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ABSTRACT 
Fast-grown plantation wood (particularly the juvenile zone) can have some limiting 

performance characteristics (stiffness, strength, stability). Improvements in the overall 
performance of the lumber products will depend on a knowledge of the most important 
factors which can be influenced by either silviculture or tree breeding. Some wood 
technologists believe that the traditional view of wood density as the single most-
important factor may be flawed, and that other parameters (e.g., microfibril angle, spiral 
grain, and compression wood) may have an equal or greater effect. 

During 1996-98, intensive utilisation studies were carried out on Pinus radiata 
D.Don material from two sites in the central North Island of New Zealand. Sample trees 
were selected from managed crops (23 and 28 years old respectively) to cover a range of 
wood properties. They were chosen on the basis that they represented a wide range of tree 
characteristics (diameter, branch habit), and subsequently the full range of log and stem 
properties was measured from wood disc samples and sawn lumber. One of the objectives 
of the research was to document the relative importance of a number of properties known 
to influence both mechanical properties and product performance. 

Some of the studies comprised a series of standard "small clears" tests, designed to 
untangle the impacts of wood density, ring width, spiral grain, compression wood, and 
microfibril angle on bending strength (MoR) and stiffness (MoE). Altogether 450 "small 
clears" samples were selected, covering the range of log and lumber properties existing 
in 51 stems from 15 clones across the two trials. Each wood sample was designated 
"juvenile" (within 10 rings from the pith — 304 pieces) or "mature" (129 pieces) 
depending on the location within the tree stem. 
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The study data clearly showed very significant effects of both density and microfibril 
angle on clearwood performance of the juvenile wood. In the mature wood, however, 
density alone was important. Overall, wood density was confirmed as the most influential 
parameter, affecting all classifications of wood, being easy to measure, and showing high 
juvenile:mature correlation. 

This confirms traditional thinking and justifies the past and present efforts to 
document factors affecting wood density in P. radiata and to improve the average levels 
through tree breeding. 

Keywords: clones; density; microfibril angle; stiffness; strength; juvenile wood; Pinus 
radiata. 

INTRODUCTION 
New Zealand is self-sufficient in wood products and currently also contributes around 1 % 

of world trade. Over the past few decades there has been a policy of increasing the plantation 
area and intensively managing commercial forests to secure a larger share of international 
markets beyond the traditional regions of Australia, Japan, and Korea. Projections suggest 
that forest log production could increase to exceed 40 million m3/yr within 30 years, 
reinforcing the desirability of securing new markets. 

New Zealand Pinus radiata has increasingly satisfied domestic wood products requirements 
as diverse as structural lumber for building and construction, appearance quality lumber for 
furniture and joinery, treated lumber for fencing and exterior cladding, plywood, MDF, 
paper, and packaging. Nevertheless, the small domestic market has long been saturated and 
Australia is approaching self-sufficiency in many wood products. Even if traditional markets 
remain viable, most of the increased harvest will need to be sold into markets where buyers 
have access to a greater range of commercially traded wood species and non-wood materials. 
Possible markets are in North America, Europe, the Middle East, South-east Asia, India, and 
China. In all these markets, P. radiata will be competing with exports of familiar quality from 
much larger forests in North America, Russia, Scandinavia, and increasingly from "second-
growth" softwood plantations. 

Products manufactured from P. radiata will need to meet international standards of 
quality and performance. In this regard, wood quality is critical in determining product 
potential. The greatest impacts of modern forest management on wood quality have been 
through genetic selection and the widespread application of initial spacing, pruning, and 
thinning, with the resultant reduction in rotation age. The New Zealand forest estate consists 
predominantly of young wood that is inherently variable in material properties (Cown 
1992a). 

Stiffness and stability are fundamentally important wood properties which affect customer 
perceptions of value in both structural and appearance products. These are determined by a 
combination of intrinsic and in-grade features of individual pieces of lumber. However, an 
understanding of the fundamental factors influencing these performance characteristics is 
required in order to advise tree breeders on desirable selection criteria. Conventional 
thinking has focused on the importance of wood density and grain angle (USDA 1990), but 
recent work, particularly with New Zealand P. radiata, has also indicated a strong role for 
other basic wood characteristics. 

There is now vigorous debate over the relative contribution of characteristics such as 
wood density, microfibril angle, compression wood, and spiral grain (Booker 1996; 
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Butterfield 1997; Cave 1968; Cave & Walker 1994; Donaldson 1995; Walker & Butterfield 
1996). All are also known to be both highly variable in P. radiata and considered to be under 
strong genetic control (Sorensson et al 1997). Typical patterns for wood density, spiral 
grain, and microfibril angle in P. radiata are shown in Fig. 1. Strong characteristic trends are 
observed. Compression wood occurs in response to external growing conditions (Cown et 
al 1984) and cannot be represented in the same fashion. 

Lumber stiffness is regarded as an important commercial characteristic but is imperfectly 
understood. Walford (1985) demonstrated the combined (and confounded) effects of some 
wood properties (wood density, ring width) on mechanical properties of P. radiata from pith 
to bark. Tsehaye & Walker (1995) suggested that selection of the stiffest 10% of P. radiata 
trees for breeding purposes would result in an overall increase of 30% in lumber stiffness. 

This current study was undertaken to provide fundamental information on the impact of 
some additional important wood properties on strength and stiffness of standard "small 
clears" wood samples. 

FIG. 1-Wood property patterns in 25-year-old Pinus radiata (a) basic wood density; (b) spiral 
grain; (c) microfibril angle (from STANDQA—Tian & Cown 1997). 

MATERIALS AND METHODS 
Source of Material 

The wood material for this study was obtained from two Forest Research Institute clonal 

studies: 
(1) Kaingaroa Forest Clonal Trial: Logs from ten 28-year-old clones grown in, and selected 

to represent, a wide range of genetic material. Material available from both juvenile and 
mature lumber. Two stems per clone. Uniform, conservative silviculture. 
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(2) Puruki Clonal Study: Logs from five, pre-selected, 23-year-old clones grown under 
several different spacings were processed initially into structural lumber, and "small 
clears" were subsequently randomly selected from both juvenile and mature wood. Five 
to 10 stems per clone. 

The use of genetic material added a valuable dimension to the research, enabling true 
replication of samples (clonal ramets) and an opportunity to examine genetic influences. 

Wood Samples 
All logs were processed to lumber (100 x 40 mm) for grade recovery analyses (Beauregard 

1996) and retained for further studies. Approximately 500 individual small samples (300 x 
20 x 20 mm) were prepared from random lumber samples from the 15 clones, for static 
bending tests in accordance with the standard Small Clears Testing Procedures (Mack 1979), 
with the exception that sloping grain was included rather than avoided. All pieces were 
labelled according to tree number and colour-coded regarding the presence of juvenile wood 
(rings 1-5,6-10, and > 10 from the pith). Samples were conditioned to 12% moisture content 
prior to testing for static bending (stiffness) and compression parallel to the grain. On 
completion of the tests, each piece was assessed for the following wood properties: wood 
density (Dens), grain angle (GrAng—assessed on two adjacent faces), presence and position 
of compression wood (CW—assessed visually), and microfibril angle (MFA—Donaldson 
1997). Samples predominantly from within 10 growth rings from the pith were classified as 
"juvenile" (n = 304), and the balance as "mature" (n = 129) (Cown 1992a). 

Statistical Analyses 
Stepwise multiple regression and a multi-stratum analysis of variance (calculations using 

Splus analysis of variance: Becker et al 1988; Chambers & Hastie 1992) with tree as random 
effects were used to analyse the response variables (MoE and MoR) in terms of the four 
explanatory variables: wood density, microfibril angle, grain angle, and compression wood. 
It is recognised, however, that statistical associations shown by the raw correlation matrices 
were probably not causal. Path analyses (Wright 1960; Zhang & Zhong 1992) were used to 
assess evidence of causality. For the juvenile wood data the marginal probabilities of the four 
variables having an effect on MoE .were estimated using Bayesian model selection in linear 
models, with all models being considered equally likely a priori. For this purpose a 
hierarchical model was used (George & McCulloch 1993; Smith & Kohn 1996). An 
adaptation of their Gibbs sampler (designed to improve convergence) was run for 12 000 
iterations. 

The juvenile and mature wood data were analysed separately, to reduce the effects of 
associations between variables related to the strong systematic biological within-tree trends 
(Cown 1992b). The multi-stratum analysis of variance splits the variation into separate strata 
(here between-tree and within-tree), and the variation in each stratum is analysed in terms 
of the explanatory variables. Additionally, both within-tree and between-tree path analyses 
were done. The between-tree analysis was based on tree means and gives an indication of the 
effects of selection of trees or clones. This analysis has the advantage of further removing 
the effects of within-tree patterns of variation, at the expense of a lower sample size. The 
within-tree analysis is more useful for a purely predictive model of wood performance but, 



Cown et al.—Modelling Pinus radiata lumber characteristics. Part 1 207 

as with any observational data, the relationships may appear to be strong but are not 
necessarily causal. 

RESULTS 
The means and variability of the raw data are shown in Fig. 2. 
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FIG. 2—Univariate distributions 
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Multiple Regression and Multi-stratum Analysis of Variance 
The multiple regression models showed independent evidence for effects of all four 

variables on MoE (Table 1) and MoR (Table 2) but the predominant effects in juvenile wood 
were of density explaining 40% of the variance of MoE, and MFA explaining 14% of the 
remaining variance. Density was also the predominant effect on juvenile wood MoR, 
explaining 65% of the variance. In mature wood, density was by far the most highly 
correlated variable with mechanical properties. The column %SSseq shows the percentage of 
sums of squares explained by terms in the order they are added in the model, and the column 
%SSIast shows the percentage of sums of squares explained by terms if they are added last in 
the model. 

The multi-stratum analyses of variance for MoE given in Table 3 (juvenile wood) and 
Table 4 (mature wood) show that the effect of MFA is of importance similar to or greater than 

TABLE 1—Multiple regression models for MoE (within-tree). 

const 
Dens 
MFA 
GrAng 
CW 

Juvenile wood (RSE: 

Coeff. 

0.391 
0.026 

-0.120 
-0.173 
-0.050 

s.e. 

0.925 
0.002 
0.015 
0.036 
0.013 

*=1.4,R2 

%SSseq 

* 
40 
14 
3 
2 

* RSE = residual standard error 

const 
Dens 
MFA 
GrAng 
CW 

= 59%: } Mature wood (RSE 

%SS,ast Coeff. 

* 
24 
9 
3 
2 

-4.195 
0.037 

-0.101 
-0.229 
-0.030 

s.e. 

1.296 
0.003 
0.020 
0.055 
0.019 

TABLE 2-Multiple regression models for MoR (within-tree). 

Juvenile 

Coeff. 

-6.053 
0.201 

-0.375 
-1.129 
-0.161 

wood (RSE 

s.e. 

4.100 
0.009 
0.065 
0.160 
0.057 

= 6.1, R2 = 

/ooo s eq 

* 
65 
5 
4 

<1 

= 75%) Mature wood (RSE 

%SS,ast Coeff. 

* 
45 

3 
4 

<1 

-21.58 
0.24 

-0.20 
-1.44 
-0.20 

s.e. 

6.13 
0.01 
0.10 
0.26 
0.09 

= 1.2,R2=74%) 

%SSS 

* 
62 

8 
4 

<1 

seq / o ^ l a s t 

* 
43 

5 
4 

<1 

= 5.8,R2=81%) 

%SSseq %SSlast 

* 
73 
2 
5 
1 

TABLE 3-Multi-stratum analysis of variance for juvenile wood MoE. 

Between-tree error stratum 
Dens 
MFA 
GrAng 
CW 
Residuals 

Within-tree error stratum 
Dens 
MFA 
GrAng 
CW 
Residuals 

Df 

1 
1 
1 
1 

46 

1 
1 
1 
1 

249 

SS 

280 
310 

2 
16 

171 

292 
23 
23 
10 

287 

F value 

75 
83 
0 
4 

254 
20 
20 

8 

* 
59 
<1 

5 
1 

Pr(F) 

<0.001 
O.001 

0.484 
0.043 

O.001 
O.001 
<0.001 

0.004 
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TABLE 4—Multi-stratum analysis of variance for mature wood MoE. 

Between-tree error stratum 
Dens 
MFA 
GrAng 
CW 
Residuals 

Within-tree error stratum 
Dens 
MFA 
GrAng 
CW 
Residuals 

Df 

1 
1 
1 
1 

30 

1 
1 
1 
1 

90 

SS 

357 
72 
16 
11 
72 

83 
7 

10 
1 

86 

F value 

148 
30 
7 
5 

88 
7 

10 
1 

Pr(F) 

<0.001 
<0.001 

0.01 
0.04 

O.001 
0.009 

<0.001 
0.27 

that of density in explaining the between-tree variation in juvenile wood MoE, but not the 
within-tree variation. Thus, MFA potentially has a greater role when trees are being selected 
for improved juvenile wood performance, than would be expected from the above regression 
models at the piece level. Density has the predominant effect on both the between-tree and 
the within-tree variation in MoE (Table 4), with a minor contribution from MFA to the 
between-tree variation. 

Further examination showed that the high level of influence of MFA on juvenile wood 
MoE was detectable in the Puruki clonal trial but not in the Kaingaroa clonal trial. Similar 
values were obtained when the effects of microfibril angle were estimated separately for the 
two studies, but there was about twice as much variation in MFA between the Puruki clones 
as between the Kaingaroa clones, reflecting a possible genetic bias in the sampling. 

Correlations Between Variables 
Within- and between-tree correlations for both juvenile and mature wood are shown in 

Tables 5-3. 

Note that correlations may not be causal—rather, some or all of the correlation between 
explanatory and response variables may be caused by common associations with a third 
variable. This occurs in trees because of the well-known pith to bark trends in wood 

TABLE 5—Within-tree correlations for juvenile wood (N=304*) 

Dens 
MFA 
GrAng 
CW 
MoE 
MoR 

Density 

1.00 
-0.24 
-0.25 

0.13 
0.63 
0.81 

MFA 

1.00 
0.18 
0.23 

-0.52 
-0.41 

Grain 
angle 

1.00 
-0.05 
-0.37 
-0.42 

Compression 
wood 

1.00 
-0.15 
-0.02 

MoE 

1.00 
0.91 

MoR 

1.00 

* Minimum statistically significant correlations: 0.11, p=0.05; 0.15, p=0.01. Standard error of 
correlations is 0.06. 
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TABLE 6-Between-tree correlations for juvenile wood (N=51*) 

Density MFA Grain Compression MoE MoR 
angle wood 

Dens 1.00 
MFA -0.22 1.00 
GrAng -0.42 0.35 1.00 
CW -0.00 0.52 0.04 1.00 
MoE 0.58 -0.76 -0.40 -0.42 1.00 
MoR 0.85 -0.54 -0.53 -0.24 0.89 1.00 

* Minimum statistically significant correlations: 0.28, p=0.05; 0.36, p=0.01. Standard error of 
correlations is 0.14. 

TABLE 7-Within-tree correlations for mature wood(N= 129*) 

Density MFA Grain Compression MoE MoR 
angle wood 

Dens 1.00 
MFA -0.29 1.00 
GrAng -0.12 0.20 1.00 
CW 0.08 0.10 -0.06 1.00 
MoE 0.78 -0.49 -0.33 -0.04 1.00 
MoR 0.86 -0.37 -0.33 -0.02 0.92 1.00 

* Minimum statistically significant correlations: 0.17 (p=0.05), 0.23 (p=0.01). Standard error of 
correlations is 0.09. 

TABLE 8-Between-tree correlations for mature wood (N=35*) 

Density MFA Grain Compression MoE MoR 
angle wood 

Dens 1.00 
MFA -0.31 1.00 
GrAng -0.34 0.23 1.00 
CW 0.35 -0.05 -0.08 1.00 
MoE 0.80 -0.55 -0.43 0.18 1.00 
MoR 0.91 -0.45 -0.42 0.24 0.95 1.00 

* Minimum statistically significant correlations: 0.33 (p=0.05), 0.43 (p=0.01). Standard error of 
correlations is 0.17. 

properties noted earlier. Note also the lower correlations between trees. If sampling error is 
ignored, and there are no causal variables other than those considered here, the causal part 
of the correlations will be less than or equal to these raw correlations but greater than or equal 
to the direct path coefficients below. 

Path Analyses 
The direct path coefficients derived for the "all-samples" and "between-tree" analyses are 

shown in Tables 9 and 10. 
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TABLE 9-Path coefficients for juvenile wood. 

MoE 
MoR 

All-samples (N=304)* 

Density MFA 

0.53 -0.33 
0.72 -0.18 

Grain 
angle 

-0.18 
-0.21 

Comp, 
wood 

-0.15 
-0.09 

Between-tree(N=51)f 

Density MFA 

0.45 -0.60 
0.74 -0.30 

Grain 
angle 

-0.01 
-0.11 

Comp, 
wood 

-0.11 
-0.08 

* Minimum statistically significant correlations: 0.11 (p=0.05), 0.15 (p=0.01). Standard error of 
correlations is 0.06. 

t Minimum statistically significant correlations: 0.28 (p=0.05), 0.36 (p=0.01). Standard error of 
correlations is 0.14. 

TABLE 10-Path coefficients for mature wood. 

MoE 
MoR 

Within-tree (N=129)* 

Density MFA 

0.70 -0.25 
0.81 -0.09 

Grain 
angle 

-0.20 
-0.23 

Comp, 
wood 

-0.08 
-0.09 

Between-tree (N=51 )t 

Density MFA 

0.69 -0.30 
0.84 -0.17 

Grain Comp, 
angle wood 

-0.13 -0.08 
-0.10 -0.07 

* Minimum statistically significant correlations: 0.17 (p=0.05), 0.23 (p=0.01). Standard error of 
correlations is 0.09. 

t Minimum statistically significant correlations: 0.33 (p=0.05), 0.43 (p=0.01). Standard error of 
correlations is 0.17. 

Overall, it is clear that the effects of wood density and microfibril angle on MoE were the 
strongest, with density having more impact within stems, while MFA may have had slightly 
more effect on MoE between stems. Density had the greatest effect on MOR, followed by 
MFA and spiral grain, with similar small effects within trees. MFA also appeared to have a 
greater effect on between-tree variation in MoR than on within-tree variation. 

Bayesian Model Selection 
Bayesian model selection estimated using Gibbs sampling was used to assess the 

evidence for effects of the explanatory variables on specific modulus (MoE/density) in 
juvenile wood. The estimated marginal probabilities were as shown in Table 11. 

TABLE 11—Estimated marginal probabilities for effects on specific modulus of juvenile wood. 

probability 

Density 

0.18 

MFA 

1.0 

Grain angle 

0.89 

Comp, wood 

0.06 

Thus there is strong evidence for an effect of MFA, some evidence for an effect of GrAng 
(9:1 odds in favour), and evidence against an additional effect of density (5:1 odds against) 
or compression wood (15:1 odds against). 

This is consistent with the logical expectation that MoE should increase linearly with 
density (all other parameters held constant), and hence have no effect on specific modulus. 
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DISCUSSION AND CONCLUSIONS 
A number of authors (Cave & Walker 1994; Walker & Butterfield 1996) have argued that 

MFA has a predominant effect on MoE in wood. These arguments are usually based heavily 
on theory, and on the fact that MoE appears to increase non-linearly when plotted against 
wood density alone. The Bayesian model analysis of specific modulus for juvenile wood 
showed no evidence of a super-linear effect of density on MoE. However, the results showed 
that, in the juvenile wood portion of the stem, wood density and microfibril angle seem to 
contribute equally in the overall data set. The data presented here are not completely 
definitive because of the finite number of genotypes (clones), but the study provided robust 
statistical evidence for a causal effect of both density and MFA on MoE in the juvenile 
clearwood of Pinus radiata. Conversely, in the mature wood, density had an overwhelming 
effect. Interestingly, at the between-tree level, MFA showed up as a significant variable, 
perhaps because juvenile wood samples comprised 70% of the overall material. 

The impact of grain deviation was not strong in this data set. 

The effect of compression wood is less easily documented because of the subjective 
measurement method (visual) and the association with microfibril angle. There was 
evidence in the auto-correlations of a relationship both within and between trees in the 
juvenile wood and, while the statistical evidence of a significant effect on stiffness and 
strength in this study is weak, there are certainly observational indications of a negative effect 
on wood stability. 

For structural lumber recovery from a whole tree stem, wood density must be considered 
the most important basic wood characteristic for a number of reasons. The effect of MFA 
overall on the value of machine stress grades obtained from a stem may not be great because 
of the relatively small amount of wood with high MFA (predominantly near the base of the 
stem) and because this wood also has the lowest wood density and a high proportion of knots 
and spiral grain. Wood density contributes very significantly to both juvenile and mature 
wood clearwood characteristics and has also been demonstrated to be important in influencing 
the in-grade mechanical properties of structural P. radiata lumber (Walford 1984). 
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