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Abstract

Genetic parameters and genotype by environment
interactions for wood properties of 13-year-old Pinus
radiata were determined by sampling two progeny trials
on contrasting sites in the southern slopes of New South
Wales, Australia. Heritability of green and basic density
were determined together with dynamic modulus of
elasticity (MOE) measured using TreeTap.

The phenotypic variance in MOE (CV 17-18%) was
almost three times that of basic density. MOE and basic
density were highly heritable at both sites (h? 0.57 &
0.79 for MOE & 0.59 and 0.85 for density). There was a
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moderately strong genetic correlation between MOE and
basic density (0.64 across-sites). No genotype x environ-
ment interaction was detected in MOE or basic density.
Basic density and MOE were lower on the warmer,
lower rainfall site.

Key words: Pinus radiata, standing tree acoustic tools, dynamic
modulus of elasticity, basic density

Introduction

Fifty years of radiata pine (Pinus radiata D. Don)
breeding has delivered dramatic gains in growth and
tree form (JOHNSON, 1991; SHELBOURNE, 1997; MENZIES
et al., 2004), but improvements in wood quality have
been meagre, partly due to the difficulty of measuring
wood properties. The intrinsic properties of radiata pine
cause particular problems for timber processors. Whilst
radiata pine is a good general purpose softwood (HARRIS,
1991), it has relatively poor stiffness and stability
(SORENSSON et al., 1997). Timber stiffness directly influ-
ences structural grade recovery and product revenues
(TSEHAYE et al., 1995, 2000b; DOWNES et al., 2002) as a
certain percentage of logs fail to meet the requirements
of machine stress graded timber (WALKER and NAKADA,
1999). For structural timber production, juvenile wood
stiffness is now accepted as a key breeding objective
(JAYAWICKRAMA et al., 1997; JAYAWICKRAMA, 2001a).

The recent development of acoustic tools has allowed
processors to rapidly discern between logs according to
stiffness (MATHESON et al., 2002; CARTER et al., 2006).
Acoustic tools use sound or stress waves to calculate the
dynamic modulus of elasticity (MOE), a measure of stiff-
ness (WANG et al., 2001, 2002; CARTER et al., 2005b; RAY-
MOND et al., 2007). Resonance tools such as Fibre Gen’s
(Carter-Holt Harvey) Director HM200 were the first to
see routine application in Australia and New Zealand
(TSEHAYE et al., 1997; RIDOUTT et al., 1999; DICKSON et
al., 2004a). Structural grade recovery can be improved
significantly by diverting logs below a certain MOE
threshold to other applications (YouNG, 2002; DICKSON et
al., 2004a, b; CARTER et al., 2006), thus avoiding the
expense of processing wood that will not meet final spec-
ifications (TSEHAYE et al., 2000a; MATHESON et al., 2002).
In the near future forest growers may also use acoustic
tools to identify high quality wood that will demand a
price premium (WU et al., 2004).

Standing tree tools (time of flight, TOF tools) have
proven more difficult to develop, and are considered less
accurate than resonance tools (ANDREWS, 2002). TOF is
typically measured between two accelerometer probes
which are hammered into the side of the tree (see WANG
et al., 2000). Accuracy problems include variation in the
hammer impact, the spacing of probes, signal detection
thresholds and unknown density variation (LINDSTROM
et al., 2002). Standing tree tools only sample a small sec-
tion of the stem, with the main wavefront passing
though the outermost growth rings. Time of flight is
sensitive to imperfections such as compression wood
(WANG et al., 2002), spiral grain, temperature or mois-
ture content of the wood. Despite these problems, stand-
ing tree tools would be of great value for breeding as the
potential parent can remain intact (KUMAR et al., 2002).
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Accuracy problems could also be partly overcome by the
development of reliable field procedures, improved tool
design and more intensive within-tree sampling.

Dynamic modulus of elasticity (E,) is calculated from
the time of flight using the following equation:

E,=pv ?x107° Equation 1

where v is the sound velocity (km s71) and p is the densi-
ty ‘as measured’ (kg m=3). In practice, for Pinus radiata
the density of the trees is normally assumed to be a con-
stant at 1000-1100 kg m= (e.g. GRABIANOWSKI et al.,
2004; LASSERRE et al., 2004). Genotypic variation in
wood stiffness would be expected but differences may
also exist in water use or wood microstructure. These
differences would influence green density and could
potentially introduce a bias into acoustic measurements
on trees. WIELINGA et al. (2009) determined that assum-
ing a constant value for green density would introduce a
very small error (~3%) into MOE and, given that little
variation was found for green density of outer wood (CV
of 2.8%), the expense of core sampling and determining
actual green density was not warranted.

The potential of standing tree tools as a method of
wood quality selection in tree breeding trials has been
emphasised (e.g. MATHESON et al., 2002) but there is lit-
tle published evidence of their success in this applica-
tion. Standing tree tools have been used for stand level
sampling (CARTER et al., 2005a; TOULMIN and RAYMOND,
2007) and in silvicultural trials (CHUANG and WANG,
2001; LASSERRE et al., 2005; WANG et al., 2005). Prior to
the current research, only one study has published
results for testing on a large number of replicated fami-
lies (KUMAR et al., 2002; KUMAR, 2004).

In southern New South Wales, radiata pine was typi-
cally planted on high altitude ex-native forest sites.
However, changing public expectations and reduced
land availability have seen a move to ex-pasture and
lower rainfall sites (600—800 mm) (WooDS et al., 2001,
RAYMOND and ANDERSON, 2005). Growing conditions can
affect wood properties both directly (COwN et al., 1991,
BEETS et al., 2001) and indirectly through changes in
gene expression. This may lead to genotype x environ-
ment interaction (G x E) where the relative performance
of genotypes changes with growing conditions
(FALCONER, 1952). The level of G x E in timber stiffness
and many other wood properties has not been tested in
Australia (KUMAR, 2004).

This study determines the degree of genetic control for
green and basic wood density and G x E for basic densi-
ty and wood stiffness. The TreeTap, an acoustic tool for
standing trees (LASSERRE et al., 2005), was used to sam-
ple 37 open-pollinated families in two radiata pine
breeding trials with contrasting site characteristics. Fif-
teen trees per family were sampled at each trial using
acoustics and three quarters of these were also cored at
1.3 m to determine outer wood density (outer 5 rings).

Materials and Methods

Study sites

A pair of radiata pine progeny trials in the Tumut
region of southern NSW was sampled. The trials were
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planted in June 1993 (COTTERILL, 1993a, b) using a ran-
domised complete block design of 10 replicates with
each seedlot represented by a three tree row plot in each
replicate. Most of the seedlots were open-pollinated fam-
ilies from second generation selections in three earlier
‘International Gene Pool 1973 trials established in NSW
at Nundle, Gurnang & Wee Jasper (JOHNSON, 1986). A
total of 55 seedlots are represented between the two
sites, but not all seedlots were at both sites. A subset of
37 seedlots common to both sites was selected and 15
trees measured with acoustics for each seedlot.

The Green Hills site (35° 28’S 148° 04’E; 830 m above
sea level) had previously carried a crop of radiata pine.
This site is underlain by granite diorite (Parent Rock
Code 9, TURNER et al., 1996), has a mean annual temper-
ature of 10.9°C and an average rainfall of 1270 mm
(Forests NSW, unpublished data). The site is roughly
level (0-5° slope) but some soil changes were noticed
between replicates. Part of one replicate is underlain by
shallow parent rock.

The other site in Carabost State Forest (35° 28’S 147°
51K, 510 m above sea level) had been rough grazing
land. It is underlain by mud/silt stone (Parent Rock
Code 5) and as an ex-pasture sites it may have higher
levels of available nitrogen due to pasture improvement
(MACLAREN, 2002). The site is warmer and drier than
Green Hills with a mean annual temperature of 12.4°C
and an average rainfall of 930 mm (Forests NSW,
unpublished data). The trial is located on a moderate
slope (2—5°) but the landform is relatively constant.

The Carabost site was assessed for growth and form
traits in December, 2004, at age 11 years from planting
and the Green Hills site was assessed in April-May,
2005, at age 12 years. At that time the survival rate was
approximately 90 % at both sites. Wood quality sampling
was undertaken in the following summer, during Janu-
ary and February 2006, age 12 years. The diameter at
breast height (1.3 m, over bark) (DBH), measured dur-
ing the 2004/5 assessments, was used in this study.

Standing tree acoustic measurements

TreeTap was designed by Dr. Michael Hayes and Dr.
Michael Wang from the School of Engineering, Universi-
ty of Canterbury, in collaboration with Prof. John Walk-
er from the School of Forestry, University of Canterbury.
Most standing tree tools have two probes; one that
starts the timer when struck, and a second that stops it
when the wave is detected. The TreeTap has a third
inert starter probe that is struck to initiate the stress-
wave. This prevents damage to the sensor probe crys-
tals, and may allow more precise time of flight (TOF)
measurements. There are subtle design differences, but
measurements are comparable to those found using sim-

ilar tools (e.g. the FAKOPP®).

The established field methodology for the TreeTap was
adopted (HAYES, not dated). The trees were pruned at
the time of assessment to height 2.1 m for easy access
and the probes were orientated on the northern face
of the trees (Fig. 1). The top sensor probe (2") was set
at 2.0 m, the 1%t sensor probe was set 1.50 m below
the top probe, and the starter probe was set a further
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Figure 1. — Positioning of sensor probes and outerwood coring
with a close-up of the TreeTap stress-wave timer inset (top-
right).

30 cm below the 15¢ sensor probe. The position of the
probes was altered slightly (+100 mm) to avoid knots or
other defects, but the distance between the 15t and 27
sensor probes was measured as accurately as possible
(£10 mm). The sensor probes were inserted at 45-55° to
the trunk, and the starter probe was inserted at
135-145°. A ‘dead blow’ hammer was used to insert the
sensor probes, and a 200 g steel hammer was used on
the starter probe. The steel hammer produces a stress-
wave, and the TOF is measured between the 15t and 2»d
probes. By striking the starter probe repeatedly eight
TOF readings were taken per tree. Readings were stored
in the data logger until being downloaded after each
day’s fieldwork.

Data were checked after every tree, and again after
the data had been downloaded. Dubious readings
(greater than 1.5 standard deviations from the mean)
were deleted. Mean TOF value for each tree was con-
verted to acoustic velocity and MOE of each tree calcu-
lated using a constant green density of 1080 kg m™
which was the mean fresh density measured at the
Green Hills trial.

Outerwood cores

Short 12 mm cores were taken at breast height (1.3 m)
to determine green and basic density and moisture sta-
tus of the trees (DOWNES et al., 1997). The majority of
the cores were extracted using a motorised corer. How-
ever, due to equipment breakdown, 68 cores were
extracted using a hand corer. Corer type used for each
tree was noted and added as a term in the analyses
where applicable. A preliminary experiment demon-
strated that, for green density assessment, the samples
could be immersed in water and measured reasonably
accurately in the laboratory later that day.



Outerwood was defined as the five outside growth
rings, not including the earlywood laid down in 2005
(HARrrIs and CowN, 1991). Volume for each sample was
determined using liquid displacement. Samples were
surface dried and weighed green, and then oven-dried at
105°C until reaching a stable weight (Standards Aus-
tralia, 1997a; 2000). The cores were removed from the
oven in batches of 20-40, and placed into a desiccator to
cool before being weighed. Fresh density, basic density,
moisture content (MC) and moisture saturation were
calculated using equations 2-6 below (HARRIS and
CowN, 1991; KININMONTH, 1991).

green

Dy = Equation 2
green
Wtoven
Prase = Equation 3
V
green
wt,... —Wt
MO = —green ~ loven iy 1) Equation 4
Wtoven—dry
MCx100
Sqr = MC <100 Equation 5
Mcmax
1 -0, .
= 1500 = Ppyic X100 Equation 6

1 '5 x pbasic

where p; . is fresh density, p, ;. is basic density, MC is
percent moisture content, Sat is percent moisture satu-
ration, Wt green 1S sample weight in ‘as live’ condition,
Wty en-ary 18 oven-dried weight, Vireen 18 fully swollen vol-

ume, MC__ is theoretical maximum MC and 1500 kg
m~3 is density of oven-dry wood cell material

Within trial sampling

On average 15 trees per seedlot were measured with
acoustics at each trial. Cores were taken from all the
trees tested acoustically at Green Hills. The first 7-8
trees per seedlot tested acoustically at Carabost were
cored to obtain independent basic density data. Tree
selection rules were used to ensure measurements were
representative of final sawlog attributes:

® Only live trees with a DBH greater than 15 cm were
measured

* Trees with an excessive lean, sweep, fork or a stem
shift below 2 m in height were not measured

e To allow comparisons with DBH, only trees mea-
sured during the growth and form assessment were
measured (only at Carabost).

A procedure for the sampling of plots was devised to
help give a more balanced data set. The first two suit-
able trees in the plot in the direction of movement up or
down the row were measured. If two suitable trees could
not be found the plot was skipped. A replacement plot
for that seedlot was then measured in the 8t or subse-
quent replicates where possible. This strategy ensured
that plot variances could be estimated, and made sam-
pling within and between seedlots more evenly distrib-
uted across the trials.
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Data analysis

Preliminary data checking and analyses of variance
for each trait were conducted with JMP IN Version 4.0.4
(SAS Institute, 2001). The family analysis employed
REML (Residual Maximum Likelihood) mixed linear
modelling with GenStat 8% Edition (PAYNE et al., 2005).
A within-site genetic model was used to partition genet-
ic (family) and environmental effects (Equation 7).

Phenotype =u+S(R)+ P+ F +
(Xcorer — type) + error

Equation 7

where 1 is the grand mean, S(R) is the replicate effect
(fixed), P is the plot effect (random), F is the family
effect (random). For some traits corer type was added as
a fixed covariate. For some traits the plot term was
removed from the model as it contributed little to the
analysis (WILLIAMS and MATHESON, 1994).

Narrow-sense heritabilities and genetic correlations at
the individual tree level were obtained from equations 8
and 9 respectively. Heritability is simply the estimated
resemblance within families (FALCONER and MACKAY,
1996). The narrow-sense heritability includes only addi-
tive effects and can be used to predict the response to
selection.

2
T

h* = — sz/ 5 Equation 8

o, +0,+0,
where h? is the heritability, r is the coefficient of rela-
tionship for half-sib families (ie. Y/,), o Zf is the family
variance estimate, 02 is the variance among plots, 02 is
the residual variance among trees and the phenotypic
variance = 02f+ 0% +02.

2
r - %
Axy > >
(O ch

Equation 9

where r Axy 18 the genetic correlation between traits (type
a), 02 is the family variance of the first trait, 02 is the
family variance of the second trait and 02 , is the family
covariance between the first and second traits.

Approximate standard errors for the heritabilities
were obtained following WILLIAMS and MATHESON (1994)
using the ‘Vfunction’ command in GenStat (a Taylor
expansion). Approximate standard error estimates for
genetic correlations were obtained from equation 10.
This equation gives a general indication of the esti-
mate’s reliability. The calculation of actual sampling
errors was avoided because it is notoriously difficult
(FALCONER and MACKAY, 1996).

se.|h: |xs.e|h |
hixh’

se.| Ty =(- r[ixy) [ J Equation 10

where: s.e.| rAXyI is the approximate standard error,
T Ay is the type a genetic correlation, h2 is the heritabili-
ty of traits x and y and s.e.|h?| is the standard error
estimate for the heritability of traits x and y (FALCONER
and MACKAY, 1996).

Data from the two sites was then combined using an
across-site genetic model (equation 11). This was similar
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to the within-site model except site and family x site
interaction terms were added. This allowed a previously
ignored source of variation, the G x E interaction, to be
estimated. The separation of family x site variance from
the family variance improves the accuracy of genetic
parameter estimates (WRIGHT, 1976).

Phenotype=u +S+S(R)+ P
+F+ FxS8+error
where S is the site effect (fixed) and F x S is the family x
site interaction (random) (other terms are as for Equa-

tion 7). For some traits the family x site term was
removed from the model.

Equation 11

If only two sites are involved, G x E can be expressed
as a type b genetic correlation (i.e. the same trait at dif-
ferent sites) (FALCONER, 1952). Type b genetic correla-
tions can be used to predict the response that selection
at one site will have on the performance at another
(FALCONER, 1952). Across-site narrow-sense heritabilities
and type b genetic correlations at the individual tree
level were obtained from equations 12 and 13 respec-
tively. YAMADA (1962) devised a simpler formula for type
b genetic correlations, but equation 13 was chosen as it
does not assume equal residual variances between sites.

B2 = c;lr

0’+02+0’+0;

f fe m t

Equation 12

where Ozfe is the estimated family x site variance and
the phenotypic variance = g2 + czfe + 02+ 02 (other
terms are as for Equation 8).

__ T

r s —
Bxy 5 5
\/ hFx X th

where rp  is the type b genetic correlation, rp  is the
phenotypic correlation between treatment means, h 2 is
the family heritability (WRIGHT, 1976) at the first site
and thz is the family heritability at the second site
(BURDON, 1977).

The ‘C factor’, devised by MATHESON and RAYMOND
(1984) as a simple means of gauging the practical impli-

Equation 13
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cations of G x E interaction, was calculated based on the
family, environmental and family x site variance esti-
mates as (Equation 14):

2 2
AOr+0. /ns
C _1_ 2 f2 : 2

\/0/. +0,/s+0, /ns

;= x100

Equation 14

where C, is the percentage of gain lost between sites (the
‘C factor’), 02 is the environmental variance (i.e. 6% +
0%), n is the number of trees per family at each site
and s is the number of sites (other terms are as for
Equation 12).

Results

After checking the data for potential errors and incon-
sistencies the distribution of each trait was checked. All
traits except fresh density and moisture saturation were
approximately normally distributed. Due to a mechani-
cal failure, a hand corer was used on 68 trees in the first
2 replicates at Green Hills. The mean fresh density, MC
and moisture saturation of the hand cores were lower
than the grand mean so corer type was included as a
factor in analysis for these traits.

Overall means and coefficients of variation (Table 1)
indicated that the mean DBH of the trees sampled for
wood quality was higher than the mean of all the trees
(DBH(all)). Further, the coefficient of variation was
lower for DBH (sampled). This bias was probably due to
the tree selection rules used (e.g. DBH > 15 cm). Where
possible, DBH (all) was used in further analysis due to
the larger sample size.

Means for fresh density, MC and moisture saturation
were typically lower than those normally found with
destructive sampling of similar age trees (Moreno Chan
dJ. pers. com. 12/1/2006V. For example a mean fresh den-
sity of 1150 kg m=3 or more is expected for outerwood
disc sections. This suggests that more moisture was lost

1) Julian Moreno Chan, a PhD Student with Forest NSW,
Research Centre, Sydney St., Tumut.

Table 1. — Means and variability in measured traits at Green Hills and Carabost.

Green Hills Carabost

Trait Mean N  Std. error cv Mean N Std. error cv
DBH (cm) all 19.0 1454  0.103 215 192 1296 0077 14.5
DBH (cm) 198 549 0143 169 199 552 0.093 10.9
sampled

Basic density 395 554 1.13 6.76 359 267 1.31 5.96
(kgm™)

Fresh density

gm s 1080 486 137 2.81 - — —
MC (%) 2 174 486  0.758 9.63 - — —
Moisture

catuntion (%2 925 486 071 4.07 - — —
Acousticvelocity 5.5 54 0011 905 265 552 0010 864
(kms™)

MOE (GPa) 796 554 0.061 180  7.63 552 0.056 17.2

2 Hand corer trees were excluded to avoid biasing the means and variability of these traits.
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during coring than was replaced by soaking the samples
for 2—8 hrs.

Mean DBH was similar at both sites, but the means
for basic density and MOE traits were lower at Cara-
bost. DBH and, to a lesser extent, basic density and
MOE traits were less variable at Carabost. MOE is
effectively the acoustic velocity squared, and therefore
has twice the variance of acoustic velocity.

Family based analysis

Corer type was included as a fixed covariate in the
within-site models for fresh density, MC, moisture satu-
ration and MOE. Wald tests confirmed that core type
effects were significant for these traits (p < 0.05). Nega-
tive variance estimates were predicted for some traits
including: plot variance (62 ) for MC at Green Hills and
DBH at Carabost, and family x site variance (crzfs ) for
basic density and MOE in the across-site model. The
presence of negative variance estimates is an embar-
rassment for statisticians (SEARLE et al., 1992) but not
entirely surprising given the likely deficiencies in the
data. Negative values were generally less than their
standard error. Method 4 from SEARLE et al. (1992) was
chosen as a pragmatic solution to this problem and the
relevant term was removed from the model where there

Wielinga et. al.-Silvae Genetica (2009) 58-3, 112-122

was a negative estimate. This approach recognizes a
problem with the model, and prevents the other esti-
mates from being distorted (SEARLE et al., 1992).

The heritability of DBH was calculated using only the
trees sampled for wood properties, and then including
all the trees in the trials. The heritability estimates for
DBH (sampled) and DBH (all) were similar at both
Green Hills and Carabost (Table 2). However, the
across-site estimates for DBH differed by 1'/, standard
errors. Further, the across-site estimate for DBH (sam-
pled) sites was less than its standard error. The heri-
tability estimates for DBH (all) are more reliable due to
the larger sample size (15 — 27 trees per family), and
the diameter bias in the trees that were sampled. The
family variance (02f) estimates for DBH (sampled) had
to be used when calculating genetic correlations.

The heritability of all the traits measured at Carabost
was higher than at Green Hills. MOE was highly herita-
ble at both sites and across-sites. Fresh density and
moisture saturation were not significantly heritable.
Basic density was highly heritable at Green Hills and
very highly heritable at Carabost. MC was also moder-
ately heritable, and had a very strong genetic correla-
tion with basic density (Tables 2 and 4). The across-site
heritability of DBH (all) was lower than at either site.

Table 2. — Narrow sense heritabilities at the individual tree level with std. error esti-

mates [in brackets].

Green Hills Carabost Across-sites
DBH (all) 0.19 [0.06] 0.28 2 [0.08] 0.14 [0.05]
DBH (sampled) 0.12 [0.10] 0.282 [0.12] 0.02 [0.07]
Basic density 0.59 [0.17] 0.85 [0.29] 0.673 [0.17]
Fresh density 0.11! [0.11] — — — —
MC 0.53'2  [0.16] — — — —
Moisture saturation 0.031! [0.09] — — — —
MOE 0.57 [0.17] 0.79 [0.20] 0.60 3 [0.15]

1 Corer type was included as a fixed covariate in the genetic model for these traits.
2 The plot term was removed from the genetic model for these traits.
3 The family by site term was removed from the genetic model for the these traits.

Table 3. — Phenotypic pairwise correlation coefficients. Correlations for Green
Hills are below the diagonal and those for Carabost are above. Trees sampled
with the hand corer were excluded. At Green Hills N = 486 except for correlations
with DBH where N = 481. At Carabost N = 552 except for correlations with
basic density where N = 267. Probability that correlations are greater than 0:
*p <0.05, # p < 0.0001.

Basic Fresh Moisture

DBH density density MC saturation MOE
DBH 0.071 _ — — - 0.204%*
Basic 0.005 _ _ _ 0.272%+
density
Fresh 0.068  0.409%* — — —
density
MC 0.027  -0.906%*  0.005 — —
Moisture - 73 0.075  0.940%%  (.342%* —
saturation
MOE S0457%%  0268%*  0.089% -0261%%  -0.002
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Table 4. — Genetic correlations between traits with std. error estimates [in brack-
ets]. Correlations for Green Hills are below the diagonal and those for Carabost

are above.
DBH BaS}c Fres.h MC MOIStL.lI‘C MOE
density density saturation
-0.521 -0.56!
DBH [0.28] - - [0.23]
Basic -0.89 0.71
density [0.10] T T [0.15]
Fresh -1.05 0.78
density [bound] [0.21] _ _ -
0.631 -0.98! -0.491
MC [0.30] [0.01] [0.41] T T
Moisture -0.86 0.18 0.75 0.06
saturation [0.39] [0.87] [0.72] [0.92] -
-0.79 0.69 0.25 -0.73 -0.31
MOE [0.19]  [0.16]  [0.51]  [0.14]  [0.83]

I The plot term was removed from the genetic model for these traits.

Table 5. — Across-site variance components with std. errors [in brackets], type b genetic

correlations (ery) and the ‘C factor’.

Op2 v g2 FBxy Cr (%)
DBH (all) 12.3 0.423 [0.17] 0.224 [0.14] 0.61 8.32
Basic density 651 118 [32.2] -16.0[10.8] 0.95 —
MOE 1.87 0283 [0.082] - 0.0041 [0.028] 1.12 —

Across-site heritability estimates for other traits were
about halfway between the within-site values.

Genetic and phenotypic correlations between acoustics
and other traits

Since fresh density or moisture saturation was not
significantly heritable, genetic correlations between
these and other traits have no practical meaning. Simi-
larly, the family variance (o Zf) estimate for DBH (sam-
pled) at Green Hills was close to zero, and genetic corre-
lations should be interpreted with care. There was no
phenotypic correlation between basic density and DBH
(Table 3), but the genetic correlations were strongly neg-
ative (-0.89 and —0.52).

The across-site model was used to obtain more robust
estimates of genetic correlations. For this purpose the
family x site interaction term was removed from the
model. Correlations with DBH (sampled) were not pre-
sented because its heritability was effectively zero. The
genetic correlation between basic density and MOE was
only moderately high (0.64 + 0.15), indicating a subopti-
mal correlated response.

The original negative estimates for family x site vari-
ance are presented in Table 5. Subsequently, the interac-
tion term was dropped from the model for all traits
except DBH, effectively making the family x site vari-
ance zero. The family x site variance for DBH (all) was
around twice its standard error. The level of G x E inter-
action was interpreted as the deviation from a type b
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genetic correlation of one. Type b genetic correlations for
basic density and MOE were close to or exceeded the
theoretical maximum. In contrast, the ‘C factor’ for DBH
(all) was over 8% which represents a considerable loss
in genetic gains.

Discussion

No G x E interaction was detected in basic density or
MOE. This conforms to the trend that highly heritable
traits have low G x E. There have been very few reports
of G x E for wood quality traits. Basic density ranked
consistently across three sites with 56 families in com-
mon from the ‘268 series’ of New Zealand crosses (JAYA-
WICKRAMA, 2001b). Almost perfect type b correlations
were found for basic density and stiffness traits between
2 New Zealand sites (KUMAR, 2004). However, the type b
correlation for MOE (Director HM200) was relatively
low between an Australian and a New Zealand site
(KUMAR, 2004). The two trials in this study are fairly
typical of sites where radiata pine is grown in the
Tumut region. The genetic gains predicted in MOE
should be readily repeatable at least within the area.

The level of G x E in DBH was both statistically and
practically significant. The point at which G x E should
influence breeding strategies is a matter of individual
judgement. MATHESON and RAYMOND (1984) suggested
that a C factor above 5% may be cause for concern. The
two trials in the study were less than 50 km apart, but



the interaction was considerable with a type b genetic
correlation of 0.61, and an 8% predicted loss in gains.
However, from only two sites, any trends in G x E can
not be predicted.

Potentially high level of G x E in DBH has been well
established elsewhere (e.g. JOHNSON and BURDON, 1990;
PEDERICK, 1990; JOHNSON, 1992; ADES and GERE, 1997,
BURDON et al., 1997; JAYAWICKRAMA, 2001b). Within
NSW, the potential for soil type to cause G x E was
recognised in the breeding strategy written by Johnson
in 1989. From the mid 1980’s onwards, a policy was
implemented of planting progeny and clonal trials
across a range of sites to further investigate the poten-
tial for site by genotype interactions caused by geology
(JOHNSON et al., 2008).

Breeding separate lines for different planting zones
can be complex and expensive. So radiata pine breeders
have tended to favour ‘all round’ performers. Genotypes
with a high average ranking may not be stable perform-
ers. MATHESON and RAYMOND (1984) demonstrated how
the level of G x E can be reduced by excluding a few of
the most interactive genotypes. However, this strategy
will considerably reduce the selection intensity and
overall genetic gains (WU and MATHESON, 2005).

Both the accuracy and cost of selection methods need
to be considered when evaluating their usefulness
(KNOWLES et al., 2004). The objective of this study was
not to test the accuracy of the TreeTap, but rather its
application to tree breeding. Breeders have been reluc-
tant to use basic density in selection because of the ten-
uous link to end-product values (MATHESON et al., 1997).
Additional traits not only increase the cost of assess-
ment, but there is also a reduction in the gains in each
trait (ELDRIDGE et al., 1993). Acoustic testing has been
rapidly adopted because of the practical advantages,
and the direct link to structural timber recovery rates.
The TreeTap measurements took less than half the time
per tree (~3 minutes) needed to obtain outerwood basic
density (including sample processing). The alternative
methods of measuring stiffness are either destructive or
much more expensive (e.g. SilviScan-2®) (KNOWLES et al.,
2004). A reduction in accuracy when using acoustics will
generally be compensated by the lower cost of making
measurements (JACQUES et al., 2004). A lower cost allows
more genotypes to be screened and better sampling of
those genotypes. Ten to 15 trees per family were suffi-
cient to obtain reliable mean estimates.

Fresh density and moisture saturation were not sig-
nificantly heritable, but the method used may not have
detected weak genetic effects. Small errors may have
been introduced due to the time of day that the core was
taken. Furthermore, plot variance was around a third of
the total. Even if fresh density is weakly heritable, any
bias in MOE measurements would be small because
of the overwhelming importance of acoustic velocity
(squared) in the calculation (WIELINGA et al., 2009).
SHELBOURNE (1997) had previously reported a high heri-
tability for MC. The high heritability of MC is not sur-
prising given its dependence on basic density.

The other heritability estimates are relativity reliable.
The estimate for standing tree MOE (0.60 across-sites)
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is the most reliable figure available to date. Only 37
families were assessed but replication at two sites
makes the estimate more robust. The families tested
have diverse genetic backgrounds. A combination of
these conditions, plus the recent advances in standing
tree methods may explain why the heritability of MOE
was 50% higher than in KUMAR (2004).

Across-site heritability estimates for DBH and basic
density were close to that normally expected (e.g. JAYA-
WICKRAMA, 2001b). The across-site estimate for DBH was
lower than either of the within-sites values due to the
presence of G x E. The heritability of DBH at Green
Hills was also close to that normally expected. Heritabil-
ity estimates for Carabost were relatively high (e.g.
DBH 0.28, basic density 0.85). This may be attributed to
the lower phenotypic variance particularly in DBH. At
Carabost the spacing was more consistent, and there
was no interference from pine regeneration or blackber-
ry infestation. The soil type also appeared to change less
across the site.

The genetic correlation between DBH and MOE was
high (-0.56 = 0.23 to —0.79 = 0.19), but needs to be inter-
preted with care. The number of trees sampled for wood
quality was insufficient to obtain reliable family vari-
ance estimates for DBH, with the estimate for Green
Hills being close to zero. Genetic correlations are notori-
ously prone to sampling errors and seldom very precise
(FALCONER and MACKAY, 1996). Although the estimates
for Green Hills are questionable, independent data from
Carabost supports the presence of an adverse correla-
tion (WiLLIAMS and MATHESON, 1994). A regression
analysis involving family means also reinforced this
finding (R? = 0.30). It should be noted that the estimate
may differ considerably depending on the genotypes
sampled. The genetic correlation may not be as strong
within advanced populations where the diameter range
has been narrowed (JAYAWICKRAMA, 2001b). KUMAR
(2004) reported moderate inverse genetic correlations
between DBH and stiffness. A number of independent
trials are needed to obtain a reliable value.

Interestingly, basic density was not correlated with
DBH at the phenotypic level, but the genetic correla-
tions were strongly negative (-0.52 and —0.89). In addi-
tion, the correlation between basic density and MOE
was also much stronger at the genetic level. While pro-
cessing the cores, it was noted that trees with a large
diameter often did not have a wide growth increment
from 8-12 yrs. At this age, dominant trees would have
begun to fully occupy the available growing space. As a
result the increment of the outer rings may not be
indicative of average growth rate. It is also possible that
some trees were in the transition stage between juvenile
and mature wood. Mature wood density is more strongly
influenced by growing conditions than the juvenile wood
(HARRIS and COwN, 1991).

One final interesting result from this study is,
although the tree diameters were similar at the two
sites, the lower altitude, warmer and drier site produced
wood with lower basic density and MOE. This supports
other recent results from PORADA et al. (2007) and
MoRENO CHAN (2007) who also found a reduction in den-
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sity and stiffness at Carabost when compared to
matched higher altitude, wetter sites. These results dif-
fer from those of COWN et al. (1991) who found a strong
positive relationship between wood density and mean
annual temperature in New Zealand. However, within
NSW, WiLkes (1989) found that higher winter rainfall
lead to lower density.

Conclusions

TreeTap acoustic measurements proved to be suffi-
ciently precise for reliable family selection. MOE was
highly heritable (0.60 across-sites) and variable (CV
~17%). The high heritability and relatively low cost of
assessment would also make the TreeTap well suited to
plus-tree selection. However, there was an adverse
genetic correlation between MOE and DBH. Fresh den-
sity was not significantly heritable or highly variable
which validates the use of a constant value. No G x E
interaction was detected in MOE, indicating that genet-
ic improvement would be repeatable across a range of
conditions. The low the type b genetic correlation for
DBH is generally consistent with previous studies on
radiata pine.

Acknowledgements

The authors wish to thank Forests NSW staff involved
in the study including MICHAEL HENSON, HANS PORADA,
KeviN Dopps, IaN HipEs and HuGH MACMURRAY. They
would also like to thank JULIAN MORENO CHAN, PhD stu-
dent in Tumut, for advice on measuring green density.
DomMmiNic KAIN, Cris BRACK, PETER KANOWSKI and ALAN
HORNER of the Australian National University kindly
reviewed drafts of this study. This study was the basis of
BEN WIELINGA’s honours thesis and we acknowledge the
financial support provided to Ben by the Curly
Humphries plus ANU Honours scholarships. Growth,
form and wood quality assessments of these trials were
funded by the Radiata Pine Breeding Company in New
Zealand.

References

ADES, P. K. and P. H. GARNIER-GERE (1997): Making sense
of provenance x environment interaction in Pinus radi-
ata. In: BURDON, R. D. and MOORE, J. M. (eds.). Genetics
of Radiata Pine, IUFRO conference, 1-5 December
1997, Rotorua, New Zealand. FRI, Bulletin No. 203. pp.
113-119.

ANDREWS, M. (2002): Wood quality measurement — son et
lumiere. New Zealand Journal of Forestry 47: 19-21.

BeeTs, P. N., K. GILCHRIST and M. P. JEFFREYS (2001):
Wood density of radiata pine: effect of nitrogen supply.
Forest Ecology and Management 145: 173-180.

BuUrDON, R. D. (1977): Genetic correlation as a concept for
studying genotype-environment interaction in forest
tree breeding. Silvae Genetica 26: 168—175.

Burpon, R. D., S. O. Hong, C. J. A. SHELBOURNE, 1. G.
JOHNSON, T. B. BUTCHER, D. B. BooMsMa, S. D. VERRYN,
J. N. CAMERON and R. APPLETON (1997): Progeny X site
interaction in Pinus radiata on nine sites involving
three countries. In: BUurDON, R. D. and MOORE, J. M.
(eds.). Genetics of Radiata Pine, IUFRO conference, 1-5
December 1997 Rotorua, New Zealand. FRI Bulletin
No. 203. pp. 120-124.

120

DOI:10.1515/sg-2009-0015
edited by Thiinen Institute of Forest Genetics

Wielinga et. al.-Silvae Genetica (2009) 58-3, 112-122

CARTER, P., D. Bricas, R. J. Ross and X. WANG (2005a):
Acoustic testing to enhance western forest values and
meet customer wood quality needs. In: HARRINGTON,
C. A. and ScHOENHOLTZ, S. H. (eds.). Productivity of
Western Forests: a Forest Products Focus. USDA, For-
est Service, General Technical Report PNW-GTR-642,
Portland, USA. 176 p.

CARTER, P., X. WaANG, R. J. Ross and D. BrigGs (2005b):
NDE of logs and standing trees using new acoustic
tools: technical applications and results. In: BROKER,
F. W. (eds.). 14'h International Symposium on Nonde-
structive Testing of Wood 2—4 May, 2005, Hanover, Ger-
many. Aachen, Shaker Verlag.

CARTER, P., S. CHAUHAN and J. WALKER (2006): Sorting
logs and lumber for stiffness using Director HM200.
Wood and Fiber Science 38: 49-54.

CHUANG, S. T. and S. Y. WANG (2001): Evaluation of stand-
ing tree quality of Japanese cedar grown with different
spacing using stress-wave and ultrasonic-wave meth-
ods. Journal of Wood Science 47: 245-253.

COTTERILL, 1. (1993a): Establishment of 1993 G.C.A. prog-
eny test Cpt. 159. State Forests of NSW, Tablelands
Research, Internal Report Q14/1.58.

COTTERILL, 1. (1993b): Establishment of 1993 G.C.A. prog-
eny test Cpt. 399. State Forests of NSW, Tablelands
Research, Internal Report Q14/1.59.

Cown, D. J., D. L. McConcHIE and G. D. YounG (1991):
Radiata Pine Wood Properties Survey. FRI Bulletin, No.
50. Rotorua. New Zealand, 50 p.

Dickson, R. L., B. Jog, P. HArris, S. HoLTORF and C.
WILKINSON (2004a): Acoustic segregation of Australian-
grown Pinus radiata logs for structural board produc-
tion. Australian Forestry 67: 261-266.

DicksoN, R. L., A. C. MATHESON, B. JOE, J. ILIC and J. V.
OWEN (2004b): Acoustic Segregation of Pinus radiata
logs for sawmilling. New Zealand Journal of Forestry
Science 34: 175-189.

DownNEs, G. M., I. L. HupsoN, C. A. RaymonD, G. H. DEAN,
A. J. MicHELL, L. R. ScHIMLECK, R. EvANS and A.
MUNERI (1997): Sampling Plantation Eucalypts for
Wood and Fibre Properties. CSIRO Publishing, Colling-
wood. 132 p.

DownEs, G. M., J. G. NYAKUENGAMA, R. EvaNS, R. NORTH-
wAY, P. BLAKEMORE, R. L. DICKSON and M. LAUSBERG
(2002): Relationship between wood density, microfibril
angle and stiffness in thinned and fertilized Pinus radi-
ata. TAWA Journal 23: 253—-265.

ELDRIDGE, K. G., J. DaviDsoN, C. E. HARWOOD and G. VAN
WYK (1993): Eucalypt domestication and breeding.
Oxford University Press, New York, USA. 288 p.

FALCONER, D. S. (1952): The problem of environment and
selection. American Naturalist 86: 293—298.

FALCONER, D. S. and T. F. C. MACKAY (1996): Introduction
to Quantitative Genetics, 4" Edition. Prentice Hall,
Pearson Education, Harlow, UK. 464 p.

GRABIANOWSKI, M., B. MANLEY and J. WALKER (2004):
Impact of stocking and exposure on outerwood acoustic
properties of Pinus radiata in Eyrewell Forest. New
Zealand Journal of Forestry 49: 13—-17.

Hagrris, J. M. (1991): Chapter 1: Radiata pine in New
Zealand. In: KININMONTH, J. A. and WHITEHOUSE, L. J.
(eds.). Properties and Uses of New Zealand Radiata
Pine: Volume One — Wood Properties. Ministry of
Forestry, Forest Research Institute, Auckland, New
Zealand.




HARRis, J. M. and D. J. CowN (1991): Chapter 6: Basic
wood properties. In: KININMONTH, J. A. and
WHITEHOUSE, L. J. (eds.). Properties and Uses of New
Zealand Radiata Pine: Volume One — Wood Properties.
Ministry of Forestry, Forest Research Institute, Auck-
land, New Zealand.

HAYES, M. (not dated): TreeTap user manual and notes on
use. internal memo.

JACQUES D., M. MARCHAL and Y. CURNEL (2004): Relative
efficiency of alternative methods to evaluate wood stiff-
ness_in the frame of hybrid larch (Larix X eurolepis
Henry) clonal selection. Annals of Forest Science 61:
35-43.

JAYAWICKRAMA, K. J. S., M. J. CARSON, P. A. JEFFERSON and
A. FIRTH (1997): Development of the New Zealand radi-
ata pine breeding population. In: BURDON, R. D. and
MOORE, J. M. (eds.). Genetics of Radiata Pine, IUFRO
conference, 1-5 December 1997 Rotorua, New Zealand.
FRI Bulletin No. 203. p. 217-225.

JAYAWICKRAMA, K. J. S. (2001a): Breeding radiata pine for
wood stiffness: review and analysis. Australian Forestry
64: 51-56.

JAYAWICKRAMA, K. J. S. (2001b): Genetic parameter esti-
mates for radiata pine in New Zealand and New South
Wales: a synthesis of results. Silvae Genetica 50: 45-53.

JOHNSON, G. R. and R. D. BUrDON (1990): Family-site
interaction in Pinus radiata: implications for progeny
testing strategy and regionalised breeding in New
Zealand. Silvae Genetica 39: 55-62.

JOHNSON, I. G. (1986): The management strategy for radi-
ata pine tree improvement in New South Wales: Part 1.
History of improvement work 1958-1986, and a review
of genetic gains. Forestry Commission of NSW, Techni-
cal Paper No. 40. 54 p.

JOHNSON, I. G. (1989): The breeding strategy for radiata
pine in New South Wales. Part II. Proposed operations.
Forestry Commission of NSW. Technical Paper No. 47.
58p.

JOHNSON, I. G. (1991): Realised gains for growth traits by
radiata pine seed orchard seedlots in New South Wales.
Australian Forestry 54: 197-208.

JOHNSON, I. G. (1992): Family-site interactions in radiata
pine families in NSW, Australia. Silvae Genetica 41:
55-62.

JOHNSON, I. G., I. M. CorTERILL, C. A. RAYMOND and M.
HeNsoN (2008): Half a century of Pinus radiata tree
improvement in NSW. New Zealand Forestry Journal
52: 7-13.

KININMONTH, J. A. (1991): Chapter 7: Wood/water relation-
ships. In: KININMONTH, J. A. and WHITEHOUSE, L. J.
(eds.). Properties and Uses of New Zealand Radiata
Pine: Volume One — Wood Properties. Ministry of
Forestry, Forest Research Institute, Auckland, New
Zealand.

KNowLEs, R. L., L. W. HANSEN, A. WEDDING and G.
DowNES (2004): Evaluation of non-destructive methods
for assessing stiffness of douglas fir trees. New Zealand
Journal of Forestry Science 34: 87-101.

KuUMAR, S., K. J. S. JAYAWICKRAMA, J. LEE and M. LAUS-
BERG (2002): Direct and indirect measures of stiffness
and strength show high heritability in a wind-pollinat-
ed radiata pine progeny test in New Zealand. Silvae
Genetica 51: 256-261.

KUMAR, S. (2004): Genetic parameter estimates for wood
stiffness, strength, internal checking, and resin bleed-
ing for radiata pine. Canadian dJournal of Forest
Research 34: 2601-2610.

DOI:10.1515/sg-2009-0015
edited by Thiinen Institute of Forest Genetics

Wielinga et. al.-Silvae Genetica (2009) 58-3, 112-122

LASSERRE, J. P., E. MASON and M. WATT (2004): The influ-
ence of initial stocking on corewood stiffness in a clonal
experiment of 11-year-old Pinus radiata D. Don. New
Zealand Journal of Forestry 49: 18-23.

LASSERRE, J. P, E. G. MAsON and M. S. WATT (2005): The
effects of genotype and spacing on Pinus radiata [D.
Don] corewood stiffness in an 11-year old experiment.
Forest Ecology and Management 205: 375-383.

LiNDSTROM, H., P. HARRIS and R. NAKADA (2002): Methods
for measuring stiffness of young trees. Holz als Roh-
und Werkstoff 60: 165-174.

MACLAREN, P. (2002): Internal wood quality of radiata
pine on farm sites — a review of the issues. New Zealand
Journal of Forestry 47: 24-28.

MATHESON, A. C. and C. A. RAYMOND (1984): The impact of
genotype X environment interaction on Australian
Pinus radiata breeding programs. Australian Journal of
Forestry Research 14: 11-25.

MATHESON, A. C., D. J. SPENCER and J. G. NYAKUENGAMA
(1997): Breeding for wood properties in radiata pine. In:
BurDON, R. D. and MOORE, J. M. (eds.). Genetics of
Radiata Pine, IUFRO conference, 1-5 December, 1997,
Rotorua, New Zealand. FRI Bulletin No. 203. pp.
169-179.

MATHESON, A. C., R. L. DICKSON, D. J. SPENCER, B. Joe and
dJ. ILic (2002): Acoustic segregation of Pinus radiata logs
according to stiffness. Annals of Forest Science 59:
471-4717.

MEenzies, M. 1., T. F. FauLps, D. G. HOLDEN, S. KUMAR and
B. K. Kromp (2004): Maturation status and genetic
improvement effects on growth, form, and wood proper-
ties of Pinus radiata cuttings up to age 12 years. New
Zealand Journal of Forest Science 34: 255-271.

MOoReNO CHAN, J. (2007): Moisture content in radiata pine
wood: implications for wood quality and water-stress
response. PhD thesis, University of Canterbury,
Christchurch, New Zealand. 202p.

PayNE, R., D. MuURrrAy, S. HARDING, D. BAIRD and D.
SOUTAR (2005): GenStat® for Windows® 8t edition Intro-
duction. VSN International, Oxford, UK, 349 p.

PEDERICK, L. (1990): Family x site interacton in Pinus
radiata in Victoria, Australia and its implications for
breeding strategy. Silvae Genetica 39: 134-140.

Porana, P, D. M. RoweLL, B. JoE and M. HENSON (2007):
Site-specific performance of New Zealand and Aus-
tralian seedlots of Pinus radiata in New South Wales.
Presented at 2007 Australian and New Zealand Insti-
tutes of Foresters Conference, Coffs Harbour NSW.
June 2007.

RaymonDp, C. A. and D. W. ANDERSON (2005): Prior land-
use influences wood properties of Pinus radiata in New
South Wales. New Zealand Journal of Forestry Science
35: 72-90.

RaymonDp, C. A., B. Jog, R. EvaNs and R. L. DICKSON
(2007): Relationship between timber grade, static and
dynamic modulus of elasticity and SilviScan properties
for Pinus radiata in New South Wales. New Zealand
Journal of Forestry Science 37: 186—-196.

Rimbourt, B. G., K. R. WEALLEANS, R. E. BOOKER, D. L.
McConNcHIE and R. D. BaLL (1999): Comparison of log
segregation methods for structural lumber yield
improvement. Forest Products Journal 49: 63—66.

SAS Institute (2001): JMP Introductory Guide, Version 4.
Cary, USA, 168 p.

SEARLE, S. R., G. CAsELLA and C. E. McCULLOCH (1992):
Variance Components. John Wiley & Sons, New York,
USA. 501 p.

121



SHELBOURNE, C. J. A. (1997): Genetics of adding value to
the end-products of radiata pine. In: BURDON, R. D. and
MOORE, J. M. (eds.). Genetics of Radiata Pine, ITUFRO
conference, 1-5 December 1997, Rotorua, New Zealand.
FRI Bulletin, No. 203. pp. 129-141.

SORENSSON, C. T., D. J. Cown, B. G. RIpoUTT and X. TIAN
(1997): The significance of wood quality in tree breed-
ing: A case study of radiata pine in New Zealand. In:
ZANG, S. Y., GOsseELIN, R. and CHAURET, G. (eds.). Timber
management toward wood quality and end product
value, CTIA/IUFRO International Wood Quality Work-
shop, August 18-22, Quebec City, Canada. IV pp. 35-44.

Standards Australia (1997a): Timber-Methods of Tests.
Method 1: Moisture content. AS/NZS 1080.1.

Standards Australia (2000): Timber — Methods of Tests.
Method 3: Density. AS/NZS 1080.

TourLMmiN, M. J. and C. A. RAYMOND (2007): Developing a
sampling strategy for measuring acoustic velocity in
standing radiata pine using the TreeTap time of flight
tool. New Zealand Journal of Forestry Science 37:
96-111.

TSEHAYE, A., A. H. BUCHANAN and J. C. F. WALKER (1995):
A comparison of density and stiffness for predicting
wood quality — Density: the lazy man’s guide to wood
quality. Journal of the Institute of Wood Science 13:
539-543.

TSEHAYE, A., A. H. BuCHANAN and J. C. F. WALKER (1997):
Log segregation into stiffness classes. In: RipourT, B. G.
(eds.). Managing Variablity in Resource Quality,
Rotorua, New Zealand. FRI Bulletin, No. 202. pp. 7-10.

TSEHAYE, A., A. H. BUCHANAN and J. C. F. WALKER (2000a):
Sorting of logs using acoustics. Wood Science and Tech-
nology 34: 337-344.

TSEHAYE, A., A. H. BUCHANAN and J. C. F. WALKER (2000b):
Selecting trees for structural timber. Holz als Roh- und
Werkstoff 58: 162—-167.

TURNER, J., J. H. KNOTT and M. LAMBERT (1996): Fertiliza-
tion of Pinus radiata plantations after thinning. I. Pro-
ductivity gains. Australian Forestry 59: 7-21.

WALKER, J. C. F. and R. NAKADA (1999): Understanding
corewood in some softwoods: a selective review on stiff-
ness and acoustics. International Forestry Review 1:
251-259.

Wang, S. Y., C. J. LIN and C. M. CHIN (2005): Evaluation
of wood quality of Taiwania trees grown with different
thinning and pruning treatments using ultrasonic-wave
testing. Wood and Fiber Science 37: 192—-200.

122

DOI:10.1515/sg-2009-0015

edited by Thiinen Institute of Forest Genetics

Wielinga et. al.-Silvae Genetica (2009) 58-3, 112-122

Wang, X., R. J. Ross, J. R. ERICKSON and J. B. LiGoN
(2000): Nondestructive evaluation of trees. Experimen-
tal Techniques 24: 27-29.

WANG, X., R. J. Ross, M. McCLELLAN, R. J. BARBOUR, J. R.
ERricksoN, J. W. ForsMAN and G. D. McGINNIS (2001):
Nondestructive evaluation of standing trees with a
stress wave method. Wood and Fiber Science 33:
522-533.

WANG, X., R. J. Ross, J. A. MATTSON, J. R. ERICKSON, J. W.
Forsman, E. A. GESKE and M. A. WEHR (2002): Nonde-
structive evaluation techniques for assessing modulus
of elasticity and stiffness of small-diameter logs. Forest
Products Journal 52: 79-85.

WIELINGA, B., C. A. RAYMOND, R. JAMES and A. C. MATHE-
SON (2009): Effect of using actual or fixed green density
values on the stiffness of Pinus radiata D. Don estimat-
ed using acoustics. New Zealand Journal of Forestry
Science (In Press).

WILKES, J. (1989): Variation in wood density of Pinus
radiata in New South Wales, Australia. Canadian Jour-
nal of Forest Research 19: 289-294.

WiLLiams, E. R. and A. C. MATHESON (1994): Experimental
design and analysis for use in tree improvement.
CSIRO Information Services, East Melbourne. 174 p.

Woobns, M. S., N. C. StepHENS, B. K. ALLISON and C. I.
HoweLL (2001): Plantations of Australia — A report from
the National Plantations Inventory and the National
Farm Forest Inventory. National Forest Inventory,
Bureau of Rural Sciences, Canberra, 172 p.

WRIGHT, J. W. (1976): Introduction to Forest Genetics.
Academic Press, New York, USA. 463 p.

Wu, H. X., M. IvkovicH, T. A. MCRAE and M. B. POWELL
(2004): Breeding radiata pine to maximise profit
from solid wood production: summary report. Forest
and Wood Products Research and Development Cor-
poration, Project No. PNO01.1904. Available at:
www.fwprdc.org.au, 11 p.

Wu, H. X. and A. C. MATHESON (2005): Genotype by envi-
ronment interactions in an Australia-wide radiata pine
diallel mating experiment: implications for regionalized
breeding. Forest Science 51: 29—40.

Yamada, Y. (1962): Genotype by environment interaction
and genetic correlation of the same trait under different
environments. Japanese dJournal of Genetics 37:
498-509.

Young, G. (2002): Radiata pine wood quality assessments
in the 215 century. New Zealand Journal of Forestry 47:
16-18.




