, a tree can

structurally support itself from mid-stem mechanical failure

It is surprising that MOE should be greatest some distarp the stem at any
stocking, considering that the proportion of corewoodeases dramatically with
height up the stem and conventional analysis would expelgterioration in log

quality with height. The interpretation lies in the abmally low stiffness of the

corewood in the butt log being counterbalanced by veryatirwood, whereas at
the top of the stem the corewood is somewhat stifigrthere is only little outerwood
of moderate stiffness (Tsehagtal, 2000).

Burdon et al. (2004) have suggested that in addition to having corewood and
outerwood, a tree has different degrees of each. $hggest that corewood up the
tree can be divided into juvenile corewood at the bgtttansitional corewood
approximately three to five metres up the stem and matussvood above it. The
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same applies for outerwood. These results reported Wwewld support such a
concept. As several wood properties, which are knowretmmiportant, show pith to
bark trajectories that vary markedly up the stem, seghegation has merit.

Megraw (1985) has stated that the concept of juvenile woodistmgy of a
cylindrical core from the bottom to the top of theetie a useful concept, but that it is
not biologically correct because juvenile wood changasesvhat up the tree, which
is why Burdonet al. (2004) suggested their concept. A fundamental property
influencing MOE is density, however this property is unikeb provide an
explanation why MOE exhibits a peak between 15% and 50% aif sisght.
Numerous observations (Cown and McConchie, 1982a, 1982b; Bonaldnd
Burdon, 1995; Tiaret al, 1995) have noted that density decreases with increasing
height up the stem, particularly up to a height of appratefy three metres. Tracheid
length also impacts on MOE, particularly through itRtienship with microfibril
angle which has been found to be very strafig(91 - 0.92) (Echols, 1955; Erickson
and Arima, 1974). Tsehayet al. (1995) and Tsehayet al. (1997b) found that in
Pinus radiatafrom Canterbury, the logs that yielded the stiffeshber had the
longest tracheids, which occurred at approximately 50% ef lisght. Microfibril
angle shows a rapid decline from the butt to a heigldesen metres at rings of
comparable cambial age, after which angles then remaire rar less constant
(Donaldson, 1992). The reduction of microfibril angle ia torewood higher up the
stem has been suggested to be a result of physiologiceigage the cambium
(Barnett and Bonham, 2004), however, the whole tregusbt certain area, exhibits
physiological ageing. Microfibril angle may contribute he tstiffest part of the tree
being between 15% and 50% of stem height as Lindsttaah (2004) and Tsehayst

al. (1997a) found that decreasing microfibril angle was waeltratated with
increasing MOE r=0.75; 0.83). Xuet al. (2004) strongly support the notion that
microfibril angle is primarily responsible for lows#tiess wood in butt logs and an
increasing MOE up the stem to a certain point.

As with the examination of outerwood MOE (Chapter 4), wistéesn MOE of two
metres bolts up the stem was found to show a greateglatayn with slenderness
than diameter. In previous studies and that of the oote#twMOE in this thesis,

slenderness and diameter were assessed on a whole oftemhaving just one
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measurement of each for a tree. In this assessmesettafal MOE, slenderness and
diameter were assessed every two metres up the sténassessed to see if a
correlation with MOE existed. As with previous observagidWattet al, 2006a),
slenderness displayed a positive relationship with M@E was found to be a
substantially more important indicator of MOE thannaker.

Sawmillers are not primarily interested in obtainingn#ficantly superior wood, but
that as much of the wood supply as possible should soee¢ minimum threshold
value for stability, stiffness and strength (Huatbg@l, 2003). It is therefore necessary
not to set about creating more trees with greatdnasi$ but to raise the level of the
least stiff trees in a stand. As plantations in Newlatehcontinue to be harvested at
ages younger than in the past, a higher percentage eivaeod will exist in the
resource, thus creating a lower quality and more variabted resource for industry
to process. Increased corewood content in sawlogs vwoegd that the proportion of
lower grade lumber in the sawmilling industry increases ih bbsolute and relative
terms (Lindstromet al, 2005). Sawn lumber with high proportions of corewood is
known to have lower modulus of elasticity along withesthindesirable properties
such as substantial drying distortion. However, by incotpwaenetics, plantation
management, namely migrated through stand spacing, and irddomveorting using
portable acoustic methods, this trial has shown thaageerhole stem MOE at stand
level can be raised.

CONCLUSIONS

. Mean tree MOE displayed a 34% difference in MOE betw275 stems
ha' and 2551 stems Haranging from 5.18 GPa to 6.96 GPa.

. Gains in MOE occurred between different breeds. Theb85€d displayed
an 8% and 16% gain in MOE over the 268 and 850 breeding series,

respectively.

. The lowest portion of the stem (bolt 1) was approxatyaB0% less stiff
than bolts 2 and 3 immediately above. After the maxinM@E was
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obtained at bolt 3, a gentle decline in MOE occurred up¢aop of the

stem.

. Vertical variation in MOE was significant, with MOf&r individual bolts
exhibiting a 56% difference at stockings of 1457 stemb drad above,
with a 36% difference in MOE up the stem occurring atlkstgs of 635

stems ha and below.

. The proportional height at which maximum MOE wasaot#d increased
from between 15% and 40% at stockings of 635 stemsahd greater to
between 25% and 50% of stem height at stockings of 481 stehsnba

less.
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Chapter 6

Deter mination of critical buckling height and critical MOE
using measured wood propertiesin Pinusradiata

INTRODUCTION

The vertical stems of terrestrial plants must medalyi sustain their own weight
against the influence of gravity. They also must be sefiity stiff and strong to
resist bending and avoid breaking when subjected to largernaly applied
mechanical forces (Niklas, 1993), thus MOE (also refeiweasE) and densityA) are
important mechanical properties. These properties ameteriest because, in theory,
the quotient of MOE ang (i.e. the density-specific stiffnesg/p) determines the
extent to which vertical stems can grow before theachetheir critical buckling
height (i.e. the height at which elastic buckling isdprted to occur).

Recent research (Watt al, 2006a, 2006b), including that of this thesis, suggests that
MOE may be regulated by stem slenderness. When lightrdbBngaspecies such as
Pinus radiata are subject to competition from neighbouring plants, drapight
growth is important to ensure that they are not oveedp Under high levels of
competition trees become etiolated as priority ismgieeheight growth at the expense
of diameter increment. Based on Euler’s buckling fdanthe critical height Hci)

that a vertical tree stem can reach before it unasrgtastic buckling is given by the
following equation:

E 1/3
H_. :C[—J D3 (1)
P

whereC is the constant of proportionalitl, is modulus of elasticity, is the average
wood density and is stem diameter (Greenhill, 1881). For a given MOE actual
height will approach the critical height as height # given diameter, or stem
slenderness, increases. In a recent study (\&fatl, in prep) which used both
examined mechanical and structural properties of 15-yearuckldal trees, equation

1 was found to provide a reasonable approximation of the bgchké&ight.
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The value forC can vary between 0.79 and 1.97 depending on assumptions about
loading conditions and tree taper (Niklas, 1997). Regardlett® numerical value of

C, however, equation 1 predicts that the scalingHobbtains the proportionality

H O D*3 providedE/p and the safety factor remain constant. This assumjxithe
basis for the elastic similarity model proposed by Mbbfa (1973) and McMahon
and Kronauer (1976) which predicts the scaling of tree héigded on diameter (i.e.

H O D “??). However, ifE/p is not a constant, then the scaling exponefdr the
proportional relatioH [0 D “ depends upon the scalingkE/p with D (Niklas, 1993).
The testing of the assumption has typically been chwigt at a very broad level,
investigating variation between genera (Niklas, 1993) amddam species (Niklas,
1994a). More recently, this assumption has been testemioyydar-oldPinus radiata
across a wide environmental range (Wtal, 2006b), however, how it relates with
mature Pinus radiata exhibiting a wide range of stem diameters and MOE is

unknown.

For a given MOE, actual height will approach the critisaight as stem slenderness
(S increases. Low slenderness ratié80Y) indicate that very large self-loads are
required to induce elastic buckling, whilst high slendernasss indicate that smaller
self-loads are required to produce elastic buckling. Theseralities exist because,
for any columnar support member, the slenderness rapoojsortional to E/P)*,
whereE is the stiffness an@ is the maximum self-load that a column can support,
i.e. H¥D? O (E/P)*2 Thus, the mechanical stability of very slender colunstems
requires either tissues with high stiffness or stentl low P (Niklas et al, 2006).
The Greenhill (1881) equation shows that trees can inctbasgecritical height to
avoid buckling as slenderness increases by increasingdemsity-specific stiffness
(E/p), which is mainly accomplished through increases in MGHr@en density is

relatively constant (Watt al, 2006a).

Even though the height of a trdd, may never exceed the critical buckling height,
Heit, the degree to whichl approached#ii may influence wood properties. The
safety factor is defined as the quotientgf; andH. If growth in size attains a safety
factor less than unity, then the stem is predictedastiehlly deform under its own
weight. Safety factors greater than unity, therefardicate that an individual plant
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can sustain greater mechanical loadings than those imposéd bwn biomass

(Niklas, 1994a). Rearrangement of equation 1 in termseaddfety factorHi/H) as:
Hei _ C(E/p)*°*D™°
H S

shows that for a given diameter, increases in slera$s need to be accompanied by

(2)

increases in MOE to maintain a constant safetyofa¢ivatt et al, 2006b).
Furthermore, using a variant of the Euler colummmiala, the MOE that a tree must
obtain for a given height and diameter to ensua¢ ¢fastic buckling is avoided can
be calculated, wher€ is critical MOE:
3
= Cpr ©

The objective of this study was to (i) use measwvedd properties to assess critical
buckling height for each felled tree, whilst usiatiometric analysis to examine
relationships betweeH.i, H, D, Sand MOE, at the whole tree level; (ii) determine
critical MOE for outerwood and compare with meaduoeiterwood MOE obtained
using a time of flight instrument at the whole tiegel and (iii) determine critical
MOE for each two metre bolt up the stem for thefél®ed trees at the bolt level,
unless otherwise stated. Results are to be examwitadparticular focus on critical
buckling height and theoretical critical MOE fortetwood and vertical bolts.

METHODSAND MATERIALS

L ocation

Measurements were taken from 17-yearidus radiatatrees that had been grown
in a Nelder experiment (Nelder, 1962) located atnBam, approximately 18 km
south-west of Christchurch (latitude®38.5’S, longitude 17°47.75’E, altitude 70 m
a.s.l.). They were situated on Lismore stony siinh soil (N.Z.S.B., 1968) and
experienced a mean annual precipitation of 650 mmyhich seasonal water deficits
do occur during January to March, when evapotraaspn exceeds rainfall
(G. Furniss, pers. comm.).
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Experimental Plot

The experiment comprised five breed/cutting treatment&jding seedlings from the
850, 870, and 268 breeding series and cuttings taken from onelgeand three-
year-old parents. Both the one and three-year-old gsttivere from the 268 series.
The Nelder contained 45 spokes separated by 8 degree Imtiend® circular rings
(Figure 5.1) with high initial stocking rates present atdéetre of the Nelder to low
initial stocking rates present on the outer ring of Nedder (Nelder, 1962) (Table
5.1). Each breed/cutting treatment occupied nine of the sspkes a group of five
spokes on one side of the plot and a group of four spokdseather side of the plot.
The trees had not received thinning at any stage prior toieadon. Due to natural
mortality, windthrow or malformation, 182 trees that ltadnplete neighbours were
suitable for examination. From this population, 72 trea®wgamined.

M easurements

Measurements of outerwood MOE were made onF386s radiatatrees representing
ten different initial stand spacings and five breed/cuttiegtments using the time of
flight instrument, TREETAP (Chapter 4).

Seventy-twoPinus radiatatrees representing five different breed/cutting treatme
and a range of initial stand spacings were then felledpi€h&). Three repetitions of
each of the breed by spacing interactions were sough?2Adtems were de-limbed
and cut into two metre long bolts up the entire lengththef stem (Table 6.1).
Assessment of wood velocity for all two metre bélis543) from the 72 felled trees
was carried out using HITMAN, an acoustic resonanceunsnt, which provided a
volume weighted average of velocity (Harris and Andrel@9€9).

Table 6.1. Bolt number and corresponding (m) height up the stem.

Bolt 1 Bolt 2 Bolt 3 Bolt 4 Bolt 5 Bolt 6 Bolt 7 Bolt 8
0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16

Green density was calculated from a sample of 38 dae=n at 1.4 metres above
ground level. At time of felling 30mm discs were takentfog 38 trees. Green density
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was determined as green weight/green volume using the siomeechnique. From
analyses of these measurements, green density was fmwadytwith neither breed
nor stocking and mean density was 935 K§(tn8.2 kg nt).

Data analysis

Critical height was determined using equation 1, where @evalr C of 0.792 was
used, which assumes that the applied force to theteeis distributed over the full
extent of the tree (Greenhill, 1881). For dimensional iste&rscy, equation 1, requires
that density-specific stiffness be expressed in units,dfyntonverting the value of
which was 935 kg minto Newton n? (i.e. 1 kg weight force = 9.8067 N).

Regression models of the form
logY = logp + alogX

were used to determine the parameteasdp for the allometric relationships defined
as logr and loX (Wattet al, 2006b). Reduced major axis regression (RMA) analyses
were used to determine the scaling exponents and allenoetistants (i.earma and
logBrma, respectively) for the logvs. logK allometric trends observed. RMA was
used as the objective of the regression analysis waeteymine functional rather
than predictive relationships between two biologicalaldes (Niklaset al., 2006).
The regression parameters were computed using the famgla = aoLs/r and

logBrma = l0QY - orma lOg X, whereao.s is the ordinary least squares (OLS)

regression exponent,is the OLS correlation coefficient adgY andlog X denote

the mean values of variables Yognd loX (Niklas, 1994b; Watet al, 2006b). The
95% confidence intervals (Cl) foirma and logruma were determined using the
formulae 95% Cl Tirma * tn.2 (MSESS)Y and 95% CI = 0Brma * tn2 { MSE(1/n)

+ (logX%S)]} 2, wherety. is the t valueMSE is the OLS regression model mean
square errorS is the OLS sums of squares ang the sample size (Niklas, 1994b;
Watt et al, 2006b).
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Critical MOE, which is the MOE that a tree must obt&ér a given height and
diameter to ensure that elastic buckling is avoided,calesilated for both outerwood
and vertical bolts. Critical MOE for the vertical t®lwas determined using the
diameter of the bolt at the midpoint of the stemisacand the height of the stem
above the midpoint of the bolt. As well as assessimgparative differences between
critical MOE and actual MOE, critical MOE as a predicof actual MOE was

examined.
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RESULTS

Critical height and allometric scaling relationships

Critical buckling height for the 72 trees assessed stidhat actual heightH) was
below that of critical heightHcit) (Figure 6.1). Only one tree at the highest stand
stocking was deemed to be especially close to uHity Hcri)). This was due to the
very low stem diameter that the tree displayed. Tdvisdiameter combined with the
relative height of the tree meant that stem sleredernvas high, considerably more

than any other tree.
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Figure 6.1. Log-log (base 10) plot of ground line diameter against adiaaght (white

circles) and estimated critical buckling height (blackles).

Regression of critical buckling height against diaméggure 6.1) yielded a scaling
exponent of 0.55, which was lower than the scaling exgooie®.67 predicted with
constantE/p by equation 1, asE(p)"” scaled withD to the power of -0.25. The
scaling exponent between actual heightandD was 0.30. MOE scaled negatively
with stem diameter to the power of -0.75, but positiveiyh wtem slenderness to the
power of 0.78 (Table 6.2).



Chapter 6 90

Table 6.2. Summary statistics of reduced major axis (RMA) regogsof logr vs. logX.

2

logY logX ORMA logBrvA r

Herit D 0.55(0.45-0.64)  0.66 (0.21 - 1.10) 0.87
H D 0.30 (0.07-0.53)  0.81(0.30 - 1.33) 0.08
(Elp)*® D -0.25 (-0.44 - -0.06)  2.28 (1.10 - 3.46) 0.39
MOE S 0.78 (0.60-0.96)  -0.69 (-1.07 - -0.32) 0.42
MOE D -0.75 (-0.93--0.56)  1.81 (1.45 - 2.16) 0.39

The scaling exponentigua) and allometric constant (IBgua) are
presented with 95% confidence intervals in parentheses.

Trees with greater slenderness ratios displayed |I@afaty factors than trees with
lower slenderness. The measurements showed that tlage\safety margirHg/H)

of the trees in this study was 1.60, in which only five & #2 trees had a safety
margin greater than 2 (i.eHqit was double that dfl). The safety factor ranged from
1.07 to 2.50 and increased with increasing diameter and degasésm slenderness.
The regression of lodli/H) against lo® indicated that the safety factor was
moderately correlated with stem diameté=0.39). Stem slenderness and the safety
factor were highly correlatedr?€0.79), with an exponential regression curve
providing the best fit for the data (Figure 6.2).
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Figure 6.2. Relationship between the safety factdgi(/H) and stem slenderneds/D).
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Critical MOE

The assessment of critical MOE for outerwood found éliidiut one of the 385 trees
had an actual MOE at breast height (1.4 m above the gr@ome the theoretical
MOE required for the given diameter and height of ang toeensure elastic buckling
was avoided (Figure 6.3). As a predictor of actual MOHEcaliMOE was significant
(P<0.0001), but only accounted for a low proportiaf=(.29) of the variation in
measured MOE. Critical MOE explained a slightly greateportion of the variation
in measured MOE than was explained by stem diamete®.g8) at the tree level,

though it was less than was explained by stem slendgme8s33) at the tree level.
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Figure 6.3. Plot of measured outerwood MOE against critical oubedhvMOE.

The examination of critical MOE for each individual vweat bolt revealed that all
vertical bolts from the 72 felled stems were aboveetenated critical MOE (Figure
6.4). The mean diameter and height of the stem abevaittdle of any bolt was used
to assess what the theoretical MOE required was darerthat elastic buckling did
not occur at that point of the stem. When assessilidviéoE, critical MOE displayed
greater correlationr{=0.22) with measured MOE than diametér=0.03), however, it
was not as strong as the correlation shown by beiidsirnessr{=0.24).
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Figure 6.4. Plot of measured vertical bolt MOE against criticattical bolt MOE.

Whilst actual MOE was low at the base, followed byaarupt rise in MOE, critical
MOE rarely displayed such a pattern for the 72 treasned (Figure 6.5). Variation
in critical MOE within any one stem was also less thaat tlemonstrated by actual

MOE and typically exhibited less abrupt fluctuations in BA1@t any point up the
stem.

A noticeable trend to arise out of the assessmentitafat bolt MOE was that there
was a clear tendency for some bolts with lower meameter to have greater safety

margins; that is the actual MOE was substantial grehter the theoretical critical
MOE (Figure 6.6).
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DISCUSSION

The examination of critical buckling height revealkdttnone of the trees were above
the theoretical point of buckling. Only trees at the bgjhstand stocking were
expected to be close to the buckling point, with a sitrgle especially close to unity.
As tree height was relatively similar within the Lriencreasing stem diameter, thus

decreasing stem slenderness resulted in increased safiefys.

The scaling exponent between critical height and dianagtground level was lower
than predicted (0.55 vs. 0.67) and more closely resemldestrigss similarity model
(o = 0.50), contradicting the assertion that trees olettistic similarity O D??).
This exponent is not consistent with findings of W&ttial. (2006b) who observed a
scaling exponent of 0.95 in four-year-diihus radiata Such differences in scaling
exponents between trials can be explained by previouarobs&om Whittaker and
Woodwell (1968), who found that young trees have a higherngcakponent
between height and diameter than mature trees. Thagsexponents of critical and
actual height resulted in a divergence between thesevaniables with increasing
stem diameter. A greater amount of the variation inBW#as attributable to stem
slenderness{=0.42) than diameter3=0.39).

Safety margins Hci/H) increased with increasing diameter at ground level. This
violated the assumption of constant safety margins which the basis of the elastic
similarity model. The scaling exponent of 0.30 between adtemht and diameter
observed in this trial was substantially lower thiaa $caling exponent.(= 0.67) as
predicted by the elastic similarity model. This low sgglexponent between height
and diameter at ground level occurred as the low variatibeight was accompanied
by a higher variation in diameter across the site. $taing exponent is very
different from that observed by Wadt al. (2006b) who found that the safety margin
declined with increasing diameter at ground lewet (1.63). Such differences may be
explained by between site variations or age differencései material examined.

The safety factor was above unity for all trees and evdg very close to unity for
one tree at the highest stand stocking (2551 steris Wa&suming the value of
density-specific stiffness measured at the base of astrepresentative of the whole
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stem, our measurements show that the average safedinrméthe trees in this study
was 1.60 with a range of 1.07 to 2.50. These values are stmithose reported for
nine-year-old sweet gum (Holbrook and Putz, 1989) and thoseiefear-oldPinus

radiata (Watt et al, 2006b) growing under competition. Significantly higher safe
factors (4 - 5) compared to that reported here hava baggested in the literature
(McMahon, 1973; McMahon and Kronauer, 1976; Niklas, 1993, 1994b) sdfety

margin improved with increasing diameter and decreasing stenderness. The
relatively low safety margins found in this study arelyikio be attributable to the
higher stocking rates indicative of plantation growrestewhich induces a more

unstable etiolated form than occurs in open grown trees.

These results in conjunction with Watt al. (2006b) suggest reductions in the safety
factor, associated with increases in slenderness, indocezghses in MOE to reduce
the risk of stem buckling. In this trial, diameter wasnd to be negatively correlated
with MOE, whilst slenderness was positively correlatéftt et al. (2006a) found in
four-year-old Pinus radiata that diameter and slenderness were both positively
correlated with MOE. This similarity in the relationghbetween slenderness and
diameter suggests that slenderness might have beena wcartiable rather than a
response variable, and that the effects of diametdvlO& were mediated through

slenderness.

The relationship found between MOE and stem slenderneasssitrial has a sound
theoretical basis. Using a variant of the Euler buckliogntila, Greenhill (1881)
showed that MOE scaled positively with the maximum ddeness that can be
attained before buckling occurs. It therefore suggeststtbes with high slenderness
are increasing MOE to further increase the thresholdh&th buckling occurs. The
strong relationship between slenderness and safetgr facis not surprising as

slenderness is the dominant term in equation 2.

The Euler formula must be viewed as a pedagogical tabldffers insights into the
relations among variables that are much more complerast real biological
contexts. The formula assumes that columns are plgrfgicaight and uniform in
cross-section; that the column must be constructed &onsotropic material, i.e. it
must have a uniform MOE throughout; and that the weighthefcolumn must be
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significantly less than the weight it supports, i.@ tlolumn is essentially considered
to be weightless. Clearly, stems are rarely if edeal columns. They typically taper,
lack a uniform MOE, and they are anything but weightlesklgls, 1992). Even so,

the Euler column formula provides a handy tool for examgi relationships between

biological variables.

Bolts with greater diameter were identified as moreljik® have lower safety
margins than bolts with lower diameters. This suggéstispoints where the diameter
is greatest (i.e. at the base of a tree) are the hke$y places for elastic failure to
occur. This would reinforce statements made in Chapteat3hh base of a tree is an
area of concern, not only for potential lost earningsiray from low stiffness wood
located in the base, but also as a point most vulreetalfhilure when external forces
such as wind and snow are applied. It has been suggestéik(&s, pers. comm.)
that the base of a tree acts as a “hinge” to allovs tiiee ability to sway when external
forces are applied. Niklas speculated that the loahlisluction in MOE was
adaptive in terms of wind-induced bending moments which alteatriunk to bend.
This may be why the lowest bolts in this trial werecemparatively weak compared
with bolts immediately above and why they were mdstly to be susceptible to
failure. Furthermore, this low MOE at the base thaec the structural integrity of
the tree may be due to other functions that the stesyisred to perform other than

stability.

CONCLUSIONS

. The scaling exponent fé# [1 D wasa = 0.30, therefore the relationship

did not comply with the elastic similarity model.

. The relationship between stem slenderness and MOEigma$icant and
suggested that stem slenderness may be an importént iacstiffness
development. Allometric scaling determined that slenderrgs0.42)
showed greater correlation with MOE than diamet&rQ39).
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. The safety margin ranged from 1.07 to 2.50, with an geesafety factor
of 1.60.

. Bolts with lower mean diameter often had greatefetgamargins,
demonstrating that larger diameter bolts are the pahtsost likely

elastic failure.
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Chapter 7

Concluding remarks

This thesis examined the influence of initial stand spacimd) lreed on the stem
geometry, outerwood MOE and vertical distribution of MOEL17-year-oldPinus
radiata. The dynamic modulus of elasticity of outerwood and twe&ire bolts up the
stem were scrutinized and related to initial stand spaciddoeeed. Using measured
mechanical properties of the trees, critical bucklingglieiand allometric scaling
relationships were also examined. Critical MOE as aigi@dof actual MOE for
outerwood and vertical bolts was assessed. An expeadmeitdt was used that
incorporated five breed/cutting treatments (850, 870, 268, threslgbauttings and
one-year-old cuttings). The plot integrated ten levélmitial stand spacing ranging
from 209 to 2551 stems ha

Stem geometry

Initial stand spacing had very pronounced influences on th&iqathharacteristics of
the trees assessed (Chapter 3). Stem diameter, creight land stem slenderness
were all highly correlated with spacing. Tree height waisaffected by spacing or
breed. Breed had a marginally significant influence omdtar and stem slenderness.
Branch index was highly correlated with stem diameted ahowed marked
differences between breeds, in which 80% of the vanain branch diameter was
explained. Spacing had little apparent impact on internodgHewhereas, breed had
a substantial influence on it. The long internode brekd, &70 series, displayed
significantly longer internode lengths than the otherebfcutting treatments. After
correction had been made for tree diameter, BIX etddba significant positive
relationship with mean internode length which when includetie model increased
ther? from 0.80 to 0.90. Tree diameter and mean internode lemgibunted for the

effects of spacing and breed on BIX.
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Influence of initial stand spacing and breed on MOE

The main body of this thesis was the examination efitfluence that initial stand
spacing and breed had on MOE (Chapters 4 and 5). When agatygerwood MOE
(Chapter 4), MOE was found to scale positively with stapdcing. The effect of
propagation method on MOE showed that physiologically aggtings displayed
improved MOE over seedlings, with cuttings of greaterunagion status exhibiting
higher MOE values. Relative gains in MOE between tlghdst and lowest stand
spacings was 39%, in which the majority of this increas®®o3occurred with
increasing stocking between 209 and 835 stemsHae gains in MOE attributable to
breed were lower, however substantial differences ekidtetween the five
breed/cutting treatments. The three-year-old cutting® \sgffer than the one-year-
old cuttings, seedlings from the 870, 268 and 850 breeds by 15, 17d227%)
respectively. Stem slenderness and green crown height fauend to have direct
influences on MOE, explaining 53% of the variance in BA0he breeding series
used within this study were not bred for improved wood propestieh as stiffness,
and as such, the examination of high stiffness matarialrange of stand spacings as
those used in this trial would have been most integsti

The assessment of MOE using a resonance tool (ChaptdsdbYound that MOE
scaled positively with stand spacing. An examination df MOE found that the
lowest two metres of the tree were significantly kexathan the bolts immediately
above. Bolts two and three were approximately 30% stiffen bolt one. After MOE
had reached its maximum up the stem at approximatelyhyelt,ta gentle decline in
MOE occurred to the top of the stem. Stand spacing signifi<0.0001) influenced
MOE up the stem. A peaked trend of MOE was evident at 1457 andsg56& ha,
however, this became more of a plateauing trend wittredsing stocking. The
variation in MOE within trees was considerable (58%) at drigdtockings, but less
pronounced (36%) at 635 stems'tend below. Bolt slenderness was the significant

factor impacting on the MOE of individual bolts.
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Critical buckling height and critical MOE

Chapter 6 examined the critical buckling height and allomstaling relationships

for the destructively sampled trees. Regression oicaribuckling height against

diameter yielded a scaling exponent of 0.55, which was |dwan the scaling

exponent of 0.67 predicted with constant density-specifimass. The relationship

between stem slenderness and MOE was significant suggésat stem slenderness
may be an important factor in stiffness development.

Areas that further research could examine

Whilst the impact that spacing has on MOE has beenlgldamonstrated in this
study, the examination of high stiffness clones over compa stockings would be

most interesting and provide added valuable information.

As the region in which this trial was located has hbdentified as one of the poorest
regions in New Zealand for the growth of plantatiorests, the examination of MOE
in mature trees across a range of sites would be nepsfibial. The differences in
MOE over a range of stockings at sites of greater quaddy be even greater than
those found within this study.

Whilst this study may have touched on management implicafior MOE, further
research is required in order to better understand mechsarior MOE development
and how they are related to management decisions. Reseamining the following
topics is recommended:
a) Determine the influence of tree sway on MOE.
b) Determine the influence of weed control and soil notriton wood
properties, including MOE.
c) Determine the impact that green canopy has on MOE.
d) The examination of wood properties including tracheid lengtid
microfibril angle up the stem at different spacings.
e) Assessment of the outerwood up the stem over a numbeacd 0 assess
MOE development.
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f) An economic evaluation of how changes in stand spacidgrars MOE
impact stand value.

g) The development of a ring level model of stiffness.
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