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Abstract— Thirteen years old provenance trials of Acacia mangium from five provenances were established at five sites in
the state of Sarawak, Malaysia, were sampled for this study. Fifty trees were sampled at random and cut to study radial
variation in microfibril angle in the SS2 of secondary wall of the fibre using polarised microscope. Microfibril angle
decreased from pith to bark with the greatest decrease occurred within the first two radial sampling near to the pith. It
ranged from 5.9° to 28.8° with an overall mean and coefficient of variation of 12.6 ° and 45.8% respectively. It had a mean
value of 21.4 at pith and 6.9 near the bark, which is a decrease of 67.8%. Highly significant different in mircrofibril angle
were detected between radials of individual trees at α≥0.001. It was the major contributors to the total variance in which
contributed for about 64.8%. Variations between trees were highly significant at α≥0.001 and accounted for 25.5% of the
variation in microfibril angle while differences between the two orientations were not significant at α≤0.05.
Keywords— Acacia mangium, microfibril angle, radial variation, pith to bark, interaction.

I.

INTRODUCTION

In future, it is expected that Malaysian and international market will be flooded with wood produced by short rotation fast
growing timber species. A major concern with short rotation is the present of higher proportion of juvenile wood known as
core wood (Burdon et al. 2004). Juvenile wood displays poor characteristics like higher microfibril angle (MFA), lower
density, low stiffness, thinner cell walls, and shorter tracheids than mature wood (Cown 1992). Lower densities and reduced
fibre dimensions, higher MFA, and low stiffness of juvenile woods are expected to produce a poorer quality product, often
causing dimensional instability, for example in loblolly pine (Kretschmann and Bendtsen 1992) and Sitka spruce
(Macdonald and Hubert 2002), resulting in poor acceptance in the market (Cown and van Wyk 2004). For these reasons,
wood property traits have begun to receive more attention in the tree improvement programs as well as in forest industry
(Powell et al. 2004).
In addition to specific gravity the other most important wood characteristic, which has direct impact on wood stiffness and
strength, is microfibril angle (Butterfield 1998; Bendtsen and Senft 1986; Cave 1969). It also has an influence on shrinkage
of wood (Harris and Meylan 1965; Ying et al. 1994). Microfibril angle (MFA) is referred to the mean helical angle that the
cellulose microfibril in the S2 layer of the cell wall makes with the longitudinal axis of the cell (Barnett & Bonham 2004).
Microfibril angle is a property of the cell wall of wood fibers, which is made up of millions of strands of cellulose called
microfibril (Walker & Butterfield 1995 and Butterfield 1998).
Now in Malaysia as Acacia mangium is gaining popularity for both timber and for pulping, understanding the wood
properties of this species is particularly important to effectively utilize this timber and before any improvement program has
been developed to improve its quality. This study was therefore carried out to fulfil this objective. The work described in this
paper forms part of a larger study of the genetic and environmental influences, and their interaction on growth, wood
properties and mechanical properties in Acacia mangium. The main objective of this study is to establish a radial variation
in MFA and to study the extent of variations in microfibril angle between trees, orientations and radial subsamples.

II.
2.1

MATERIALS AND METHODS

The trial

Thirteen years old provenance trials of Acacia mangium, which were established in five sites in the state of Sarawak,
Malaysia, were sampled for this study. Five provenances were planted. Details of the trials were reported in Lokmal & Mohd
Noor (2010). The trial was conducted using randomised complete block design and was laid in complete factorial of five
sites x five blocks x five provenances x 25 trees.
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Tree sampling

Three trees were sampled randomly and cut from each treatment plot making a total of 375 sampling trees. However, due to
some heart-rot and termites attack, only 362 trees were managed for final process. For the purpose of this study, 50 trees
were sampled at random. The number was a compromise between high variability in MFA within tree and the difficulty of
measuring the MFA.
2.3

Wood sampling

A two (2) cm thick disc was cut at 1.3 m height for every tree. A strip of two (2) cm width was cut running through the centre
(pith) of the disc along east west orientation of the tree. The strip was cut at the centre into two parts i.e. east and west. Each
part was measured and cut into four (4) equal-length samples, hence producing 400 samples (50 trees x 2 orientations x 4
radial positions).
2.4

Measurement of the microfibril angle

The method for measuring microfibril angle was adopted from Leney (1981). It involved several stages and were briefly
explained below. All selected samples were separated and placed in a 40-ml beaker and 25 ml distilled water was poured
over it. The sample was then boiled in the autoclave at 100 C for a total of 10 hours. Slices were cut from the tangential face
of the samples using a sliding microtome with thickness set at 10 micron (about 50% of fibre thickness) in order to produce
half-cut fiber required for the measurement of MFA through this method.
2.5

Maceration process

The slices were placed in 50 ml test tubes with 2 ml of maceration solution (a mixture of 44 parts of glacial acetic acid and
56 parts 30% hydrogen peroxide). The test tubes were heated in a water bath at 90C - 95C for 12 hours until the samples
were bleached white and easily separated into components cells or fibres when shaken gently. The maceration solution was
then poured off. The remaining maceration solution was diluted by adding 20 ml distilled water into the test tube, shaking
and removing the mixed distilled water and solution using a 30 ml pipette. This step was repeated three times. A wide-mouth
bulb pipette (8 mm inside diameter) was put in the suspension of fibres. The bulb of the pipette was then released quickly to
suck a random sample of fibres into the pipette.
2.6

Preparation of the slides

The pipette was held vertically and moved to a position over a slide on a hot plate (80-90C). The fibre suspension was
squeezed out of the pipette on to the centre of the slide.The fibres were allowed to settle on the slide, and part of the water
was allowed to evaporate on the hot plate. A cover glass was then put on the slide taking special care not to trap bubbles in
between the fibres. Two slides were prepared from each sample to ensure enough microfiber are captured. A microfibril
angle was measured once from each of the individual 29 half-cut fibres generating a total of 11,600 MFA for this study. The
high sample number of fibres was needed because of the high variability of microfibril angle between fibres within a tree.
2.7

Polarised microscope procedures

With the polariser and analyser of a polarised light microscope set in the cross position (darkest), a first order red wave plate
was introduced into the beam below the analyser at an angle of 45 to give a red field. The slide was then introduced into the
field of view of the polarised light microscope. It was rotated clockwise to an angle where the colour changed from yellow to
red to blue, indicating that it was in the major extinction position (MEP). The red plate was then removed and slight
adjustment was made for the best major extinction position in black and white (when the central part of the fibre was the
darkest). The angle of the rotary stage was recorded. Then the fibre axis was aligned parallel to the vertical cross hair line in
the eyepiece. Again the angle of the rotary stage was recorded. The difference between these two readings was the
microfibril angle for the secondary cell wall (S2).
2.8

Data analysis

SAS (SAS 2008) was employed throughout the analysis of this study. Two types of analysis were carried out in this study as
described below.
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Analysis of variance

Mean over 29 microfibrils were subjected to analysis of variance using Procedure general linear model (SAS 2008) using the
following model:
ijk =  + αi + βj + δk + ij + ik + θjk + ijk
Where
ijk is the mean microfibril angle in kth radial position at jth orientation of ith tree.
 is the overall mean.
αi is the random effect of ith tree (i=1, 2 .... 50).
βj is the fix effect of jth orientation (j=1,2).
δk is the fix effect of kth radial position (k=1,2,3,4)
ij is the interaction between ith tree and jth orientation.
ik is the interaction between ith tree and kth radial position.
θjk is the interaction between jth orientation and kth radial position.
ijk is the random error associated with the kth radial position in the jth orientation at the ith tree.
Student-Newman-Keuls multiple-range test was also performed to identify differences between samples within the radial.
2.10

Variance components

Variance components were estimated using proc varcomp via restricted maximum likelihood (REML) method (SAS 2008)
with the same model as in the analysis of variance.

III.
3.1

RESULTS

Radial Variation

Microfibril angle decreased from pith to bark. Its mean ranged from 5.9° to 28.8° with an overall mean and coefficient of
variation of 12.6° and 45.8% respectively (Table 1). It had a mean value of 21.4  near pith and 6.9 near the bark, which
involved a decrease of 67.6%, or a reduction of 14.5 . The most rapid changes occurred between the first two radial sampling
i.e. SS1 and SS2 (Figure 1 and Table 1). It involved a reduction of 39.4% (reduction of 8.5 ). The decrease in MFA from SS2
to SS3 and SS3 to SS4 were 28.7% and 25.0% involving a reduction of 3.7  and 2.3 respectively.Highly significant different
in mircrofibril angle were detected between radials at α≥0.001. Student-Newman-Keuls multiple range test have shown that
all the four radials were differed significantly at α≥0.05.

FIGURE 1: VARIATION IN MICROFIBRIL ANGLE FROM PITH TO BARK IN ACACIA MANGIUM.
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TABLE 1
VARIATION IN MICROFIBRIL ANGLE FROM PITH TO BARK IN ACACIA MANGIUM.
Radial
SS1

Mean

Min

Max

CV (%)

Std error

°a

16.6

°

28.8

°

15.1

0.32

11.5

°

15.5

°

7.2

0.09

10.4

0.10

9.10

0.06

45.8

0.29

21.4

°b

SS2

12.9

SS3

9.2°c

7.6°

SS4

°d

°

6.9

5.9

12.6°

Overall

11.6°
8.8

5.9°

°

28.8°

Notes: SS1 sample nearest to pith; SS4 sample closest to bark; Mean with the same letter are not significantly different at
α≤0.05 via Student Newman Keuls.
3.2

Variation between trees

Mean of individual tree varied from 11.0  to 15.3 with an average and coefficient of variation of 12.6 and 9.7% respectively.
Differences between trees were also highly significant at α≥0.001 (Table 2). Student-Newman-Keuls multiple-range test was
performed and separated all trees in to 22 significantly distinct groups reinforced the high variation between trees. Tree
accounted for 25.5% of the total variance in MFA.
3.3

Variation between orientations

Mean of MFA for east and west orientation 12.8  and 12.4 respectively. The differences between the two orientations were
not significant at α≤0.05 (Table 2 and Figure 3).

TABLE 2
ANALYSIS OF VARIANCE AND VARIANCE COMPONENT FOR MICROFIBRIL ANGLE
Source
Tree (T)

Mean square

49

12.1

Variance

Variance (%)

***

11.0

25.5

ns

Orientation (O)
Radial (R)
TXO
TXR

1
3
49
147

16.8
4015.1***
0.4ns
3.6***

0.1
28.1
0.1
2.6

0.1
64.8
0.1
6.0

OXR

3

4.2***

1.1

2.5

error

147

0.4

Total

3.4

df

399
* ** ***
Notes: , , significant at p≥0.05, p≥0.01 and p≥0.001.

0.4
43.3
ns
not significant at p≤0.05

0.9
100.0

Interaction between Trees and Orientations

Interaction between trees and orientations was not significant (Table 2). Although there was highly significant different
between trees, the different between both orientations for individual tree was very small (Figure 3).
3.5

Interaction between Trees and Radials

Interaction between trees and radials was highly significant (Table 2). Further examinations have shown that the interaction
was due to different rate of reduction in microfibril angle within each radial of individual tree (Figure 2). This was very
obvious especially within the first quarter from pith where tremendous change in MFA occurred.
3.6

Interaction between orientations and radials

Interaction between orientations and radials were highly significant (Table 2). Further examinations have shown that the
interaction was due to different rate of reduction in microfibril angle within each radial of different orientations especially in
the region of 50%-75% from pith.
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FIGURE 2: VARIATION IN MICROFIBRIL ANGLE IN FIVE SELECTED TREES FROM PITH TO BARK IN ACACIA
MANGIUM.

FIGURE 3: VARIATION IN MICROFIBRIL ANGLE IN FIVE SELECTED TREES IN EAST AND WEST ORIENTATIONS
OF ACACIA MANGIUM.
IV.
4.1

DISCUSSIONS

Radial Variation

A decrease in microfibrils angle from pith to bark in Acacia mangium is consistent with work on Pinus radiata by Baltunis et
al. (2007), Donaldson & Burdon (1995), Donaldson (1997). This was also reported in other species such as loblolly pine
(Megraw et al. 1998, and Myszewski et al. 2004) and in Picea abies (Lundgren 2004). A significantly higher value of MFA
near pith was probably due to the present of juvenile wood in the region of core wood, which eventually led to the
inconsistent and poor strength at the centre (Cown 1992). Bendtsen (1978), further revealed that juvenile wood displayed
shorter tracheids, with thinner cell walls and consequently lower wood density, while in mature wood in which the MFA is
smaller, the trachieds are longer with thicker walls and consequently higher wood density.
The most drastic reductions which occurred between SS1 and SS2 may suggest the presence of juvenile wood within this
region; however, almost the same magnitude of reductions which extended between SS2 and SS3 may further suggest that
the juvenile regions may presence up to SS3 or within 75% radially from pith. Microfibril angle in the S2 layer of the
tracheid cell wall is the only known physical characteristic of wood that is capable of affecting large changes in the stiffness
of wood (Meylan and Probine 1969). Independent studies have shown that decreasing in MFA have increased MOE and
MOR from pith to bark in eastern cottonwood (Bendtsen and Senft 1986) and in quaking aspen (Roos et al. 1990).
Fibers with high MFA at the centre of the tree, which were produced when the tree was in the sapling stage, endow the wood
with a low Young’s modulus. This enables the sapling to bend during strong wind without breaking. As the tree grows, the
stem has to become stiffer to support the increasing weight of the stem and crown. The lower MFA at the outer wood means
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the tree has higher Young’s modulus which enables them to fulfill the role. The other possibility is probably due to its
colonising habit (Wiemann & Williamson, 1988), which combine rapid early growth in stature with the production of a weak
stem due to high microfibril angle. As the tree grows, reducing microfibril angle in inevitable as to increase stem stiffness to
maintain structural stability. These changes are probably associated with the ecological habit of pioneer species of wet
tropical lowland forest. Differences in mircrofibril angle between radial was highly significant at P0.001. This is in contrast
with the work by Lima et al. (2004) on 11 clones of hybrid between Eucalyptus grandis and E. urophylla who found no
significant different in microfibril angle between radials.
The decreasing radial variation alone contributed for 64.1% of the total variation in MFA, implied that the wood strength in
the region of core wood would be low and caused further problem during wood processing. This was consistence with the
finding by Butterfield (1998) who concluded that MFA was the dominant wood characteristics underlying the poor wood
quality in many fast-grown and short-rotation plantation softwoods. However this situation creates an opportunity in tree
improvement by reducing the MFA in the central regions. This will result in improved wood quality at the central hence
improve wood strength. Evans & Ilic (2001) found that MFA accounted for 96% of the variation in modulus of elasticity of
Eucalyptus delegatensis. The scenario was unwelcome as in future most timbers reaching the markets were most likely will
be coming from fast grown short rotation with high proportion of juvenile wood.
4.2

Variation between trees

Effect of trees was significant and contributed for 25.5% toward the total variation in MFA. Though the amount was only a
third of radial variance, it was substantial to ensure a successful gain in tree selection. Very high MFA variation between
radials within trees implicated that attempts to improve MFA must take this into account and must make sure that
considerable variation between trees exists. Similar observation was reported in Pinus radiata (Donaldson & Burdon 1995).
Differences among trees, a large part of observed variation was probably attributed to the differences in genetic makeup of
the individual tree provenance which was not taking care during sampling and microclimate surrounding the individual tree.
Evans et al. (2000) also found very large variation in microfibril angle between hardwood trees of red alder (Alnus rubra)
and proposed for tree selection for steeper MFA in the central region. The same strategy was suggested by Donaldson &
Burdon (1995) following their work in Pinus radiata.
4.3

Variation between orientations

There was no effect of orientation on MFA in this study. Although there was some variation in MFA between east and west
orientation, it was very small and was not significant. The small variation observed in this study was probably an inherent. It
may also due to the influence of strong wind blow which came from the east direction annually during heavy-rain monsoon
season which also triggered formation of new fiber. To our knowledge, there was no work been done comparing the MFA
between two opposite direction to compare with this study.
4.4

Interaction between trees and orientations

Interaction between trees and orientations was not significant and only accounted for 1% of the total variance in MFA. Since
there was no significant different between orientations, the interaction between trees and orientations is probably and solely
due to highly significant differences in microfibril angle between trees (Table 2). To our knowledge, there was no work been
done comparing the MFA between trees and orientations to compare with this study.
4.5

Interaction between trees and radials

Interaction between trees and radials was highly significant (Table 2). Further examination of the data proved that the
interaction was due to differences in rate of reductions between radials of different trees (Figure 2). To our knowledge, there
was no work been done comparing the MFA between trees and radials to compare with this study.
4.6

Interaction between orientations and radials

Interaction between orientations and radials was significant (Table 2). Further examination of the data proved that the
interaction was due to different rate of reductions in MFA between radials of both orientations (Figure 1). To our knowledge,
there was no work been done comparing the MFA between orientations and radials to compare with this study?

V.

CONCLUSIONS

All trees exhibited the same decreasing pattern of microfibril angle radially from pith to bark. The largest decrease occurred
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in the first two sub samples from pith followed by a gradual decrease in the last two sub samples towards bark. Radial
variation in microfibril angel is the most important factor affecting variation in MFA. It accounted for 61% of the total
variation. Variation between trees is substantial and contributed for 22.3% of the total variation. Although this variation is
only one third of the radial variation, it provides a basis for an improvement in MFA hence the wood strength in Acacia
mangium.

ACKNOWLEDGEMENT
I thank Professor Dr Saidi Moin of UPM for his kind review and assistance in the statistical analysis. I extend my thanks to
Abang Abdul Hamid Abang Abdul Karim and the staff of Forest Research Centre, Forestry Department of Sarawak for the
permission, and logistic and invaluable field assistance during the course of my assessment and sample collection throughout
the state of Sarawak. I especially thank Mr. Ling Wang Choon and the staff of Timber Research and Technical Training
Centre, Forestry Department of Sarawak for their invaluable assistance during the wood sample processing. I thank En.
Abdul Rahman Mansor and the staff of Similajau National Park, Bintulu for making my stays during tree sampling works
pleasant. I sincerely thank Dr Daniel Baskaran for his continuous moral supports and helps in preparing this dissertation. To
my staff in the Tree Improvement, FRIM, i.e. Amir Sharifuddin, CikMi, Asri, Sam, Rosli, Amran, Ramli and Ida, I thank
them for their excellent field and lab assistance.

REFERENCES
[1] Baltunis BS, Wu HX & Powell MB 2007. Inheritance of density, microfibril angle, and modulus of elasticity in juvenile wood of
Pinus radiata at two locations in Australia. Canadian Journal Forest Research 37:2164-2174.
[2] Barnett JR & Bonham VA 2004. Cellulose microfibril angle in the cell wall of wood fibers. Biology Review 79:461-472.
[3] Barrett JD, AP Schniewind & RL Taylor 1972. Theoretical shrinkage model for wood cell walls. Wood Science 4(3):178-192.
[4] Bendtsen BA & Senft J 1986. Mechanical and anatomical properties in individual growth rings of plantation-grown eastern cotton
wood and loblolly pine. Wood and Fibre Sciences 18: 23-38.
[5] Bouriaud O, Breda N, Le Moguedec G & Nepveu G 2004. Modelling variability of wood density in beech as affected by ring age,
radial growth and climate. Trees Structure and Function 18:264-275.
[6] Boyd JD. 1983. Anisotropic shrinkage of wood: Identification of dominant determinants. Mokuzai Gakkaishi 20(10):473-482.
[7] Burdon, R.D., Kibblewhite, R.P., Walker, J.C.F., Megraw, R.A., Evans, R., and Cown, D.J. 2004. Juvenile versus mature wood: a
new concept, orthogonal to corewood versus outer wood, with special reference to Pinus radiata and P. taeda. Forest Science 50:399415.
[8] Butterfield BG 1998 Editorial notes. In Butterfield BG (ed.) Proceeding of the IAWA/IUFRO International Workshop on the
Significance of Microfibril Angle to Wood Quality, November 1997, Westport, New Zealand.
[9] Cave ID 1969. The longitudinal modulus of Pinus radiata. Wood Science and Technology 3:40-48.
[10] Cown DJ 1992. Corewood (juvenile wood) in Pinus radiata – Should we be concerned? New Zealand Journal of Forest Science
22(1):87-95.
[11] Cown, D., and van Wyk, L. 2004. Profitable wood processing -hat does it require? Good wood! New Zealand Journal of Forestry 49:
10-15.
[12] Donaldson LA & Burdon RD 1995. Clonal variation and repeatability of microfibril angle in Pinus radiata. New Zealand Journal of
Forest Science 25:164-174.
[13] Donaldson LA 1997. Microfibril angle: its influence on wood properties, and prospects for improvement in radiata pine. Proceedings
of the Wood Quality Workshop 1995. New Zealand Forest Research Institute, Rotorua, New Zealand. Forest Research Institute
Bulletin 201: 20-25.
[14] Evans J.W., J.F. Senft, D.W. Green 2000. Juvenile wood effect in Red alder: analysis of physical And mechanical data to delineate
Juvenile and mature wood zones Forest Products Journal Vol. 50, No. 7/8 75-87
[15] Evans R, & Ilic J 2001. Rapid prediction in wood stiffness from microfibril angle and density. Forest Product Journal 51: 27-33.
[16] Harris JM & BA Meylan 1965. The influence of microfibril angle on longitudinal and tangential shrinkage in Pinus radiata.
Holzforschung 19(5):144-153.
[17] Kretschmann, D.E., and Bendtsen, B.A. 1992. Ultimate tensile strength and modulus of elasticity of fast-grown plantation loblolly
pine lumber. Wood Fiber Science. 24: 189-203.
[18] Leney L 1981. A technique for measuring fibril angle using polarized light microscope. Wood and Fiber 13: 13-16.
[19] Lima JT, Breese MC & Cahalan CM 2004. Variation in microfibril angle in Eucalyptus clones. Holzforschung 58: 160-166.
[20] Lokmal N & Ernest COK (1995). Genotype and environment interaction and it’s stability in Acacia mangium Journal of Tropical
Forest Science 8:247-254.
[21] Lokmal N, Darus A & Ernest COK (1993). Genotype and Environment Interaction in Acacia mangium. In Rao V, Henson IE &
Rajanaidu N (eds.) Proceeding of the International Symposium on Genotype and Environment Interaction on Perennial Species.
Hilton Hotel, Kuala Lumpur, 12-13 September 1991.

Page | 41

International Journal of Environmental & Agriculture Research (IJOEAR)

ISSN:[2454-1850]

[Vol-3, Issue-3, March- 2017]

[22] Lokmal N. and Mohd Noor A.G. 2010. Variation of Specific Gravity in Acacia mangium. J. Agrobiotech. Food Sci. 1(1):60-68.
[23] Lundgren C 2004. Microfibril angle and density patterns of fertilized and irrigated Norway spruce. Silva Fennical 38: 107-117.
[24] MacDonald E, Hubert J 2002. A review of the effects of silviculture on timber quality of Sitka spruce. Journal of Forestry 75:107–
138
[25] Megraw RA, Leaf G & Bremer D 1998. Longitudinal shrinkage and microfibril angle in loblolly pine. In Butterfield BG (ed.)
Proceeding of the IAWA/IUFRO International Workshop on the Significance of Microfibril Angle to Wood Quality, November 1997,
Westport, New Zealand.
[26] Meylan. B.A and M.C. Probine. 1969. Microfibril angle as a parameter in timber quality assessment. Forest Product Journal 19(4):3034.
[27] Myszewski JH, Bridgewater FE, Lowe WJ, Byram TD & Megraw RA 2004. Genetic variation in the microfibril angle of loblolly pine
from two test sites. Southern Journal of Applied Forestry 28: 196-204.
[28] Powell, M.B., McRae, T.A., Wu, H.X., Dutkowski, G.W., and Pilbeam, D.J. 2004. Breeding strategy for Pinus radial in Australia. In
Forest Genetics and Tree Breeding in the Age of Genomics: Progress and Future, Proceedings of the 2004 IUFRO Joint Conference of
Division 2, 1-5 November 2004, Charleston, South Carolina. Edited by B. Li and S. McKeand. (Available from
http://www.ncsu.edu/feop/iufro-genetics2004/proceedings.pdf).
[29] Roos, K.D., J.E. Shottafer, and R.K. Shepard, 1990. The relationship between selected mechanical properties and age in quaking
aspen. Forest Prod. J. 40(7\8):54-56.
[30] SAS 2008
[31] Sarén MP, Serimaa R, Anderson S, Saranpää P, Keckes J & Fratzl P 2004. Effect of growth rate on mean microfibril angle and crosssectional shape of tracheids of Norway spruce. Trees Structure and Function 18: 354-362.
[32] Walker JCR & Butterfield BG 1995. The importance of microfibril angle for the processing industries. New Zealand Forestry 40: 3440.
[33] Watt MS, Downes GM, Whitehead D, Mason EG, Richardson B, Grace JC & Moore JR 2005. Wood properties of juvenile Pinus
radiata growing in the presence and absence of competing under storey vegetation at a dry land site. Trees Structure and Function 19:
580-586.
[34] Wiemann MC & Williamson GB 1988. Extreme radial changes in wood specific gravity in some tropical pioneers. Wood and Fiber
Science 203: 344-349.
[35] Xu P & Walker J 2004. Stiffness gradient in radiata pine trees. Wood Science and Technology 38: 1-9.
[36] Ying L, DE Kretschmann & BA Bendtsen 1994. Longitudinal shrinkage in fast grown loblolly pine plantation wood. Forest Products
Journal 44(1):58-62.
[37] Zobel BJ, & Buijtenen J (1989). Wood variation. Its causes and control. Springer, Berlin Heidelberg New York.

Page | 42

