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ABSTRACT

We surveyed 55 genetic studies published from 1960 to 2007 involving 11
growth-, form-, and wood-quality traits in Pinus radiata D. Don, including
seedling and clonal trials. Estimated genetic parameters evidently varied
according to populations, environments, and ages. Overall, estimated
heritability for wood-quality traits (except shrinkage) was always higher
than for growth and form traits. Wood density had the highest grand-mean
of estimated heritability (0.63) among the six wood-quality traits, followed
by microfibril angle (0.61), spiral grain (0.55), fibre (tracheid) length (0.54),
stiffness (0.50), and shrinkage (0.20). Selective breeding for these wood-
quality traits (except shrinkage) would be very effective. Among the five
growth and form traits, branch cluster frequency had the highest heritability
(0.35), followed by branch size (0.27), branch angle (0.25), diameter at breast
height (0.23), and stem straightness (0.23). Broad-sense heritability estimates
were higher than narrow-sense heritability, particularly for diameter at breast
height (average 0.39 versus 0.21). This indicates there is considerable non-
additive genetic variance that should be exploited in breeding and deployment
programmes for P. radiata. There was a higher and more complex genotype
by environment interaction (G x E) for diameter at breast height in Australian
sites than in New Zealand sites. Growth rate (dbh) was adversely correlated
with all wood-quality traits (for both density and mean stiffness rg = —0.48).
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Breeding for overcoming or at least coping with adverse genetic correlations
and effective utilisation of non-additive genetic variation are two of the most
challenging issues in the advanced generations of P. radiata tree improvement
and deployment programmes.

Keywords: genetics; tree breeding; genetic parameters; heritability; genetic
correlation; Pinus radiata.

INTRODUCTION

The importance of limitation in wood quality in Pinus radiata was recognised a
long time ago in Australia. Jacobs (1938) recorded the occurrence and importance
of spiral grain in P. radiata in the Australian Capital Territory. Genetic variation in
wood-quality traits such as density, spiral grain, and tracheid length was reported
by Fielding (1953), and heritability for wood density in Australian P. radiata was
estimated as early as 1960 (Fielding & Brown 1960; Dadswell et al. 1961). In
1957, the first P. radiata seed orchard was established (Brown 1971). The 1960s
and early 1970s saw increased studies on genetic variation of wood quality and
their importance for tree improvement (Eldridge 1962; Nicholls et al. 1964;
Nicholls 1967; Fielding 1967; Bannister 1969; Burdon & Harris 1973; Burdon
1975). These early genetic studies on P. radiata wood quality were reviewed by
Nicholls (1978).

Although the significance of wood-quality traits in P. radiata breeding was recognised
atthe same time as P. radiata breeding programmes started more than 50 years ago,
only in the last few years has concerted breeding for wood quality been applied.
The first formal assessments of wood properties for P. radiata breeding started
before 1960 (Nicholls & Dadswell 1965), and the initial concern about a possible
adverse relationship between growth and wood density was raised in 1958 (Fielding
1958). Wood density was often cited as the single most-important wood-quality
trait because it is easier to measure than other wood traits and it strongly correlates
with timber strength and stiffness and with some pulp and paper properties (Harris
1976; Cown et al. 1992). Although wood density was measured for many of the
early plus-trees, selection intensity for this trait (discarding about one in five) was
far too small to be effective.

In the early 1990s, breeding values for wood density were predicted for 122 parents
(from a total of 1213 first-generation selections) and 619 progenies (from a total
of 1152 second-generation selections) in the Southern Tree Breeding Association
(STBA) breeding population, but only about two dozen trees with wood density
values were included in an index selection for the second-generation breeding
population (White et al. 1999). Incorporation of wood density was seriously
implemented only in the recent selection of the third-generation breeding population
after optimal economic weights were worked out for breeding objective traits
(Ivkovi¢, Wu, McRae, & Powell 2006). In New Zealand, early selection was
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focused on “Growth and Form” (Thulin 1957; Shelbourne et al. 1986). In 1970, a
“Long Internode” breed was instigated to produce knot-free lumber from unpruned
trees (Jayawickrama et al. 1997). Ranking families for wood density (by Pilodyn
penetrometer) started in 1975 in New Zealand, with two seed orchards established
in the late 1970s and early 1980s containing clones with high wood density, but
a formal breeding population was not formulated until 1988. To increase wood
density, a “High Wood Density” breed was established in 1995 (Jayawickrama &
Carson 2000).

There are several reasons for the 40-year delay between recognition of the importance
of wood-quality traits and incorporation of wood density and other wood-quality
traits into practical breeding programmes. For example:

(1) There was no requirement or market push for improving wood density in the
initial selection and breeding programme. The connection between wood quality
and the sawing and processing properties of logs was not established at early
stages of breeding. In Australia, wood stiffness of older logs was high enough
and usually acceptable for structural timber. In New Zealand, harvesting of
trees from the 1925-35 planting boom which had increased density due to
tree age had deterred uptaking of genetic improvement of wood properties.

(2) Measuring large numbers of trees for wood density was too slow and expensive
using hand-operated increment corers and, somewhat later, ancillary equipment
such as the torsiometer and Pilodyn penetrometer.

(3) Advanced-generation breeding programmes were not started until the late
1970s in New Zealand and early 1980s in Australia, and breeding objectives
were not well-defined for the first two generations.

Breeding for wood density and quality was more seriously recognised in recent
years because of shorter rotations and the realisation that lengthening the rotation
markedly increases the effective growing cost. This is due to a significant boost of
growth rate through the first generation of genetic improvement and more aggressive
silvicultural regimes applied to the new plantations. In Australia, realised genetic
gains up to 33% were reported for volume at age 15 years from the first generation
of selections (Matheson ef al. 1986), and most first-generation trials measured
at 10-15 years produced an average of 20-25% volume gain (Eldridge 1982;
Johnson 1992). In New Zealand, volume gains increased 3-35% from the first
generation of selection, with the majority of gains around 20% (Shelbourne et al.
1986; Carson et al. 1999). With such increases in growth rate, plantation rotations
have become shorter. In New Zealand rotation length has been shortened from
3740 years to 27 years in 1999 (Jayawickrama 2001) and to 20 years for some
stands (Macalister 1997); in Australia, plantation rotations have been shortened
from about 45 years to 30 years (Ivkovié, Wu, McRae, & Powell 2006). With such
shortened rotations, the proportion of both corewood and juvenile wood (Burdon
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et al. 2004) with unfavourable characteristics (Cown 1980; Walker & Butterfield
1996; Xu & Walker 2004) has increased greatly. This in turn affects grade outturn
in sawmills (Ivkovié, Wu, McRae, & Powell 2006).

To breed for wood-quality traits alone would be effective because estimated
heritabilities for wood-quality traits such as wood density, microfibril angle, and
modulus of elasticity are usually high, and there is sizable genetic variation (Wu
etal.2007; Baltunis et al. 2007). The decline of wood density from faster-growing
trees was attributed partly to negative genetic correlations and partly to negative
environmental correlations (Zobel & Buijtenen 1989; Downes ef al. 2002). Our
biggest challenge is breeding against the negative genetic correlation (adverse
relationship) between wood quantity and quality. This challenge has been raised by
P.radiatabreeders (Dean 1986) several times but has never been seriously addressed
in breeding programmes. To overcome the adverse genetic correlation, we have
adopted two approaches for Australian P. radiata breeding programmes:

(1) In the short term, developing appropriate breeding objectives for structural
timber products, and

(2) Inthelongterm, developing optimal breeding strategies to overcome or breed
out the adverse relationship by dissecting the genetic basis of the adverse
relationship between quantity and quality traits (or at least not to increase and
possibly to decrease adverse correlations).

The economic breeding objectives were developed for Australian P. radiata structural
timber production, by estimating optimal economic weights for breeding-objective
traits (Ivkovié, Wu, McRae, & Powell 2006; Ivkovié, Wu, McRae, & Matheson
20006). The purpose for developing economic breeding objectives is to construct a
meritindex which maximises profit by weighting breeding-objective traits according
to their relative economic importance. To estimate the economic weights precisely,
five general steps were undertaken for structural wood production in P. radiata:

(1) Specification of the breeding, production, and marketing systems;

(2) Identification of sources of income and expense in the specified production
and marketing systems;

(3) Determination of biological traits influencing returns and costs of the production
system (breeding-objective traits);

(4) Definition of a profit equation (or bio-economical model) linking profit with
biological traits; and

(5) Derivation of the economic value of each breeding-objective trait.

Four breeding-objective traits were defined after an industry survey of P. radiata
companies. These were mean annual increment, branch size, or branch index
(BIX), stem sweep, and timber stiffness. A bio-economic model was constructed
to link breeding-objective traits with each component of a production system and
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used to estimate economic weights for such traits. Economic weights for the four
breeding-objective traits reflect how the improvement in those traits impacts on the
overall profitability of aforestry enterprise. An economic weightis formally defined
as the expected change in overall profitability of an enterprise as a result of a unit
increase in a given breeding-objective trait, and a selection index was developed
that combines those economic weights and genetic parameters (heritabilities and
correlations) (Ivkovi¢, Wu, McRae, & Powell 2006). Although an economic index
is optimal for the current population, it does not necessarily diminish adverse
correlation between traits (Sanchez et al. in press).

For a long-term solution to the adverse genetic correlation between quantity and
quality of P. radiata wood production, understanding of the genetic basis is critical.
To understand this and to improve corewood and juvenile wood of P. radiata, a
research project called the Juvenile Wood Initiative was launched with the four
objectives to:

(1) Develop optimal methods for measuring juvenile wood (corewood);
(2) Understand the quantitative genetics of juvenile wood traits;

(3) Understand the molecular genetics of juvenile wood traits;

(4) Develop strategies to improve juvenile wood.

Our current focuses are on integrating molecular information into quantitative
genetics and breeding programmes, and developing strategies to deal with adverse
genetic correlations between wood quantity and quality.

Bothdeveloping abreeding objective and addressing the adverse genetic correlations
require understanding of the pattern of variation and inheritance of wood traits. In
addressing breeding objectives for tree species, selection is usually conducted long
before rotation age owing to the long generation interval. Breeding-objective traits
are usually defined in terms of harvest (rotation)-age values, at around 30 years,
but selection of genotypes for breeding purposes is usually done much earlier,
based on the measurements at 6 or 7 years. To link selection criteria to breeding-
objective traits for breeding purposes, good estimates of genetic and phenotypic
covariances between traits at selection (early age) and rotation ages are among the
necessary pieces of information.

To overcome the adverse genetic correlation between quantity and quality of wood
and to develop an optimal strategy, an understanding of the genetic basis at both
quantitative and molecular levels is essential.

In this study, genetic parameter estimates for 11 P. radiata traits were reviewed with
a focus on wood-quality traits. Five growth and form traits were diameter at breast
height (dbh), stem straightness (STS), branch size (BRS), branch angle (BRA),
and branch cluster frequency (BRC). Six wood-quality traits were wood density
(DEN), microfibril angle (MfA), wood stiffness or modulus of elasticity (MoE),
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spiral grain (SPG), shrinkage (SHR), and fibre (tracheid) length (FBL). There are
limited parameter estimates for some additional traits that are not addressed in this
review and which is based only on published genetic parameters.

METHODOLOGY

Several studies examined tree-to-tree variation for wood properties before the
1960s, but none of them estimated the ratio of genetic to environmental variation
in P. radiata. Beginning with Fielding & Brown (1960), experiments were set up
to study inheritance of wood density and other wood-quality traits. Since then,
numerous heritabilities and genetic correlations among growth, tree-form, and
wood-quality traits in P. radiata have been estimated. We have surveyed published
P. radiata genetic studies involving 11 traits in a total of 55 publications from 1960
to 2007 (Appendix 1). These publications represent the most important inheritance
estimates in P. radiata, and heritabilities and genetic correlations are summarised
in the Findings and Discussion section.

The sample size varied widely among the publications and estimates, from a
minimum of nine clones to a maximum of 580 families. Pedigrees used varied
from clone (Cl) to half-sib (Hs) or full-sib (Fs) families, or mixtures of half- and
full-sib families in more recent studies. Ages of estimates ranged from year 1 up
to harvest age of 30 years, or from ring 1 to ring 30 from pith. Also heritability
was estimated based on broad-sense heritability (B), or tree-to-tree repeatability of
clones and individual narrow-sense heritability (N). For stem straightness, branch
size, and branch angle, a measurement score of 1-6 (or 5 and 9) was usually used
in these publications, with high scores representing straight, small branch, and flat
branch angle, respectively. For each trait, a total number of estimates, mean and
median were assembled from published data. Due to large differences in numbers
of estimates among publications, an arithmetic average estimate was calculated
for each publication, and a grand mean was computed based on the arithmetic
average of means for each publication. It is acknowledged that the estimates of
both heritability and genetic correlations were not of equal precision, no attempt
could be made to weight them for their relative value as most of the estimates were
published without a standard error of the estimates.

FINDINGS AND DISCUSSION
Growth Rate

Growth rate was represented mainly as diameter at breast height (dbh), usually
measured 1.3 m above ground level in Australia and 1.4 m in New Zealand.
Diameter at breast height is the most commonly measured growth trait and has
been the focus of numerous genetic studies to date (Table 1).
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Inseveral studies, sectional area, annual or accumulated ring width, or volume were
used to represent growth. Heritability estimates were based either on measurements
at a single age (or single ring width) in some studies, or several measurements at
different ages in other studies (Ilength of increment core).

Ifheritability estimates were reported both for core length and individual ring width,
estimates for whole core length were usually used in this report. The majority of
heritability estimates were based on narrow-sense using half- or full-sib progeny
tests while others used clones for broad-sense heritability estimates.

Among the 38 studies, sample sizes varied from only 10 clones up to 580 half-sib
and 216 full-sib families. Tree age varied from 1 to 30 years at breast height. There
was an unusually high heritability estimate (the mean of the two estimates was
0.88) for radial growth from Shelbourne et al. (1997), possibly due to selection of
25 dispersed families for their study, and a total of 250 heritability estimates with
a mean of 0.26 and a median of 0.22 (Fig. 1). The normal distribution fitted well
with the data, showing a slight skewness of 1.08. The average heritability based
on each publication varied from 0.03 to 0.88 among the 38 studies, with a grand
mean of 0.23 for all studies (Table 1).

701 x =0.26

|

50 Y

/

301

201

10 —\

0 : : | ~—
-0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9
Estimated heritability for diameter at breast height
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FIG. 1-Frequency distribution of heritability estimates for diameter at breast height
(dbh).

The difference between broad- and narrow-sense heritability is more obvious than
other factors such as site, generation, and population. For example, the average
estimate of broad-sense heritability was 0.39, which is almost twice the average
estimate for narrow-sense heritability (0.21). Anexamination of heritability estimates
from these publications does not show a trend of reduction from the first-generation
selection to the second-generation selections. However, heritability estimates
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from native populations were generally higher than estimates from populations
selected from Australian and New Zealand landraces, judging from three studies
involving native populations (Burdon ef al. 1992a,b, c). The higher heritability
estimates from native populations were attributed to non-randomness of mating
in native collections. Age trend of heritability for diameter at breast height from
several recent publications showed arise from very early ages, and then heritability
flattened at around ages 11 to 15 years. Significant genotype by environment (G x
E) interactions were reported in several publications, the G x E interaction patterns
being more complex in Australian sites than in New Zealand ones. In general,
G x E in Australia is usually larger and less predictable than in New Zealand
where it is caused mainly by phosphorus level or soil type (pumice/clay sites);
in Australia there were no clear patterns except that observed between elevation
(coldness/snowiness) and genotypes (Wu & Matheson 2002). There were only a
few publications with estimated specific combining ability (SCA) components for
diameter at breast height. Variance ratio of specific combining ability to general
combining ability (GCA) varied from 31% to 103% with an average of 57%, and
relative importance of specific combining ability (SCA variance/(2 x GCA variance
+ SCA variance)) varied from 6% to 98% with an average around 45% .

Genetic correlations were also estimated between diameter at breast height and other
traits in these publications. The estimated genetic correlation between diameter
at breast height and stem straightness averaged 0.22 (favourable, ranging from
—0.02 to 0.48). There were four positive and two negative correlation estimates
(r,) between diameter at breast height and branch angle, with an average of 0.05.
Values for r, between diameter at breast height and branch size ranged from —0.89
to 0.37 with a mean of —0.21 (adverse). Estimated genetic correlations between
diameter at breast height and branch cluster frequency were all positive except for
one small negative estimate of —0.01 and the average was 0.29 (favourable). The
positive correlation between diameter at breast height and branch cluster frequency
would be favourable specifically to a short-internode ideotype. There was only
one estimate each between diameter at breast height and microfibril angle (0.26,
adverse) and between diameter at breast height and spiral grain (0.34, adverse).
All three estimates of genetic correlations between diameter at breast height and
modulus of elasticity were negative, ranging from —0.30 to —0.65 with an average
of —0.48 (adverse).

Wood Density

Considerable research on inheritance of wood density in P. radiata has been done
in the last 3 decades. Wood density is the second most-studied trait in P. radiata,
and there are 25 published reports listed in Table 2. Heritability estimated using
the Pilodyn was not included. Heritability estimates for wood density were based
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on whole increment cores in some studies, or on individual rings or cumulative
cross-sectional data (e.g., area-weighted) in other studies. Heritability based on
individual rings was usually lower than that based on the whole core or disc (area-
weighted). In general, if heritability was estimated based on both individual rings
and area-weighted cross-section, then heritability estimates on an area-weighted
basis were used for compilation.

Actotal of 244 estimates of heritability are summarised in Table 2 with an arithmetic
mean of 0.59 and a median of 0.64. Therefore the distribution had slightly negative
skewness (Fig. 2). Heritability estimates ranged from 0.16 to 1.02 based on the
average of each publication, with a grand mean of 0.63. Two studies had unusually
high estimates for wood density. Cown et al. (1992) presented an average estimate
of 1.02 from four estimates based on the top 30 families selected for growth and
form. A study with only 11 families had a heritability estimate of 0.93 (Matheson
etal.1997). In an earlier study by Nicholls ef al. (1964), a low heritability estimate
(0.16) was based on a study of 33 open-pollinated families. In contrast to diameter
at breast height, the difference in heritability between broad-sense (0.71) and
narrow-sense (0.61) was smaller, and genotype x environment interaction for wood
density was smaller and insignificant in most studies. As for age trend, heritability
estimates for wood density rise more quickly from early ages to a relative stable
value at ages around 3 and 5 years.
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FIG. 2-Frequency distribution of heritability estimates for wood density

There was a total of 64 estimates of genetic correlations between wood density
and diameter at breast height (or ring width) from 13 publications, ranging from
—1.08 to 0.60 with a mean of —0.51 and a median of —0.62 (Fig. 3). The genetic
correlations based on average values for each individual publication were all
negative, ranging from —0.97 to —0.08 with a grand mean of —0.48.
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FIG. 3—Frequency distribution of genetic correlation estimates between wood density
and diameter at breast height (or ring width).

Three negative genetic correlations were estimated between wood density and stem
straightness, with an average of —0.17. There was only one correlation estimate
between density and each of branch quality (branch angle and branch size), the
value being near zero (0.01). Similarly, only one genetic correlation was estimated
between density and each of branch cluster frequency, microfibril angle, and
shrinkage, and they were all negative (—0.36, —0.14, —0.82, respectively). Genetic
correlations between density and modulus of elasticity were all positive among
four publications, with a mean of 0.66.

Stem Straightness

Stem straightness is sometimes referred to as stem form or as antonym sweep
and sinuosity. In Australia, a 6-point scale was usually used to measure stem
straightness with 1 referring to the least straight 5% of trees and 6 the best 5%
with the straightest stems in the trial. In New Zealand, a 9-point scale was usually
used with 1=crooked and 9=very straight (Carson 1986). Altogether there were
20 studies which estimated a total of 111 heritabilities for stem straightness. All
estimates were made at young ages between age 4 and 15 years. Average heritability
based on each published report varied between 0.02 and 0.57, with a grand mean
of 0.23 (Table 3). One study had very low heritability estimates for all three form-
traits (0.02, 0.15, and 0.14 for stem straightness, branch angle, and branch size,
respectively) based on 28 half-sib families (Espinel & Aragonés 1997).

There were five estimates for the genetic correlation between stem straightness and
three other form traits (branch angle, branch size, and branch cluster frequency),
and they were all positive except for one small negative r, (-0.06) between stem
straightness and branch angle. The meanr, values were 0.24,0.42,and 0.41 between
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stem straightness and branch angle, and branch size, and branch cluster frequency,
respectively. Only one correlation estimate was obtained between stem straightness
and each of modulus of elasticity and spiral grain, and each was negative.

Branch Angle

Branch angle was measured using a score system from 1 to 6 in Australia, with
6 the best score representing the 5% of trees with the flattest branches and 1 the
worst score representing the 5% of trees with the steepest branch angles in the trial.
Some earlier studies scored branch quality with 6 for the best 5% of trees with
the finest and flattest branches in the trial and 1 for the worst 5% with the largest
and steepest branches. In New Zealand, breeders often used branch habit quality
to describe branching quality. Branch habit quality was scored from 1 to 9 with
9 the best score for multinodal, flat angled, light branches, and 1 the worst score
for uninodal, steep angled, heavy branches. The heritability estimated for branch
quality and branch habit quality traits was regarded as for both branch size and
branch angle in this report, and entered in both Tables.

A total of 38 heritabilities for branch angle were reported in 11 publications for
trees between 5 and 10 years old (Table 4). Heritability varied among the 11 studies
with a minimum of 0.15 and a maximum of 0.45. The average heritability of these

TABLE 4-Summary of genetic parameter estimates for branch angle (BRA)

Sample sizeT Age(s) Heritability Genetic correlationi Ref.§
No.
Aver. No. of BRS BRC
value estimatesy
19-39(Hs) Year 5-8 0.23 2(N) 0.49 11
302(Hs) Year 7 0.28 5(N) 13
25-30(Hs) Year 8—11 0.45 4(N) 15
50 (Fs) Year 9 0.21 1(N) 23
50*6(Hs) Year 8 0.20 4(N) 25
60(Cl)*6 Year 8 and 9 0.28 9(N) 26
50(Hs)*6,
60(ChH*6 Year 8 and 9 2(G) 1l 0.62 0.51 27
28 (Hs) Year 7 0.15 1(N) 0.07 35
154(Fs) Year 7 0.23 2(N) 36
100-216(Fs) Year 9-10 0.24 10(N) 0.30 0.38 46
Min 0.15 0.07 0.38
Max 0.45 0.62 0.51
Grand mean 0.25 0.33 0.46

+ Clone (CL), Half-sib (HS), Full-sib (Fs);

I Genetic correlations: BRS branch size; BRC branch cluster frequencys;
§ References listed in Appendix 1;

9 Narrow-sense (N), Broad-sense (B);

I Only general combining ability (GCA) were estimated.
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studies was 0.25, similar to stem straightness. All estimated genetic correlations
between branch angle and branch size, and between branch angle and branch cluster
frequency were positive with an average of 0.33 and 0.46, respectively.

Branch Size

Branch size was frequently measured in the Australian P. radiata breeding
programme. In New Zealand, branch index was more frequently used in describing
branch size in utilisation studies (Inglis & Cleland 1982). Branch index is defined
as the diameter of the largest branch in each quadrant of a log (stem). The average
diameter of these four branches is the branch index, usually specific to a particular
zone (log) of the stem. In this report, branch size was used interchangeably with
branch index. Although branch size was defined differently from branch index,
there is a close correlation (Whiteside et al. 1987). Genetic parameter estimates for
branch size are summarised for 13 publications in Table 5. There were 49 estimates
from these studies, with considerable variation of the estimated heritability. Similar
to branch angle, genetic parameters were estimated at relatively early ages between
ages 5 and 16 years. Average heritability in each publication varied from 0.14 to
0.54, with a grand mean of 0.27. Genetic correlations between branch size and
branch cluster frequency were estimated only in three publications, with a range
from 0.49 to 0.70 and a mean of 0.56.

TABLE 5-Summary of genetic parameter estimates for branch size (BRS)

Sample size Age(s) Heritability Genetic correlation} Ref§
No.
Average No. of BRC
value estimatesy

19-39(Hs) Year 5-8 0.20 2(N) 0.49 11
302(Hs) Year 7 0.28 5(N) 13
25-30(Hs) Year 8-11 0.45 4(N) 15
16-18 (Hs) Year 12-15 0.40 T(N) 19
50 (Fs) Year 9 0.21 1(N) 23
50*6(Hs) Year 8 and 11.5 0.17 8(N) 25
60(CDH*6 Year 8 and 9 0.23 9(N) 26
50(Hs)*6, 60(Cl)*6 Year 8 and 9 2G) 1 0.70 27
10(Cl) Year 16 0.54 2(B) 31
28 (Hs) Year 7 0.14 1(N) 35
154(Fs) Year 7 0.23 2(N) 36
100-216(Fs) Year 9-10 0.17 10(N) 0.50 46
Min 0.14 0.49
Max 0.54 0.70
Grand mean 0.27 0.56
+ Clone (CL), Half-sib (HS), Full-sib (Fs); 9 Narrow-sense (N), Broad-sense (B);
¥ Genetic correlation: BRC branch cluster frequency § References listed in Appendix 1;

I Only general combining ability (GCA) were estimated.
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Branch Clusters

Branch cluster refers to the number of “whorls” between 1 and 6 m above-ground
on the main stem. In New Zealand, a branch habit or branch cluster frequency score
on 5- or 9-point systems (1= “uninodal” and top score= extreme “multinodal”)
was used in several studies.

Only 14 studies estimated genetic parameters for branch cluster, with a total of
87 estimates of heritability: three were based on clonal studies, two on clone and
seedling comparison, and the rest on seedling studies. Average heritability for each
publication ranged from 0.06 to 0.64 with a grand mean of 0.35 (Table 6). There
was a tendency for heritability to increase with tree age, based on observation of
the same experiment at different ages. There was one unusually low heritability
estimate (0.06) for branch frequency in a first-generation 72 open-pollinated family
trial (Kumar et al. 2002), which resulted in a single genetic correlation between
branch cluster frequency and modulus of elasticity, albeit imprecisely, at —0.74.

Microfibril Angle

Among five genetic studies that reported heritability for microfibril angle, two were
based on clonal trials in the mid-1990s with only three estimates of heritability.

TABLE 6-Summary of genetic parameter estimates for number of branch clusters

(BRO)

Sample sizef Age(s) Heritability Genetic Ref.§

correlationf  No.

Average No. of MoE
value estimatesy

26(Hs) Year 5 and 7 0.41 2(N) 6
11(CD-18(Cl) Year 12 0.56 4(B) 7
19-39(Hs) Year 5-8 0.50 2(N) 11
170(Hs) Year 4.5 0.21 3(N) 20
50(Fs) Year 9 0.21 1(N) 23
50*6(Hs) Year 8 and 11.5 0.43 8(N) 25
60(C1)*6 Year 8 and 9 0.37 9I(N) 26
10(C1) Year 16 0.39 1(B) 31
73-467(Hs) Year 8 and 10 0.30 4(N) 34
15-36(Fs) Year 5.5,8.5and 15 0.26 4(N), 8(B) 39
125-580(Hs) Year 6-11 0.37 24(N) 40
224(Hs) Year 12 0.06 1(N) -0.74 42
100-216(Fs) Year 9-10 0.21 10(N) 46
19(Fs), 70(Hs) Year 7 and 10 0.64 6(N), 4(B) 50
Min 0.06 -0.74
Max 0.64 -0.74
Grand Mean 0.35 -0.74

F Clone (CL), Half-sib (HS), Full-sib (Fs); I Genetic correlation; MoE modulus of elasticity;
§ References listed in Appendix 1; 9 Narrow-sense (N), Broad-sense (B)
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Detailed genetic studies of microfibril angle were conducted more recently in
P. radiata using SilviScan techniques (Evans 1999). A total of 122 heritability
estimates for microfibril angle, ranging from 0.00 to 1.05 with the same mean and
median of 0.62, fitted almost perfectly with a normal distribution (Fig. 4). Based
on the average for each publication, heritability for microfibril angle ranged from
0.44 to 0.79 with a grand mean of 0.61 (Table 7). The single genetic correlation
estimate between microfibril angle and modulus of elasticity involved juvenile
corewood and was —0.92.
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Estimated heritability for microfibril angle

Frequency of estimates

FIG. 4-Frequency distribution of heritability estimates for microfibril angle.

TABLE 7-Summary of genetic parameter estimates for microfibril angle (MfA)

Sample sizeT Age(s) Heritability Genetic Ref.
correlation No.§
Average No. of MoE
value estimatesy
11(CI) Ring 1,5,10,15 0.69 1(B) 30
10(Cl) Year 16, 28 0.60 2(B) 31
50(Hs), 20(Fs) Year 3-25 (28) 0.44 49(N) 48
30(Hs) Year 1-28 (30) 0.79 58(N) 51
110-250(Fs and Hs) Ring 1-6 0.52 13(N) -0.92 53
Min 0.44 -0.92
Max 0.79 -0.92
Grand Mean 0.61 -0.92

¥ Clone (CL), Half-sib (HS), Full-sib (Fs); # Genetic correlation: MoE modulus of elasticity;
§ References listed in Appendix 1; 9 Narrow-sense (N), Broad-sense (B).
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Wood Stiffness

As with microfibril angle, most genetic studies of timber stiffness, either through
static, dynamic, or acoustic measurement of modulus of elasticity, have been
conducted only recently, especially since the development of acoustic tools for
standing trees. Eight studies were reviewed in this report. A total of 134 heritability
estimates in these reports ranged from a minimum of 0.04 to a maximum of 0.85
with a mean of 0.49 and a median of 0.52 (Fig. 5). The average in each publication
varied from 0.29 to 0.75, with a grand mean of 0.50 (Table 8).
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FIG. 5-Frequency distribution of heritability estimates for stiffness (modulus of
elasticity).

TABLE 8-Summary of genetic parameter estimates for stiffness (MoE)

Sample sizef Age(s) Heritability Ref.i
No.
Average No. of
value estimates§

10(CI) Year 16 0.75 2(B) 31
11(Fs) Year 25 0.42 1(N) 33
T2(Hs) Year 12 0.49 3(N) 42
29-72 (Hs) Year 7,8 10,

11,13,14, 15 0.29 6(N) 44
50(Hs), 20(Fs) Year 3-25 (28) 0.47 49(N) 48
30(Hs) Year 1-28 (30) 0.52 58(N) 51
110-250(Fs) Ring 1-6 0.5 13(N) 53
110-250(Fs and Hs) Year 8-9 0.56 2(N) 54
Min 0.29
Max 0.75
Grand Mean 0.50
+ Clone (CL), Half-sib (HS), Full-sib (Fs); I References listed in Appendix 1;

§ Narrow-sense (N), Broad-sense (B).
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Spiral Grain

Spiral grain is one of the earliest wood-quality traits studied genetically in P. radiata
(Fielding 1953). There were 10 reports with a total of 38 estimates of heritability.
Heritability varied from 0.29 to 0.85 with a grand mean of 0.55, based on the
average of each publication (Table 9).

TABLE 9-Summary of genetic parameter estimates for spiral grain (SPG)

Sample size Age (s) Heritability Ref.
No.&
Average No. of

value estimates§
22(Cl), 29(Hs)) Ring 2-8 0.66 1(B) 2
33(Hs) Ring 5 and 7 0.34 2(N) 3
19(Cl) Ring 2-9,11,14,17,21  0.29 12(B) 4
14(Hs) Year 9 0.55 1(N) 5
Unknown Ring 4 0.4 I(N) 10
50(Hs)*6 Ring 2 and 5 0.83 6(N) 28
10(Cl) Year 16 0.75 2(B) 31
15(Fs) Year 8.5 0.85 1(N), 2(B) 39
125-580(Hs) Year 6-11 0.35 8(N) 40
110-250(Fs and Hs) Year 8§-9 0.45 2(N) 52
Min 0.29
Max 0.85
Grand Mean 0.55
F Clone (CL), Half-sib (HS), Full-sib (Fs); I References listed in Appendix 1;

§ Narrow-sense (N), Broad-sense (B).

Shrinkage

Estimating heritability for shrinkage is challenging. This is because samples used
usually contain several rings of different ages, making it difficult to ensure a constant
set of rings from the pith. Therefore, the age effect was usually partly confounded
with any genetic effect, increasing error variances. Also, in young trees it may be
difficult to distinguish between radial and tangential surfaces because of high ring
curvature. Nevertheless, four publications presented estimates of heritability for
both longitudinal and transverse shrinkage, with a total of 15 estimates. Average
heritability based on each publication ranged from 0.0 to 0.54 with a grand mean
of 0.20 (Table 10).

Fibre (Tracheid) Length

Genetic parameters for fibre length in P. radiata were studied in four publications
with a total of 14 heritability estimates. Most of these studies were based on clonal
material with a small number of samples, and all except one were conducted in
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the 1960s. The heritability estimates varied from 0.28 to 0.78 with a grand mean
of 0.54 (Table 11).

TABLE 10-Summary of genetic parameter estimates for shrinkage (SHR)

Sample sizeT Age Heritability Ref.

No.%

Value No. of
estimates$

22(Cl), 29(Hs)) Ring 2-8 0.54 1(B) 2
33(Hs) Ring 5 and 7 0.00 1(N) 3
11(Fs) Year 25 0.08 2(N) 33
110-250(Fs and Hs) Year 8-9 0.17 12(N) 55
Min 0.00
Max 0.54
Grand Mean 0.20

1 Clone (CL), Half-sib (HS), Full-sib (Fs);& References listed in Appendix 1;
§ Narrow-sense (N), Broad-sense (B);

TABLE 11-Summary of genetic parameter estimates for fibre (tracheid) length (FBL)

Sample sizeT Age Heritability Ref.
No.}
Value No. of
estimates§
22(Cl), 29(Hs)) Ring 2-8 0.78 2(B) 2
33(Hs) Ring 5 and 7 0.28 1(N) 3
19(Cl) Ring 2,3,5,7,
9,11,14,17,21 0.32 9(B)
10(Cl) Year 16 0.76 2(B) 31
Min 0.28
Max 0.78
Grand Mean 0.54
+ Clone (CL), Half-sib (HS), Full-sib (Fs); I References listed in Appendix 1;

§ Narrow-sense (N), Broad-sense (B).

CONCLUSION AND DISCUSSION

It is generally true that genetic parameters varied with different populations,
environments, ages, and were subject to large sampling errors in small populations.
Selection, particularly strong direction selection, can reduce genetic variation
and hence heritability of quantitative traits. There was no clear indication that
heritabilities estimated from the recent second-generation trials were lower than
estimates from the earlier first-generation trials for diameter at breast height and
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wood density. This may indicate that selection pressure was not great enough in
moving breeding populations forward or that there were large sampling errors in the
estimates. In contrast, heritability estimates from native populations seem higher
than estimates from local selections in New Zealand and Australian landraces.
As coefficients of variation for diameter at breast height were greater in native
populations than in New Zealand local populations, breeders might think there
was a possible reduction of genetic variation or diversity in diameter at breast
height and wood density from native populations to local landraces or from local
landraces to breeding selections, in addition to possible causes of non-random
mating of native populations.

Some studies included fewer than 30 families, particularly early trials and studies
of wood density. However, it is not apparent these small populations produced more
extreme values for parameter estimates. Many other factors seem to interfere with
the estimates. There are age trends for diameter at breast height, wood density, and
other wood properties from more recent publications. For diameter at breast height,
estimated heritability is usually low and unstable at early ages, but it increases
gradually up to around 11 to 15 years. For wood density and other wood properties,
heritability estimates rise more quickly from very early ages and reach a plateau
around age 3 to 5 years.

The difference between broad- and narrow-sense heritability estimates is more
obvious than other factors such as site, generation, and population for diameter at
breast height. For example, the average broad-sense heritability estimate is 0.39
for diameter at breast height compared with the average narrow-sense estimate of
0.21. The difference is smaller for wood density (0.71 versus 0.61). There were
insufficient estimates of broad-sense heritability for comparison of other traits.
Genotype x environment was observed in both New Zealand and Australian trials,
and is usually larger and less predictable in Australia than in New Zealand.

In P. radiata, estimates of heritability for all the wood-quality traits except shrinkage
were higher overall than those for growth and form traits. The lower heritability
in shrinkage may be due to sampling confounding age effects with genetic effects,
not the lack of genotypic effects. Density had the highest heritability (0.63) among
the six wood-quality traits (Fig. 6), followed by microfibril angle (0.61), spiral
grain (0.55), fibre length (0.54), stiffness (0.50), and shrinkage (0.20). The high
heritability estimates for wood traits in general indicate that selective breeding
for these traits individually would be very effective. Among the five growth and
form traits, branch cluster frequency (0.35) had the highest average h2, followed by
branch size (0.27), branch angle (0.25), diameter at breast height (0.23), and stem
straightness (0.23). The variation among the estimates was largest for diameter at
breast height and wood density, partly reflecting both the large number of estimates
and the large effect of environment, particularly for diameter at breast height.
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FIG. 6-Decreasing order of overall mean estimated heritability for 11 growth,

form, and wood traits (average, minimum, and maximum estimates based
on average of each published report).

Effectiveness of selection is influenced not only by heritability, but also by the
size of variation of the particular trait. There were only a few publications with
estimated coefficient of variation. The coefficient of variation for diameter at breast
height was usually larger, between 10% and 20%. For wood density, coefficient
of variation was estimated at about 5% to 10%.

Critical information and implications from this review are summarised as:

)]

2

3

Growth (diameter at breast height) was unfavourably related with all four
wood-quality traits (with density r, = —0.48; microfibril angle r, = 0.26;
modulus of elasticity r, =-0.48; and spiral grain r, = 0.34) that had estimates
of genetic correlations. This confirms that breeding for overcoming or
otherwise coping with adverse genetic correlations is one of our first priorities
in advanced generations in order to lift genetic and financial gain for P. radiata
industries;

The large difference between broad- and narrow-sense heritability estimates,
and sizable specific combining ability variance estimates, particularly for
diameter at breast height, may indicate there is considerable non-additive
genetic variance that should be used in breeding and deployment programmes
for P. radiata.

Higher heritability and coefficients of variation for diameter at breast height
and wood density in native populations than in local landraces and selections
may indicate that there is more genetic variation in native populations that
should be captured and infused into the breeding populations.
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