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Abstract 

Several important characteristics such as density, acoustic velocity, modulus of 

elasticity and tracheid dimensions are examined in stemwood, branchwood and 

rootwood in young (age 3 and 7) Pinus radiata. Stemwood air-dry density decreases 

little from ground level to the top of the tree falling gradually from 415 kg/m3 to 405 

kg/m3. Branchwood air-dry density is higher than stemwood density. The branchwood 

density is approximately 480 kg/m3 close to the stem and then decreases sharply to ca. 

410 kg/m3 near the branch tips. Rootwood density at 12% moisture content is similar 

to stemwood density ranging between 420 and 405 kg/m3. Density varies from stem

root junction to root tip in lateral roots (420 to 405 kg/m3) but changes little along tap 

roots (405 kg/m\ 

In stemwood, the air-dry modulus of elasticity increases from ground level (ca. 2.5-

3.5 GPa) to approximately 4 metres (ca. 5.5-6.5 GPa) and then decreases thereafter to 

7 metres (ca. 2.5-3.5 GPa). The air-dry MOE of branchwood decreases linearly with 

tree height up the stem from approximately 4.5 GPa at 1 metre to 3 GPa at 6 metres. 

Roots are the least stiff part of the tree. The air-dry MOE value decreases along roots 

from the stem-root junction (ca. 1.9 GPa) to the root tip area (0.5 GPa) in lateral roots, 

and from 104 OPa to 004 GPa in tap roots. 

In stemwood and rootwood the tracheid dimensions change with distance from 

ground level in both directions with significant different patterns. For stemwood, the 

tracheid length decreases with height up the stem. The mean tracheid length is 

approximately 1.70 mm at breast height whereas it is 1.55 mm and lAO mm at 204 

metres and 4.6 metres respectively. Rootwood tracheids are much longer (nearly 

double) than stemwood tracheids. The tracheid length increases with increasing 

distances from the stem-root junction. The mean tracheid length adjacent to the stem

root junction area is approximately 2.2 mm whereas for the middle and root tip areas 

it is 2.6 mm and 3.3 mm respectively. 
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Compression wood is a common feature of stem and branchwood. However, this 

atypical tissue is absent in roots except in some restIicted instances where 

compression wood extends a short distance from the stem down into the root. 

Branchwood in green condition can be used to predict volume-weighted stemwood 

qualities at 12% moisture content when specific conditions are applied (select a 

straight portion of first branch segment from the largest diameter branch at breast 

height, R2 = 0.64). However, this approach has little practical appeal as equally good 

or better correlations can be obtained using Fakopp on standing trees (R2 = 0.75). 

Therefore future work should focus solely on the use of time of flight instruments 

such as Fakopp on stemwood. 
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Chapter 1 General introduction 

Pinus radiata occurs naturally in five discrete populations on the west coast of North 

America and on two islands off the coast of the Baja California Peninsula over 

latitudes 28°N to 37°N. In total there were approximate 5300 ha in these areas (Last, 

2001). Radiata pine was first introduced to Australia in 1857 and to New Zealand in 

1859 (Fielding, 1957; Lavery, 1986). The type of radiata pine typical of New Zealand 

plantation was derived mainly from Afio Nuevo Point (Bannister, 1973). 

A survey reported by Lavery in 1990 noted that Chile, New Zealand and Australia 

together accounted for 88% of the world's total of 3.5 million ha of radiata pine 

plantations. Among these main growing countries, New Zealand has the greatest 

proportion of stands planted on highly productive sites. It is extraordinary that such a 

species, growing naturally on few, restricted sites can become the dominant species in 

these Southern Hemisphere countries. 

Recently several statistical reports relating to the plantation distribution in New 

Zealand were published by Ministry of Agriculture and Forestry (MAF, 2001) and 

New Zealand Forest Industry (NZFI, 2002). By April 2001, the planted production 

forests covered an estimated 1.80 million hectares in NZ. 71 % of the area was in the 

North Island and 29% was in the South Island. Radiata pine was the dominant species, 

making up 89% (1.60 million ha) of total planted forest areas, whereas Douglas-fir 

was the next most common species, making up 6%. The balance comprised other 

softwood and hardwood species. 

This thesis focuses solely on Pinus radiata, while acknowledging that to 

understand a species it is always desirable to set it in the context of other species 

- a difficult task! In addition, it is not hard to argue the case for studying radiata 

pine in New Zealand. 
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The very success of radiata pine has encouraged scientists to wonder and seek 

explanations for its achievement. Thus, Rook (1975) examined some reasons as to 

why radiata pine grows so vigorously in New Zealand. Rook pointed out that the 

greater productivity was due mainly to the ability of the tree to keep growing 

continuously regardless of the climatic conditions prevailing throughout the year in 

New Zealand. Four favourable points are summarized below: 

1. Day-length: the growth of most trees is substantially affected by the amount and 

duration of light with longer days enhancing shoot growth and shorter days causing 

the trees to set dormant buds. New Zealand's low latitude is an advantage in 

providing many longer day-lengths, which range from approximately 8 to 16 

hours. 

2. Wight temperature: surprisingly nights are not periods of inactivity in trees. It 

seems that cool night temperatures (about 5°C) are extremely important to radiata 

pine, paradoxically favouring growth. With higher night temperatures the tree uses 

more energy and so has less available for growth. Cool night temperatures in New 

Zealand are an advantage because it allows radiata pine to slow down its metabolic 

activity that would otherwise needlessly waste its photosynthesised resources. 

3. Day temperature: radiata pine prefers a day temperature of approximately 20°C. 

Temperatures higher than 20°C might result in lower rates of food production thus 

lower growth rates. Favourable day/night temperatures occur during much of the 

year in many parts of New Zealand and help to explain the exceptional incremental 

rates in the North Island forest. 

4. Frost tolerance: radiata pine is reasonably tolerant of frost during the winter. This 

is an important attribute because un-seasonal frosts are a feature of the New 

Zealand climate. Although radiata's tolerance to frost during the winter is less than 

Douglas-fir, it is more frost hardy in the spring and early summer when other 

species are flushing. 

Based on these points, radiata pine is able to convert simple sugars that are produced 

by photosynthesis directly into growth and wood formation. It does not have the 
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pronounced growth rhythms of many conifers that require a definite period to store 

food for future growth. These desired features of radiata pine can only be captured 

effectively if the trees are growing in a favourable environment. The maritime nature 

of New Zealand together with its similar latitude in the Southern Hemisphere to that 

of the indigenous resources in the Northern Hemisphere are key elements to its 

success here (and elsewhere in the world). 

Different growing behaviours of trees result in different characters of plants. Since 

radiata pine grows almost continuously through years, the wood texture is milder and 

smoother compared with some other species such as Douglas-fir. The earlywood and 

latewood density ratio for radiata pine is approximately 1:1.8 whereas the ratio for 

Douglas-fir can be as high as 1:4 or even 1:5. The mild textured wood has advantages 

during some processes for example kiln drying, however, the utilization radiata pine 

trees grown in New Zealand and Australia have many limitations due to its poor wood 

qualities. 

In New Zealand the economical rotation age of Pinus radiata is approximately 25-30 

years. Although the tree height and breast height diameter can achieve more than 30 

metres and 40 cm respectively after 25 years growth, the percentage of juvenile wood 

(corewood) is much higher than the percentage of mature wood (outerwood). Several 

major wood properties such as density, microfibril angle and fibre dimensions have 

been examined and show significantly different between juvenile and mature woods, 

i.e. the stiffness increases five-fold as the microfibril angle decreases from 40 to 10 

degree in the first 10-15 growth rings from the pith. 

How to select superior trees from among these fast growing but poor quality trees is a 

big task for tree breeding and wood processing companies. Recently several programs 

have progressed to predict andJor ensure better quality trees. Improving corewood 

quality of trees is one of those programs based on the belief that wood qualities get 

better as the tree gets older, so better corewood quality in a young tree should be a sign 

of a superior tree in the future. Using genetic modifying methods is another program 

to archive superior trees. 
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This thesis focuses on the wood properties of very young trees, less than 7 years 

old. Trees of this age are important when making clonal and family selections for 

breeding programmes and corewood examination. In particular, the quantity of 

two extreme clones is investigated in detail in this thesis. 

Non-destructive evaluation (NDE) has been applied in many fields including the 

forest related industries. Several techniques have been developed like acoustics, X-ray 

diffraction and NIR-spectroscopy etc. to evaluate wood qualities such as stiffness, 

microfibril angle and density. There are now routine techniques to determine fibre 

dimensions, while examining huge numbers of fibres (more than 5,000 fibres) 

automatically within a short period of time (within 15 minutes), instead of 

determining fibres under microscopes manually. 

This thesis uses several new techniques to investigate wood and fibre properties 

in order to provide accurate and reliable data. A resonance-based and a transit 

time based acoustic instruments is used to determine log and tree qualities and the 

Metso fibre analyser is applied to examine individual fibre characteristics in this 

thesis. 

Since radiata pine is the most important forest plantation species in New Zealand, 

there has been a huge amount of research. However, most of these studies 

concentrated on the properties of stemwood, holding the view that stemwood is the 

most useful and valuable part of the tree. Few research papers have examined the basic 

properties of branchwood, and papers that discus the wood properties of rootwood are 

rare. Fundamental research such as physical and anatomical properties of branchwood 

and rootwood would fill this gap. 

This thesis investigates wood properties such as density, velocity, stiffness and 

fibre dimensions of Pinus radiata stemwood (inter-nodes from ground to top of 

tree), branchwood (segments from branch base to tip) and rootwood (blocks from 

stem-root junction to root tip). 

A better understanding of the mechanisms of compression wood formation is also 

needed since this abnormal structure is a universal feature of softwoods and can cause 
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difficulties for end users. It is known that approximately 30% to 45% of the stems 

contained mild to severe compression wood in Pinus radiata (Burdon, 1975), 

however, whether it is present in rootwood is still controversial (Fayle, 1968 b; 

Hartmann, 1943; Patel, 1971). 

This thesis exammes anatomical structure of Pinus radiata roots usmg the 

scanning electron microscopy (SEM) to see if compression wood is present in 

rootwood. In addition, biochemical and mechanical treatments are also applied in 

to see if it was possible to stimulate the formation of compression wood in roots. 

This thesis is divided into six chapters. Chapter 1 presents the general conceptual 

approach and broad objectives. Chapter 2 reviews some earlier literature related to 

these areas of research. Chapter 3 examines the stemwood and branchwood properties 

of three Pinus radiata families. Chapter 4 investigates these wood properties in details 

using clonal material in order to minimize the genetic affects within families. Chapter 

5 explores the anatomical and physical properties of radiata pine rootwood. The 

mechanism of compression wood formation in roots is also discussed in this chapter. 

Finally chapter 6 provides an overall summary of the study and the future comments 

and recommendations. 
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Chapter 2 Literature review 

2.1 Wood properties of radiata pine 

Radiata pine is the major plantation species in New Zealand. This literature of radiata 

pine review covers several important wood properties such as basic density, tracheid 

length and microfibril angle that affect end products significantly. Since trees are 

highly complicated biomass units, the properties and qualities of wood vary according 

to many different circumstances, i.e. within-ring variation (seasonal variation); 

within-tree variation (year-by-year variation); between-tree variation (genetically 

related); and between-stand variation (environment related). In order to understand 

how wood behaves one needs to map these variations within and between trees and 

also one needs to understand which characteristics are more relevant than others in 

their influence on wood propel1ies. The following sections discuss these wood 

characteristics in detail. 

2.1.1 Density 

2.1.1.1 Density variation in stems 

Many researchers have concluded that density is an important index of wood quality 

to which all end users could relate (Bamber and Burley, 1983; Walker et aI., 1993). It 

has a considerable int1uence on machinability, conversion, strength, paper yield, 

acoustic properties and probably many others. 

Regarding the density variation within growth rings, high density cells are formed in 

the latewood and low density cells are formed in the earlywood. Latewood is 

produced normally in the autumn and winter (if growth is not dormant). During these 

seasons, the cambium of the trees differentiates slowly and forms thick-walled cells 

with small lumen. Conversely, it differentiates vigorously during the spring and early 
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summer forming thin-walled low density cells with large lumen. The universal trend 

is that the wood density increases from earlywood to latewood within the whole stem. 

This density variation within a growth ring far exceeds the density variation between 

trees and varies among species. For example, with some species such as Douglas fir 

the ratio between earlywood (170 kg/m3
) and latewood density (870 kg/m3

) is 

approximately 1:5. However, for some other species such as Pinus caribaea and P. 

merkusii, the ratio is approximately 1:1.5. Radiata pine can be seen as an even 

textured species in that the differences in density between earlywood and latewood 

are moderate being approximately 1:1.8 (Harris, 1981). This is a significant economic 

benefit where wood machining is concerned. 

10 RINGS-

20 RINGS-

30 RINGS-

40 RINGS-

B.H. -

~ 450-500 kg/m 3 

EJ 400-450 kg/m 3 

o 350-400 kg/m 3 

Figure 2.1 Pinus radiata density distribution zone (from Cown and McConchie, 1983) 
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With regard to density variations in both vertical and radial directions, Cown et al. 

(1991) examined the physical properties of New Zealand grown radiata pine. They 

found that wood density increased with distance from pith and decreased with 

increasing height up the stem (Figure 2.1). The density increased by 30 to 40% in the 

first 20 to 30 growth layers from the pith, while differences in basic density between 

the butt log and the top log averaged from 7 to 11 %. Another study reported by 

Tsehaye et al. (1995) indicated a similar trend. In total 915 boards from 48 trees from 

a 25-year-old radiata pine forest in Canterbury, New Zealand, were examined. The 

result showed that air-dry density increased 11 % from pith 464 (kg/m3) to cambium 

514 (kg/m3) while it decreased around 6.5% from butt log 492 (kg/m3) to top log 462 

(kg/m\ The difference between these two reports illustrates an important point. 

Cown et al. measured properties ring-by-ring while Tsehaye et al. measured average 

properties within boards that would contain a variable number of rings (so the 

extreme values are "dampened"). In this case, Cown's study is the more basic while 

Tsehaye's reflects the day-to-day experience of industry. 

30 
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20 
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Figure 2.2 Basic density variation between trees (from Cown and McConchie, 1983). 
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Concerning between tree density variations at the similar ages and same 

environmental conditions, the range of variation is significant. Cown and McConchie 

(1983) examined the within-stand variation of basic density from 24-year-old radiata 

pine trees in Kaingaroa forest, central North Island of New Zealand. The result 

showed that for the low, mean and high density stems the mean whole-tree basic 

densities were 354, 380 and 395 kg/m3 respectively while the corresponding 

outerwood basic densities were 375, 433 and 494 kglm3 (Figure 2.2). High density 

trees tend to have both more latewood and higher average earlywood and latewood 

density. These between tree differences are assumed to reflect the high level of 

genetic variation within the population. Donaldson and Burdon (1995) examined 11 

16-year-old radiata pine clones (produced from cuttings) in Kaingaroa forest, central 

North Island, and confirmed that there was a high degree of genetic inheritance for 

basic density. 

HIGH E~fi~'l >4'lb kw m" 

C()I~SERVMjGY 
a()l)~H)AflIES 

___ SITE DENSITY CI,ASS 

Figure 2.3 Variation of radiata pine outerwood basic density in New Zealand (from 

Cown and McConchie, 1983) 
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Wood density of trees is also strongly related to site location. A two-stage survey of 

the variation of radiata pine properties in New Zealand was undertaken by Cown and 

McConchie (1983). In total 7500 trees grown on 250 sites throughout the country 

were measured. They found that basic density decreased with increasing latitude and 

altitude. The outerwood density decreased approximately 10 kg/m3 per 1 degree 

increase in latitude or per 100 metre increase in altitude. The average outerwood basic 

density in high density sites was more than 475 kg/m3 and in the low density sites was 

less than 450 kg/m3 (Figure 2.3). 

2.1.1.2 Density variation in branches 

Bamber and Burley (1983) observed that the branch wood properties of Pinus radiata 

differ from stemwood. The most important of these differences are the higher density 

and greater amount of compression wood forming on the underside of the branch. The 

basic density was approximately 410 kg/m3 in the branch wood while it was ca. 340 

kg/m3 in the stem wood. 

The branch density varies with the height up the stem. Ueda and Tanaka (1997) 

examined branches harvested from ten 13-year-old Japanese larch trees grown in a 

plantation at Nikapp, Hokkaido. The result showed that the basic density at the base 

of branches lay in the range of 600-750 kg/m3 and dropped rapidly to 350-500 kg/m3 

with increase in distance to the top. With regard to the density on the lower and upper 

sides of branches, Taylor (1979) indicated that the lower quadrant had a higher 

density and wider growth rings than the upper quadrant at all points along the branch. 

The difference was caused by the huge amount of compression wood formed in the 

underside of branches. 

2.1.1.3 Density variation in roots 

Fayle (1968 b) has provided comprehensive researches related to the specific gravity 

(density) of roots. He examined density variation carefully along two lateral roots of 

Acer saccharum and Pinus resinosa. The results showed that specific gravity 

decreased fairly rapidly in the basal part with increasing distance from the stem base, 

gradually in the mid portions, and increased in the distal parts (Figure 2.4). 
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The density variation in the vertical and oblique roots was not as constant as in the 

lateral roots. A vertical root presented in Figure 2.4 (marked vertical root 4) showed 

the same pattern as with lateral roots. The difference was that the specific gravity of 

the vertical roots was substantially higher at the same distance from the stem as the 

lateral roots. However, another vertical root (marked vertical root 6) showed that the 

density increased with increasing distance from the stem. A similar trend was also 

found in a 130-year-old Tilia americana oblique root (Figure 2.5). 
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Figure 2.4 Changes in specific gravity along lateral and vertical roots of Pinus 

resinosa (from Fayle 1968 b) 
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Figure 2.5 The specific gravity of oblique and horizontal roots (from Fayle 1968 b). 
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1.2 Tracheid dimensions 

2.1.2.1 Variations in tracheid dimensions in stems 

Tracheid dimensions in Pinus radiata have been reported by several authors (Cown, 

1975; Nicholls and Dadswell, 1962). Nicholls and Dadswell examined radiata pine 

trees in Australia and reported that in general the tracheid length rapidly increased in 

the rings closest to the pith with a gradual levelling off after about ring ten. This trend 

was essentially the same both quantitatively and qualitatively at all levels in the stem 

and did not vary significantly around the circumference. 

This trend is similar for radiata pine trees planted in New Zealand. Cown (1975) 

examined the variation in tracheid dimensions in the stem of a 26-year-old Pinus 

radiata tree from Kaingaroa Forest, North Island of New Zealand. With regard to the 

cell diameter, he summarized that first, radial and tangential diameters trended to 

increase with distance from the pith in both the earlywood and the latewood. The 

mean increases between ring 2 and ring 20 at breast height were about 50 percent. 

Second, the radial diameters were invariable greater than the tangential by up to 30 

percent in the earlywood whereas the reverse was true in the latewood. This was 

because tangential diameters decreased only slightly from earlywood to latewood 

within the same ring (nOlmally in the region of 5 percent), while the radial diameter 

decreased by ca. 50 percent. Third, there was slight increase in cell diameter with 

height in the stem but the trends appeared to be qualitatively similar at all heights. 

Hanis (1981) mentioned that the variation in tracheid length showed that the largest 

cells occurs about one third of the way up a stem, and the central zone of short 

tracheids (1 to 2 mm long) represents a cone rather than a cylinder (Figure 2.6). The 

distribution of tracheid length within trees may be affected by the presence of 

compression wood. Where compression wood was present, a definite drop in tracheid 

length occurred (Bisset and Dadswell, 1950). 
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O 2 - 30101 ~ 

Figure 2.6 Pinus radiata tracheid length distribution zone (from Harris 1981). 

2.1.2.2 Variations in tracheid dimensions in branches 

Bamber and Burley (1983) compared the tracheid dimensions between stem and 

branch wood of radiata pine (Table 2.1). The result showed that both density and the 

percentage of latewood were greater in branches; however, the tracheid length and 

diameter in both earlywood and latewood were lesser compared with stems. The 

tracheid length was 2.4 mm in stems while it was 1.9 mm in branches. Bamber and 

Burley (1983) also stated that for earlywood, the radial diameter was 2.5 )lill and 2.6 

)lill for branches and stems respectively while they are 2.8 )lill and 3.4 )lill respective in 

the latewood- however these are clearly incorrect and the data published by Cown 

(1999) were also included in Table 2.1. 
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Table 2.1 Comparison between Pinus radiata stem and branch wood (from Bamber 

and Burley 1983). 

Property Branch Stem 

Density (kglm3
) 410 340 

Percent late wood 27 14 

Tracheid length (mm) 1.9 2.4 

Tracheid radial diameter (!tm) - Earlywood 2.5 2.6 (30-40 !tm) t 

Tracheid radial diameter (11m) - Latewood 2.8 3.4 (20-30 /lm) t 

* All values are the average of rings 2-6 from pith. Compression wood was excluded. 

t Data from Cown (1999). 

Significance 

1% level 

1% level 

1% level 

Not Significant 

Not Significant 

Regarding changes in the tracheid dimensions from pith to bark and also from 

insertion to tip of branches, Taylor (1979) published a paper concerning the fibre 

length variation in loblolly pine branch wood. The paper indicated that tracheid length 

increased from the pith outward. This trend was similar to the trend in the stemwood. 

A significant difference was that the tracheid length close the pith was approximately 

same value in both stems and branches, however, the length in outerwood of stems 

was longer than in branches, i.e. overall stemwood has a higher average tracheid 

length than the branchwood does. 

2.1.2.3 Variations in tracheid dimensions in roots 

Patel (1971) examined the tracheid dimensions of radiata pine stem and lateral root 

wood from 37 year-old trees growing in Kaingaroa Forest, North Island of New 

Zealand. He found that tracheids are much longer and wider in the roots compared to 

those found within the stem, but thinner walled. The tracheids averaged 49.68 )lm in 

tangential diameter; 3.06 )lm in wall thickness and 4.52 mm in length for the root 

wood while they are approximately 38.35 !lm, 3.45 )lm and 2.72 mm respectively in 

the stem wood (Table 2.2). 
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Table 2.2 Tracheid dimension of Pinus radiata stem and root wood (after Patel 1971). 

TRACHEIDS 

Tangential Diameter (11m) 

Range 

Mean 

C.V. 

Length (mm) 

Range 

Mean 

c.v. 

Wall Thickness (early wood) (11m) 

Range 

Mean 

C.V. 

* Coefficient of variation. 

21.8-56.6 

38.35 

0.73-4.78 

2.72 

1.2-6.6 

3.45 

Root wood 

20.2-88.9 

49.68 

21.52 

2.14-9.60 

4.52 

25.38 

1.5-6.3 

3.06 

23.02 

The tracheids were larger (longer and wider) in the rings close to the ontogenetic 

centre than near the cambium in the rootwood. This trend was significantly different 

to the trend found in the stemwood in that the shortest tracheids were found in the 

corewood near the pith and increased outward. In addition, the initial tracheid size 

(near ontogenetic centre) in the roots was greater than the final size in the stemwood 

(Table 2.3). Similar trends in the roots have been repOlted by Sanio (1872) for 

tracheid length in Pinus sylvestris and by Bannan (1965) for tracheid length and 

diameter in several conifers. 

Recently another study (Matsumura and Butterfield, 2001) compared the tracheid 

length in stem and root wood of Pinus radiata. They found that tracheids of root 

wood were long in the first ring, decreasing to the third ring and then increased to the 

seventh ring. Beyond the seventh ring, tracheid length was stable at around 3 to 3.5 

mm. The trend corresponded with the values shown in Table 2.3 in that the tracheid 

lengths were stable after 9-10 rings until the last 2 rings before cambium. 
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Table 2.3 Pinus radiata tracheid dimensions from pith outward (after Patel 1971) 

Length (mm) Diameter (tl ) Wall thickness (tl) 

(Ring No.) 1-2 9-10 Last 2 1-2 9-10 Last 2 1-2 9-10 Last 2 

Stem wood 1.16 3.21 3.43 30.00 43.40 40.54 2.20 3.16 4.46 

Root wood 4.68 4.42 4.45 53.84 47.42 47.79 3.25 2.98 2.96 

The change of tracheid size along the root (from root base toward the tip) also varies 

between horizontal lateral roots and the vertical tap root. Omeis (1895) and Bannan 

(1941) examined the changes in lateral roots of Pinus sylvestris and indicated that the 

tracheids become larger with increasing distance from the stem-root junction, only 

decreasing slightly again near the root tip. This may reflect the fact that the root base 

is relatively stem-like, and with increasing distance from this zone the root wood 

become less and less stem-like. 

Regarding the trend in the main tap, oblique or vertical roots, Falye (1968a) examined 

the main tap root of a Tilia americana sapling and reported that the size did not 

apparently increase with increasing distance from base toward tip, or at least not to 

the same degree as it does in lateral roots. The vessel size found in tap roots at 20 and 

60 em depth was no different or just a little larger than in the stem. However, the 

vessel size at the same distance in lateral roots increased 35% compared with stem 

wood. Another author, Bannan (1941), also reported the same trend in the vertical 

roots of Larix laricina. The result showed the vertical roots were uniformly stem-like 

in cross section appearance. 

2.1.3 Stiffness (modulus of elasticity, MOE) 

Several important mechanical properties such as stiffness (or modulus of elasticity, 

i.e. the stress-strain gradient or slope within the initial linear elastic region) and 

strength (the ability of wood to withstand stress without failure) have long been 

known to be strongly related to wood end use quality. Recently, it has been argued by 

Tsehaye et al. (1995a) that stiffness is a better parameter to predict wood quality 

compared with the earlier emphasis on selection for density. Tsehaye indicated that in 
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ranking trees according to density, the outcome showed that density does not give a 

good prediction of machine stress grade and" ... ranking of tress according to stiffness 

gives a superior grade outturn. If machine stress grading is to be used (as in 

structural engineering), then trees should be bred for stiffness, not density" (Tsehaye 

et al. 1995a). 

Stiffness, like wood characteristics such as density and tracheid length, varies within 

trees. Buchanan et al. (1999) described that in the butt log there can be some 

extremely low stiffness wood next to the pith and some very high stiffness wood near 

the cambium, whereas in the upper log the wood next to the pith is of modest-to-Iow 

stiffness and that near the cambium the wood is of modest-to-high stiffness. Hence the 

butt log has a steeper stiffness gradient from pith to cambium while the upper log has 

a gentler gradient. 

Tsehaye et al. (1995b) examined 915 boards from forty-eight 25-yr-old Pinus radiata 

in 1995. Each board was identified according to log types (butt, middle, top position) 

and distance from the pith (positions 1 to 4). They found that the MOE in tension was 

6.8 (GPa), 7.0 (OPa) and 6.6 (OPa) from butt to top position respectively in the 

vertical direction. Regarding the changes in the horizontal direction, the MOE 

increased from pith outwards to cambium. The changing in stiffness was greatest 

between positions 1 and 2 (close to the pith). Moving from 1 to 2, 2 to 3, and 3 to 4, 

the percentage increase is 36% (5.0 to 6.7 OPa) , 27% (6.7 to 8.5 GPa) and 11 % (8.5 

to 9.5 OPa) respectively. The above result confirmed earlier observations by Bendtsen 

(1978) that the rate of change in most properties was very rapid in the first few rings, 

and that the later-formed rings gradually assumed the character of mature wood. 

The differences in the mean modulus of elasticity between the individual trees were 

also examined by ranking the MOE of the butt logs (Tsehaye et al. 1995b). They 

found that the MOE varies between trees within the same stand. When the 48 trees 

were divided into three groups: 5 least stiff trees (worst 10%), medium stiffness trees 

(80%) and five stiffest trees (best 10%), the stiffest trees were almost 80% stiffer than 

the least stiff trees. 

McAlister et al. (2000) determined the correlation between stem and branch wood 

with regard to stiffness and strength. Loblolly pines (Pinus taeda) harvested from a 
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seed orchard in Georgia, U.S.A. were selected as candidates. The MOE and MOR 

were measured by micro-bending test methods. The result showed that there was a 

modest correlation with coefficient of determinations (R2) of 0.45 and 0.55 observed 

between the stems and branches modulus of elasticity (MOE) and modulus of rupture 

(MOR) respectively, ie it is possible to find a modest correlation between the 

structural properties of stem and branchwood. An excellent correlation (R2=0.8 to 

0.9) were observed between MOE and MOR in the stemwood and also between MOE 

and MOR in the branchwood. Both observations relate to clearwood properties. In 

passing it is important to emphasize that correlation between MOE and MOR of 

clearwood specimens is of little practical utility as graded lumber contains knotty 

wood (where correlations are much poorer). 

2.1.4 Anatomy of root wood 

Stem and roots perform different functions and grow in different environments. 

Therefore some differences in their anatomical structure are expected. Very few 

studies have been published that relate root anatomical structure with stem wood. 

Fayle published a monograph (1968b) and several papers (1973, 1975a, 1975b, 

1975c, 1976) and provided good general appreciation of the distribution and anatomy 

of tree roots - in both hardwoods and softwoods. 

The general differences between rootwood and stemwood were summarized by Fayle 

(1968b): pith is absent; parenchyma content of roots is usually higher and fibre 

content lower; the number of vessels per unit area in hardwoods is usually less; 

heartwood and tyloses are infrequent; the annual rings generally contain fewer cells 

and the boundaries between rings less defined. Cells in the rootwood are generally 

wider and longer. The increase in size (radial, tangential diameters and length) applies 

to all elements such as vessels, tracheids, fibres, and parenchyma. The increase in 

radial diameter is generally greater than the tangential increase in the longitudinal 

elements. 

Regarding the anatomical structure of Pinus radiata, Patel (1971) compared the ultra

structure of stemwood and rootwood on 37-year-old trees. He found growth rings are 

distinct in the stemwood, whereas in rootwbod they are either distinct or indistinct. 
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The bordered pits on radial walls lie in one row (uniseriate) and rarely are found in the 

tangential walls in the stemwood. However in the rootwood, pits are sometimes 

uniseriate, frequently in two rows (biseriate) particularly in rings close to the 

ontogenetic centre. This frequency becomes 1ess or even sparse in the wood near the 

bark. The bordered pits are very sparse in the tangential walls. The occurrence of 

biseriate pits on the radial walls of root wood is associated with the wide cells 

mentioned in section 2.1.2.3. 

The ray cel1s observed in both stems and roots are uniseriate, biseriate (occasionally) 

and fusiform which contain a horizontal resin canal surrounded by thin-walled 

epithelium. The ray dimensions in stemwood and rootwoods are compared in Table 

2.4. More ray cells occur in stems than in roots. The average is approximately 4.6 and 

4.8 ray cell/mm line respectively in the transverse and tangential-longitudinal faces in 

the roots while they are approximately 5.9 and 5.6 respective in the stems. The ray 

cell height also varies between 1-12 (max.17) and 1-21 (max. 26) in the transverse 

and transverse-longitudinal faces in stems whereas they range from 1-9 (maximum 

14) up to 1-13 (maximum 22) in roots. 

Table 2.4 Ray dimensions of radiata pine stem and root wood (after Patel 1971). 

Transverse section (Number/mm Line) 

Range 

Mean 

Tangentialllongitudinal section (Number/mm Line) 

Range 

Mean 

TangentiallLongitunal section (Number/sq mm) 

Range 

Mean 

4-9 

5.9 

4-8 

5.6 

18.5-53.5 

Root wood 

2-8 

4.6 

3-8 

4.8 

12.0-36.5 

22.4 

The primary xylem of tree roots forms two or more strands (or poles) in the centre of 

the cross section. The number of strands affects the morphology of the root system 

because side roots normally develop adjacent to these strands. The shape and diameter 
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of primary xylem in roots were examined by Fayle (1975c). He studied the main 

lateral (up to 10 m long) and vertical (to nearly 3 m deep) roots of 32-36-year-old red 

pine plantations. The majority of roots examined were diarch but triarch and tetrarch 

states were also found. The shape changed within a root i.e. one horizontal root was 

triarch for the first 0.8 m and another for the first 2.4 m. The rest of root length 

remained diarch. 

The diameter of primary xylem tracheids started small, then increased from the root

stem base outward (Wilson, 1971). In addition, he also suggested that the diameter 

increased during spring and early summer, remained constant in late summer, and 

then decreased in autumn. Fayle (1975a) also found a similar trend in diameter 

changing along the lateral and tap roots. The average diameter of the main lateral root 

increased from 0.25 mm near the base to more than 0.60 mm at 3-5 m and then 

decreased to 0.55 mm by 7 m. 

2.1.5 Compression wood in conifers 

2.1.5.1 Structure and characteristics of compression wood 

Compression wood in conifer was first studied by a German botanist Karl Gustav 

Sanio in 1860 under the title Einige Bemerkungen uber den Bau des Holzes. He 

described "the highly lignified latewood present on the lower side of horizontal 

branch of Picea abies. This wood was red in colour and the tracheids had a rounded 

outline, a thin, readily discemable primary wall, and a very thick secondary wall. The 

intercellular spaces were present between the cells". The anatomy and properties of 

compression wood have been reported and described by many authors since then 

(Archer and Wilson, 1970; Barger and Ffolli ott , 1976; Boone and Chudnoff, 1972; 

Core et al., 1961; Dadswell and Wardrop, 1949; Douglass, 1939; Fielding, 1940; 

Knuchel, 1940; Matsumoto, 1950a; Matsumoto, 1950b; Matsumoto, 1950c; Ollinmaa, 

1955; Onaka, 1956; Pillow, 1941; Spurr and Friend, 1941; Spurr and Hyvarinen, 

1954; Wardrop and Dadswell, 1952; Wardrop and Davies, 1964; Wershing and 

Bailey, 1942; Westing, 1965a). Recently (Timell, 1986a,b,c) collected approximately 

8100 references for his three volume book "Compression wood in Gymnosperms" in 

1986 which has become the definitive reference book related to compression wood. 
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The general views and characteristic of compression wood were summarized briefly 

by Walker (1993). The compression wood cells are more rounded with intercellular 

spaces between tracheids, the tracheids are somewhat shorter and their tips tend to be 

distorted and bifurcated. Usually the S3 layer is absent. The S2 layer has an outer 

highly lignified zone and an inner less lignified zone in which there are deep helical 

checks whose inclination corresponds to that of the microfibrils (30-S0 degree). The 

large microfibril angle in the S2 layer means that the tracheids shrink more in the 

longitudinal direction on drying compared to normal wood. The hemicelluloses and 

lignin content of compression wood are higher than average. In chemical pulps yields 

are reduced (less cellulose), tear strength is reduced (short fibres) and bleaching is 

more difficult (more lignin which is more highly condensed). 

2.1.5.2 Compression wood in stems and branches of softwoods 

Under ideal conditions, no compression wood would be produced in a stem as long as 

it remains in its natural or vertical position. However, trees do not grow in such a 

perfectly balanced state. When unbalanced or a lean occurs, the stem develops an 

elliptical cross section on the under side to support its own weight. In this lower 

(underside) quadrant compression wood cells are laid down that have the ability to 

force the tree back towards its original orientation. 

The proportion of compression wood in the branch cross-section is generally greater 

than in the stems. Timell (1986a) explained that the stem often maintains its 

equilibrium orientation for long periods of time whereas the braches remain in their 

equilibrium position for only brief periods. As soon as the ever increasing weight of 

the growing branch forces it downward, this movement is immediately counteracted 

by the formation of appropriately located compression wood. Hence compression 

wood might be considered as atypical in stems but as normal structure in branches. 

Burdon (197S) examined 12-year-old Pinus radiata growing on four sites in New 

Zealand and estimated that 30% to 4S% of the stems contained mild to severe 

compression wood. In another study published by Timell (1986b), he indicated that 

IS% would be a representative figure for virgin spruce forests and plantations of 

southern pines and Pinus radiata, ie in much older trees. With regard to the 
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distribution of compression wood along branches, Benic (1974) illustrated the 

location of compression wood at the base, midpoint, and tip of branches taken from 

the lower end, the middle, and the upper part of the crown respectively of Abies alba. 

The data showed that the average compression wood content in branchwood (entire 

branches) was 39.7% at the base of the live crown, 29.3% at the midpoint, and 31.7% 

at the top. When estimated along individual branches from the base to tip, they were 

27.7% at the base, 33.3% at midpoint and 33.6% at tip respectively. This result meant 

that the branch at the base of the crown had the highest content of compression wood 

which was also confirmed by Schultze-Dewitz et al. (1971). 

STEM 

TOP 

MIDDLE 

BASE 

BRANCH BASE MIDDLE TIP 

Figure 2.7 Distribution of compression wood in the branches of Abies alba (from 

Timell1986b). 

2.1.5.3 Compression wood in roots 

Whether compression wood present in roots or not is still an issue for discussion. 

Some researchers have stated that no compression wood is formed either in buried or 

exposed conifer roots. Sonntag (1904) claimed that roots never produce compression 
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wood. Hartmann (1943) examined underground and exposed roots of Abies alba and 

Pice a abies. His results showed no compression wood in these roots. Patel (1971) also 

reported that no compression wood could be seen in the roots of nine gymnosperm 

species including Pinus radiata. Donaldson (1983) did not observe any compression 

wood in roots of some indigenous species like Araucariaceae and Podocarpaceae in 

New Zealand. 

On the other hand, some researchers claim that compression wood is not formed in 

buried roots but is present in exposed roots. Fayle (1968b) examined large number of 

underground and exposed roots in many different conifer species. The results showed 

that compression wood was absent in roots that were buried in the ground. The only 

exception was where compression wood was present at the base of a stem then it 

could continue for a short distance into the root. Further, Onaka (1935) found 

compression wood when he compared buried and exposed roots of Cryptomeria 

japonica. He found no compression wood occurred in the former, whereas exposure 

resulted in its formation on the under side of the exposed root. 

A surprising finding that compression wood is present in buried roots was reported by 

Westing (1965b). Compression wood was observed in both underground and exposed 

roots of Tsuga canadensis. He also noted that compression wood was present in 

several growth rings, including the most recent in buried roots which had never been 

exposed. To date, this is the only authenticated report of the presence of compression 

wood in an underground root. 

2.1.6 Relationship between compression wood and indole-3-acetic acid 

Auxin is one plant hormone among five groups of plant hormones: auxins, cytokinins, 

ethylene, abscisic acid and gibberellins. Indole-3-acetic acid (IAA) is the only known 

naturally occurring auxin. IAA is produced in the coleoptile tips of grasses and in 

shoot tips and is synthesized in leaf primordia and young leaves. Although it has been 

found in root tips, most evidence indicates that it is not produced there but is 

transported there via vascular cylinder. The transportation of auxin is unidirectional, 

that is it is always toward the base (basipetal) in stems and leaves and toward the tip 

(acropetal) in roots (Raven et al., 1992). 
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Many researchers have been pointed out that the fonnation of compression wood is 

related to plant honnones (Balch et al., 1964; Blum, 1971; Funada et al., 1990; 

Necesany and Oberlanderova, 1967; Phelps et al., 1977; Starbuck and Phelps, 1986; 

Sundberg et al., 1994; Toit, 1964; Wilson et al., 1989; Yamaguchi et al., 1980). 

Compression wood has been successful induced by applying exogenous indole-3-

acetic acid (IAA) as reported by several authors (Balch, 1952; Fraser, 1952; 

Necesany, 1958; Onaka, 1940; Wershing and Bailey, 1942). Their studies are listed in 

Table 2.5. 

Table 2.5 Inducing compression wood by exogenous IAA. 

Author Species Position 

Onaka Pinus thunbergii etc. Stem 

Wershing and Bailey Pinus strobus Stem 

Fraser Pinus radiata Stem 

Balch Abies balsamea Stem and branch 

Necesany Pi/luS sylvestris Stem 

Concentration 

0.5% & 1% IAA 

1% &2%IAA 

0.1% IAA 

l%IAA 

O.Ol%IAA 

Onaka, in 1940, was the first to show that the application of auxin to a gymnospenn 

could cause compression wood formation. He applied lanolin pastes containing 0.5% 

indoleacetic acid on the stem of 2-year-old pine trees. After approximately 20 days, 

10 rows of cells had been fonned and showed the following characteristics: round in 

cross section, surrounded by intercellular spaces, thick wall with helical cavities 

oriented at an angle of 45%, red-brown in colour and highly lignified. Those tissues 

fonned over a distance of several centimetres below the point of application of the 

IAA but only one centimetre above. At the end of the growing seasons, a 1.7 mm 

thick layer of compression wood had been produced. When lanolin containing 1 % 

IAA was applied, a layer more than 3mm thick was laid down, extending 3-7 em 

below the point of application. also indicted that cells with rounded outline were 

observed in the cambium as early as 4 days after the treatment and thick tracheid 

walls appeared after 7 days. Compression wood formed almost immediately over a 

distance of 2 em below the application point. Another study (Balch 1952) applied 1 % 
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IAA in the stem of Abies balsamea. He also induced compression wood successfully 

within a zone 4 cm above to 8.5 cm below the application points. 

Palye (1968b) applied 0.1 % and 1 % IAA in lanolin to the upper side of buried and 

exposed roots of several conifer species. In Pinus sylvestris, exogenous IAA only 

resulted in increased xylem development especially in buried roots. In exposed roots, 

the formation of more or less typical compression wood occurred to the upper side of 

the application point. No compression wood was produced in either buried or exposed 

roots of Pinus resinosa and Picea abies. These studies indicate that compression 

wood is evidently induced less readily by exogenous auxin in roots than it is in stems 

or branches. Hence Payle suggested that some concomitant factor was missing in 

roots or that perhaps some inhibitor was present. 

Non-destructive evaluation (N 

By definition, non-destructive evaluation is the science of identifying the physical and 

mechanical propelties of a material without altering its end-use capabilities and using 

this information to make decisions regarding appropriate applications (Ross, 1999). 

These NDE technologies include x-rays, microwaves, high frequency ultrasonics and 

low frequency acoustics etc. Recently non-destructive methods have been applied in 

many areas related to forest and wood product industries. Some researches have used 

acoustics to determine wood stiffness and strength (Albert et al., 2002; Booker and 

Ridoutt, 1997; Bucur, 1985; Dunlop, 1981; Dunlop, 1983; Lindstrom et al., 2002; 

Matheson et al., 2002; Matheson et al., 2000; Ouis, 1999; Tsehaye et al., 2000; 

Walker and Nakada, 1999) and to evaluate paper and pulp qualities (Albert et at., 

2002). 

2.2.1 MDE to assess wood stiffness 

In general, two types of NDE acoustic systems are commonly used to assess wood 

qualities of stems, logs and lumber. One is time of flight (TOP) based tools and the 
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other uses resonance-based equipments. The principals of these two systems arc 

different. In the time of flight system, a mechanical or ultrasonic impact is used to 

impalt a wave into the sample. Sensors arc placed at two points on the sample and arc 

used to detect passing of the wave. The time required for the wave to travel between 

these transducers is measured and converted into vclocity. Some commercially 

available TOP instruments arc Pakopp, Silvatest and Metriguard etc. These tools can 

measure acoustic velocity in standing trees, felled logs and lumber. 

The difference between resonance-based tools and TOF instruments is that in the 

former the signal travcls within samples back-and-forth end-to-end more than a 

hundred times resonating at various frequencies, ie the fundamental frequency and its 

overtones. The velocity is calculated based on natural frequency or its oveltones 

(these arc not always true harmonics). WoodSpec and llitman are typical examples. 

These resonance based tools have more limitations than TOP tools. Since the 

produced signal travels back-and-forth in the material many times, two clear ends of 

the material are essential. In this case, they only can be applied on the felled logs or 

lumber and not on the standing tree. 

The utility of non-destructive techniques for assessing wood quality has been 

examined by many researchers. The good correlations between stress wave MOE 

values obtained from time-of-flight equipments and static MOE of clear woods and 

lumber have been reported by several researchers (Bell et ai., 1954; Galligan and 

Courteau, 1965; Pellerin and Galligan, 1973; Porter et ai., 1972). The correlation 

coefficient (r) was between 0.90 and 0.98. Lindstrom et ai. (2002) determined the 

correlation between dynamic MOE measured by resonance tools and static MOE for 

stembolts. A good correlation also been found between each other with coefficient of 

determination (R2) 0.91. Hence both TOF and resonance based non-destructive 

techniques can be used to assess wood quality reliably. 

Since the principals of time-of-flight and resonance based instruments are different, 

their performances and capabilities have been compared by several authors (Andrews, 

2002; Kumar et ai., 2002). Andrews compared resonant velocities measured on logs 

with those derived from accurate time of flight (TOP) measurements on both the 

entire log and metre-length portions along it. He observed that the TOP velocities are 

significantly faster approximately 1.3 times of resonance speed, particular in the latter 
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case, which are equivalent to live-tree TOF measurements made with single-pass 

timers. He also claimed that measurements on metal bars confirm that the TOF 

measurements are influenced by the fast dilatational speed in elastic materials. In the 

case of the "live tree" measurement on mature trees the dilatational speed is dominant. 

The ratio of incremental to end-to-end resonance speed is about 1.3. Hence squaring 

the TOF speed will badly overestimate the MOE of the wood (Andrews, 2002). 

2.2.2 NDE techniques used in this thesis 

Fakopp-2D system 

The Fakopp-2D is a second generation version from Fakopp. In the original Fakopp 

system, there are only two transducers (a start and a stop transducer). However with 

this second generation system, a total of 6 transducers can be connected at the same 

time and provides more cross-referencing during simultaneous measurement (Figure 

2.8). 

STOP TRANSDUCERS 

START TRANSDUCER 

Figure 2.8 Fakopp-2D measuring system diagram. 

The stress wave is simply induced by tapping the start transducer with a small 

hammer. The produced signal passes through samples and is received by each of the 

stop transducer. Some details are important when using this tool, e.g, the angle (a) 

between the material and each transducer should be not exceeds 45 degrees. If this 

angle is exceeded the transit time within the metal probe becomes considerable and 

variable and can gives unreliable transit times. 
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The velocity between each stop transducer i.e. between transducers 1 and 2; 2 and 3 

etc. is derived using equation 2-1. However, for the velocity measurement from start 

transducer to each of the stop transducers i.e. from start transducer to stop transducer 

1 to 5, equation 2-2 should be applied. In this case, a time correction factor should be 

added. This correction factor is the time required for the stress wave to travel in the 

long metal probes before it starts propagating in wood (at the start probe) and for the 

similar time at the stop probe. According to the manufacturer's specification this 

delay is typically about 30lls. 

v = DIT (equation 2-1) 

v = D / (T - T 1) ( equation 

Where V is velocity; D is distance between two transducers; T (f.l s) is time between 

two transducers; and Tl is time correction factor 30 (f.l s). 

WoodSpec 

WoodSpec is a resonance based tool developed by Industrial Research Limited (IRL), 

Wellington, New Zealand. The system schematic is shown in 2.9. There are 

two main graphs displayed on the computer screen. The top graph is a time display of 

the capture buffer whereas the lower one is a frequency graph of the time data display. 

Two operational methods can be used with this instrument: trigger and sweep modes. 

The trigger mode is a simple form of a hit and reverberation system. The signal is 

generated by hitting the sample using a small steel ball. Either a microphone (for 

small samples) or an accelerometer (for medium sized logs) can be used as sensor. 

For the sweep operational mode, an acoustic plane wave is generated using either a 

conventional speaker or a piezo-element. Both microphone and accelerometer can 

also be used as the signal receiver (Figure 2.9). 
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r-----~ WoodSpec 

Materials Generator 

Figure 2.9 WoodSpec measuring system diagram. 

Once the sample length has been measured and entered, the software calculates the 

acoustic velocity automatically based on equation 2-3: 

V=2lj (equation 2 -3) 

Where j (Hz) is the fundamental resonance frequency; and l (m) is the sample length. 

Once the velocity has been obtained and the density of the sample determined, the 

MOE of the sample can be calculated using the following equation 2-4: 

( equation 2 -4 ) 

Where E is the MOE (GPa); p is the density of samples (kg/m3
); and V is the acoustic 

velocity (lan/s). 
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Chapter 3 Wood properties of Pinus radiata 

stem and branch wood 

3.1 Introduction 

30 

The current trend is to harvest radiata pine at ever younger ages, certainly below 30 

years in some southern hemisphere countries such as Australia and New Zealand. 

Consequently, with these fast grown plantations, the average density and stiffness of 

wood tends to decrease together with an increasing proportion of distortion-prone 

juvenile wood and knotty corewood. Although the common feature for these fast 

grown trees is the lower wood quality (more juvenile wood) compared to slow grown 

trees, the quality and property variations within and between trees are huge. Several 

researches have shown that in one tree the initial microfibril angle (MFA) might be 50 

degrees and in another only 30 degrees, e.g. Donaldson (1992); in one tree the density 

of outerwood is around 500 kg/m3 and another it is approximate 375 kg/m3 (Cown and 

McConchie 1983). In these circumstances, good quality trees can be found in these 

fast growth plantations if the method of identification is appropriate. 

Since stiffness is an important index for materials used in structural applications, the 

methodology of ranking trees for stiffness is important. Density has been reported as 

the most important parameter to predict wood quality. However, recently several 

researchers (Walker and Butterfield 1996; Tsehaye et al. 2000a) have claimed that 

microfibril angle is a better parameter to evaluate wood quality than density. The 

correlation between stiffness and microfibril angle is much stronger than between 

stiffness and density. Even more significant, a small decrease in microfibril angle has 

a much larger effect on stiffness than does a modest change in density. 

Since microfibril angle is the most important character to assess wood stiffness, 

several technologies have been developed to measure microfibril angle in wood. 

Today, the X-ray diffraction method is the favored way to determine the microfibril 

angle (Cave, 1966; Evans et al., 1999; Evans and llic, 2001; Evans et al., 1996). It 
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samples many cells simultaneously in a relatively short time (a minute or so) and can 

scan along specially machined increment cores to provide a varying MFA profile 

from pith to cambium (in periods of time from 10 minutes to a few hours depending 

on core length and the required detail). Although microfibril angle can be determined 

accurately by this technique, specimen preparation takes time and even today the 

method is not cheap. 

Recently non-destructive evaluation (NDE) technologies have been developed and 

applied in many forest related industries. There are many advantages for using these 

non-destructive instruments apart from assessing wood quality non-destructively. 

Low frequency sound has been used to predict stiffness, fibre characteristics and 

paper properties by several authors (Albert et al., 2002; Tsehaye et al., 1997). 

Tsehaye et al indicated that logs sorted into the fastest velocity of sound category 

yielded lumber that was 90% stiffer than the logs sorted to the slowest velocity of 

sound grouping. 

Several researchers have also compared the relationship between dynamic modulus of 

elasticity (which obtain from NDE equipments) and static modulus of elasticity (Bell 

et al., 1954; Galligan and Courteau, 1965; Pellerin and Galligan, 1973; Porter et al., 

1972). Excellent correlations have been observed between dynamic and static MOE 

with a correlation coefficient between 0.90 and 0.98. That means non-destructive 

instrument have the capability to assess wood quality reliably. 

Stiffness is linked to both density and microfibril angle (Cave, 1968; Evans and Ilic, 

2001). The equation (Section 2.2.2, equation 2-4) between speed of sound, density of 

mass and modulus of elasticity is long established. One can say using acoustic 

technologies to sort logs according to their stiffness also means sorting logs by their 

two most important characters microfibril angle and density. In this case, the 

microfibril angle can be predicted indirectly instead of measuring by X-ray and this 

can save a lot of operational time. In addition the measured value can be simply 

converted to modulus of elasticity directly when applies on fresh, green radiata pine 

logs (generally green density can be taken as 1000 kg/m\ 

Therefore a resonance based acoustic instrument is used to evaluate the modulus of 

elasticity of stemwood and branch wood from three families. Several stem bolts and 
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branches are taken per tree from near ground level to the top of the tree for density, 

acoustic velocity and stiffness measurements. 

The first objective of this chapter is to determine the variation of stem and 

branchwood qualities within trees. The second purpose is to evaluate the performance 

of WoodSpec resonance based non-destructive equipment on small samples. Several 

operational models in this tool are also compared in this chapter. The third objective 

is to see if tree breeders can estimate stemwood properties with sufficient confidence 

from destructive sampling of a few branches. This might be more attractive than 

existing non-destructive methods such as increment cores and stemwood acoustics. In 

addition this research can fill the gaps of understanding the relationship between stem 

and branch wood since only few papers have discussed the correlation between stem 

and branchwood in terms of tracheid length (Sudo 1973; Fujisaki 1975; Fujisaki 1977; 

Fujisaki 1978; F\ljisaki 1983) and modulus of elasticity (McAlister et al. 2000). 

3.2 Materials 

3.2.1 Initial selection of three radiata pine families 

This study used a 7-year-old commercial radiata pine breeding trial located in the 

South Island of New Zealand,c1ose to Amberley, North Canterbury and established 

by Proseed New Zealand Ltd. The families in the Amberley trial came from a larger 

tree breeding programme established to discover superior traits which was centred at 

Rotorua (North Island) and Rangiora (South Island). Seeds collected from both places 

were used to establish the trial at Amberley. Five families were planted in 16 

randomised blocks. 

Previously the families in the trial had been ranked based on acoustic transit time data 

given by Silvatest® (Sandoz and Lorin 1996). Based on this earlier study, the three 

families with the lowest, medium, and highest Silvatest® transit times were 

considered to represent MOE family variability (a little naive, but the three families 

were assumed to display some within and between family variability - adequate for a 

scoping trial of methodologies). In total 36 straight trees with no visible defects or 

stem injuries were selected and felled from three blocks within the trial. 



Chapter 3 Wood properties of Pinus radiata stem and branch wood 33 

Seeds for each particular seed family had been collected from both seed orchards in 

Rotorua and Rangiora. Seeds marked Fll, F13 and F15 from Rotorua, together with 

seeds designated F21, F23 and F25 from Rangiora, were used to establish respectively 

the lowest (F15 + F25), the medium (F13 + F23) and the highest stiffness (Fll + F21) 

families. For the medium and the low MOE families, 7 among 12 trees (per family) 

were grown from the Rotorua seed source and the remaining 5 trees were grown from 

the Rangiora seed source. For the high MOE family half the trees were grown from 

the Rotorua seed source and the other half came from the Rangiora seed source. 

3.2.2 Selection of stem bolts 

Three clearwood stembolts (taken from between branch nodes/whorls) were cut from 

each of the 36 selected trees. The bolts were taken at approximately breast height (1.4 

m) and at 50 and 80% of the full-stem height. The bolt length had to have a length-to

diameter ratio of at least 3 as a requirement for acoustic velocity measurement with 

WoodSpec. In addition a very small diameter fourth stembolt was cut from the top

most part of the tree (top shoot). In total 108 stembolts and 36 top-most stembolts 

were used in this study (Figure 3.1). The mean DBH and location of stembolts for 

each MOE family are listed in Table 3.1. The mean height and length of the stembolts 

at each location is quite variable as an unavoidable outcome of any sampling strategy 

as this is a consequence of the branching habit of each tree. 

Table 3.1 The mean DBH and location of stembolts for each MOE family 

MOE family DBHA Seed source 1st bolt 2nd bolt 3rd bolt 

(rum) locationB locationC (m) location (m) location (m) 

High MOE 117 F11 1.31-1.77 3.50-3.93 5.44-5.82 

F21 1.31-1.80 3.31-3.73 5.04-5.49 

Medium MOE 105 F13 1.45-1.95 3.09-3.56 5.08-5.40 

F23 1.65-2.15 3.65-4.07 5.32-5.81 

Low MOE 112 F15 1.28-1.66 3.81-4.26 5.67-6.12 

F25 1.43-1.88 2.93-3.61 4.74-5.26 

A. Average diameter at the 1 st bolt sampling position. 

B. Numbers F15, F13 and Fll are from Rotorua; F25, F23 and F21 are from Rangiora seed orchards. 

C. Average lower and upper locations for 1 st stembolts. 
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Total tree hei ght c. 5 . 8 m 

Top shoot 

3.S·S.4m 

lrd bolt 

3,4· 3.13 m 

c. 50% of tree height 2nd bolt 

2.0·4.8 m 

1.0 . 3.3 m mi n·ma:>: upper sampl i ng positi on 

c.1.4m '1st bolt 

0.7·2.8 m min·max lower sampling position 

Figure 3.1 The sampling positions of bolts, top shoots, and branches within each tree 

3.2.3 Branch selection 

The total number of branches in a whorl varied between trees and with the height of 

the whorl above ground level. Only the three largest diameter branches were collected 

from the branch whorl immediately above each of the 1st, 2nd and 3rd clearwood 

stembolt. The selected branches were trimmed in length to include only the first three 
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branch internodes (Figure 3.1). In total 324 branches were collected (3 families * 12 

trees * 3 positions * 3 branches). 

In theory, 972 branch segments (324 branches * 3 branch segments) should have been 

available, but only 743 branch segments were collected. The reason was that some 

branches did not have three or more segments. This was especially evident in the 

uppermost part (3 rd stembolts) of the tree. In this situation, branches were grouped 

according to number of branch internodes. For example, a branch with no nodes was 

noted as having the 1st branch segment but no 2nd or 3rd segment. The same rule was 

applied to branches which contained only two nodes. All stem bolts and branches 

were marked with trial block number, MOE family, seed source and tree number, and 

position up the stem. 

3.3 Method 

3.3.1 Sample preparation 

Stembolts and branches were placed in a freezer store immediately after felling to 

prevent water loss. Before measuring properties, all materials were unfrozen at room 

temperature and cross-cut to give two smooth, parallel end-surfaces (perpendicular to 

the length of the piece). A resonance-based system, WoodSpec (Section 2.2.2), was 

used to measure the acoustic velocity of both stembolts and branches. 

The experimental procedure for stembolts was to measure acoustic velocity with and 

without bark in the green condition as a first step, followed by measuring green 

density. With regard to branches, the first step was to measure the acoustic velocity in 

the full-length branch (containing the first three segments adjacent to the branch base) 

after de-freezing at room temperature. Then each branch was cut into three branch 

segments (1st
, 2nd and 3rd

) and the acoustic velocity of each segment was measured 

twice, with and without bark respectively. 

Once the green acoustic velocity and the green density of stembolts and branch 

segments had been measured, the bark-free materials were dried in an air-conditioned 

room (25°C, 65% RH) to equilibrate at 12% moisture content. Velocity and density at 

12% moisture content were re-measured for both of stembolts and branch segments. 
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Density measurement 

The calculated green density was based on water displacement of green bolts where 

the volume was determined to ± 0.5 cm3 and the weight was determined to ± 0.5 g. 

The stembolts were then dried in an air-conditioned room (25°C, 65% RH) to 12% 

moisture content. To measure the air dry density of the bolts, the dry stembolt weights 

were determined to ± 0.5 g before and after brushing with liquid silicone to prevent 

water absorption during water displacement. The dry volume was determined to ± 0.5 

cm3
. On average, a small weight gain of 0.87% for stembolts was recorded after 

brushing with silicone. 

To measure the green density of branch segments, the weight of each branch segment 

was determined to ± 0.05g and the volume of the segment was obtained by water 

displacement to ± 0.5 ml. All branch segments were then placed in an air-conditioned 

room (25°C, 65% RH) to equilibrate at 12% moisture content. Once the branch 

segments were air-dried, weights were determined to ± 0.05g before and after 

brushing with liquid silicone at both ends to prevent water absorption during water 

displacement. The dry volume was determined to ± 0.05 ml. On average, a small 

weight gain of 0.33% for branch segments was recorded after the segments were 

coated with silicone. 

3.3.2 WoodSpec - non-destructive measurement of stiffness 

The MOE of each stembolt and branch segment was calculated using equation 2-4. In 

this case, the velocities of samples were obtained from the WoodSpec non-destructive 

instrument and the densities of both stembolts and branch segments were determined 

using the methodology described in section 3.3.2. 

Two operational modes, sweep and trigger modes in WoodSpec instrument, could be 

used to measure velocity of samples. For both operational modes, there were several 

combinations of sound or stress wave generation and signal detection. For the signal 

production, a steel ball could be used to induce the acoustic impulse wave as could 

either a speaker or piezo-element. Both accelerometers and microphones could be 

used to pick up the signal. The operational systems used for stembolts and branch 

segments in the green condition and air-dry condition are summarised in Table 3.2. 
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Table 3.2 The operational systems used in WoodSpec for bolts and branch segments 

in the green and air-dry conditions 

Stem bolt Branch segments 

Green Dry Green Dry length> 30 cm Dry length < 30 cm 

Operational mode Sweep Trigger Sweep Trigger Sweep 

Signal producer Speaker Steel ball Speaker Steel ball Piezo-element 

Signal detector Accelerometer Microphone Accelerometer Microphone Microphone 

The acoustic velocities of all materials - stembolts, full-length branches (containing 

the first three branch segments) and each individual branch segments in the green 

condition were measured using same sweep modes. A speaker whose frequency range 

lay between 500 Hz and 5 kHz, was placed at one end of the sample at a distance of 

about 50 mm and at the other end an accelerometer, as sensor, was attached to the 

stembolt using vaseline to ensure good contact (Figure 3.2). However, the operational 

mode used for all samples in the air-dry condition avoided using the accelerometer as 

the sensor. The reason was that the mass of accelerometer (5.0 grams) could affect the 

velocity significantly with light-weight samples (Section 3.4.1). 

As the accelerometer was not to be used as the sensor for measuring samples at 12% 

moisture content, a microphone was used instead. For the stembolts in the air-dry 

condition, velocity was determined using the trigger operational mode in which one 

end of the sample was struck by a steel ball on a pendulum string while a microphone 

was placed at the other end of the sample to detect the signal. 

The method for the branch segments at 12% moisture content was more complicated 

than the method applied for stem bolts. With the longer branch segments, where the 

length was more than 30 cm, the measurement was as same as that which applied for 

the stem bolts (Figure 3.3). However, for the shorter branches, where the length was 

less than 30 cm, the acoustic velocity was measured using sweep mode with the 

acoustic wave being generated by a very light piezo-element (0.103 grams) while the 

microphone was used as the non-contact detector (Figure 3.4). 
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Figure 3.2 Acoustic velocities measured on stembolts (green MC) by sweep mode 

(speaker & accelerometer) 

- --- "--- --- - -----'1 

Figure 3.3 Acoustic velocities measured on branches (12% MC) that are more than 

30cm long, using the trigger mode (steel ball & microphone) 
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Figure 3.4 Acoustic velocities measured on branches (12% MC) less than 30cm long, 

using the sweep mode (piezo-elements & microphones) 

The different method for these two groups was due to the frequency range of the 

speaker being between 500 Hz and 5 kHz. When the branch length was too short 

(approximate less than 30 em) the fundamental frequency could higher than 5 kHz 

and beyond the limit of the speaker. Hence, a piezo-electric element whose output 

range is more than 5 kHz was used for these short segnlents. 

Perhaps logically the piezo-electric element should have been used for all segments. 

However, it also has limitations. In general, the power-loss of high frequency sound is 

greater than for low frequency sound. Although a piezo-element can generate high 

frequency sound, above 5 kHz, the power is not enough to travel long distances. 

Hence, for the segments whose length is more than about 30 em, the steel ball was 

used instead to generate the stress wave. 
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3.4 Experimental results and 

3.4.1 Effect of accelerometer mass on acoustic velocity 

In total 130 branch segments were selected to examine the effect of accelerometer 

mass on acoustic velocity. Supposedly the acoustic velocity for each sample should be 

the same regardless of whether a microphone or accelerometer was used for signal 

detection. In the other words, the data should fall on the line corresponding to y=x in 

Figure 3.5. However, the readings obtained when using the microphone as sensor 

were higher than those using the accelerometer. This result demonstrated that the 

accelerometer was contributing its extra 5 grams mass to the resonating sample, hence 

the acoustic velocity was affected by the mass of accelerometer. The coefficient of 

determination between the two sets of observations was 0.72. 
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Velocity using microphone (kmls) 

Figure 3.5 The relationship between velocities using accelerometer and microphone 

as the signal receiver 

The velocity is affected most dramatically by the mass of accelerometer where the 

branch samples were light in weight Figure 3.6 shows the percentage of velocity 

increase where using a microphone compared with using the accelerometer. Where 

the segment weight exceeded about 50 grams, the difference of velocity value 

obtained by microphone and accelerometer was less significant. However, where the 
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weight of segment fell below about 50 grams, the velocity was affected dramatically 

by the mass of accelerometer. The increase could be as much as 70 percent when 

placing the non-contacting microphone at one end of a very light branch segment. 
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Figure 3.6 Percentage increase in acoustic velocity in branch segments where a 

microphone is used as sensor compared with using an accelerometer 

The effect of accelerometer mass on the acoustic velocity can be analysed and 

corrected for using the equation from Kinsley and Frey (1962): 

tan kl = _ !!.1.. 
ki 111" 

(equation 3-1) 

Where 111a is the mass of accelerometer, mb is the mass of the branch, 1 is the length of 

the branch and k is the wavelength constant, defined as: 

k = 21if (equation 3-2) 
c 

wherefis the frequency, and c is the velocity. 

The acoustic velocity can be predicted on eliminating the mass effect using the next 

equation: 
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1l (1 +0.01) 
C =-XI xC 

P kl \ 1 a 
(equation 3-3) 

where Cp is the predicted velocity (without any mass loading) and Ca is the 

uncorrected measured velocity using an accelerometer. The value of Kl was calculated 

for each malmb ratio by solving equation 3-1. 

The velocities which were originally determined using the accelerometer can be 

modified by equation 3-3 in order to eliminate the contribution of the 5-gram mass 

contributed by the accelerometer. The new modified velocities were then compared 

with the velocities obtained using the microphone as the sensor. Figure 3.7 shows that 

the modified velocities were in good agreement with the velocities measured by the 

microphone (R2 = 0.92). This outcome indicates that although acoustic velocities were 

detected by accelerometer, the data still can be corrected using equation 3-3 to 

eliminate the influence of accelerometer mass. 

4.00 

(') 3.75 I 
(') 

c:: 3.50 0 
:;:: 
III 

3.25 ::I 
0-
(I) 

Y= 1.0055x 

R2= 0.9226 

~ 3.00 
;:.. 2.75 := 
0 
0 2.50 n; 
> 

"C 2.25 
(I) 

;;:: 
:s 2.00 
0 
:::: 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00 

Velocity using microphone (km/s) 

Figure 3.7 Comparison between acoustic velocity using a microphone as sensor and 

the velocity obtained by accelerometer and then modified by equation 3-3 
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3.4.2 Effect of bark mass on acoustic velocity 

The experimental results showed that the coefficient of determination between the 

acoustic velocity of stembolts with and without bark was 0.77 (Figure 3.8 A). When 

analysing the data in more detail according to the four sampling positions (Figure 3.8 

B), the debarked velocities for the 1st and 2nd stembolts appears to be closer to the line 

y = x when compared with the velocities for the 3rd and top-most bolts. 

Table 3.3 lists the relationships between stem bolts acoustic velocity with and without 

bark in the green condition for four sampling positions: at 1-3, 3-5 and 5-7 metres up 

the stem and also for the top-most position. The percentage velocity change after 

debarking varied between each position. For the bottom stem bolts ranging between 1 

to 3 metres stem height, the acoustic velocity increased 7.2 % after debarldng, with 

coefficient of determination 0.97. The percentage difference increased with sampling 

height up the stem. For the stem bolts lying between 3 and 5 metres (2nd bolts) and 

between 5 and 7 metres (3fd bolts), the acoustic velocity increased 10.2% and 15.6% 

respectively after debarldng. The velocity for top-most bolts increased significantly 

by 22.6%. 
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Figure 3.8 Relationship between acoustic velocity in stembolts with and without bark 

in the green condition (A), the acoustic velocity varies with positions 

along the stem (B) 
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Table 3.3 Relationships between acoustic velocities in stembolts, with and without 

bark, with height up the stem in the green condition 

Stembolt height (M) 

Up to 3 M 

3-5M 

5-7M 

Top-most bolt 

Average percentage increase in 

acoustic velocity after debarking 

7.18 (1.72) 

10.25 (3.83) 

15.65 (5.52) 

22.60 (4.95) 

Note: the number in brackets is the standard deviation. 

Regression equation R-square 

value 

Y = 1.072X 0.97 

Y 0.86X + 0.44 0.86 

Y=1.l0X 0.81 

Y = 0.79X + 0.70 0.71 

Y=1.15X 0.56 

Y = 1.13X + 0.13 0.87 

Y=1.22X 0.86 

In principle the differences in velocity after debarking should be due to the different 

ratio of bark mass to xylem mass in the four bolt groups. Bark has few fibres and little 

tensile stiffness, thus a high percentage of bark (by weight) only contributes more 

mass but not stiffness. As a result, velocity should increase significantly for the top 

bolts after bark removal (bark to xylem ratio was higher compared with butt bolts). 

Unfortunately the experiment in this chapter could not verify this hypothesis since the 

mass and the volume of bark were not measured. This theory was validated by a 

subsequent study discussed in section 4.3.6. 
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3.4.3 Statistical analysis of the variation in wood properties 

The following variables were available for analyses: 

(1) Green stembolt density 

(2) Green stembolt velocity 

(3) Green stembolt MOE 

(4) Air-dry stembolts density 

(5) Air-dry stembolts velocity 

(6) Air-dry stembolts MOE. 

At first, the data appeared to be arranged in a factorial stmcture of: 

(a) MOE family (High, Medium, Low) 

(b) Seed source (6) 

(c) Position up the stem (5) 

45 

However, closer examination of the data showed that the MOE families were totally 

confounded with the seed sources (that is, a given MOE family was only represented 

by a subset of the seed sources) so MOE family was dropped as a factor. Position on 

the stem was originally measured as a continuous variable up the log; here it was 

placed into 5 discrete height classes (1-2 m, 2-3 m, 3-4 m, 4-5 m, and> 5 m). Statistic 

results were listed in Table 3.4. 

For all six response variables there was a highly significant (p. <0.0001) interaction 

between seed source and position on the bolt, showing both seed source and bolt 

position were differing but the dual effect was not additive, suggesting that different 

seed sources were changing in distinct ways up the bolt. With the interaction highly 

significant, the main effects of seed source and position on the bolt will be significant 

for algebraic reasons. 



Chapter 3 Wood properties of Pinus radiata stem and branch wood 46 

Table 3.4 Analysis of variance of the wood properties 

Source DF SS Mean Square FValue Pr>F 

Dependent variable: Green stembolt density 

Seed Source 5 145750.9955 29150.1991 11.73 < 0.0001 

Position 4 210344.3811 52586.0953 21.15 < 0.0001 

Seed Source*Position 20 161410.6218 8070.5311 3.25 < 0.0001 

Dependent variable: Green stembolt velocity 

Seed Source 5 1.09783634 0.21956727 11.36 < 0.0001 

Position 4 4.32706348 1.08176587 55.97 < 0.0001 

Seed Source*Position 20 1.23203876 0.06160194 3.19 < 0.0001 

Dependent variable: Green stembolt MOE 

Seed Source 5 19.08599010 3.81719802 17.30 < 0.0001 

Position 4 49.15876428 12.28969107 55.70 < 0.0001 

Seed Source*Position 20 14.58967102 0.72948355 3.31 < 0.0001 

Dependent variable: Air-dry stembolt density 

Seed Source 5 5349.20332 1069.84066 3.85 0.0022 

Position 4 3824.45300 956.11325 3.44 0.0091 

Seed Source*Position 20 16149.08294 807.45415 2.90 < 0.0001 

Dependent variable: Air-dry stembolt velocity 

Seed Source 5 3.73900893 0.74780179 25.16 < 0.0001 

Position 4 6.49822762 1.62455690 54.67 < 0.0001 

Seed Source*Position 20 2.33799731 0.11689987 3.93 < 0.0001 

Dependent variable: Air-dry stembolt MOE 

Seed Source 5 27.92215392 5.58443078 22.44 < 0.0001 

Position 4 44.86196109 11.21549027 45.06 < 0.0001 

Seed Source*Position 20 17.72979525 0.88648976 3.56 < 0.0001 
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3.4.4 Stiffness af stem baits and branch segments 

3.4.4,1 Wood properties between sampling positions within the tree 

3.9 shows the variation of MOE for stembolts and branches at 12% moisture 

content with position up the stem. The MOE of the stembolts increases from around 

3.5 GPa at 1 metre to approximately 6.5 GPa at 4 metres and then decreases thereafter 

to ca. 4.5 GPa at 6 metres. In contrast the MOE of the branches decreases linearly 

with tree height from approximately 4.5 GPa at 1 metre to 3 GPa at 6 metres. 
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Figure 3.9 Variation in stembolt and branch MOE at 12% moisture content with 

position up the stem 

Table 3.5 shows the air-dry MOE of stembolts between families and seed source 

locations. The mean and volume-weighted MOEs for the high stiffness family are 

5.12 GPa and 4.99 GPa respectively while they are 4.90 GPa and 4.74 GPa respective 

for low the stiffness family. The medium stiffness family has the highest mean MOE 

(5,47 GPa) and volume-weighted MOE value (5.34 GPa). This MOE ranking of 

families does not correspond to the preliminary Silvatest®. In hindsight it would have 

been better to have treated the six seedlots independently rather than grouping them in 

pairs as indicated by Silvatest. 
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One possible reason for this different ranking might be that the sampling position for 

the bottom bolts in the medium MOE family was higher up the stem than for the 

others (Table 3.1).As Figure 3.9 shows that the modulus of elasticity gradually 

increased from ground level to approximately 4 metres and then decreased thereafter, 

the higher stembolt sampling position can result in obtaining higher MOE reading. 

This unequal sampling height was a consequence of the branching habit of each 

tree/each family and the requirement that each sampled bolt should be a clear 

internode with a diameter:length ratio of at least 1:3. 

Table 3.5 The modulus of elasticity of stembolts between families and seed locations 

at 12% moisture content 

MOE Mean V_WA Seed 1 st bolts 2nd bolts 3rd bolts Mean V-WMOE 

family MOE MOE source MOE MOE MOE MOE (GPa) 

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) 

High 5.l2 4.99 lIB 4.94 5.88 4.91 5.26 5.29 

21 c 4.32 5.20 5.44 4.97 4.68 

Medium 5.47 5.34 13B 4.85 5.48 5.35 5.36 5.26 

23c 5.22 5.99 6.05 5.57 5.41 

Low 4.90 4.74 15B 4.37 5.96 5.29 5.l5 4.89 

25c 4.l4 5.01 4.73 4.65 4.58 

A. V-W MOE means volume weighted stem MOE from three bolts. 

B. Seeds collect from Rotorua. 

C. Seeds collect from Rangiora. 

To eliminate the effect of unequal sampling position, the modulus of elasticity values 

for the 1st
, 2nd

, and 3rd stembolts were adjusted to fixed stem heights. The MOE values 

for the 1st stembolts were adjusted to breast height (1.4 m) while the 2nd stembolts 

were adjusted to a height of 4 m, in both cases using a correction factor of 1GPa per 

metre based on the trend shown in the Figure 3.9. For the 3rd stembolts, the MOE 
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values were adjusted to 6 metres using a correction factor of -0.5 GPa per metre. The 

adjusted results are shown in Table 3.6. 

Table 3.6 The adjusted modulus of elasticity of stembolts to breast height, 4 metres 

and 6 metres tree height at 12% moisture content 

MOE Mean Seed 1st bolt MOE 2nd bolt MOE 3rd bolts MOE Mean adjusted 

family MOE source adjust to 1.4 adjust to 4 rnA adjust to 6 mB MOE (GPa) 

(GPa) mA(GPa) (GPa) (GPa) 

High 5.10 11 4.96 6.13 4.61 5.24 

21 4.16 5.69 5.03 4.96 

Medium 5.41 13 4.73 6.22 5.27 5.41 

23 4.68 6.08 5.48 5.41 

Low 4.88 15 4.35 5.79 5.17 5.10 

25 3.80 5.81 4.37 4.66 

A. MOE value adjusts by IGPa per metre. 

B. MOE value adjusts by -0.5 GPa per metre. 

Originally the MOE for the 1 st stembolts using seeds collected from Rangiora (F 23) 

in the medium stiffness family showed the highest MOE value 5.22 GPa (Table 3.5) 

but this was based on sampling at a higher position 1.65-2.15 metres. After adjusting 

the modulus of elasticity to breast height the MOE decrease dramatically to 4.68 GPa. 

Even so the MOE families ranking remained different with the ranking obtained by 

Pro seed using Silvatest. The other possible reason for medium stiffness family having 

a higher MOE value than the high stiffness family is that the trees are taller in this 

medium stiffness family. Even though the real tree height was not recorded in the 

field, the diameter of 3rd stembolts (sampling at nearly equal position) would provide 

a clue for ranking tree height based on the assumption that the taper of tree is not 

significantly different between families. The average 3rd stembolt diameters for the 

high, medium and low stiffness families were 4.81,5.02 and 4.74 cm respective. 
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3.4.5 Density of stem bolts and branches 

Figure 3.10 plots the pooled data for all 36 trees, showing the density of both 

stembolts and the individual branch segments at 12% moisture content at different 

tree heights. The density of stembolt remained nearly constant at around 410 kglm3 

from 1 to 7 metres height. However, the density of 1st branch segments decreased 

steadily from 1 metre to 7 metres ranging between 522 and 459 kglm3
• The average 

density of the 2nd branch segments was higher than the 3rd branch segments and both 

decreased steadily with height from 1 to 5 metres up the stem and then increased 

slightly further up the stem. 

The average branch density (average density value of the 1st, 2nd and 3rd branch 

segments) was higher than the average density of stemwood. This result agrees with 

earlier research (Park et al. 1979; Bamber and Burley, 1983) that the most important 

of differences between stemwood and branchwood are the higher density and greater 

amount of compression wood found in the branch wood. 

560 

530 -.., E 500 -0'1 
470 ~ ->- 440 :t:::: 

tI) 
r::::: 410 Q) 

C 
380 

350 

_Bolt 
_3rd BHSeg. 

1-2 2-3 

__ 1stBHSeg. 

-lIE-Ave. 

3-4 4-5 

Position (m) 

2nd BHSeg. 

5-6 6-7 

Figure 3.10. Variation in density of bolt and branch segments with height up the stem 

at 12% moisture content 
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Table 3.7 shows the density and MOE changing along branch segments from branch 

base to tip. Both of green and air-dry densities decrease from 1st segments (ca. 1000 

kg/m3 in green condition, 500 kg/m3 in air-dry condition) to 3rd segments 

(approximately 920 kg/m3 in green condition, 400 kg/m3 in air-dry condition). The 

MOE pattern within branches is similar with its density pattern that decreases from 

the base to tip. The average MOE for the 1st branch segments are 2.67 GPa and 3.98 

GPa in the green and air-dry condition respectively while they are respective 1.90 

GPa and 3.43 GPa for the 3rd branch segments. 

Table 3.7 The density and MOE changing along branches from base to tip 

1st branch segment 2nd branch segment 3rd branch segment 

Green density (kg/m3
) 998 (0.06) 950 (0.08) 923 (0.08) 

Green MOE (GPa) 2.67 (0.92) 2.44 (1.00) 1.90 (1.02) 

Air-dry density (kg/m3) 494 (0.05) 432 (0.05) 402 (0.05) 

Air-dry MOE (GPa) 3.98 (0.78) 3.86 (0.96) 3.43 (1.21) 

Note: the number in brackets is the standard deviation. 

3.4.6 The relationship between wood and branch wood 

One object of this study was to determine whether the branch wood could be used to 

predict tree quality. Several categories of branch wood were used to compare with 

stemwood. The first category was the full-length branches which mean those branches 

containing the first three branch segments. The second type was the individual branch 

segments (l sr, and 3rd segments) and the third category was selected branch which 

means that some branches were chosen to match certain criteria. The details are 

discussed in the following sections. 
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3.4.6.1 Predicting stembolt quality from full-length branches 

Once the branch had been harvested, it was re-shorted to contain the first three 

segments. A branch that contained all three segments was defined as a full-length 

branch. The acoustic properties were measured with bark while in green condition. In 

total 145 full-length branches were used to compare with stem quality. In theory there 

should have been 324 full length branches from the 36 tress (36 trees * 3 stem 

positions * 3 branches == 324), however, not all branches contained three branch 

segments. Some branches only had two segments and some had only one segment. 

Figure 3.11 shows the correlation between stembolt acoustic velocity and the velocity 

of full-length branches. The result shows that there is no correlation between the two. 
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Figure 3.11. The relationship between velocity in the bolts and its full-length branch 

3.4.6.2 Predicting stem bolt quality from individual branch segments 

With no cOlTelation between stembolt acoustic velocity and full-length branch 

acoustic velocity, the next step was to seek a correlation between individual branch 

segments and stembolt velocity. Table 3.8 shows the relationship between stembolt 

MOE and individual branch segment MOE in both green and air-dry conditions. 

Again there is no correlation between stembolts MOE and individual branch segments 

MOE in both green and also air-dry conditions. 
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As mention earlier, the velocity measured in the green condition for both stembolts 

and branch segments used an accelerometer as the signal detector. The accelerometer 

mass could affect the acoustic velocity in the samples. Hence, equation 3-3 was used 

to modify the velocity values for both bolts and branch segments to eliminate the 

mass affection. The new modify data was used to re-con'elate with bolt MOE and 

branch segment MOE. However, the result shows that there is still no relationship 

between each other. 

Table 3.8 Coefficient of determination between MOE of bolts and branch segments 

Coefficient of determination Green condition Air-dry condition Modify by equation 

Bolt MOE - 1 st branch segment MOE 0.0344 0.0318 0.0369 

Bolt MOE _2nd branch segment MOE 0.0038 0.0021 0.0056 

Bolt MOE _3rd branch segment MOE 0.0265 0.0482 0.0226 

Table 3.9 Coefficient of determination between stembolt MOE and the MOE of 

individual branch segments according to position in the tree 

Coefficient of determination Green condition Air-dry condition Modify by equation 

Bolt MOE_1 st branch segment MOE 1-3 m 0.0294 0.1014 0.0274 

Bolt MOE - 1 st branch MOE 3-5 m 0.1117 0.2114 0.2165 

Bolt MOE 1st branch segment MOE 5-7 m 0.1065 0.1385 0.1632 

Bolt MOE branch segment MOE 1-3 m 0.0019 0.129 0.0242 

Bolt MOE _2nd branch segment MOE 3-5 m 0.0955 0.068 0.118 

Bolt MOE _2nd branch segment MOE 5-7 m 0.0619 0.0724 0.1769 

Bolt MOE _3rd branch MOE 1-3 m 0.0379 0.0984 0.0403 

Bolt MOE branch segment MOE 3-5 m 0.0088 0.0112 0.0539 

Bolt MOE branch segment MOE 5-7 m 0.052 0.3804 0.0403 



Chapter 3 Wood properties of Pinus radiata stem and branch wood 54 

Logically the stem bolt MOE and the MOE of individual branch segments should be 

compared in groups according to different positions up the tree, because sampling 

position is an important factor affecting wood quality. Hence, the relationship 

between stem and branch segment was then determined within three groups: 1-3 m, 3-

5m and 5-7 metre tree height to see whether a better correlation could be obtained 

(Table 3.9). The result shows that although the coefficient of determination is slightly 

improved, there is still a very poor or no relationship between each other. The best 

coefficient of determination of 0.38 was found between the bolt MOE and the 3rd 

branch segment MOE at 12% MC at position 5-7 metres probably fortuitous. 

3.4.6.3 Predicting stembolt quality from selected branch segments 

The previous analysis shows that there is a poor or no correlation between acoustic 

velocity and MOE of stem bolts and of branches. This failure might due to the 

variations in tree habit and architecture, even within families, i.e. for some trees the 

first branch segment is the longest segment among the 3 branch segments; however 

for other trees the second branch segment is the longest segment. The length of these 

segments vary, ranging from less than 100 mm to more than 600 mm, and the 

diameter also varies between 5 mm to more than 30 mm. Hence, it might be possible 

to develop more logical and 

compare with stem quality. 

arbitrary criteria to select suitable branch segments to 

Since there was no statistical significantly difference between the velocity of sound in 

the three largest diameter branches taken from each whorl, it might be better to 

consider the largest diameter branch only. Retrospectively a new "Criteria I" for 

selecting branch segments in the green condition was explored based on the following 

steps: 

1. Choose only the largest diameter branch in each whorl; 

2. The minimum branch segment length must be more than 25 cm; 

3. The minimum diameter must be more than one cm at both ends; and 

4. Choose the 1st segment (closest to stem bolt) if it meets the criteria 1-3; if not, 

choose the 2nd segment; or lastly the 3rd segment. 
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The reason for setting a minimum length of more than 25 cm was because the output 

range for the speaker lay between 500Hz to 5 kHz. In this situation, the fundamental 

frequency for short samples is likely to occur at a frequency beyond speaker's output 

range. By specifying a sample length of more than 25 cm proved a sufficient length, 

this ensured that the acoustic resonance frequencies were reliable. With regard to the 

segment diameter of more than 1 cm, the main propose was to ensure that the vaseline 

contact between the accelerometer and the branch end was good. 

The selection criteria for branch segments at 12% moisture content were slightly 

different from those just discussed. The acoustic velocity in the air-dry condition was 

measured with a pizeo element as sound producer. Since the upper output range of the 

piezo-element was more than 5 kHz, the acoustic velocity of a short branch segment 

could be determined reliably. Further, a microphone had been used as the sensor on 

the air-dried branches. In this situation, there was no physical connection between the 

microphone and sample. As a result, the second set of criteria, "Criteria 2", for 

selecting branch segment at 12% moisture content were: 

1. Consider only the largest diameter branch in each whorl, 

2. Choose the branch segment that had the highest MOE reading among three 

branch segments. 

The coefficient of determination between stembolts and those branch segments that 

matched "Criteria 1" (green condition) and "Criteria 2" (air-dry conditions) are listed 

in Table 3.10. The correlation between stembolts and selected branch segments is 

better than in the earlier results discussed in Sections 3.4.5.1 and 3.4.5.2. Particularly 

there are good correlations between acoustic velocity and MOE of the stembolts and 

the velocity and MOE of selected branch segments at position 1-3 metres in the green 

condition (Figure 3.12) and at 12% moisture content (Figure 3.13). The coefficient of 

determination for velocity and MOE in the green condition was 0.65 and 0.56 

respectively while in the air-dry condition was 0.34 and 0.68 respectively. 
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Table 3.10. Coefficient of determination between properties of stembolts and of the 

selected branch segments using Criteria 1 and Criteria 2 

Correlation Green condition - R square Dry condition - R square 

Bolt velocity 1-7 ill - branch velocity 1-7 ill 

Bolt velocity 1-3 ill - branch velocity 1-3 ill 

Bolt velocity 3-5 ill - branch velocity 3-5 ill 

Bolt velocity 5-7 ill - branch velocity 5-7 ill 

Bolt MOE 1-7 ill - branch MOE 1-7 ill 

Bolt MOE 1-3 ill- branch MOE 1-3 ill 

Bolt MOE - branch MOE 3-5 ill 

Bolt MOE - branch MOE 5-7 ill 
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Figure 3.12 Relationship between acoustic velocity (A) and MOE (B) for stem bolt 

and selected branch segment both between 1-3 m in the green condition 
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Figure 3.13 Relationship between acoustic velocity (A) and MOE (B) for stem bolt 

and selected branch segment both between 1-3 m at air-dry condition 

3.4.6.4 Predicting volume-weighted stembolt qualities 'from either the top

most bolt or the selected branch segment 

A tree stem is not cylindrical, rather it is tapered. Since the volume of wood in a given 

stem-length decreases with height up the tree, this difference should be considered 

when discussing whole-tree quality. In order to predict whole-tree quality, stembolts 

from the bottom, middle and the upper positions were weighted by volume. Then the 

volume-weighted stembolt MOE for each tree was used to compare with the MOE of 

the selected branch segment (based on "Criteria 2") at the position 1-3 metres and also 

with their top-most bolt MOE in the air-dry condition. 

Figure 3.14 shows the correlation between volume-weighted stembolt MOE and the 

MOE of the selected branch segment. A good correlation is found between the two, 

with the coefficient of determination of 0.62. The top-most bolt might have the 

potential to predict stemwood quality since the xylem is newly formed from the 

current year and the bolts could be taken without killing the trees. However, there is 

no or a very poor (R2 = 0.09) correlation between volume-weighted stem MOE and 

the MOE of top-most bolt (Figure 3.15). The reason for this poor correlation might be 

due to the (unknown) exact location and age of the top-most bolt. Some of the top

most bolts might have grown for only a few months and contain proportionately more 
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pith and less xylem. Others might have grown for as long as one year. The age, wood 

quality and proportion of pith in the top-most bolt are likely to differ among the 36 

top bolts. A better correlation might be expected if the top shoot had been taken and 

selected at the very base of the new annual growth in the final year before harvest. 
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Figure 3.14 Correlation between volume-weighted bolt MOE (3 bolts per tree) and the 

MOE of the selected branch segment based on Criteria 2 at the position 1-

3 metres in the air-dry condition 
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Figure 3.15 Correlation between volume-weighted bolt MOE (3 bolts per tree) and the 

MOE of top-most bolt at 12% moisture content 
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3.4.6.5 Predicting air-dry stem bolt quality from selected branch segments 

In many countries, 12% moisture content is the standard moisture content for many 

end-uses. Therefore the most practical task was to determine whether branch wood in 

the green condition could be used to predict stem wood quality at 12% moisture 

content. The data shows that there are reasonable correlations between stembolts 

velocity and MOE in the air-dry condition and the velocity and MOE of selected 

branch segments (based on Criteria 1) in the green condition. The coefficient of 

determination are 0.64 (Figure 3.16) and 0.53 (Figure 3.17) for acoustic velocity and 

MOE respectively. These results indicate that the stembolts quality at 12% MC can 

be predicted reasonably by measuring the velocity of branches in the field without the 

delay in drying. 
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Figure 3.16 Relationship between stembolt acoustic velocity in the air-dry condition 

and the acoustic velocity of the selected branch segment in the green 

condition 
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Figure 3.17 Relationship between stembolt MOE in the air-dry condition and the 

MOE of the selected branch segment in the green condition 

3.5 conclusion 

The variation in wood properties patterns in trees has been explored in this chapter. A 

simplistic summary of the overall features of stem and branchwood is shown in Table 

3.11. The results show that the stembolt density remains nearly constant at around 410 

kg/m3 from ground level up to 7 metres height. The density vatiations within this 7 

year-old radiata pine trees was small when compared with other publications (Cown 

et ai. 1991; Tsehaye et al. 1995). The possible reason is that the trees examined in this 

study were still young, only 7 year-old. The density might not vary significantly 

within these trees which almost entirely juvenile wood. 

The average density in branch wood varies significantly, ranging between 410 kg/m3 

and 480 kg/m3
. These results agree with earlier studies that state that the density in 

branch wood is higher than in stem wood (Park et al. 1979; Bamber and Burley, 

1983). The lower branches in the tree (1-3 metres up the stem) show the highest 

densities, approximately 480 kg/m3
, compared with the middle and upper position 

branches (approximately 420 kg/m\ 
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The acoustic velocity and modulus of elastic (MOE) vary within these young trees. 

For the stern wood, the MOE increases from ground level (3.5 GPa) to approximately 

4 metres height (6.5 GPa) and then decreases thereafter (4.5 GPa at 6 metres). 

However the pattern for branch wood is different to stemwood. The modulus of 

elasticity of branch wood decreases linearly from approximately 4.5 GPa at 1 metre to 

3 GPa at 6 metres (Table 3.11). 

The average density and stiffness variations along branches list in Table 3.7. Both of 

density and modulus of elasticity decrease with distance increase from branch base to 

branch tip. The densities in air-dry condition are approximately 500 kg/m3
, 430 kg/m3 

and 400 kg/m3 for the 1st, 2nd and 3rd segments respectively while their MOE are 

respective ca. 4 GPa, 3.85 GPa and 3.4 GPa. 

The correlation between branch and stern wood varies according to the height of the 

branch up the tree (positions 1 to 3) and also what sort of branch being compared. The 

results in this chapter show that each individual branch segment (1st, 2nd and 3rd 

segments) did not have the capability of predicting stern qualities. However when 

certain criteria were applied to the selection of the branch segment, the relationship 

between stemwood and branchwood was improved. The hypothesis of using 

branchwood to predict tree quality can be established when specific conditions apply. 

In this chapter the modulus of elasticity of selected branch segments, matching 

Criteria 2, demonstrated a good con'elation between stembolts MOE with a coefficient 

of determination of 0.68 at air-dry condition. Also, the MOE of these selected branch 

segments in the green condition can also be used to predict volume-weighted tree 

MOE at 12% moisture content with coefficient of determination 0.64. In other words, 

branches can be taken directly from the field and used to predict the wood quality at 

12% Me. The present selection criteria could be easily followed by less skilled staff 

in the field. 

The ranldng order of these three stiffness families determine by WoodSpec resonance 

based instrument on stembolts did not match the ranldng determined earlier by 

Proseed using Silvatest on standing trees. Although unequal sampling position can 

influence the modulus of elasticity significantly, the MOE reading of medium 

stiffness family is still slightly higher than the reading in the high stiffness family 
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after adjusting the MOE by 1GPa or 0.5 GPa per metre and compare at the same tree 

height. 

It is unclear why the ranking order is different between these two instruments. It is 

possible that the number of examined trees in this study (12 trees per family; six trees 

per seedlot) is not enough to provide a confident comparison: and we have no record 

of the number of trees sampled by Pro seed using Silvatest, nor of the experimental 

details. At the very least these two methods both indicate that the lower stiffness trees 

come from the low stiffness family. This means the poor quality trees were identified 

and could be eliminated when pre-screening for tree quality in the field. With 

hindsight, the prior ranldng of material by Silvatest was probably suspect. 

This chapter investigates the general pattern of several impOltant wood properties 

such as density, acoustic velocity and modulus of elasticity in three stiffness families 

of Pinus radiata stemwood and branchwood from position up the stem and also from 

branch base outward. In addition, this chapter also establishes two branch selected 

criteria to use for predicting stemwood quality. While this study suggests one could 

use branchwood to predict stem quality, in practice it is equally clear (as will be 

shown later) that the using of acoustic probes on standing trees is as effective and 

much quicker. 

Table 3.11 Typical mean values of the cross-section (pith-to-cambium) for wood 

properties in 7-yr-old radiata pine after air-drying 

Breast height 

Branchwood (MOE) 4.5 GPa 

Branchwood density 470 kg/m3 

Stem wood (MOE) 4.0 GPa 

Stem wood density 415 kg/m3 

4metres 

3.5 GPa 

430 kg/m3 

6.5 GPa 

41Okg/m3 

6metres 

3.0 Gpa 

420 kg/m3 

4.5 Gpa 

405 kg/m3 
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Chapter 4 Wood properties of the highest and 

lowest stiffness clones 

4.1 Introduction 

The basic stemwood and branchwood properties of three stiffness families have been 

discussed in Chapter 3. This chapter examines wood properties in more detail using 

clonal material in order to minimize genetic variability. In the previous chapter 3, 

only three stembolts were examined per tree and it was suspected that the modulus of 

elasticity values might be influenced by the unbalanced (variable) sampling positions 

up the stem. Hence, in this chapter the wood properties were detennined in more 

detail by measuring 6 stem bolts per tree, roughly every 1 or 2 internodes. Hopefully 

the wood quality gradient up the stem can be explored more successfully - especially 

as this time clones were used, so within family genetic valiability was reduced. 

WoodSpec is not capable of assessing wood quality non-destructively on a standing 

tree. Such resonance-based equipment requires two cut ends of the sample for the 

signal to travel back-and-forth and so reveal the fundamental frequency and 

overtones. Hence it only can be applied to felled logs, lumber and stembolts. For the 

non-destructive tools to work on standing trees, the operational principal and methods 

must differ from these resonance-based tools. In this chapter two methodologies for 

assessing standing tree quality are examined. 

The first approach was considered in chapter 3, namely the use of branchwood to 

predict tree quality. Since several reasonable correlations had been found between 

branch and stem acoustic velocity and modulus of elasticity, this chapter considered 

whether the branch selecting cliteria that were tried in Section 3.4.5.3 could be 

simplified by taking a single straight portion of branch segment at breast height to 

predict standing young-tree quality. If a stronger correlation could be achieved by this 

method, than it might become an alternate approach for tree breeders to select 

breeding material, distinct from using NDE instruments. 
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The second approach was the use of time-of-flight (TOF) based equipment to 

determine standing trees directly. The TOF tool used in this research was Fakopp-2D. 

Fakopp-2D is the second generation of the Fakopp family of tools. In the first 

generation Fakopp there are only two probes. Tapping the start transducer produces 

the stress wave and the velocity is measured from the arrival time at the stop 

transducer at a particular threshold level of wave amplitude. In such a system, the 

waveform and the pulse transit-time is highly influenced by the intensity of the impact 

on the start probe. 

This influence is especially significant when measuring a material like wood, which is 

highly dissipative and the acoustic wave changes its shape during its propagation. The 

perceived transit time to the receiver probe can vary depending on (1) the steepness of 

the stress wave front moving through the wood and (2) the threshold amplitUde at 

which the stop probe is triggered to detect it. The phenomena are shown in Figure 4.1 

that gives a transit time of tl when the wave front is steep and a transit time of t2 when 

the wave front is less steep. 

11 12 

Figure 4.1 Time differences in the arrival of two signals of different amplitudes and 

wave form according to a specific threshold value 

A time correction factor, which is the time required for the stress wave to travel in the 

long metal probes before it starts propagating in wood (at the start probe) and for the 

similar time at the stop probe, needs to be applied when using this two probe Fakopp 

system. Where acoustic velocity is measured over a long distance (several metres), the 
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time-correction factor may be of less significance; however over small distances, this 

correction factor needs to be considered carefully. 

With the new Fakopp-2D, up to six probes can be connected at the same time (Figure 

2.8). This multi-detector probe configuration mitigates many of the problems 

associated with the first generation Fakopp tool when measuring wood properties up 

the stem of standing trees. It can be assumed that all receiver probes will detect a 

similar wave-form and will respond in similar fashion to the propagating wave, thus 

reducing the uncertainty about the pulse (wave) form from the start probe, i.e. it is less 

dependent on the perfect "standard" tap. 

In addition in the multi-probe system, the time correction factor to calculate the true 

time-of flight disappears automatically as the velocity is calculated using the time 

interval between two receiver probes instead of between the start and receiver probes 

as in case of the two probe system. The acoustic wave travels along all the stop probes 

so the delay time is similar in both instances and the transit time between the two 

probes only relates to the transit time in the wood. However, nothing precludes using 

the Fakopp-2D with only two probes, so mimicldng the behaviour of the original 

Fakopp (with the necessity of incorporating the correction factor). 

Both the resonance based WoodSpec instrument and the transit time based Fakopp-

2D system are used in this chapter. The advantages and limitations of two probes and 

multi-probes systems in Fakopp-2D are also discussed. Finally the wood quality 

gradients such as acoustic velocity and modulus of elasticity from ground level to top 

of the trees within two significantly different clones are established. Also the use of 

branchwood is considered. 

4.2 Material and method 

4.2.1 Initial selection of the highest and the lowest stiffness clones 

A radiata pine weed control experimental trial located at Dunsandel, the South Island 

of New Zealand, was established by the School of Forestry, University of Canterbury 
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in 1996. Clones planted on this trial were donated by the Fletcher Challenge Centre 

from Advanced Forest Biotechnology at Te Teko (now Trees and Technology). All 

clones were from different parents and the embryos of control pollinated seed were 

used to produce these clones. 
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Figure 4.2 Pinus radiata plantation map. Samples were selected from hatched areas 

which represented the two treatments - weed-free and 2-metre free circle 

around each tree 
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The main plots of this trial were laid out randomly and measured 36 * 27 metres. Ten 

individuals of each of seven clones were planted in single lines in each plot i.e. 70 

individuals per plot. The spacing between each tree was 3 * 3 metres. A guard row of 

GF12 trees surrounded every plot. Four weed treatments overlaid this trial: a 3-by-3 

m2 weed-free area and spot-diameters of 2, 1 and 0.2 m respectively around individual 

trees. There were three replicate plots for each treatment (Figure 4.2). 

This trial, designed by Dr Euan Mason, was to examine the effects of weed control on 

early establishment of radiata pine on one of the driest and harshest sites in New 

Zealand, where one might expect summer droughts and severe competition with 

weeds (pasture grasses in this trial). The clonal materials from the totally weed-free 

blocks and the 2-metre diameter weed controlled treatments were considered for this 

study, since previous analysis had shown that the variation in growth within clones 

was not related to the level of competition for these two treatments (Mason et al. 

1999). 

In order to select the two clones for this study, the seven clones were ranked based on 

their acoustic transit time obtained by the Fakopp-2D in a pre-sampling screening test. 

From this, Clone 1 which is the highest stiffness clone and Clone 7 which is the 

lowest stiffness clone were selected as these provided the widest difference in 

acoustic velocity. 

4.2.2 Standing tree measurements 

In this trial 120 trees of each clone had been planted initially (10 trees in three 

replicate plots for each of the four treatments). In August 2002 the weed-free and 2-

metre weed-controlled plots were due for thinning to waste with half the trees being 

removed. These thinnings were available for this study. However, of the 30 trees of 

each clone being thinned to waste, only 16 trees from Clone 1 and 22 trees from 

Clone 7 were of sufficiently good form to be acceptable - trees with multiple leaders 

or badly mal-formed were excluded. 
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Transducer stop, 4 

Transducer stop, 3 

Transducer stop, 2 

Transducer stop, 1 

Transducer start 

Figure 4.3 Fakopp-2D velocity measurement of the standing trees in the field. Stop 

transducers #1 and #2 were in the clearwood internode closest to BH 

The stress wave velocities on these 38 standing trees were measured by Fakopp-2D in 

the field (Figure 4.3). Five transducers were used per tree. The transducer placed at 

the base of the tree - about 300 mm above the ground line - was the start transducer 

while the other four were used as stop transducers. The start transducer was tapped 

with a small hammer to start the clock. As the stress wave signal reached each stop 

sensor (nun1bered 1 to 4) each timer was stopped in tum and the time interval from 

the start probe recorded. The distance between each probe was also recorded and the 

velocity was calculated using equation 2-1 and equation 2-2. 

Stop transducers 1 and 2 and transducers 3 and 4 are located in clearwood internodal 

lengths between branch whorls while the distance between the start transducer and the 

first stop transducer included branch whorls, as is the case between the stop 

transducers 2 and 3. The nun1ber of branch clusters in these two zones was recorded. 
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Ideally the two internodal lengths should be as long as possible so that the acoustic 

velocity in clearwood zones could be calculated with some accuracy. It was 

hypothesised that the velocity in the knotty wood regions would be less than in the 

clearwood zone due to both grain deviation and the presence of low-stiffness 

compression wood. It was also presumed that tree breeders would be more interested 

in the intrinsic wood quality (that of the clear internodes) than of the more 

variable/problematic wood quality of the whole stem or the knotty nodal zones. It was 

further presumed that tree breeders would prefer to take account of knot/branch size 

and distribution as an independent scoring parameter in tree selection, rather than 

have a compromise, composite index of both branch characteristics and intrinsic wood 

stiffness. 

4.2.3 Measurements on trees after felling 

Once the stress wave times had been measured in the field, the trees were cut into 

three lengths, first ensuring that the bottom log contained all five transducers points, 

i.e. the first log would encompass the whole of the tree in Figure 4.3. The logs were 

then transported to the laboratory. The bottom logs were trimmed to produce two 

parallel ends at the approximate locations of the start and the fourth stop transducer. 

The stress wave times were re-measured on the opposite side of the tree to that used in 

the field (Figure 4.4). The stress wave time from adjacent to the pith at either end of 

the log was also recorded. Once the Fakopp-2D measurements were complete, the 

acoustic velocity of the bottom log was also measured using the resonance-based 

instrument WoodSpec. 
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Transducer stop, 4 

Transducer stop, 3 

Transducer stop, 2 

Transducer stop, 1 

Transducer start 

Figure 4.4 Fakopp-2D velocity measurements for the felled tree in the laboratory. The 

measured points were on the opposite side of the stem to those points 

measured in the field. Ideally, stop transducers 1 and 2 would measure 

wood properties in the immediate vicinity of breast height 

4.2.4 Selection of stembolts and their measurement 

Once the stress wave time, by Fakopp-2D, and the acoustic resonance, by WoodSpec, 

had been captured on the bottom logs, six clear internodal lengths were cut from each 

tree (two bolts from each of the three logs taken from each tree). The bolts were 

spaced roughly one metre apart, up the first six metres of the stem. A total of 228 

bolts were obtained (6 bolts x 38 trees). The average length and mean height up the 

stem of the all internodes taken from Clones 1 and 7 are summarised in Table 4.1. 
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Table 4.1 Internode length and mean height up the stem of the six internodal bolts 

Clone Internode 

Mean Min Max Mean Min Max 

1 1st node 1.31 0.81 1.74 0.423 0.255 0.654 

node 2.28 1.89 2.87 0.474 0.270 0.975 

3Td node 3.03 2.50 4.40 0.353 0.268 0.534 

4th node 3.90 3.00 5.16 0.369 0.208 0.644 

5th node 5.05 4.53 5.76 0.370 0.265 0.533 

6th node 5.98 1 0.200 0.580 

7 1st node 1.25 0.81 1.55 0.420 0.290 0.540 

2nd node 2.06 1.21 2.56 0.442 0.195 0.980 

3rd node 2.85 2.30 3.20 0.389 0.245 0.600 

4th node 3.75 3.07 4.52 0.351 0.217 0.580 

5th node 4.82 3.75 5.58 0.349 0.201 0.681 

6tl1 node 0.186 0.517 

The acoustic velocity of bolts was determined by WoodSpec. After the readings were 

recorded, bolts were debarked and the acoustic velocity was re-measured - remember 

that with the resonance technique the measured acoustic velocity is depressed below 

that of the true acoustic velocity by the mass of bark. Other properties such as bolt 

diameter, bolt weight and bark weight were also determined in the green condition. 

Green density was determined by displacement in water. Stem bolts were then dried 

gradually in an air-conditioned room (20()C, 65% RH) to 12% moisture content. The 

acoustic velocity was re-measured in the air-dry condition. For density measurements 

in the air-dry conditions, the samples were brushed with liquid aquellux (silicone) to 

prevent absorption of water during volume determination. 

4.2.5 Branch segment selection and measurements 

A largest diameter branch at breast is used to predict tree quality in this study (see the 

single remaining branch above the second stop transducer in Figure 4.3). In total 38 

branches (one per tree) were harvested in the field. Part of the first branch segment 
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(closest to the stem) was cut and taken to represent the quality of this branch. In order 

to avoid huge amounts of compression wood, only the straightest portion of this 

branch segment was selected, generally the sample length was cut as close to the 

middle of the first branch segment as possible. Further, the length of this portion was 

keep as long as possible. The majority of those straight branch segments were obtain 

from the first branch segment; however, in a few trees the straight portion was cut 

from the second branch segment because of the first branch segment was too short , 

less than 100 mm. 

All 38 branch segments were measured by WoodSpec in the both green and air-dry 

condition. Green and air-dry densities were also determined. In order to minimise the 

possibly differences arising from the various operational modes for WoodSpec 

(Section 3.3.3), the velocity of all stembolts and branch segments were obtained in 

one operating mode, using a microphone as sensor and a small steel ball to induce the 

stress wave (made possible by taking long branch segments and specifying a 

minimum bolt length). 

Metso 

In total four trees were selected to measure tracheid dimensions by FiberLab analyzer. 

Two of them were chosen among 16 trees in cloneI while the other two were selected 

among 22 trees in clone 7. They were the highest and the lowest stiffness trees in each 

clone. Stembolt sections (ca. 10 cm in length) from three identical positions - breast 

height, 2.4 and 4.6 metres - were cut per tree. A strip of disk was cut from each of 

stembolt section and the early wood fibres in three zones - pith to growth ring 3, ring 

3 to 5 and growth ring 5 to 7 were carefully chips by chisel and prepared for fibre 

characteristics measurements. 

Samples were cooked individually under 10% sodium hydroxide solution at 95QC for 

four hours. Specimens were washed by water several times and then re-cooked in a 

50% glacial acetic acid 50% hydrogen peroxide solution for another four hours at 95Q 

C. The cooked chips were de-lignified at this stage and could be separated into 

individual fibres with a manual disintegrator, without cutting and damaging them. A 
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very small quantity of fibre was extracted by pipette to provide matelial for fibre 

assessment in the Metso FiberLab analyser. 

4.3 Experimental results and discussion 

4.3.1 The demonstration of Fakopp~2D system 

As mentioned in Section 4.1 the acoustic velocity calculations for the Fakopp two 

probe system have to be corrected to account for the extra time required for sound to 

travel in the long metal probes over and above the time for propagation along the log. 

The time correction factor used in this study was 30IlS. The data in Figure 4.5 use the 

the transit times recorded by the Fakopp-2D between the start transducer and the 

fourth stop transducer subsequently reduced by 30lls, the time correction factor, 

before calculating the acoustic velocity (distance between probes divided by the 

adjusted lapse time). These corrected transit times (time of flight) between the start 

probe and the fourth stop probe were measured on (both) opposite sides of the tree. 

There was a strong correlation between the two readings. The coefficient of 

determination was 0.89. 

There are three reasons for using and plotting this data. First, by using the longest 

span, from start to stop probe, one is assessing the greatest length of stemwood (about 

two metres). Secondly, any error in the time correction factor is minimised - this error 

is uncertain as the 30llS correction presupposes that the probes are inclined at 45 

degrees or less to the stem axis. Thirdly, it gives one a chance to explore any valiation 

in acoustic velocity around the tree. 

No time correction factor was required for the multi-probes system when measuling 

time lapses between the stop probes, in these cases the stress wave velocity could be 

calculated using only the time interval between any two stop transducers. Figure 4.6 

shows the velocity measured from stop probe 1 to stop probe 4 on both sides of the 

bottom log. The compali son between opposite sides of the stem resulted in a 

coefficient of determination, R2, of 0.94. 
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Figure 4.5 Comparing the velocity measured from the Falcopp-2D start probe to the 

stop probe 4 on opposite sides of the bottom log 
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Figure 4.6 Comparing the velocity measured from the Falcopp-2D stop probe 1 to stop 

probe 4 on opposite sides of the bottom log 

The velocity measured from stop probe 1 to stop probe 4 (best representation of the 

advantages of the new Falcopp-2D system) had a slightly better coefficient of 

detennination than the velocity measured from the start probe and stop probe 4, 
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representative of the original Fakopp system (Figure 4.5). One should recognise that 

the distances between these probes were generally far greater than practiced by other 

field workers in principle, a shorter the test length would favour the 2-D Fakopp 

mode over the original Fakopp. Comparability of data between opposite sides of the 

tree is encouraging as it suggests there is not too much variation in acoustic velocity 

around the stem in the case of small diameter trees. 

There is no particular reason why the acoustic velocity should be the same around the 

circumference. An obvious reason for such a natural variation around the stem would 

be the presence of compression wood. Figure 4.7 A, B reveals this natural difference, 

but in these young trees the differences are not too great, generally less than 10%. 

This analysis implies that one should measure and average the acoustic properties on 

opposite sides of the stem. 
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Figure 4.7 Correlation between velocity difference between two sides and average 

Fakopp velocity from start probe and stop probe 4 (A) and from stop probe 

1 and stop probe 4 (B) 

Once the trees were felled it is possible to measure pith-to-pith velocity using both 

Fakopp and WoodSpec. The difference between the average outerwood velocity (all 

trees averaged for both sides) and the pith-to-pith velocity was not significant. At this 

point it is only necessary to observe that the mean pith-to-pith acoustic velocity for all 
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the trees was 1.85 lan/s whereas the mean outerwood end-to-end velocity was 1.88 

lanIs. One might have expected a slightly higher velocity in the outerwood than 

recorded by measuring from pith-to-pith along the log - but one would not expect a 

large difference as the stem diameters were small. 

4.3.2 The performance of Fakopp-2D and WoodSpec instruments 

One object of this chapter is to compare the performances of time of flight (TOF) 

instruments and the resonance based system. In this case, the data obtained from 

Fakopp-2D were compared with the data obtained from WoodSpec. The velocities 

from pith-to-pith and from outerwood-to-outerwood were measured using Fakopp-2D 

(Section 4.2.3). Figure 4.8 shows the relationship between Fakopp velocity (average 

of both pith-to-pith velocity and outerwood-to-outerwood velocity from the start to 

stop 4 probe, i.e. the original Fakopp two probe system) and WoodSpec velocity in 

the 38 bottom logs. There was a good agreement between the two with a coefficient of 

determination of 0.92. 

If there were true correspondence between the two methods the velocity measured in 

anyone sample should have the same value (y=x) whether measuring by Fakopp-2D 

or WoodSpec. However, the velocities measured by Fakopp-2D were slightly higher 

than those measured by WoodSpec. The reason for higher velocity obtained from 

Fakopp-2D might due to the fact that the velocity determined by Fakopp could be 

biased toward that for the outerwood velocity, even though the velocity was also 

measured from pith-to-pith along the length of the log. 

It is known that outerwood is stiffer compared with wood around the pith which is all 

juvenile wood. Fakopp-2D system measures transit time between two transducers and 

the fastest path for the pulse between those two probes is uncertain. Thus even with 

the probes placed immediately adjacent to the pith at each end of the log, it is possible 

that the shortest transit time is achieved by the sound wave travelling in a trajectory to 

the outerwood, then travelling along the stiff outerwood for a period before returning 

in another trajectory to the stop probe adjacent to the pith at the other end of the log. 

In other words even with probes placed adjacent to the pith the transit time (and 

acoustic velocity) might be biased by the outerwood stiffness. With WoodSpec the 
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resonance frequency, and the derived acoustic velocity and stiffness, are a volume

weighted average for the acoustic properties of the whole volume (Andrews 2002). 

On average, the Fakopp velocity is 14.92% faster than that for WoodSpec. 
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Figure 4.8 Comparing Fakopp-2D (using two probes system) and WoodSpec acoustic 

velocities in the bottom logs of 38 trees 

Figure 4.9 shows the relationship between Fakopp-2D and WoodSpec velocity for the 

1 st and 2nd clearwood internodes from the bottom logs in the green condition. The 

coefficient of determination was 0.87 and 0.85 for the 1st and 2nd internodes 

respectively. These results indicate that the perfonnance of Fakopp-2D transit time

based system is capable of estimating whole tree stiffness in a similar manner as the 

perfonnance of WoodSpec resonance-based system, at least in the case of the 6 year

old trees in this study. This is encouraging as WoodSpec is a more time-consuming 

technique and requires destructive sampling whereas Fakopp is relatively fast and is 

non -destructi ve. 

Further good agreement was found between the velocity obtained by Fakopp-2D 

velocity in the green condition and the velocity obtained by WoodSpec at the 12% 

moisture content, with R2 values of 0.84 and 0.82 for the 1st and 2nd internodes 

respectively (Figure 4.10). This indicates that Fakopp-2D is able to predict the wood 

quality of the dried stemwood, based on measuring transit time on the standing tree. 
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4.3.3 The effect of branch whorls on acoustic velocity 

In principle the transit time obtained from Fakopp-2D should be faster in the stiffer 

material compared with less stiffer material. The velocity of sound within the bottom 

log was examined in terms of the percentage change in velocity according to the 

clearwood (internodes) or knotty wood (branch whorls) areas. 

As illustrated in Figure 4.3 the wood between probe 1 and probe 2 (1st internode) and 

also between probe 3 and probe 4 (2nd internode) were clearwood internodes whereas 

the wood between probe 2 and probe 3 included knotty branch whorls. The percentage 

change in velocity in these three regions was compared to the velocity obtained 

between stop transducer 1 and transducer 4, averaged from both sides of the tree. The 

reason for using the velocity recordings between stop transducer 1 and 4 as the base 

line is because the distance between these two probes is long enough to provide a 

reliable velocity reading. In addition, if using the average velocity from two clear 

internodes (velocity between stop transduce 1-2 and 3-4) as the base line, the average 

velocity could be significantly affected by the within tree stiffness variations in which 

stiffness increases sharply from ground level to approximately 4 metres and then 

decreases. 
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Figure 4.11 Percentage change in acoustic velocity when travelling in clearwood 

internodes and knotty wood (around branch whorls) 
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Figure 4.11 shows that the velocity was around 2 percent higher when travelling in 

the 1st internode while it increased to around 3 percent in the 2nd clearwood internode. 

As expected, knots reduced the stress wave transit speed in that the velocity decreases 

around 5 percent when passing through the knotty area. Although these differences 

appear relatively small, an 8% overall difference actually translates in a 16% 

difference in stiffness. Clearly there would be significant errors in trying to rank 

clones where probes are placed too close to or across branch whorls. This is a problem 

when using Fakopp over standard spans, eg 1 metre. The moral is to measure only 

along internodes or over very long spans in which case the acoustic wave front is 

better able to find the fastest route across the knotty whorls. Differences in branching 

characteristics will unfairly and uncertainly penalise one clone or family relative to 

another. 

4.3.4 Changes in velocity in clearwood bolts with height up stem 

On air-drying, the velocity of sound in stembolts increased between 60 and 80 percent 

with position up the stem to 6 metres (Figure 4.12) and even more in the topmost part 

of the tree. On the other hand, the MOE only increased between and 30 percent 

after air-drying with tree height up to 6 metres and but increased sharply from 20 to 

100 percent in the topmost bolt, between 6 and 7 metres height. The ptincipal factor 

driving these large changes is the moisture content or more correctly the density. 

The fundamental equation of acoustics 

E=p y2 

Where E is the MOE (GPa); p is the density of samples (kg/m3
); and Y is the acoustic 

velocity (km/s). 

The increase in stiffness is roughly what one would expect from the USDA Wood 

Handbook that the MOE on drying increases only around 15-20%. By solving the 

simultaneous equations 

Egreen Pgreen V green
2 
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And substituting Edry;:::O 1.2 Egreen and Pdry:::::; 0.4 Pgreen (150% MC when green), then 

v dr/ ;:::0 3.0 V green 2 and one expects the acoustic velocity of dry wood to be 1.7 or -V3.0 

greater than in the green wood roughly as one observes. The huge increase in 

acoustic velocity and stiffness at the top of the tree is probably due to the wet mass of 

the pith contributing nothing but mass to the green wood. 
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Figure 4.14 Variation in stem bolts MOE in the green condition (A) and in the air-dry 

condition (B) with position up the stem 

Wood properties vary with location within trees. From all 38 trees, the velocity and 

modulus of elasticity at 12% moisture content increase significantly from ground 

level to around 3 to 4 metres and then decrease sharply after 4 metres until 7 metres 

(Figure 4.13 and Figure 4.14). However when examined more carefully, the result 

indicates that the two clones follow slightly different trajectories. 

Figure 4.15 shows the variation in bolt MOE within the two clones with position up 

the stem at the 12% moisture content. For the Clone 1, the highest stiffness clone, the 

MOE of stembolts starts at around 4.5 GPa at breast height (first dashed line) and 

increases until it reaches 6.5 GPa at 3 metres height (second dashed line) and then 

decreases significantly to 2.5 GPa at the upper position, at 7 metres. While for the 

Clone 7, the lowest stiffness clone, the MOE starts at 3.5 GPa at breast height and 

increases to around 5 GPa at tree height 5.5 metres and then decreases dramatically to 

2.5 GPa, at 7 metres. 

These results indicate that the wood quality gradients within trees vary significantly 

between clones. The stembolts from the high MOE clone were stiffer in bottom 

pOltion of tree and reach the highest stiffness (6.5 GPa) earlier, at a height of 3 

metres. On the other hand, the maximum MOE value for the lowest stiffness clone 

was around 1.5 GPa less than the highest stiffness clone and this occurred higher up 

the stem, ca. metres. Thus Clone 1 attained a stem stiffness of 4.5 GPa by breast 
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height, whereas with Clone 7 this value was only achieved 2 metres higher up the 

stem, at around 4 metres. 

Perhaps the most disappointing feature of Figure 4.14 is the very considerable within

clone variability. While it is clearly reasonable to conclude that Clone 1 is noticeably 

superior to Clone 7 in terms of stiffness, the sampling to make that deduction is likely 

to be extensive. This study used 16 trees from Clone 1 and trees from Clone 7. 
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Figure 4.15 Variation in stembolt MOE within two clones with position up the stem at 

the 12% moisture content 

4.3.5 Tracheid dimension changing within growth rings within trees 

As this work is very labour-intensive, only four trees were studied, the code C1 H 

represent the highest stiffness tree in clone 1 while the code C1 L means the lowest 

stiffness tree in clone 1 (clone 1 is the highest stiffness clone). This procedure also 

applied to clone 7. Originally it was intended that only the tracheid length would be 

measured in this study, however, some other characteristics such as fibre width and 

wall thickness were able to be determined by using the FiberLab analyzer. Hence, all 

these values were included and have been analysed within these two clones. Figure 

4.16 shows the tracheid length changes within clone 1 and clone 7. The cross-section 

average tracheid length in the highest stiffness tree of both clones decreased with 

height up the stem from approximately 1.95 and 1.65 mm to 1.5 and 1.3 mm for clone 
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1 (C1H) and clone 7 (C7H) respectively. For the lowest stiffness tree in both clone, 

the longest tracheid length was observed at 2.4 metres in clone 1 (C1L, ca. 1.5 mm) 

whereas it was found at breast height position in clone 7 (C7L, ca. 1.7 mm) (Figure 

4.16A). 

With regard to averaged tracheid length changes across growth rings at 1.4 and 2.4 

metre, the length increased from pith to cambium. For the highest stiffness tree in 

clones1 (C1H), the percentage increase was approximately 19% and 36% from ring 1-

3 (1.57 mm) to ring 3-5 (1.87 mm) and also to ring 5-7 (2.13 mm) respectively 

whereas in clone 7 (C7H) the percentage was only 1.3% (from 1.50 to 1.52 mm) and 

19% (from 1.50 to 1.78 mm) respectively (Figure 4.16B). 

The averaged tracheid width changes with height up the stem and averaged across 

growth rings at 1.4 and 2.4 metres are shown in Figure 4.17(A) and (B). For the 

highest stiffness tree of clone 1 and clone 7, the widest tracheids were found at the 2.4 

metres position (41.73 llm for clone 1 and 40.03 llm for clone 7). For the lowest 

stiffness tree of both clones, the widest tracheids were found at breast height 1.4 

metres (39.97 and 38.80 for clone 1 and 7 respectively). In nearly all cases, excepting 

the lowest stiffness tree in clone 1, the tracheid widths increased toward cambium. 
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Figure 4.16 The tracheid lengths changes within clones: (A) cross-section averaged 

with height up the stem; (B) averaged across growth rings at 1.4 and 2.4 m 
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The tracheid wall thickness pattern was similar to tracheid width pattern in that the 

thickness of wall increased from growth ring 1-3 to growth ring 5-7 nearly in aU cases 

(Figure 4.18B). The thickest tracheid wall was found in the highest stiffness tree in 

clone 1 at breast height with approximately 11 /lm whereas the thinnest wall was 

found in the lowest stiffness tree in clone 7 at upper position 4.6 metres with 9.90 /lm. 

The thickest wall tracheids were found at 2.4 metres for the lowest stiffness tree in 

clone 1 and the highest stiffness tree in clone 7. However, the gradient within these 

two trees was smaller than in the other two trees (Figure 4.18A). 

4.3.6 The mass of bark affect on acoustic velocity 

The proportion of bark varies with height up the stem. Figure 4.19 indicates the 

thickness and the percentage of bark (by weight) with position up the stem. The bark 

is thicker, around 3 to 5 mm, in the lower stem compared with around 1 to 3 mm in 

the upper stem. The percentage of bark (by weight) was around 10 to 20 percent in the 

bottom and middle positions (up to 5 metres). Although the thickness of bark was less 

in the upper stem (above 5 metres) when compared with the lower stem, the amount 

of xylem was also less in the upper stem and enclosed an enlarged pith. The 

percentage of bark ranged between 20 and 70 percent in the upper stem. 
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As discussed in Section 3.4.2, the acoustic velocity which was determined with the 

resonance-based instrument increased by approximately 7% (bottom portion) to 

around 22% (top portion) after debarking. Figure 4.20 shows the correlation between 

stembolts velocity with and without bark for the two clones used in this second study. 

There is good agreement between Figure 4.20 and Figure 3.8 in that the velocity 

increases after debarking in the green condition. Figure 4.21 shows the influence of 

the mass of bark on the acoustic velocity measured by the W oodSpec resonance-based 

instrument. With 10% bark mass the velocity after debarking increases around 5% 

while with 50% bark mass, the velocity increases around 30% after debarking. The 

coefficient of determination was 0.90 and 0.86 for the Clone 1 and 7 respectively. 

The same equations 3-1 to 3-3 which were used for correcting accelerometer mass 

(Chapter 3.4.1.) were applied to correct for bark mass in this study. The predicted 

without bark velocities were plotted against the experimentally determined without 

bark velocities. Figure 4.22 showed there was very strong correlation between the 

predicted and the experimental values. The coefficient of determination was 0.97. 
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4.3.7 The relationship between stem wood and branch wood 

The properties of branchwood are compared with the properties of stemwood in this 

section. The data in Figure 4.15 shows that a stiffness gradient up the stem that is 

significantly different between the two clones. In this study, the velocity and MOE of 

the single branch segment near breast height was correlated with the velocity and 

MOE of each of six stembolts up the tree. Further, the relationship between branch 

segment MOE and volume-weighted stem MOE was also determined. The most 

purpose of this study was to see whether a single branch segment taken at breast 

height in the field (still in the green condition) could predict the stem quality at the 

end use stage (12% moisture content). 

First, the basic properties of branchwood were explored in the green and in the air-dry 

condition. In all case, the velocity and MOE of branchwood increased when air-dry 

(Figure 4.23). The mean acoustic velocity was increased 52.58% from green to 12% 

moisture content (from 1.94 to 2.96 km/s) whereas the mean MOE increased 22.63% 

(from 4.00 to 4.91 GPa). The explanation has already been given in Section 4.3.4. 
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Regarding the relationship between branch wood and stembolt properties, different 

clones show different results. For clone 1, the best correlation between the breast 

height branch segment and stembolt was found when correlating with the 2nd 

internode in the green condition. The coefficient of determination was 0.61 and 0.51 

for velocity and MOE respectively. However, the best relationships for the Clone 7 

were obtained when correlating branch properties with the properties of 1 st clearwood 

internodes with coefficient of determination 0.66 and 0.63 respectively for velocity 

and MOE (Table 4.2). 

The same correlations between branch segment and stembolt in the air-dry condition 

are summarised in Table 4.3. Almost all correlations for Clone 1 were better than in 

the green condition. The coefficient of determination between breast height branch 

segment velocity and MOE and the velocity and MOE of 2nd clearwood internode was 

improved from 0.61 to 0.67 and from 0.51 to 0.59 respectively. On the other hand, 

nearly all correlations obtained for clone 7 in the dry condition were worse than in the 

green condition. Even though a good correlation was found between breast height 

branch segment and 1st internodes in the green condition, the R squares were only 

0.18 and 0.31 respectively at 12% moisture content. 

Table 4.2 Coefficient of determination between branchwood properties and stemwood 

properties in the green condition 

(Green 1st bolt 1st bolt 2nd bolt 2nd bolt Volume- Volume-
condition) velocity MOE velocity MOE weighted stem weighted stem 

velocity MOE 

Clone 1 0.2969 0.1791 0.6088 0.4392 0.5452 0.5985 
branch 
velocity 

Clone 1 0.1973 0.0754 0.5143 0.2723 0.4350 0.4769 
branch 
MOE 

Clone 7 0.2732 0.6556 0.2985 0.2630 0.0981 0.2167 
branch 
velocity 

Clone 7 0.2901 0.6346 0.3142 0.2912 0.1058 0.2244 
branch 
MOE 
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Table 4.3 Coefficient of determination between branchwood properties and stemwood 

properties in the air-dry condition 

(Air-dry 1st bolt 1 st bolt 2nd bolt 2nd bolt Volume- Volume-
condition) velocity MOE velocity MOE weighted stem weighted stem 

Clone 1 0.3957 0.3105 0.6680 0.4674 0.4774 0.6394 
branch 
velocity 

Clone 1 0.2038 0.1376 0.5925 0.3855 0.4406 0.6687 
branch 
MOE 

Clone 7 0.0751 0.1797 0.0837 0.1859 0.0176 0.1219 
branch 
velocity 

Clone 7 0.1686 0.3146 0.1220 0.3016 0.0082 0.1649 
branch 
MOE 

Whether breast height branch segment could be used to predict volume-weighted stem 

quality is questionable. Figure 4.24 cOlTelates the branch segment MOE with stem 

volume-weighted MOE both at 12% moisture content. The results shows there was a 

good relationship found between the two in the highest stiffness clone with coefficient 

of determination 0.67. However, the relationship obtained for the lowest stiffness 

clone 7 was very poor: the coefficient of determination was 0.16. 

It is desirable to compare the velocity of the breast height branch segment in the green 

condition with the MOE of the volume-weighted stem at 12% moisture content, rather 

than compare their MOE in both air-dry conditions. Figure 4.25 shows that there was 

a good correlation found between the two in the clone 1. In other word, a clone 1 

branch could be taken from the field and used to predict the whole tree quality at the 

end used stage. However, the correlation between breast height branch velocity and 

volume-weighted stem MOE was poor in the clone 7. The R square was 0.27 only. 
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Figure 4.24 Relationship between volume-weighted stem MOE (6 bolts per tree) and 

branch MOE at 12% moisture content 
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4.4 Discussion and conclusion 

Fakopp-2D second generation equipment was more flexible and more accurate than 

the original Fakopp 2-probe system. The coefficient of determination for the original 

system, when comparing velocities on either side of the stem was 0.90 whereas for the 

second generation system was 0.94 (Figures 4.5 and Figure 4.6). Both give excellent 

reproducibility and performance, when compared to matched data gathered by 

oscilloscope (Michael Wang, pers. com.). The differences between the 2-probe and 

multi-probe system were not significant as long as the distance between start and stop 

probes is far enough ca. 1.5 metres. The biggest problem with both Fakopp systems is 

that the workmanship could be improved. Neither is truly field-hardened. 

For time-of-flight (TOF) systems, the transit time between start and stop probes is 

determined by the single passage of the wave front. The leading front of the stress 

wave is thought to travel faster through the stiffer outerwood zone rather than in the 

poor quality zone (corewood). In this case, the velocity obtained relates to the velocity 

of sound in the outerwood only. However in the resonance system, the wave front 

resonates back-and-forth at least hundred times from end-to-end in the sample at its 

natural frequency or higher frequency harmonics - the signal gradually fading away. 

The velocity obtained in this system is the volume-weighted average of all the wood 

in the sample not just the wood quality in the direct flight-path between two points 

(obtained by TOF instrument). This would be one reason why the velocity obtained 

by time of flight (TOF) instruments is higher than for resonance instruments. The 

difference between Fakopp velocity (TOF) and WoodSpec (resonance) velocity was 

15% in this study. Further, WoodSpec (resonance) values are influenced by the bark 

that adds mass to the bolt without contributing much stiffness. 

In this study the Fakopp-2D ranked the young trees perfectly adequately as the stem 

diameter is small and the property variations both circumferentially and radially are 

likely to be modest. However when applied to older trees, the velocity reading should 

be re-evaluated carefully because in general the wood quality differences within old 

trees is significant greater than in young trees and the calculated modulus of elasticity 

of the whole cross-section might be overestimated (Andrews, 2002). 

In this study the 38 trees were destructively sampled in order to compare the potential 

of time-of-flight tools and of a single branch to predict whole stem wood qualities. 
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The perfonnance of these two methods is summarised in Table 4.4. In this study the 

whole stem MOE determined by WoodSpec has been taken as the "fundamental" 

wood property against which both Fakopp and the branchwood properties need to be 

correlated. With the Fakopp-2D multi-probe system, the velocity obtained between 

stop transducer 1 and stop transducer 4, as used on young standing trees, provides the 

best prediction of volume-weighted stem MOE with a coefficient of determination of 

0.75. The original Fakopp system, considering only the start transducer and the stop 

#4 transducer showed a similar but very slightly poorer capability than the Fakopp-2D 

system with the coefficient of determination was 0.73. The correlations using 

branchwood are invariably poorer than those obtained by Fakopp. Perhaps the breast 

height branch segments from the highest stiffness clone could still be considered 

(R2::::O.64), however, the branch from the lowest stiffness clone was useless (R2= 

0.27). 

In general the stiffness pattern within young trees shows an increase from ground 

level to approximately 3 to 4 metres before decreasing above 4 metres until 7 metres. 

There are subtle differences in the pattern between the two clones. The results suggest 

that the stiffness gradient in the lower 3-5 metres is different, with the stiffer clone 

having the steeper gradient. The gradient is roughly 1.1 and 0.8 GPalm for Clone 1 

and 7 respectively. This result has significance for tree breeding as wood quality 

sampling generally occurs at or around breast height. However, where sampling 

requires measurement between branch nodes (as with Fakopp) the sampling height 

can be quite variable (Tables 3.1 and Table 4.1). 

This chapter demonstrates that the perfonnance of multiprobe Fakopp-2D system is 

somewhat superior compared with the perfonnance of first generation Fakopp 2-probe 

system. However when using TOF system instruments the experimental values need 

to be reevaluated further if applied to old, larger trees where wood quality variations 

around and within the stem can be considerable (Grabianowski 2003). Finally one 

must consider the relative ease of assessing stemwood by Fakopp and the extra work 

arising when measuring branchwood velocity. Therefore one outcome of this chapter 

is the recommendation that future work should focus solely on the use of TOF tools 

such as Fakopp. 
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Table 4.4 The coefficient of determination for the Fakopp-2D and branchwood 

velocity in the green condition against volume-weighted WoodSpec MOE 

at 12% moisture content 

Original Fakopp system, start and stop probes 

Fakopp-2D multi-probes, stop #1 and #4 probes 

Clone 1 breast height straight branch segments 

Clone 7 breast height straight branch segments 

WoodSpec volume-weighted 

MOE 

0.73 (n=38) 

0.75 (n=38) 

0.64 (n=16) 

0.27 (n=22) 
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Chapter 5 Pinus radiata rootwood properties 

5.1 Introduction 

Roots serve several important functions in plants. They anchor the plant in the substratum 

and are the principal organ for water and mineral uptake from the environment, and are 

also important in the storage of food reserves. The structure and characteristics of roots 

can affect the wood quality of stemwood significantly. However, surprisingly little is 

known about rootwood anatomy, structure and function. The literature is insignificant 

compared to that for stemwood. For instance, there are only few detailed papers on 

anatomy of radiata pine roots (patel, 1970; Matsumura and Butterfield, 2001). In this 

chapter several important wood characteristic and properties are examined along roots, 

from the stem-root conjunction (root bowl) to the root tips, in order to provide basic 

information on Pinus radiata rootwood. 

Several technologies were used. Scanning electron microscopy (SEM) is a valuable 

technique for studying wood anatomy, allowing features such as fibre distribution 

patterns, cell categories and pit type to be examined. The Metso FiberLab measures cell 

wall thickness and width with 1 f1 m resolutions and as well as length with 10 f1 m 

resolutions. In addition, it can measure a large quantity of fibres (approximately 5,000 

fibres in 15 minutes) and processes the results automatically, reliably and accurately. 

Also, the risk of subjective human error can be minimised. 

Apart from the root anatomy, physical and mechanical properties such as acoustic 

velocity were examined. WoodSpec is a resonant instrument for measuring acoustic 

velocity based on the material's natural frequency (Section 2.2.2). Once the velocity had 

been obtained, the stiffness can be calculated, with the fmiher knowledge of root density. 

Recently clonal selection programmes of good quality trees have been developed by tree 

breeders. Although several non-destructive evaluation (NDE) instruments demonstrate 

good performances in selecting stiffness trees, other methods to assess wood quality 

could be considered. In the earlier chapter 3 branchwood was considered as a means of 
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predicting stemwood quality and was found to provide a reasonably good correlation, 

with a coefficient of determination of 0.68 (Section 3.4.5.). In this chapter con'elations 

betwecn stemwood and rootwood are examined. In order to minimize the environmental 

and genetically affects, clonal material from a single site was used for this study. 

Whether or not compression wood is present in roots is still an issue for debate (Section 

2.1.5.3). Some researchers claim that compression wood is never found in both buried 

and exposed roots (Hartmann, 1942; Sonntag, 1904). Fayle (1968b) stated that 

compression wood is absent in normal roots except in two particular circumstances. First 

when rootwood is exposed to light: in this case the characteristics and properties of roots 

are found to become more stem like. Second, compression wood can extend from base of 

the stem into rootwood. On the other hand, Westing (1965b) found compression wood 

in both underground and exposed roots of Tsuga canadensis. Therefore, it is of 

interest to see whether compression wood can be found in Pinus radiata and also to 

explore the physiology of forming compression wood in conifers. 

Many researchers indicate that the formation of compression wood is related to plant 

hormones (Balch et at., 1964; Blum, 1971; Funada et aI., 1990; Necesany and 

Oberlanderova, 1967; Phelps et at., 1977; Starbuck and Phelps, 1986; Sundberg et al., 

1994; Toit, 1964; Wilson et al., 1989; Yamaguchi et al., 1980). Several studies have 

demonstrated that exogenous indole-3-acetic acid can induce the formation 

compression wood in stemwood and branchwood (Section 2.1.6) (Onaka 1940; 

Wershing and Bailey 1942; Fraser 1952; Balch 1952; and Necesany 1958). 

IAA is produced in the shoot tips, being synthesized in leaf primordial and young 

leaves. Although it has been found in root tips, most evidence indicates that the 

transportation of IAA is unidirectional - towards the base (basipetal) in stems and 

leaves and towards the tip (acropetal) in roots (Raven, 1992). On this basis, one may 

assume that the lack of compression wood in roots might be caused by a different 

balance of chemicals and hormones such as IAA concentration in stemwood and 

rootwood. Based on this assumption, an experiment was designed to apply different 

concentrations of exogenous IAA to roots of young clones of radiata pine. Further, the 

IAA application was designed around a series of applications. 
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It is well known that compression wood forms on the underside of inclined stems (of 

softwoods) in order to support the asymmetric loads. By analogy, it was decided to 

apply mechanical stress to rootwood in an attempt to induce compression formation. 

5.2 Materials and methods 

5.2.1 3-year-old Pinus radiata trial at Te Teko 

A clonal trial had been established by Trees & Technology on 3 hectares of pumice 

soil located close to Te Teko, Bay of Plenty, New Zealand. Approximately two thirds 

of the clones in the trial (c. 1525 clones) had been measured for basic density (5 mm 

cores taken at breast height) and for acoustic transit time, using a proprietary time-of

flight (TOF) tool at breast height of the standing trees. The basic density record was 

used to sort clones into two categories: low «255 kg/m3) and high (>300 kg/m3) basic 

density groups. Whereas the transit time data, taken as a simple descriptor of MOE, 

were used to classify clones into two classes: short «640 f1 s) and long transit time 

(>700 f1 s): a short transit time implies a high stiffness clone. 

Twelve clones were selected to represent the four combinations of density and transit 

time. Four clones were from the high density and short transit time combination (code 

HH), two clones were from high density and long transit time combination (code HL) 

and three clones were from the other two remaining combinations (code LH and LL). 

There were two replicates for each clone, ie 24 trees in total. A stem disk and three 

main tap and main lateral roots from each tree were harvested and used for this 

research. The basic infOlmation for each clone is shown in Table 5.1. 

This research was designed to explore the anatomy and physical properties of 3-year

old radiata pine rootwood. Hence, the examined materials were chosen from four 

combinations of density and transit time groups in order to cover a wide range of 

trees. The differences between these four groups were not compared in this study 

because the sample number was too small to provide a meaningful and statistically 

significant result. 
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Table 5.1 The background information for 12 clones. 

Clone CodeA D . B enslty Transit Timec GTID HeightE DBHF 

Number (kg/m3) (j.1S) (1-4) (M) (em) 

832 LL 251 (Low) 758 (Long) 2.6 5.75 8.8 

1144 LL 242 (Low) 720 (Long) 2.8 5.7 9.3 

1573 LL 254 (Low) 782 (Long) 2.0 5.05 8.4 

305 LH 240 (Low) 619 (Short) 3.8 5.3 8.7 

846 LH 252 (Low) 572 (Short) 2.0 5.75 8.4 

874 LH 253 (Low) 612 (Short) 2.6 6.65 9.2 

442 HL 306 (High) 761 (Long) 2.4 5.3 8.7 

1536 IlL 303 (High) 712 (Long) 2.0 5.15 8.0 

154 HH 319 (High) 622 (Short) 3.0 6.3 8.8 

261 HH 304 (High) 600 (Short) 3.0 6.05 8.7 

541 HH 304 (High) 620 (Short) 2.6 5.85 8.8 

644 HH 300 (High) 552 (Short) 2.7 5.9 10.2 

A LL= low density and low stiffness clone; LH= low density and high stiffness clone; HL= high 
density and low stiffness clone; and HH= high density and high stiffness clone. 

B. Based on basic density of 5 mm cores taken at breast height, where high density is more than 300 
kg/m3 while low density is less than 255 kglm3

. 

C. Transit time measured between start probe and stop probe in the Fakopp system. Long transit time 
is more than 700 f.1 s whereas a short transit time is less than 640 f.1 s. 

D. Growth trait index (GTI) was evaluated based on height, stem straightness, branching and growth 
section area etc, where 1 is poor and 4 is Trees were assessed 4 months before felling. 

E. Average tree height of the clone measured 2 months before felling. 

F. Average diameter at breast height (1.4 m) over bark, measured 2 months before felling. 

5.2.2 Burnham, 7-year-old Pinus radiata 

The second study used a clone trial located at Burnham experimental forest, 

approximately 30 km south of Christchurch, the South Island of New Zealand. In this 

trial, 10 clones plus two seedlings had been established in four blocks. Six 7-year-

old radiata pine trees based on minimal taper were selected and provide material for 
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this study. 5 roots per tree were selected, (1) for the application of mechanical stress 

and a control and (2) for indole-3-acetic acid (IAA) treatments at 1.0%, 0.1 % IAA 

and a control (Figure 5.1). 

Figure 5.1 Biochemical and mechanical treatments used in an endeavour to induce 

compression wood formation in the roots of a single tree. 

The application period for mechanical treatment and its control was four months from 

the end of August to the end of Decenlber 2001, while the duration of biochemical 

applications varied between trees. The biochemical treatment was applied once only 

in August for trees numbered 1, 3 and 6 whereas they were applied each month 

(August to December) for trees numbered 2 and 5. The application for tree number 4 

was every two month (August and October). 

In order to avoid the possibility that a compression zone might extend from the 

stemwood, the treated positions were at a distance of ca. 500 to 700 mm from the 

stem. For the application of mechanical stress, a saw-horse was adapted to apply a 

vertical tensile load to the root. With this pulley system, one side carried a 28-30 kg 

weight in the form of four concrete blocks (7kg each) while the other side was 
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attached to the root (Figure 5.2 A and B). The control for this experiment was a single 

root which had been first exposed and then re-covered without applying a long-term 

load. 

Figure 5.2 The mechanical system for inducing compression wood. Roots were pulled 

up by a tensile force (A); the tensile force was created by concrete blocks 

via two pulleys (B). 

For the biochemical applications, lanoline was mixed with IAA to make an IAA 

concentration of 1 % or 0.1 %. A small hole (5 mm in both diameter and depth) was 

drilled on the upper side of each root. The holes were filled with the lanoline/IAA 

mixture and then bandaged by plastic bags rolled to provide a sleeve before the root 

was re-covered with soil (Figure 5.3 A and B). With the control root the drill hole was 

filled with pure lanoline. 
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Figure 5.3 Biochemical method for inducing compression wood. A lanoline and IAA 

mix was introduced into the drill hols (A); the drill hole and root were 

wrapped in polythene before being re-covered (B). 

5.2.3 Scanning electron microscopy (SEM) studies 

Fresh roots cut from the 3-year-old radiata pine trees (Te Teko) were soaked in water 

to prevent cell collapse. Since SEM measurement is time consuming only two trees 

from each of the four groups (highllow density; highllow acoustic velocity) were 

examined. A straight portion ca. 50-70 mm in length was taken from three positions in 

both the main tap root and a large lateral root: from near the stem-root junction; from 

middle portion of the root; and from near the root tip. These samples were stored in 

30% alcohol solution in a cool room to avoid bacterial attack. 

Roots fronl the 7-year-old radiata pine tree at Burnham were also examined under 

scanning electron microscopy to see whether compression wood had been induced by 

the biochemical or mechanical applications. During the four month treatment period 

tree number 5, which had an IAA application each month, displayed the largest 
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diameter increment in both 1 % and 0.1 % IAA treatments. Hence, the five roots from 

this tree were selected as further study. A 10 mm thick root disk was carefully 

removed at approximately 70 mm intervals from the application points, both toward 

the tree stem and towards the root tip. Samples were again stored in 30% alcohol 

solution. 

SEM specimens were softened by boiling in water. Both microtome and single edge 

carbon steel extra keen blades (GEM) were used to prepare slices. In order to obtain a 

thin and smooth surface each blade was used once only. Specimens were then soaked 

in sodium hypochlorite (bleach) for approximately fifteen minutes and washed in 

many changes of water. Meylan and Butterfield (1978) reported that there was no 

significant difference in dehydrating between a graduated series of alcohol sequences 

followed by critical-point drying, and freeze drying, and air drying. Therefore all 

samples were dehydrated at room temperature as this is the simplest method. Finally 

specimens were mounted on the stubs and coated under gold to obtain a 10 nm layer. 

The anatomical stlUctures were observed under a LEICA 440 seanning electron 

microscope. 

5.2.4 WoodSpec 

Roots from Te Teko were used to measure physical properties. As mentioned in the 

earlier section 1, six roots (three tap and three lateral roots) were harvested per 

tree. A total of 144 roots (24 trees x 6 roots;:: 144) were examined by acoustics. 

Roots were kept in an air-condition room (20 QC, RH 65%) to equilibrate to 12% 

moisture content. Each entire root was cut into three portions: the first 30% closest to 

the stem-root junction, 30% to 70% in the middle, and the last 30% near the root tip. 

Rootwood velocity was assessed by WoodSpec, a resonance based system using the 

trigger mode in which a microphone was used as sensor and a small steel ball was 

used to impact and generate the impulse. Once acoustic velocities had been measured, 

samples were weighted and then coated with silicon on both ends to avoid water up

talce when determining the air-dry density by water displacement. The modulus of 

elasticity (MOE) of roots was calculated from equation 2-4 based on the acoustic 

velocity and air-dry density. 
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Metso FiberLab analyzer measurements 

The same 3-year-old radiata pine roots from Te Teko which had been used for 

acoustic measurements were available for assessment of fibre properties. Instead of 

examining all 6 trees in each density and transit time combination (a total of 24 trees), 

only 3 trees per group were assessed. In total 144 samples (12 trees x 2 roots (tap & 

lateral) x 6 positions = 144) were investigated for fibre properties using the Metso 

FiberLab analyzer. 

A block (ca. 5-7 em in length) was taken from each of the three positions along the 

roots: near the stem-root junction, from middle portion of the root, and near the root 

tip. For the stem-root junction block, three areas were investigated across the cross 

section. They were at the centre primary xylem zone, from the 1 st_2nd growth ring and 

from the 2nd growth ring to the cambium zone the trees were only 3-yrs old. For the 

block at the middle portion of the roots, two areas were examined in the radial 

direction: the centre primary xylem zone and the area between the 1 st growth ring and 

the cambium. The whole of the root from near the root tip was macerated since it did 

not even include the second growth ring. 

5.3 Experimental a d 

5.3.1 Pinus radiata root anatomy 

Growth rings and resin canals 

Normally, the growth ring boundary is very distinct in radiata pme stemwood. 

However the boundary is less distinct or indistinct in rootwood. Figure 5.4 shows the 

cross-section pattern in Pinus radiata roots. The growth ring boundary was indistinct 

for both 3-year-old tap roots and lateral roots (n=8) (Figure 5.4 A). The growth ring 

was better defined in the 7-year-old lateral roots (n=5), although, this was still less 

distinct than in stemwood (Figure 5.4 B). 



Chapter 5 Pinus radiata rootwood properties 105 

Figure 5.4 Cell distribution in cross-sections of radiata pine roots. (A) growth ring 

pattern, 3-year-old root; (B) growth ring pattern 7-year-old root; (C) and 

(D)resin canal pattern, 3-year-old roots 

Resin canals (RC) are a regular feature in the stem/root wood of radiata pine and 

occur both radially and longitudinally. Longitudinal resin canals tend to be distributed 

in the later-formed early wood (Figure 5.4 C). They are enclosed by a single layer of 

approximately 5-6 epithelial cells. These epithelial cells are then surrounded by a 

partial ring of thin-wall parenchyma cells (Figure 5.4 D). 

Ray tissue 

Rays found in roots are either uniseriate (occasionally part biseriate) (Figure 5.5 A, B) 

or fusiform, ie rays which contain a horizontal resin canal surrounded by thin-walled 
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epithelium (Figure 5.5 C). Rays can consist of only parenchyma cells or of both 

parenchyma cells and ray tracheids (Figure 5.5 D). 

Figure 5.5 Ray cells in radiata pine roots. (A) uniseriate ray; (B) biseriate ray; (C) 

fusiform ray; (D) ray tracheid in the middle of ray 

Primary xylem 

In stemwood, the centre is filled by a mass of thin-walled parenchyma tissue called 

pith. However in roots there is no pith, instead primary xylem occupies this position. 

The primary xylem of roots forms two or more poles (primary xylem poles, PXP). 

The number of these poles affects the morphology of the root system. In the 3-yr old 

radiata pine roots examined, the number of poles varied fron1 two to five. Figure 5.6 

(A-D) shows the primary xylem of these 3-yr old roots. Several shapes such as diarch 
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(two poles), triarch (three poles), tetrarch (four poles) and polyarch (more than four 

poles) can be observed in Pinus radiata rootwood. 

Figure 5.6 The shape of the primary xylem pole varied in 3-year-old Pinus radiata 

rootwood. (a) diarch; (b) triarch; (c) tetrarch and (d) polyarch 

The shapes of the primary xylem in the root varied along both tap or lateral roots. In a 

3-yr old tap root (low density and high stiffness clone), examined at three positions: 

near the stem-root conjunction, in middle portion of the root, and close to the root tip 

(Table 5.2), the primary xylem was tliarch adjacent to the stem-root conjunction 

(Figure 5.7 A) whereas it had changed to tetrarch by the middle portion and close to 

the root tip (Figure 5.7 C and E). 
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Figure 5.7 Primary xylen1 profiles at vanous distances along 3-yr old Pinus radiata 

tap and lateral roots. (A) tap root and (B) lateral root adjacent to the stem

root conjunction area; (C) tap root and (D) lateral root in the mid-length of 

the root; (E) tap root and (F) lateral root near the root tip 
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Table 5.2 The diameter and primary xylem poles along roots and between clones. 

eloneA Type Position DistaneeB (em) Diameter (mm) PXpc 

HH Tap Stem-root conjunction* 0-10 43 Polyarch 

Mid-length 24-36 30.5 Poly arch 

Near root tip 70-84 8 Tetrarch 

Lateral Stem-root conjunction 0-18 30 Triarch 

Mid-length 50-65 14 Triarch 

Near root tip 90-105 9 Triarch 

HL Tap Stem-root conjunction* 0-10 37.5 Tetrarch 

Mid-length 44-55 13 Triarch 

Near root tip 77-91 6 Triarch 

Lateral Stem-root conjunction 0-10 22 Tetrarch 

Mid-length 22-29 13.5 Triarch 

Near root tip 29-48 6 Triarch 

LH Tap Stem-root conjunction 0-10 27.5 Triarch 

Mid-length 28-36 15 Tetrarch 

Near root tip 48-59 7 Tetrarch 

Lateral Stem-root conjunction* 0-10 21.5 Tetrarch 

Mid-length 30-40 14 Diarch 

Near root tip 60-80 7 Tetrarch 

LL Tap Stem-root conjunction 0-9 48 Tetrarch 

Mid-length 22-35 21 Diarch 

Near root tip 49-60 9 Diarch 

Lateral Stem-root conjunction* 0-12 37 Tetrarch 

Mid-length 39-47 11 Polyarch 

Near root tip 65-76 7.5 Tetrarch 

A. HH= high stiffness and high denstiy clone; HL= high density and low stiffness clans; LH=low 

density and high stiffness clone; and LL= low density and low stiffness clone. 

B. Distance calculated from stem base (cm). 

C. PXP= primary xylem pole. 

* The block included compression wood. 
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Table 5.2 shows another example that was observed in a lateral root (high density and 

low stiffness clone), the primary xylem near the stem-root conjunction was tetrarch 

(Figure 5.7 B), but became triarch by the mid-portion of the root and near the root tips 

(Figure 5.7 D and F). These observations correspond with those published by Fayle 

(1975a) that the number of primary xylem strands varies at different positions along 

roots, ie a vertical root was tetrarch for the first 50 cm with one of its major branches 

beyond this point being triarch for a further 20 cm, and then diarch. 

Figure 5.8 The development of side roots. (A) side root initiated at the primary xylem 

pole (PXP) perpendicular to the axis of the parent root; (B) and (C) the 

developing side root contains its own primary xylem with helical wall 

thickening (RT); (D) side root pattern in the tangential/longitudinal section 
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As mention earlier the number of poles affects the morphology, the reason being that 

side roots normally develop adjacent to these primary xylem poles. Figure 5.8 (A) 

shows a side roots being initialled from one of the primary xylem poles. The inner 

surface of side root tracheids shows helical thickenings (Figure 5.8 B and C) because 

these are primary xylem cells. The axis of the side root is perpendicular to the axis of 

parent root (Figure 5.8 D). 

Some features of primary xylem (PX) tracheids such as their dimensions and cell 

outline differ from secondary xylem (SX) tracheids. For example, the length of 

primary xylem tracheid is longer than the length of secondary xylem tracheids 

(discussed in section 5.3.2). The anatomic stmctures of primary and secondary xylems 

were determined under scanning electron microscope. The results show the secondary 

xylem tracheid shape to be approximately square (earlywood) or rectangular 

(latewood) and the intercellular spaces to be absent in normal situations. However, the 

shape of primary xylem tracheids are circular with the clear intercellular spaces 

(Figure 5.9 A and B). 

It is easy to distinguish between the areas of primary and secondary xylem. The 

boundary cells (BC) between these two xylems form a single layer of parenchyma 

cells (Figure 5.9 A) These parenchyma cells are bound together when newly formed 

at some point close to the root tip (Figure 5.9 D) and then extend to normal cell shape 

as the diameter of the root increased toward the middle of the root and adjacent stem

root conjunction areas (Figure 5.9 C). 

The radial-longitudinal section of primary xylem tracheids shows the different shape 

and structure of the secondary wall. The secondary wall thickening in the primary 

xylem tracheids is a dense mass of annular and helical thickenings (Figure 5.9 F). In 

some other cells several thin primary walls could also be observed crossing the lumen 

of these primary xylem tracheids (Figure 5.9 E). 
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Figure 5.9 Primary xylem tracheids in 3-year-old Pinus radiata roots. (A) pentarch 

shape; (B) primary xylem (PX) and secondary xylem (SX) tracheid 

outlines; (C) parenchyma boundary cells (BC) at stem-root conjunction 

zone; (D) parenchyma boundary cells near the root tip; (E) primary wall 

(PW) crossed within tracheids in the cell lumen; and (F) dense annular 

and helical thickening (RT) in the primary xylem 
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Trabeculae 

113 

Trabeculae are single strands of secondary wall material extending radially across the 

cell lumen. Sometin1es trabeculae form in a series of cells derived successively from a 

particular cambial initial. Figure 5.10 A shows trabeculae in a series of approximately 

13 tracheids which lie in both earlywood and latewood. Trabecuae usually form in the 

same row of radial tracheids, however, gaps or breakages were occasionally observed 

(Figure 5.10 B). 

Figure 5.10 Trabeculae lying in the radial direction. (A) found in a continuous series 

of tracheids; (B) found in a discontinuous series 

Pits are openings in the secondary wall, in the form of a canal between the cell lumen 

and the primary wall. The pits of two contiguous cells are usually opposed to one 

another to form a pit-pair. The pit-pair fom1ed between two tracheids is called a 

bordered pit-pair (Figure 5.11 A), whereas if formed between a tracheid and a 

parenchyma (ray) cell it is called a half-boardered pit-pair (Figure 5.11 C). Generally 

pits are found on the radial-axial wall of cells. It is rare for them to form on the 

tangential wall of cells. In rootwood, most of the bordered pits are uniseriate pits (UP) 

and biseriate pits (BP), occasionally multiseriate pits (MP) could also be observed 

(Figure 5.11 A). 
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Figure 5.11 Pits types in radiata pine roots. (A) uni (UP), bi (BP) and multi-seriate 

(MP) bordered pit-pairs on the axial-radial section; (B) cross-field pitting 

(CFP); (C) half-boardered pit-pair; (D) pinoid pitting; (E) and (F) warts on 

the cell wall 



Chapter 5 Pinus radiata rootwood properties 115 

Cross-fields occur between longitudinal tracheids and horizontal rays. Cross-field 

pitting (CFP) varies with species and is a useful diagnostic feature in wood 

identification (Figure 5.11 B). Cross-field pitting in Pinus radiata rootwood is pinoid, 

the same as is observed in the stemwood (Figure 5.11 D). In some cases, the internal 

surface of the rootwood tracheids is lined with warts (Figure 11 E, F). 

Compression wood 

In this study compression wood was found in several samples that came from a zone 

that was only 0-15 em distant from the stem-root junction. In these samples, a dark 

area could be clearly observed on the cross-section of the disks. The dark colour was 

especially obvious when the samples were wet. Tracheids from these areas showed 

the typical features of compression wood with SEM, ie cells that were round in 

outline (Figure 5.12 A and B), with the OCCUlTence of intercellular spaces and spiral 

checks in the secondary wall (Figure 5.12 C). Some splits could also be seen in the 

inner surface of tracheids extending from the pit apertures in longitudinal! tangential 

sections (Figure 5.12 D). 

However, there was no real evidence of compression wood fonnation in the mid

length of the root or near the root tip. Some cells were more rounded, but rootwood 

cells are generally more rounded than stemwood cells. Also in nonnal rootwood one 

can see intercellular spaces between thin-walled cells. 



Chapter 5 Pinus radiata rootwood properties 116 

Figure 5.12 Compression wood present near the stem-root conjunction. (A) and (B) 

circular outline; (C) intercellular space with spiral checking; (D) splits 

extending from pit apertures 

Mechanical and biochemical modifications 

One reason for this study was to investigate if compression wood could be induced by 

biochemical or mechanical treatments. An indicative method to determine the 

presence of compression wood is the visual presence of darker coloured wood. The 

results showed that the expected dark colour was not present nor could it be observed 

on the cross-section of any of the disks. The tracheids which formed on the upper side 

of the root during these four n10nths under tensile load had a more circular outline 

(Figure 5.13 B) than the new formed tracheids on the lower side (Figure 5.13 A). 

However, the rounded cells and intercellular spaces seen on the underside are not 

signs of unambiguous compression wood but are found occasionally as normal 

features of rootwood: in addition in Figure 5.13 A the walls are not thickened and the 
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S3 layer is c1ear1y present - suggesting that this is not compression wood. The cells 

forming on the upperside (Figure 5.13 B) are unusual. The lumen surface of cells 

displays helical ribbing or thickening: further when observed at higher magnification, 

there appears to be a greatly thickened S3 layer, although in Figure 5.13 C it almost 

appears to be distinct from the S3. Figure 5.13D showed the last four months of new 

formed cells on the upperside after IAA treatment. The cells are similar to those in 

Figure 5.13 C except the unusual affects are less pronounced. 

Figure 5.13 The anatomy of 7-year-old radiata pine roots modified by mechanical (A) 

cells formed on the underside; (B) cells formed on the upperside; (C) a 

thickened S3 layer or the formation of an additional wall layer; and (D) new 

formed cells on the upperside due to biochemical treatments 
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5.3.2 Tracheid dimensions in rootwood from 3 yr-old clones, 

Section 5.2.5 mentioned that three trees were examined from each of the 

density/transit time combination groups (IllI, HL, LH and LL). The data presented in 

this section was the average value from only three trees in each combination group 

and only the biggest diameter tap and lateral root were taken from these trees for fibre 

character measurements. It also means that each data set represented the average 

value from more than 15,000 tracheids (3 trees * at least 5000 tracheid measure per 

sample). 

Table 5.3 The variation of tracheid dimension along roots (using the Metso fibre 

Clone 

HH 

LH 

LL 

Average 

analyser). 

Position 

(Stem-root conjunction 

Stem-root conjunction 

Middle portion 

Stem-foot conjunction 

Middle portion 

Stem-root conjunction 

Middle portion 

Root tip 

Stem-root conjunction 

Middle portion 

Root tip 

Stem-root conjunction 

Middle portion 

Length (mm) 

Lateral Tap 

2,44 2,46 

2.86 2.57 

2.00 2.13 

2.68 2.51 

2.01 2.29 

2,41 2.69 

2.82 3,40 

1.99 2.05 

2,40 2.53 

3,47 3,40 

2.11 2.23 

2.59 2.58 

Width (11m) 

Lateral Tap 

41.17 40.78 

41.95 40.92 

38.09 38.60 

40,47 39,45 

39.18 41.72 

40.52 42.65 

39,43 42.10 

37.37 39.81 

41.23 42.72 

41.33 41.30 

38.95 40.23 

41.04 41,43 

Wall thickness ( 11 m) 

Lateral Tap 

11.10 10.84 

11.52 10.95 

10.04 10,40 

10.78 10.68 

10.26 11.02 

10.60 11.37 

10.53 11.37 

9.98 10,49 

10.80 11.42 

11.23 11.30 

10.34 10.69 

10.93 11.10 
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The distribution of tracheid length in roots is totally different to that in stems. Table 

5.3 shows that the cross-section averaged tracheid length increases from the stem-root 

conjunction area to the tip in all lateral and tap roots in every combination group. The 

average tracheid length increases approximately 60% from stem-root conjunction 

(2.11 mm) to the root tip (3.35 mm) in the lateral roots while it increases 

approximately 40% (2.23 mm at the stem-root conjunction to 3.17 mm at the tip) in 

the tap roots. These trends demonstrate that the increase in tracheid length is greater 

in the lateral roots than in the tap roots. 

The tracheid width distribution along the roots does not show the same pattern as that 

for tracheid length in which length increases from the stem-root conjunction to the 

root tip (Table 5.3). Instead of that the tracheid width increases from the stem-root 

conjunction to the middle portion of roots and then decreases thereafter in the tap and 

lateral roots. The tracheid width closest to the stem-root conjunction are 38.95 /lm and 

40.23 /lm for the lateral and tap roots respectively whereas they are 41.04 and 41.43 

/l m at the middle portion and 39.30 and 40.96 /l m at the root tip for the lateral and tap 

roots. Figure 5.14 shows that there is a very weak correlation between tracheid width 

and tracheid length. This is not unexpected as the fibres have been pulped and some 

will have collapsed. 
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Figure 5.14 Correlation between tracheid width and tracheid length in roots 
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However, there is a good correlation between tracheid width and its wall thickness 

with coefficient of determination 0.82 (Figure 5.15). The thickest tracheid wall is 

found in samples taken from the middle position of both tap and lateral roots. The 

tracheid wall thickness is 10.34 10.93 and 10.71 11m at stem-root conjunction, middle 

position and root tip areas respectively in the lateral roots while they are respectively 

10.69, 11.00 and 11.04 11 m in the tap roots (Table 5.3). 
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Tracheid width (micrometre) 

Figure 5.15 Correlation between tracheid wall thickness and tracheid width in roots 

Tracheid length at three different positions across the cross section: around the central 

primary xylem zone, middle portion (l st to 2nd growth ring) and for the outer portion 

(2nd growth ring to the cambium) were investigated. Tracheid length varied across 

both lateral and tap roots. The longest tracheids were found in the primary xylem zone 

and then in the outer portion followed by the area between 1st and 2nd growth rings. In 

this case, the average tracheid lengths were 2.72, 2.38 and 1.93 mm respectively in 

the lateral roots while they were respective 2.64, 2.46 and 2.17 mm in the tap roots. 

The results also indicated that changes in tracheid length were more significant in the 

lateral roots with 0.79 mm difference compared to the tap roots with approximately 

0.47 mm difference (Table 5.4). 
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Table 5.4 The variation of tracheid dimension across the cross section III roots 

(averaged from stem-root junction to root tip) 

Clone Position Length (mm) Width (11m) Cell wall thickness (11 m) 

(centre to bark) Lateral TaE Lateral TaE Lateral TaE 

HH Outer 2.72 2.56 41.75 40.97 11.33 11.00 

Middle 2.24 2.35 40.70 42.07 11.00 11.27 

Centre 3.02 2.72 40.73 40.11 11.21 10.67 

Outer 2.36 2.37 39.33 40.15 10.43 10.78 

Middle 1.91 2.00 38.13 37.93 10.10 10.37 

Centre 2.72 2.47 38.62 38.91 10.28 10.43 

LH Outer 2.22 2.55 40.27 41.97 10.53 11.20 

Middle 1.87 2.26 39.90 43.50 10.40 11.40 

Centre 2.45 2.77 39.19 41.71 10.34 11.12 

LL Outer 2.21 2.37 40.62 41.65 10.70 11.05 

Middle 1.71 2.06 35.43 40.97 9.63 10.83 

Centre 2.71 2.61 39.74 40.63 10.58 10.89 

Average Outer 2.38 2.46 40.49 41.18 10.75 11.01 

Middle 1.93 2.17 38.54 41.12 10.28 10.97 

Centre 2.72 2.64 39.57 40.34 10.60 10.78 

Tracheid width and cell wall thickness also varied between positions. The widest and 

also the thickest cell wall tracheids were found in the outer portion (2nd growth ring to 

cambium) with 40.49 11 m for width and 10.71 11 m for tracheid wall thickness in 

lateral roots while they were 41.18 11m and 11.01 11m respectively in tap roots (Table 

5.4). The tracheid width and tracheid wall thickness also showed greater differences 

in lateral roots compared with the tap roots. The width ranged between approximately 

40.50 and 38.50 11 m in lateral roots whereas it ranged from 41.20 to 40.35 11 m in tap 

roots. 
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5.3.3 Physical properties of rootwood 

Physical properties such as acoustic velocity and density of 3-year-old Pinus radiata 

roots have been examined at 12% moisture content. Figure 5.16 presents the density 

differences from the stem-root conjunction to the tip in both lateral and tap roots. The 

average lateral root densities were higher and more varied compared with the average 

tap root densities. The average lateral root densities were approximately 420 kg/m3 at 

the stem-root conjunction and decreased to 415 kg/m3 at the middle portion and then 

decreased to 405 kg/m3 at the tip areas. 

The density variation in tap root was not as stable as in lateral root both within roots 

and also within these four clone groupings (Figure 5.16). For example the average 

density in HH and LL clones increased with increasing distance from stem-root 

conjunction areas, however, it decreased with distance from base to tip for the HL and 

LH clones. This result agrees with the statement by Fayle (1968b) that the density 

variation in the vertical and oblique roots was not as constant as in the lateral roots. 

The average tap root density was approximately 405 kg/m3 along the roots. 
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Figure 5.16 Variation in air-dry density from the stem-root conjunction to root tip in 

lateral and in tap roots 
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The velocity of sound in the roots was determined by WoodSpec, a resonance based 

instrument. The modulus of elasticity (MOE) of roots was also calculated based on 

these velocity and density values. The velocity steadily decreased from the stem-root 

conjunction to the root tip areas in both tap and lateral roots, decreasing more rapidly 

in the lateral roots than in the tap roots. The average velocity was ca. 2.0, 1.4 and 1.0 

km/s near the stem-root conjunction, middle and root tip respectively in the lateral 

roots, whereas it was respectively 1.7, 1.3 and 1.0lanls in the tap root (Figure 5.17). 

Figure 5.18 shows the variation of modulus of elasticity (MOE) along the roots. The 

distribution of MOE follows a similar pattern of acoustic velocity. The average MOE 

ranged from 1.90 to 0.5 OPa and between 1.4 and 0.4 OPa for lateral and tap roots 

respectively. 

Apart from examining the physical properties of roots, the correlations between 

velocity, MOE and tracheid dimensions were also investigated. It is well established 

that there is a positive correlation between acoustic velocity (and MOE) and tracheid 

length in stemwood (Burmester, 1965), but an inverse relationship is shown to hold 

for rootwood. Figure 5.19 shows the correlation between velocity and MOE with 

tracheid lengths for both lateral and tap roots. These results indicate that the higher 

velocity and MOE, the shorter tracheid length. The coefficient of determination for 

velocity was 0.52 while for MOE this was 0.58. 
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Figure 5.17 Variation in acoustic velocity from near the stern-root conjunction to root 

tip in lateral and tap roots at 12% moisture content 
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Figure 5.18 Variation of MOE from the stem-root conjunction to tips in lateral and tap 

roots at 12% moisture content 
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Figure 5.19 Correlation between velocity and MOE at 12% moisture content with 

tracheid lengths in roots 

Section 3.4.5.5 mentioned that branchwood could be used to predict tree quality since 

a good correlation was found between stemwood MOE and branchwood MOE with 

coefficient of determination 0.68. Whether there was a good correlation between stem 

and root was examined also in this section. 



Chapter 5 Pinus radiata rootwood properties 125 

Figure 5.20 showed the relationship between stem and rootwood in the air-dry 

condition. The modulus of elasticity of the stem bolt from each clone was measured at 

ca. 1.4 metres while testing with WoodSpec. The MOE of root wood was the average 

MOE (stem-root conjunction, middle portion and near root tip) of a selected lateral 

root again measured by W oodSpec. The result showed that there was a poor 

correlation between stem and root MOE, the coefficient of determination was only 

0.20. 
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Figure 5.20 Correlation between stemwood and rootwood modulus of elasticity at 

12% moisture content (n=12) 

The other property that was considered was density. In this case a better relation was 

observed between stemwood density determined by Silviscan-2 (Evans et al. 2001) 

and rootwood density by water displacement method at air-dry condition. When 

examined the correlation between stem and root wood density of all these 12 clones, a 

coefficient of determination 0.44 was obtained. However, isolated a data point was 

clearly atypical. If this point, ie individual tree, were ignored then the coefficient of 

detennination would increased to 0.82 as shown in Figure 5.21. 
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Figure 5.21 Relationship between stem and root density at the dry condition (n=l1) 

Discussion 

In this study tracheid dimensions were examined by two techniques- scanning 

electron microscope and FiberLab analyser. The SEM presented real images of 

individual anatomical features in cells while FiberLab measured several thousand 

tracheids per time. Both approaches provide accurate and reliable perspectives. 

Inevitably the tracheid wall thicknesses determined by these techniques do not 

correlate well. For example, the tracheid widths and wall thicknesses obtained from 

FiberLab were ca. 40 fl ill and 10.5 fl ill respectively. Whereas, the tracheids 

dimensions revealed by SEM images indicate that the ratio of wall thickness to cell 

diameter is only half this value. The materials prepared for FiberLab measurement 

were cooked in strong chemicals for several hours to ensure that the chips could be 

de-lignified successfully. Hence the tracheid dimensions as revealed by the fibre 

analyser relate to swollen, delignified fibres. 

Whether or not compression wood is present in rootwood is still an issue for debate. 

In this study compression wood was found in several samples taken from close to the 

stem-root conjunction (within approximately 300 mm) in both tap and lateral roots. 

Here tracheid cells were rounded in outline with the occurrence of intercellular 
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spaces, spiral checks in the secondary wall and the absence of the S3 layer. No 

compression wood was found beyond the stem-root conjunction zone and it supported 

previous findings that showed that compression wood was not present in buried roots 

(Onaka 1935; Fayle 1968b). However, the definition of compression wood in this 

particular study is classed as severe compression wood. Perhaps some very mild or 

moderate compression wood might be present in the roots but not found. 

Although it is well known that applying external auxin in stem induces compression 

wood in stemwood (Balch, 1952; Fraser, 1952; Necesany, 1958; Onaka, 1940; 

Wershing and Bailey, 1942), this research demonstrated that no compression wood 

could be induced by external IAA in rootwood. Instead the newly formed tracheids 

under both mechanical and biochemical modifications resulted in a greatly thickened 

S3 layer or possibly by the deposition of an extra layer inside the S3 layer. This 

feature was abundant on the upper side of the single root that was examined (Figure 

5.13). This result corresponds with Fayle (1968b) who stated that cells which matured 

around the time of the 1 % and 0.1 % IAA application frequently had slightly thicker 

walls with greater lignification than those that matured before or somewhat later than 

the time of application. However, he did not mention whether the thicker wall was a 

result of the thicker S3 layer or whether it had an extra layer deposited inside the S3 

wall. 

The reason for failing to induce compression wood by the IAA application in this 

study concurs with the conclusion claimed by Fayle (1968b) and Westing (1965b) that 

the formation of compression wood was under some multiple factor control, of which 

auxin was a crucial factor. Perhaps some concomitant factor was lacldng or some 

form of inhibitor was present in the roots. Hence, more research needs to be done in 

this area. 

The anatomical properties of rootwood differ from that of stemwood. In stemwood 

the stem centre is filled with parenchyma pith cells that form the pith; however, in the 

rootwood the centre portion is filled with primary xylem with a number of poles 

resembling the fluting or buttressing of some tropical trees. The tracheid length 

pattern in stemwood is one of increasing length with distance from pith to cambium in 

the radial direction and decreasing with tree height from bottom to top in the vertical 

direction. However in rootwood, the longest tracheids areas found in the centre of 
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cross section in the primary xylem zone and the shortest tracheids are found at the 

middle portion of the root's cross section. The tracheid length increases with 

increasing distance from stem-root conjunction to root tip. 

The anatomical and physical properties of lateral and tap are also different. The 

property variations in lateral roots is more significant than in tap roots, presumably 

because lateral roots playa larger functional role in providing stability in winds. The 

tracheid length increases approximately 60% from stem-root conjunction to root tip in 

the lateral roots whereas it only increases ca. 40% in the tap roots. The average 

density is ca. 420 kg/m3 near the stem-root conjunction decreasing thereafter to 405 

kg/m3 at the tip in the lateral roots while they are approximately 405 kmIm3 along 

entire tap roots. 

Although the acoustic velocity and MOE distribution along roots show the same 

pattern in both lateral and tap roots in that they decreases from near the stem-root 

conjunction to the root tip, the values in lateral roots are higher than in tap roots. 

Velocity and MOE range from ca. 2.0 km/s and 1.90 GPa (at stem-root conjunction) 

to 1.0 kmIs and 0.5 GPa (at root tip) respectively in lateral roots whereas they range 

between 1.71anls and 1.4 GPa and 1.0 lanls and 0.4 GPa in the tap root. This result is 

explicable since lateral roots should be stiffer than tap roots in order to minimize the 

swing damage caused by winds. 

In general there is a good positive correlation between acoustic velocity and MOE 

with tracheid length in stemwood in which wood with longer tracheids displaying 

higher acoustic velocities and MOE. An inverse relationship occurs between velocity 

and MOE with tracheid length in the rootwood, in that rootwood with shorter 

tracheids display higher velocities and MOE. The coefficient of determination for 

velocity and MOE were 0.52 and 0.58 respectively in rootwood. The reasons for this 

inverse relationship between tracheid length and MOE in rootwood may be because 

root tracheids play different functions from stem tracheids. The main function for 

rootwood is to conduct sap through the trees, not to provide stiffness and support tree 

growth. In this case, roots require long thin wall tracheids with more pits to allow sap 

flow between cells. This situation is particularly obvious in primary xylem tracheids 

in that the length is longer, however, the stiffness is lower. 
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Although a good correlation (R2= 0.68) was found between the modulus of elasticity 

of stem and branch woods (section 3.4.5.5), the relationship between stem MOE and 

root MOE was poor (R2=0.2). However, a good correlation was found between 

stemwood density and rootwood density with coefficient of determination 0.82. This 

indicates the young rootwood density could be used as criteria to breed high density 

trees - but in practice this is unlikely to be useful as density can be determined non

destructively from increments cores. 
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Chapter 6 General conclusions 

6.1 Physical properties comparison 

This thesis examines wood property variations within Pinus radiata in stem, branch 

and root wood. Several important characteristics such as density, acoustic velocity, 

modulus of elasticity and tracheid dimensions are examined in stemwood from 

ground level to the top of the tree, also from the stem-root junction to root tip, and 

from branch base to branch tip. These within tree variations between stemwood, 

branch wood and rootwood are compared and discussed below. 

Density 

Stemwood air-dry density in 7-year-old trees decreases little from ground level to the 

top of the tree, from approximately 415 kg/m3 to around 405 kg/m3 (Figure 3.10). 

Branchwood density in 7-year-old trees is higher than stemwood density. The average 

branchwood density (average of the first three branch segments) is approximately 480 

kg/m3 at the lower position (1 to 2 metres) and decreases sharply to ca. 410 kg/m3 in 

the upper positions (4 to 5 metres) (Figure 3.10). When one considers the density 

changes within branches, the density decreases from base (500 kg/m3
) to tip (400 

kg/m3
) (Table 3.7). This conforms with simple biomechanics, in that the bending 

moment is greatest in the largest branches and in the lower portions of the branch, 

where higher density compression wood is formed on the underside of the branch to 

maintain the desired branch angle. 

Rootwood density in 3-year-old trees is similar to stemwood density ranging between 

420 and 405 kg/m3. Density varies from stem-root junction to root tip in lateral roots 

(420 to 405 kg/m3
) but changes little along tap roots (405 kg/m3

) (Figure 5.16). 
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Stiffness 

In stemwood (7-yr-old trees), the MOE increases from ground level (ca. 2.5-3.5 OPa) 

to ca. 4 metres (ca. 5.5-6.5 OPa) and then decreases thereafter to 7 metres (ca. 2.5-3.5 

OPa) (Figure 4.14). This "whole cross-section" stiffness gradient is an important 

observation as it emphasises the need to measure acoustic velocity at a specific height, 

which is not that easy since branch whorls occur at different heights in different trees. 

Further, the observation that the acoustic velocity is some 4% less when sound is 

traversing branch whorls and 2% higher when traversing the clearwood internodes 

(both relative to the average for the butt log) makes assessment at a fixed height 

equally problematic. If one were interested in measuring stem stiffness, for example 

in breeding trials, then it would be logical to partially prune the branch whorl(s) near 

breast height at very young age and then let the trees grow for several years to provide 

a clearwood zone at the desired height. Acoustic velocity should be measured on 

opposite sides of the stem to account for circumferential variation which becomes 

increasingly noticeable in older, larger diameter trees. 

With branchwood (7-yr-old trees) the MOE decreases linearly with tree height up the 

stem from approximately 4.5 OPa at 1 metre to 3 OPa at 6 metres (Figure 3.9). 

Similarly the stiffness of branch decreases with increasing distance from branch base 

(adjacent to the stem) toward branch tip from ca. 4 OPa at 1st branch segment to 3.4 

OPa at 3rd segment (Table 3.7). 

Roots (3-year-old clones) are the least stiff part of the tree. The MOE value decreases 

along roots from stem-root junction (ca. 1.9 OPa) to tip area (0.5 OPa) in lateral roots 

and from 1.4 OPa to 0.4 OPa in tap roots (Figure 5.18). All these values are very low, 

but relate to 3-yr old trees. One would expect lateral roots to be denser and stiffer than 

tap roots to resist uprooting in strong winds, and one would expect the values to be 

higher near the stem and lower toward the root tips. 

Tracheid dimensions 

In stemwood (7-yr-old trees) and rootwood (3-year-old trees) the tracheid dimensions 

change with distance from ground level in both directions. However, the pattern in 

roots and stems is significant different. For stemwood, the tracheid length decreases 
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with height up the stem: the mean "cross-sectional" tracheid length is approximately 

1.70 mm at breast height whereas it is 1.55 mm and 1.40 mm at 2.4 metres and 4.6 

metres respectively (Figure 4.16). Rootwood tracheids are much longer (nearly 

double) that of stemwood tracheids. The pattern from stem-root junction to root tip is 

the opposite to the pattern shown in the stem in that the tracheid length increases with 

the distance from the stem-root junction. The mean "cross-sectional" tracheid length 

adjacent to the stem-root junction area is mm whereas for the middle and root tip 

areas it is 2.6 mm and 3.3 mm respectively (Table 5.4). 

With regard to the tracheid length changing across the cross-section, the length 

increases from pith to cambium in the stemwood with ca. 1.35 mm, 1.60 mm and 1.90 

mm at growth ring 1-3, 3-5 and 5-7 (cambium area) respectively. However, in the 

roots, the longest tracheid length is found in the central primary xylem zone and then 

in outer portion (close to the cambium). The average tracheid length is approximately 

2.70 mm, 1.90 mm and 2.40 mm at the root centre, the middle pOliion and outer 

portion of roots (Table 5.5) - but these values are for 3 yr old clones. 

Perhaps the surprising feature of this work is that the rootwood has long tracheids but 

the wood is not particularly stiff suggesting that sap conduction is a relatively more 

important function in roots. 

Rootwood anatomy 

Few researchers have paid attention to rootwood anatomy compared with plenty of 

studies on stemwood. This aspect of the research determined the anatomical 

properties of Pinus radiata rootwood which were then compared with the stemwood 

structure observations of other workers. 

Compression wood is a common feature of stem and branchwood. However, this 

atypical structure is absent in roots except in some very restricted instances where 

compression wood extends from the stem down into the root to be present a short 

distance from the stem-root junction (Figure 5.12). 

Although two methods, mechanical and biochemical applications, sought to induce 

compression wood artificially in rootwood, the new formed cells do not show typical 

compression wood features such as the lack of the 83 layer. Instead it is uncertain 
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whether another layer was fonned inside the S3 or whether the Oliginal S3 layer is 

greatly thickened (Figure 5.13). In this case, more research is needed to understand 

cell development in such artificial circumstances. 

In stemwood, the centre is filled by a pithy mass of thin-walled parenchyma tissue. 

However in roots there is no pith, instead primary xylem occupies this position. The 

pIimary xylem of roots fonns two or more poles (primary xylem poles, PXP). Several 

shapes of primary xylem poles such as diarch (two poles), triarch (three poles), 

tetrarch (four poles) and polyarch (more than four poles) were observed in Pinus 

radiata rootwood (Figure 5.6). In the radiata pine stemwood the pits lie in one or two 

rows (Patel, 1971), however, in rootwood pits can form from one to three rows 

(Figure 5.11). Finally, the growth ring boundary that is clearly defined in stemwood is 

less defined or indistinct in rootwood (Figure 5.4). 

6.2 Wood quality assessments 

Several methods were examined to assess stem wood qualities. One of these was the 

non-destructive evaluation (NDE) tool, the Fakopp-2D transit time based instrument, 

which allows one to investigate tree qualities directly. The other approach sought to 

use branchwood and rootwood to predict stem quality indirectly. The performances of 

these two approaches are compared relative to the MOE values obtained using the 

W oodSpec resonance based instrument. 

Fakopp-2D prediction of stem quality 

The correlation between Fakopp-2D, averaged for outerwood-outerwood and pith-pith 

velocity between the start probe and stop probe #4, and WoodSpec velocity was 

detennined on the bottom logs. The results show there was a good agreement between 

the two with a coefficient of detennination of 0.92 (Figure 4.8). Whether the velocity 

data in the green condition using Fakopp can be used to assess volume-weighted stem 

after drying (12% moisture content) was also investigated. The results show 

that the correlation between Falcopp velocity (averaged from standing trees and logs), 

using the start probe and stop probe #4, and WoodSpec MOE is good or reasonable 
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(R2= 0.73). When measuring between the stop probe #1 and stop probe #4, the 

coefficient of determination improves to 0.75 (Table 4.4). These results indicate that 

the Fakopp system is capable of assessing tree quality reliably - at least for 7-yr old 

trees. 

Using branchwood to predict stem quality 

The possibility of using branchwood (7-yr-old) MOE in the green condition to predict 

volume-weighted stemwood MOE at 12% MC was examined. However the outcome 

was disappointing. The results show there is a correlation (R2= 0.53) between the two 

if the following branch selecting criteria are applied (Figure 3.17): 

1. Choose only the largest diameter branch in each whorl; 

2. The minimum branch segment length must be more than 25 cm; 

3. The minimum diameter must be more than one cm at both ends; and 

4. Choose the 1st segment (closest to stem bolt) if it meets the criteria 1-3; if not, 

choose the 2nd segment; or lastly the 3rd segment. 

Using rootwood to predict stem quality 

Rootwood (3-yr-old) was not an effective method of predicting stemwood quality. 

However, of some interest are the wood quality profiles of lateral and tap wood 

(Figure 5.16-18). It is interested that rootwood tracheids are much longer than 

stemwood tracheids and that they are relatively thin walled (which would suggest that 

they are stressed primarily in tension?) (Table 5.4 and 5.5). Of further interest is the 

higher MOE values found in lateral roots compared to tap roots (Figure 5.18): again 

suggesting a greater role for these roots in tree stability - at least for the young radiata 

pine trees examined in this study 
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6.3 Practical Conclusions 

All conclusions should be qualified by the fact that this is a scoping study and so 

relate to the specific material examined. While the conclusions are likely to have 

general validity, this has yet to be demonstrated. 

1. Branchwood can be used to con-elate with stemwood properties in 7-year-old 

radiata pine, but this approach has little practical appeal as equally good or better 

con-elations can be obtained using Fakopp on standing trees. 

2. Rootwood properties do not con-elate strongly with stemwood - at least for 3-yr 

old clones. 

3. Therefore this thesis recommended that future work should focus solely on the 

use of time of flight instruments such as Fakopp (which in turn need to be more 

robust). 

4. Further work is needed to develop firm regressions between standing tree tools 

and resonance-based systems for logs. Especially, there is a need to evaluate 

circumferential and radial variations in older trees. 

The stiffness profile of "whole cross-section" up the stem of 7-yr-old trees 

implies that the sampling position - which for a density increment core is breast 

height - needs to be considered critically relative to breast height and the 

presence of immediate branch whorls. 

6. Much cun-ently reported acoustic work on stemwood tal<:es no account of the 

presence of bark. This partially accounts for differences in reported values using 

different tools. 

7. Our inability to induce compression wood is an interesting academic observation 

that requires much more work to provide a fundamental understanding of 

compression wood formation. However, failure to understand the biochemical 

processes underlying compression wood formation may well inhibit industry's 

ability to manipulate wood quality in plantation forestry - whether in processing 

or in tree breeding. 
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Appendix 1. Variation in the stem bolt density with position up the stem 

in trees from different seed sources 
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Appendix 2. Variation in the stembolt velocity with position up the 

stem in trees from different seed sources 

2.60 
,---.., 

<Zl 

] 2.40 
'--' 

b 2.20 • .-< 
<.) 

0 ......... 
Q) 
;> 2.00 ....., 

......... 
0 

'S 1.80 Q) ....., 
C/} 

1.60 

4.10 
,---.., 

<Zl 3.90 ] 
'--' 

b 
'0 

3.70 
0 3.50 ......... 
Q) 
;> 

~ 3.30 0 

'S 
Q) 3.10 +--> 

C/} 

2.90 

(Green condition) 

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 

Position up the stem (m) 

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 

Position up the stem (m) 

-+-11 

-13 
-.ir- 15 

--*- 21 
~23 

--0-- 25 

-+-11 

-13 
-.ir- 15 

--*- 21 
~23 

--0-- 25 



Appendix 147 

Appendix 3. Variation in the stembolt MOE with position up the stem in 

trees from different seed sources 
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