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Summary

Radiata pine is widely planted in the southern hemisphere, and
has a versatile timber. The mature wood of this species is strong
and stiff enough for a number of industrial uses, but current
trends of harvesting at below 30 years result in a high proportion
of low-stiffness juvenile wood. Radiata pine breeders have
countered this reduction, indirectly, by selecting progenies for
dense juvenile wood. However there is evidence now that
improving juvenile wood density may not be sufficient to fully
address low stiffness. This has led to work on assessing stiffness
itself, and to studies on using microfibril angle in the tree
improvement program. Progress on breeding radiata pine for
stiffness in New Zealand is reviewed in this paper, with a briefer
account of work in Australia.

Several direct and indirect methods to improve stiffness are
described. These include static bending tests on boards and
small clear specimens, acoustic and stress wave methods, and
microfibril angle, in addition to density and pilodyn penetration.
Two tools using acoustic / stress wave methods have been
developed by the New Zealand forestry industry, and are being
used operationally to segregate logs. A third tool (FAKOPP),
developed in Hungary, shows promise for use on standing trees
and hence could be suitable in screening progenies. SilviScan is
an important Australian breakthrough and could potentially be
used to predict longitudinal stiffness on hundreds of short
samples per day.

Combining acoustic / stress wave results with density and
branch cluster frequency could well be a viable and cost-
effective way to select progenies for clearwood stiffness in the
juvenile wood zone. Information on stiffness could be combined
with breeding values for growth rate, straightness and grain
spirality to select parents for deployment and breeding.

Introduction

Radiata pine (Pinus radiata D. Don.) is one of the most
important conifers used in plantation forestry, planted on 1.56
million hectares in New Zealand (1999 data; MAF 1999a), 0.64
million ha in Australia (1995 data; McLennan 1999) and 1.69
million ha in Chile (1994 data; Toro and Gessel 1999). The
timber of this species is rated as very versatile, owing to its ease
of drying, treatability and machinability (Cown 1999). Sawn
timber is a major product obtained from this species; 3.0 million

cubic meters were produced in New Zealand in 1999 (MAF
1999b).

It is well known that the average Modulus of Elasticity (MOE)
of a radiata pine tree increases as the tree ages (Walford 1985).
This happens because the MOE increases rapidly with
increasing cambial age or ring number from the pith; older trees
have a greater proportion of stiff mature wood. For several
reasons, including faster growth due to better silviculture and
genetic quality, rotations in New Zealand have become shorter
(Macalister 1997). While post-World War 1II foresters called for
rotations of 37, 40 or even 70 years (Anon 1945, Chapman
1949), the average area-weighted clearfelling age was 27.1
years in 1999 (MAF 1999a). There are reports of stands being
felled at age 20 years (Macalister 1997). This reduction in
rotation age affects the quality of timber produced, including the
strength and stiffness of structural timber (Macalister 1997,
Gaunt 1998; Walford 1996, 1999).

Seeing the need to counteract the reduction in stiffness resulting
from shorter rotations, radiata pine breeders in New Zealand are
focussing on improving this trait. This is an appropriate time to
put the issues in perspective, and map out how this new wood
property can be incorporated into the breeding programme.
Sorensson et al. (1997) discussed improving spiral grain in the
breeding programme; my objective is to give a brief account of
recent developments in the genetic improvement of stiffness of
radiata pine in New Zealand.

Historical background to the improvement of
stiffness

The first wood property emphasised by New Zealand breeders
was wood density, partly on the premise that wood density was
a surrogate for stiffness; this was guided by strong published
relationships between stiffness and density (e.g. 0.71 in Walford
1985; Table 6). This was one of the reasons for establishing a
High Wood Density breed in 1986 (Jayawickrama and Carson,
in press), and for making high-wood-density seedlots available
in 1988 (Vincent 1997).

There has also been a contrasting view that improving density
alone will not be fully sufficient to improve the stiffness of
radiata pine (e.g. Cave and Walker 1994, Addis Tsehaye et al.
1995). As a result, there has been growing interest in looking
beyond density alone to assess stiffness in radiata pine
progenies, and to select for improved stiffness. This has been
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encouraged by early estimates that show stiffness, like most
wood properties, is under substantial genetic control in radiata
pine (Matheson et al. 1997a, Shelbourne ef al. 1997) and other
conifers such as Cryptomeria japonica (e.g. Fujisawa et al.
1992, 1994). Recently a “Structural Timber breed” has been
formed as part of the radiata pine breeding population,
emphasising the strength and stability of timber (Jayawickrama
and Carson 2000)

Current issues and understanding

Target trait

Given that the main problem is in the juvenile-wood zone, the
priority seems to be the improvement of stiffness in that zone. A
resultant increase in mature wood stiffness would, of course, be
beneficial as well. A similar focus on rings 8-10 was adopted in
reducing grain spirality (Sorensson et al. 1997).

Radiata pine boards rarely break in normal use; much more
frequently a load results in excessive deflection. Hence stiffness
rather than strength is the limiting factor. Creep may also be an
issue.

Options available for screening for stiffness

There are many ways to measure stiffness and attempt its
improvement. Some of these are shown in Table 1.

Direct tests

The grading of radiata pine structural timber has evolved over
time, from visual grading (Standards Association of Australia
1973) to stress-grading (F4, F5 F8, F11 etc; Standards
Australia/Standards New Zealand 1992) and Machine Graded
Pine (MGP-10, 12, 15 etc; Gaunt 1998, Syme and Livanes
1999). Major New Zealand companies produce and market
machine-graded products (Anon 1998). Boards are tested in
varying dimensions (e.g. Walford 1999, Forest Research 2000).

In-grade testing is the most direct method of assessing stiffness,
accepted by industry and with the closest relation to operational
processing of timber. To assess the stiffness of a complete tree,
the most realistic technique is to saw the tree into boards,
determine board stiffness by in-grade testing, and calculate a
volume-based average MOE for the tree (Ridoutt et al. 1999).
The high cost of this method, the need to fell the trees, and the
need to wait till the trees are big enough to saw them, makes this
procedure unsuitable for the routine screening of progenies.

The next step down, in terms of directness and cost, is the
testing of small clear specimens. These can be 50 x 50 mm or 20
x 20 mm in cross section (Mack 1979). Of the two, the latter size
has been used almost exclusively in New Zealand since 1970
(Walford 1991, Bier 1999). Very recently (in 1999) a tool was
developed by Forest Research, Rotorua, New Zealand to take
wood specimens from standing trees; a team of skilled operators
can sample 70 or more trees per day. These samples of wood can
be taken at breast height on trees eight years old, and can be
processed as small clear specimens (20 x 20 mm cross section).

Direct tests give the most information related to stiffness and
strength, including MOE, Fibre Stress at Proportional Limit,
Modulus of Rupture, Work done to Proportional Limit and type
of failure.

Table 1. Some assesment options available for the genetic
improvement of wood stiffness

Name Used on Reference Relative  Application to genetic

costper  improvement

tree

Direct In-grade Boards Gaunt 1998, Forest Very Mill studies

measures testing Research 2000 high

of stiffess Small Clears  Clearwood ~ Walford 1985, 1991; Bier High
Specimens 1999
(20x20x

300 mm)

Screen progenies,
validate indirect

methods

FAKOPP Booker and Sorensson Low
1999, Harris and Andrews

1999, Anon 2000

Indirect Standing Screen young

measures trees progenies

of stiffness

Pundit Clearwood ~ Booker and Sorensson Moderate ~ Screen progenies

specimens 1999

Metriguard Logs Harris and Andrews 1999 Moderate ~ Screen progenies

Silvatest Logs and Harris and Andrews 1999, Moderate

Marchal and Jacques 1999

Screen progenies

boards

GrindoSonic ~ Boards Marchal and Jacques 1999 Moderate ~ Screen progenies

HITMAN Logs Harris and Andrews 1999, Moderate ~ Screen progenies at

IRL 1999 time of harvest
SWAT Logs Parker 1999 Moderate  Screen progenies at
time of harvest
SilviScan Specimens  Evans et al. 2000 Moderate  Screen progenies
Surrogate Density Cores Cown 1999 Moderate ~ Screen progenies
traits Pilodyn Standing Low Screen progenies
trees
Microfibril Cores Cave and Walker 1994, Moderate ~ Screen progenies
angle Donaldson and Frankland

1997, Cave and Robinson
1998, Evans 1998

Indirect tests

Stress waves and vibrational waves have been used for the non-
destructive evaluation of wood as far back as 1965 (Kucera
1997). The benefits of segregating plantation-grown logs based
on stiffness have revived the development of indirect tests for
stiffness. Stress-wave testing of logs has been shown to improve
recovery of structural timber in New Zealand (Ridoutt et al.
1999). Two devices (“Hitman” and "SWAT") have recently been
developed in New Zealand for this purpose and show promise
as relatively fast techniques with good correlations with
stiffness (IRL 1999, Harris and Andrews 1999, Parker 1999).
The use of these and other tools that assess the stiffness of
complete logs is limited for progeny trials by the need to fell the
trees for assessment.

Stiffness estimated on clearwood samples, using a resonance
frequency device (“Grindo-Sonic”) and an ultra-sound device,
(“Silvatest”) correlated well with a standard static bending test
for hybrid larch (Marchal and Jacques 1999). Similarly,
dynamic MOE was estimated for 211 radiata pine specimens
(of 20 x 20 x 300 mm dimension) using another ultrasound
device (“Pundit”) developed at Forest Research. The dynamic
MOE was very strongly correlated with static bending MOE,
with an r’=0.97 (Booker et al. 1998).

One of the few options currently available for use on standing
trees is FAKOPP, a device developed in Hungary. This device
measures the transit time of a stress wave between two
transducers (Booker and Sorensson 1999, Anon 2000). Booker
and Sorensson (1999) measured FAKOPP velocity on the stems
of 200 four-year-old radiata pine trees, and reported an r* value
of 0.55 for the correlation with bending MOE of 300 mm sticks.
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Surrogate tests

As described earlier, the first surrogate trait used to improve
stiffness was density. Pilodyn penetration, in turn, has been used
as a surrogate for assessing density. Microfibril angle has been
reported to have a strong influence on stiffness (Cave and
Walker 1994, Addis Tsehaye et al. 1998, Booker et al. 1998,
Hirakawa et al. 1998). However preparing the samples and
assessing microfibril angle is labour intensive; some of the
techniques (e.g. used in Booker et al. 1998, Butterfield and Pal
1998) also use very small samples of wood with the resulting
issue of extrapolation to whole-tree values.

Assessment populations

A cost-effective procedure to improve wood properties is to
screen for them in progeny trials, usually on a subset pre-
selected for growth, form and health. This has been used for
both wood density and grain spirality in New Zealand, and can
be used for stiffness as well. The logic behind this approach is
that minimum (threshold) levels of growth, form and health are
needed before a parent clone can be used in seed orchards,
regardless of its wood properties. The New Zealand radiata pine
breeding programme has a large number of selections under test,
with many of the trials 15 years old or less and of a suitable age
for assessing juvenile-wood stiffness.

Future requirements
Breeding objectives and breeding goals

The importance to a genetic improvement programme of having
a breeding objective has been stressed by animal breeders (e.g.
Ponzoni and Newman 1989) and more recently in tree breeding
as well (Borralho et al. 1993, Woolaston and Jarvis 1995). There
are strong arguments for developing such breeding objectives
for the various aspects of the New Zealand radiata pine
programme, including the Structural Timber breed. There is
also a need to set goals or targets for the programme, such as:

e an average clearwood Modulus of Elasticity of 7000
megapascals, in the eighth ring from the pith, at the bottom
of the second log, on a typical central North Island site in
New Zealand.

Such goals will help industry plan their production and
investment strategies, and will be useful in monitoring and
judging progress.

Selection traits

There is clearly a need for further development and refinement
of selection methods, along with the development of breeding
objectives. The ideal selection trait(s) would be relatively
inexpensive, suitable for use on standing trees, give repeatable
results and good heritabilities, and would give readings well
correlated with the breeding objective trait (board stiffness). The
current work on indirect tests for stiffness has been mentioned
previously. There is also continuing work on methods to assess
microfibril angle (e.g. Donaldson and Frankland 1997, Cave and
Robinson 1998, Evans 1998).

Branch Index or BIX (the average of the largest branch diameter
in each quadrant of the log) has a major impact on the recovery
of structural timber grades; as BIX increases the proportion of
high-value grades such as F8 decreases (Cown et al. 1987).
Ridoutt er al. (1999) tested the use of small-end diameter,

branch index, pilodyn penetration and stress-waves for selecting
logs for structural timber. They obtained the best prediction of
log stiffness by combining the results of small-end diameter,
branch index and sound velocity. Removing either branch index
or sound velocity from the model substantially reduced the
accuracy of the prediction.

Radiata pine breeders in New Zealand are investigating direct
and indirect methods to assess stiffness. My best guess is that
combining acoustic/stress wave data with (1) density and (2)
branch cluster frequency (or better still, knot area ratio) will
give a viable and cost-effective method to select progenies for
juvenile-wood stiffness. In addition to these traits, “Structural
Timber” parents will be selected for growth rate, straightness
and grain spirality.

Supporting research

Basic understanding of the genetic control (heritability, genetic
correlations with other traits, genotype X environment
interaction) of stiffness are needed. These estimates should be
based on suitable populations, including progenies with low
ranks for growth and form. Assessing wood properties only on
the progenies ranked highly for growth and form (“Truncation
Subsampling”) can bias the parameter estimates - in a
simulation study, assessing only the top 40% of the families led
to an estimated genetic correlation of 0.34 when the true
correlation was -0.3 (Apiolaza ef al. 1999). The heritability of
clearwood stiffness, and the correlation of stiffness with other
traits, is being estimated for radiata pine in New Zealand. The
top seed orchard parents are also being ranked for a Juvenile
Wood Quality Index, which includes information on microfibril
angle, density and grain spirality (NZFRI 1997).

The relationships reported between stiffness on the one hand
and indirect/surrogate measures (such as microfibril angle,
density, and acoustic tests) on the other hand, have often been at
the log- and wood-sample level (e.g. Walford 1985, Hirakawa
et al. 1998, Booker and Sorensson 1999, Marchal and Jacques
1999). Breeders now need to establish how strong these
relationships are at the family-mean and clone-mean level,
eliminating confounding effects such as distance from the pith.
This is because breeders are interested in selecting between
progenies, grown in designed experiments in a common
environment at a common age.

Although there have been a few studies on the variation of
stiffness up the stem of radiata pine trees (Hinds and Reid 1957,
Booker and Sorensson 1999), more work is needed on the topic.
It is far from clear at what point on the stem it would be most
appropriate to sample radiata pine progenies, or how many trees
need to be assessed per progeny. Neither is it clear what size
samples are needed to characterise a tree: for example, a 100 x
50 mm board, 2.4 meters long, contains 100 times as much
wood as the 20 x 20 x 300 mm specimens used in testing small
clears.

Australian work on genetic improvement of wood stiffness
in radiata pine

Australian work in this area should also be acknowledged, since
Australia has been recognized as a pioneer in wood properties
research (e.g. Zobel and van Buijtenen 1989) and because a key
recent advance in wood property measurement has occurred
there. There are strong parallels in the work done in both
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countries, and methods that work in one are likely to work in the
other. Some key Australian publications on this topic are listed
below.

Strategies for the genetic improvement of stiffness

As in New Zealand, the improvement of wood density was
viewed for a long while as the main means to improve stiffness
(e.g. Bamber and Burley 1983). To this end, the inheritance of
wood density was studied extensively (e.g. Fielding 1953,
Dadswell et al. 1961, Nicholls et al. 1964, Dean et al. 1983) and
the trait used in breeding programmes (Pederick 1978, Johnson
1989, Boomsma 1997, White et al. 1999). Recently genetic
parameters have been presented for wood stiffness itself in
Australia, along with strategies for the genetic improvement of
sawn timber stiffness and product value. (Matheson et al.
1997a,b). Evans et al. (2000) view the advent of SilviScan
(described below) as opening new possibilities in genetic
improvement of stiffness.

Instrumentation

The development of SilviScan by the Commonwealth Scientific
and Industrial Research Organisation, Forestry and Forest
Products Division (Evans 1994) is a major breakthrough for
wood properties research. The first version of this sophisticated
instrument, SilviScan-1 (described as combined image analyser
and scanning microdensitometer) was designed to measure an
array of wood properties from radiata pine and other softwoods,
and has already led to several publications on the inheritance of
wood properties (e.g. Shelbourne et al. 1997, Nyakuengama
et al. 1999). Evans et al. (2000) felt that after adding an
automated sample changer, a service instrument based on
SilviScan-2 could predict the longitudinal stiffness of wood
in several hundred short samples per day and would require
only 5 mm increment cores. Such a development would
revolutionize the assessment of stiffness, if the service becomes
readily available at a reasonable cost.

Prospects

New Zealand’s radiata pine genetic improvement programme
has been shown to deliver large gains, important to the industry,
in traits such as diameter and volume (Carson et al. 1999),
straightness, log quality, and branch cluster frequency (Vincent
1997, Jayawickrama et al. 1998). The recent success in
screening the New Zealand radiata pine breeding population for
wood density and grain spirality (Vincent 1997, Sorensson et al.
1997) gives encouragement that similar results can be obtained
for wood stiffness.

Once the information is collected, the established procedures for
using the information and making it available to growers
(breeding value estimation, genetic certification) can be applied
(NZFRI 1997, Vincent 1997). Efforts to improve stiffness
should be viewed as refinements of previous breeding efforts,
rather than their replacement. As mentioned earlier, breeders
have worked to improve wood density for several years, and
these efforts will have positively impacted on stiffness.

Radiata pine breeders are not alone in their attempts to
genetically improve wood stiffness. This is evidenced by the
recent literature on genetic parameters, variation between clones
and strategies for improvement (e.g. Fujisawa et al. 1997, Bhat
and Indira 1997, King et al. 1997, Rozenberg et al. 1999,

Harding et al. 2000). It is to be hoped that the next few years
will add greatly to our understanding of this important topic.

Acknowledgements

Funding for genetic improvement and wood quality research in
New Zealand has been provided by the New Zealand Forest
Service and more recently by the Foundation for Research
Science and Technology and the New Zealand Radiata Pine
Breeding Cooperative. I thank Rolf Booker, Leith Knowles,
Mike Menzies, Gerry Vincent and Bryan Walford (all of Forest
Research), Kevin Harding (Queensland Forest Research
Institute) and the journal editor for useful suggestions on this

paper.
References

Addis Tsehaye, Buchanan, A.H. and Walker, J.C.E. 1995.
A comparison of density and stiffness for predicting wood quality.
Journal of the Institute of Wood Science 13: 539-543.

Addis Tsehaye, Buchanan, A.H., Meder, R., Newman, R.H. and
Walker, J.C.F. 1998. Microfibril angle: determining wood stiffness
in radiata pine. In Significance of Microfibril Angle to Wood Quality
(B.G. Butterfield, ed.). Proceedings of the IAWA/IUFRO
International Workshop, Nov 1997, Westport, New Zealand. pp.
323 —336.

Anon 1945. State Forest Service: annual report to the Director of
Forestry for the year ended 31* March, 1945. Government Printer,
Wellington, New Zealand. 35 p.

Anon 1998. Making the grade: which grading system profiles pine
best? New Zealand Pine (national), Issue 24, September — October
1998. pp. 30-31.

Anon 2000. FAKOPP User’s Guide. ALNUS Bt., H-9400 Sopron,
Feher D. u. 22, Hungary.

Apiolaza, L.A., Burdon, R.D. and Garrick, D.J. 1999. Effect of
univariate subsampling on the efficiencies of bivariate parameter
estimation and selection using half-sib progeny tests. Forest
Genetics 6: 79-87.

Bamber, R.K. and Burley, J. 1983. The wood properties of radiata pine.
Commonwealth Agricultural Bureaux, England. 84 p.

Bhat, K.M. and Indira, E.P. 1997. Specific gravity as a selection
criterion of genetic improvement of teak wood quality: tree
breeder’s perspective. In Timber Management Toward Wood
Quality and End-Product Value. (S.Y. Zhang, R. Gosselin and G.
Chauret, eds). Proceedings of the CTIA/IUFRO International Wood
Quality Workshop, August 18-22, 1997, Quebec City, Canada. pp.
IV-91 to IV-96.

Bier, H. (revised by R.A.J. Britton) 1999. Strength properties of small
clear specimens of New Zealand — grown timbers. Forest Research
Bulletin No. 41, Forest Research, Rotorua, New Zealand. 27 p.

Booker, R. and Sorensson, C. 1999. New tools and techniques to
determine mechanical wood properties. In: Emerging Technologies
for evaluating wood quality for wood processing. Proceedings of
the 3rd Wood Quality Symposium, 30" November, 1999, Rotorua,
New Zealand. Forest Industry Engineering Association, PO Box
6150, Rotorua, New Zealand.

Booker, R.E., Harrington, J. and Shiokura, T. 1998. Variation of
Young’s modulus with microfibril angle, density and spiral grain. In
Significance of Microfibril Angle to Wood Quality (B.G. Butterfield,
ed.). Proceedings of the IAWA/IUFRO International Workshop,
Nov 1997, Westport, New Zealand. pp. 296-311.

Boomsma, D. 1997. Development of the Southern Tree Breeding
Association radiata pine breeding population. In: [UFRO’97



Australian Forestry Vol 64, No.1 pp. 51-56 55

Genetics of Radiata Pine, (R.D. Burdon and J.M. Moore, eds).
Proceedings of the NZ FRI-IUFRO Conference 1-4 December and
Workshop 5 December, Rotorua, New Zealand. FRI Bulletin 203,
New Zealand Forest Research Institute, Rotorua, New Zealand. pp.
211-216.

Borralho, N.M.G., Cotterill, PP. and Kanowski, P.J. 1993. Breeding
objectives for pulp production of Eucalyptus globulus under
different industrial cost structures. Canadian Journal of Forest
Research 23: 648-656.

Butterfield, B. and Pal, V. 1998. Relating microfibril angle to wood
quality in clonal seedlings of radiata pine. In Significance of
Microfibril Angle to Wood Quality (B.G. Butterfield, ed.).
Proceedings of the IAWA/IUFRO International Workshop, Nov
1997, Westport, New Zealand. pp. 337-347.

Carson, S.D., Garcia, O., Hayes, J.D. 1999. Realised gain and
prediction of yield with genetically improved Pinus radiata in New
Zealand. Forest Science 45: 186-200.

Cave, I. and Robinson, W. 1998. Measuring microfibril angle
distribution in the cell wall by means of x-ray diffraction. In
Significance of Microfibril Angle to Wood Quality (B.G. Butterfield,
ed.). Proceedings of the IAWA/IUFRO International Workshop,
Nov 1997, Westport, New Zealand. pp. 94-107.

Cave, I.D. and Walker, J.C.F. 1994. Stiffness of wood in fast-grown
plantation softwoods: the influence of microfibril angle. Forest
Products Journal 44(5): 43-48.

Chapman, H.H. 1949. Private management of Monterey pine at Nelson,
New Zealand. Journal of Forestry 47: 981-982.

Cown, D.J. 1999. New Zealand Pine and Douglas-Fir: Suitability for
processing. Forest Research Bulletin 216, Forest Research,
Rotorua, New Zealand. 72 p.

Cown, D.J., Kimberley, M.O. and Whiteside, I.D. 1987. Conversion
and timber grade recoveries from radiata pine logs. In. Proceedings
of Conversion Planning Conference, 8-11 April 1986, Rotorua,
New Zealand. FRI Bulletin No. 128, Forest Research, Rotorua,
New Zealand. pp. 147-161.

Dadswell, H.E., Fielding, J.M., Nicholls, J.W.P. and Brown, A.G. 1961.
Tree-to-tree variations and the gross heritability of wood
characteristics of Pinus radiata. Tappi 44:174-179.

Dean, C.A., Cotterill, P.P. and Cameron, J.N. 1983. Genetic parameters
and gains expected from multiple trait selection of radiata pine in

eastern Victoria. Australian Forest Research
13: 271-278.

Donaldson, L. and Frankland, A. 1997. Rapid screening of microfibril
angle. In: Managing Variability in Resource Quality. Proceedings of
2nd New Zealand Wood Quality Workshop, 12h Sep. 1997,
Rotorua, New Zealand. FRI Bulletin No. 202, Forest Research,
Rotorua, New Zealand. pp. 13-14.

Evans, R. 1994. Rapid measurement of the transverse dimensions of
tracheids in radial wood sections from Pinus radiata.
Holzforschung 48: 168-172.

Evans, R. 1998. Rapid scanning of microfibril angle in increment cores
by x-ray diffractometry. In Significance of Microfibril Angle to
Wood Quality (B.G. Butterfield, ed.). Proceedings of the
IAWA/IUFRO International Workshop, Nov 1997, Westport, New
Zealand. pp. 116-139.

Evans, R., Ilic, J and Matheson, C. 2000. Rapid estimation of solid
wood stiffness using SilviScan. Proceedings of the 26" Forest
Products Research Conference, CSIRO Forestry and Forest
Products, June 19-21 2000, Clayton, Victoria, Australia.

Fielding, J.M. 1953. Variation in Monterey Pine. Bulletin of the Forests
and Timber Bureau of Australia, No. 31. 43 p.

Forest Research 2000. The E-grader™: Higher timber value at lower
cost. Forest Research Directions. Issue No. 27, April 2000. Forest
Research, Rotorua, New Zealand. P. 4.

Fujisawa, Y., Ohta, S., Nishimura, K., Tajima, M. 1992. Wood
characteristics and genetic variations in Sugi (Cryptomeria
japonica): clonal differences and correlations between locations of
dynamic moduli of elasticity and diameter growth in plus-tree
clones. Mokuzai Gakkaishi 38: 638-644.

Fujisawa, Y., Ohta, S., Nishimura, K., Toda, T., Tajima, M. 1994. Wood
characteristics and genetic variations in Sugi (Cryptomeria
japonica) III: Estimation of variance components of the variation in
dynamic modulus of elasticity with plus-tree clones. Mokuzai
Gakkaishi 40: 457-464.

Fujisawa, Y., Nakada, R., Tajima, M., Ohta, S. 1997. A wood quality
improvement system of Cryptomeria japonica D. Don. on the basis
of clonal selections selections combined with artificial matings. In
Timber Management Toward Wood Quality and End-Product Value.
(S.Y. Zhang, R. Gosselin and G. Chauret, eds). Proceedings of the
CTIA/IUFRO International Wood Quality Workshop, August 18-
22,1997, Quebec City, Canada pp.IV-77 to IV-82.

Gaunt, D. 1998. If you’re not winning, change the rules. Wood
Processing Newsletter, Issue No. 23, Forest Research, Rotorua,
New Zealand.

Harding, K.J., Knight, J.M. and Copley, T.R. 2000. Sawing studies on
Queensland grown slash x Caribbean pine F' hybrids. In: Hybrid
Breeding and Genetics of Forest Trees. (H.S. Dungey, M.J. Dieters
and D.G. Nikles, Compilers). Proceedings of the QFRI/CRC-SPF
Symposium, 9-14 April 2000, Noosa, Queensland, Australia. pp.
440-446.

Harris, P. and Andrews, M. 1999. Tools and acoustic techniques for
measuring wood stiffness. In: Emerging Technologies for
evaluating wood quality for wood processing. Proceedings of the 3™
Wood Quality Symposium, 30" November, 1999, Rotorua, New
Zealand. Forest Industry Engineering Association, PO Box 6150,
Rotorua.

Hinds, H.V. and Reid, J.S. 1957. Forest trees and timbers of New
Zealand. New Zealand Forest Service Bulletin No. 12. Government
Printer, Wellington, New Zealand. 207 p.

Hirakawa, Y., Yamashita, K., Fujisawa, Y., Nakada, R. and Kijidani, Y.
1998. The effect of S2 microfibril angles and density on MOE in
sugi tree logs. In Significance of Microfibril Angle to Wood Quality
(B.G. Butterfield, ed.). Proceedings of the IAWA/IUFRO
International Workshop, Nov 1997, Westport, New Zealand. pp.
312-322.

IRL 1999. Tool for timber expected to be a hit in the forest.
iNNOVATE Issue 33, September 1999. Industrial Research Ltd.,
PO Box 31-310, Lower Hutt, New Zealand.

Jayawickrama, K.J.S and Carson, M.J. 2000. A breeding strategy for
the New Zealand Radiata Pine Breeding Cooperative. Silvae
Genetica 49: 82-90

Jayawickrama, K.J.S., Shelbourne C.J.A., Carson. M.J. 1998. New
Zealand’s long internode breed of Pinus radiata. New Zealand
Journal of Forest Science 27(2):126-141.

Johnson, I.G. 1989. The breeding strategy for radiata pine
in New South Wales. Part II - proposed operations.
Forestry Commission of New South Wales. Technical Paper No. 47,
i+58p.

King, J.N., Cartwright, C., Gee, W., Hatton, J. and Ellis, S. 1997. The
potential for improving Western Hemlock pulp, paper and structural



56 Breeding radiata pine for wood stiffnes

wood quality. In Timber Management Toward Wood Quality and End-
Product Value. (S.Y. Zhang, R. Gosselin and G. Chauret, ed).
Proceedings of the CTIA/IUFRO International Wood Quality
Workshop, August 18-22, 1997, Quebec City, Canada. pp. IV-101
to IV-104

Kucera, L.J. 1997. Nondestructive evaluation of wood quality. In
Timber Management Toward Wood Quality and End-Product Value.
(S.Y. Zhang, R. Gosselin and G. Chauret, eds). Proceedings of the
CTIA/IUFRO International Wood Quality Workshop, August 18-
22, 1997, Quebec City, Canada. pp. 1I-3 to II-17.

Macalister, P. 1997. Cutting forestry’s future? New Zealand Forest
Industries, February 1997. P. 9-10.

Mack, J.J. 1979. Australian method for mechanically testing small
clear specimens of timber. Building Research Technical Paper
(Second Series) No. 31, Commonwealth Scientific and Industrial
Research Organisation, Australia.

MAF 1999a. A National Exotic Forest Description as at 1 April 1999.
Ministry of Agriculture and Forestry, Wellington, New Zealand. 63

p-

MAF 1999b. Annual production of rough sawn timber Year ended 31
March 1999. Statistical Release SR 33/1999. Ministry of
Agriculture and Forestry, Wellington, New Zealand.

Marchal, M. and Jacques, D. 1999. (Evaluation of two acoustic
methods of MOE determination for young hybrid larch wood (Larix
x eurolepis Henry). Annals of Forest Science 56: 333-343.

Matheson, A.C., Spencer, D.J., Nyakuengama, J.G,, Yang, J. and
Evans, R. 1997a. Breeding for wood properties in radiata pine. In:
IUFRO’97 Genetics of Radiata Pine, (R.D. Burdon and J.M.
Moore, eds). Proceedings of the NZ FRI-IUFRO Conference
1-4 December and Workshop 5 December, Rotorua, New Zealand.
FRI Bulletin 203, New Zealand Forest Research Institute, Rotorua,
New Zealand. pp. 169-179.

Matheson, A.C., Yang, J.L. and Spencer, D. 1997b. Breeding radiata
pine for improvement of sawn product value. In Timber
Management Toward Wood Quality and End-Product Value. (S.Y.
Zhang, R. Gosselin and G. Chauret, eds). Proceedings of the
CTIA/IUFRO International Wood Quality Workshop, August 18-
22, 1997, Quebec City, Canada. pp. IV-19 to IV-26.

McLennan, W. 1999. 1999 Yearbook Australia. Number 81, Australian
Bureau of Statistics, Canberra, Australia. ABS Catalogue No.
1301.0. 789p.

Nyakuengama, J.G., Evans, R., Matheson, C, Spencer, D. and Vinden,
P. 1999. Wood quality and quantitative genetics of Pinus radiata D.
Don: fibre traits and wood density. Appita Journal 52: 348-350.

Nicholls, J.W.P., Dadswell, H.E. and Fielding, J.M. 1964. The
heritability of wood characteristics of Pinus radiata. Silvae
Genetica 13: 68-71.

NZFRI 1997. GF Plus™, Juvenile wood quality index. NZFRI
Research Directions. No. 18, December 1997. New Zealand Forest
Research Institute Ltd., Rotorua, New Zealand. p. 15.

Parker, J. 1999. Cut plan determination by individual stem testing. In:
Emerging Technologies for evaluating wood quality for wood
processing. Proceedings of the 3rd Wood Quality Symposium, 30"
November, 1999, Rotorua, New Zealand. Forest Industry
Engineering Association, PO Box 6150, Rotorua.

Pederick, L.A. 1978. Breeding for improved yields and quality of
radiata pine in southern Australia. In: World Forestry Congress:
Forestry for Industrial Development. Proceedings of the Eighth
World Forestry Congress, Jakarta, 16-28 Oct. 1978. No. FID-1/17-
10, ii+12 pp.

Ponzoni, R.W. and Newman, S. 1989. Developing breeding objectives
for Australian beef cattle production. Animal Production 49: 35-47.

Ridoutt, B.G., Wealleans, K.R., Booker, R.E., McConchie, D.L. and
Ball, R.D. 1999. Comparison of log segregation methods for
structural lumber yield improvement. Forest Products Journal 49
(11/12): 63-66.

Rozenberg, P., Franc, A., Mamdy, C., Launay, J., Schermann,
N. and Bastien, J.C. 1999. Genetic control of stiffness of standing
Douglas fir: from the standing stem to the standardised wood
sample, relationships between modulus of elasticity and wood
density parameters. Part II.  Annals of  Forest Science
56: 145-154.

Shelbourne, T., Evans, R., Kibblewhite, P. and Low, C. 1997.
Inheritance of tracheid transverse dimensions and wood density in
radiata pine. Appita Journal 50: 47-50.

Sorensson,C.T., Burdon, R.D., Cown, D.J., Jefferson, P.A., Shelbourne,
C.J.A. 1997. Incorporating spiral grain into New Zealand’s radiata
pine breeding programme. In: I[UFRO’97 Genetics of Radiata Pine,
(R.D. Burdon and J.M. Moore, eds). Proceedings of the NZ FRI-
IUFRO Conference 1-4 December and Workshop 5 December,
Rotorua, New Zealand. FRI Bulletin 203, New Zealand Forest
Research Institute, Rotorua, New Zealand. pp. 180-191.

Standards Association of Australia 1973. Visually stress graded radiata
pine for structural purposes. AS 1490-1973 (Revised 1977).

Standards Australia / Standards New Zealand 1992. Timber — Stress-
graded — In-grade strength and stiffness evaluation. AS/NZS 4063:
1992. Standards Australia, North Sydney, NSW, Australia and
Standards New Zealand, Wellington 1, New Zealand. 16 p.

Syme, D.R. and Livanes, N. 1999. MGP — Where to from here? In:
(G.B. Walford and D.J. Gaunt, ed). Proceedings of Pacific Timber
Engineering Conference. 14-18 March 1999, Rotorua, New
Zealand. Forest Research Bulletin No. 212, Vol. 1, Forest
Research, Rotorua, New Zealand. pp. 157-162.

Toro, J. and Gessel, S.P. 1999. Radiata pine plantations in Chile. New
Forests 18: 33-44.

Vincent, G. 1997. Radiata pine tree breeding. New Zealand Tree
Grower 18(2): 21-24.

Walford, G.B. 1985. The mechanical properties of New Zealand-grown
radiata pine for export to Australia. FRI Bulletin No. 93, Forest
Research Institute, Rotorua, New Zealand. 27 p.

Walford, G.B. 1991. Mechanical properties. In: Properties and uses of
New Zealand radiata pine. Volume One — Wood Properties. (J.A.
Kininmonth and L.J. Whitehouse, ed) New Zealand Ministry of
Forestry, Forest Research Institute. pp. 8-1 to 8-21.

Walford, B. 1996. The changing quality of structural timber. New
Zealand Engineering 51(10): 36.

Walford, B. 1999. The engineering qualities of New Zealand pine. In:
(G.B. Walford and D.J. Gaunt, ed). Proceedings of Pacific Timber
Engineering Conference. 14-18 March 1999, Rotorua, New
Zealand. Forest Research Bulletin No. 212, Vol. 4, Forest
Research, Rotorua, New Zealand. pp. 1-8.

White,T.L.,Matheson, A.C., Cotterill, P.P., Johnson, R.G., Rout, A.F.
and Boomsma, D.B. 1999. Silvae Genetica 48: 122-133.

Woolaston, R.R. and Jarvis, S.F.1995. The importance of breeding
objectives in forest tree improvement. In: Improving Fibre Yield and
Quality. Proceedings of CRCTHF-IUFRO Conference on Eucalypt
Plantations, 19-24 February 1995, Hobart, Australia. pp. 184-188.

Zobel, B.J. and van Buijtenen, J.P. 1989. Wood variation its causes and
control. Springer-Verlag, Berlin. 363p.





