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Abstract —

e The physical properties of wood and the associated variations within and between trees were evaluated by analysing 770 small specimens of clear
wood from 11 Pinus sylvestris L. trees thinned from 3 plantations.

o Within-tree variations in basic density or volumetric shrinkage increased with cambial age and decreased with increasing ring width. The effect of the
height in the stem on wood properties was considered indirect and height was not included as an explanatory variable in the mixed models proposed to
estimate basic density and volumetric shrinkage.

e The models had random components for the intercept parameter and explained 52.5% of the total variance in basic density and 56% of the total
variance in volumetric shrinkage. Linear shrinkage in the direction of the grain was extremely variable.

e Between-tree variation and between-plot variation in the physical properties of wood were high, considering that all trees sampled were growing in
similar sites and stands. It would then be desirable to predict physical properties of wood on living trees in order to use the quality of wood as a criterion
for timber tree selection in thinnings.

Scots pine / Pinus sylvestris [ wood properties / thinning

Résumé — Propriétés physiques du bois de pin sylvestre (Pinus sylvestris L.) issu d’éclaircie dans des plantations du nord de I’Espagne.

o Les propriétés physiques du bois et leurs variations intra et inter arbres ont été évaluées a partir de 1’analyse de 770 éprouvettes de bois sans nceuds
de 11 arbres d’éclaircie répartis sur 3 sites.

e La densité et le retrait volumétrique augmentaient dans chaque arbre avec 1’dge du cambium et diminuaient avec la largeur de cerne. On a considéré
que la hauteur dans la tige n’avait qu’un effet indirect sur les propriétés du bois, aussi la hauteur a-t-elle été exclue des variables explicatives dans les
modeles mixtes proposés pour estimer la densité et le retrait volumétrique.

e Ces modeles présentent une composante aléatoire pour le terme constant et peuvent expliquer 52,5 % de la variabilité totale de la densité basique et
56 % de la variabilité totale du retrait volumétrique.

o | e retrait longitudinal est extrémement variable. La variation entre arbres et entre sites est treés importante, compte tenu de la similarité des peuplements
et sites étudiés.

pin sylvestre / Pinus sylvestris | propriétés du bois / éclaircie

1. INTRODUCTION (Guller, 2007). Intense thinning programmes have been there-
fore developed for pine plantations in recent years. This has al-
The area occupied by Scots pine (Pinus sylvestris L.) lowed faster diameter growth, as demonstrated for some Span-
in Spain has been greatly extended through afforestation of  jsh provenances of Scots pine (Gémez Loranca et al., 1996).
650 000 ha of land, mainly in northern Spain (DGCONA,
2002). The only way of enhancing stand development after
canopy closure is by manipulation of stand density through
thinning (Malcolm, 1997). Thinning is also necessary to avoid
stand stagnation, reduce mortality rates (Bravo-Oviedo et al.,
2006), promote long-term wind and snow stability (Montero
et al., 2001) and enhance the amenity of the stand. It has
even been shown that thinning can produce improvements in
ring width without any negative impacts on wood properties

Precommercial thinning is generally avoided because of the
costs involved, and the first thinning is usually delayed until
commercial timber can be obtained by mechanized harvesting.
The first thinnings are usually carried out by removing every
seventh to thirteenth row (depending on the slope), while the
remaining rows are thinned selectively from below (Rojo et al.,
2005). The wood thus harvested is mainly used as a raw ma-
terial for the chipboard industry because of its small diameter,
but higher grade wood from thinnings is also used in sawmills.
* Corresponding author: riescomu@lugo.usc.es It has been shown that the application of heavy thinning may
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Table 1. Information about sampled trees.

G. Riesco Muiioz et al.

Plot Trees Sample size Age (years) Diameter (cm) Height (m) Range of sampled heights (m)
1 17 28 19.7 11.7 0t05.0
Rebordela 2 32 28 24.3 12.8 0to7.5
SI=14m, 3 31 28 19.2 12.2 0to7.5
SN = 1250 stems ha™! 4 32 28 28.9 12.9 0to7.5
5 33 28 34.0 13.0 0to7.5
Torviso 6 26 44 16.0 9.1 0to4.2
SI=12m, 7 43 44 20.0 14.3 0to 8.4
SN = 1600 stems ha™! 8 77 44 33.6 17.5 0to 8.4
Seoane 9 245 44 31.8 20.3 0to 14.2
SI=14m, 10 113 44 13.5 16.5 0to11.3
SN = 1600 stems ha™"! 11 121 44 18.9 16.4 Oto11.3

Site index (SI) was evaluated as the dominant height at a reference age of 30 years. SN is the stem number of the stand before thinning.

not have a direct effect in reducing the density of the wood that
is subsequently produced (Morling, 2002).

Wood density is considered an important characteristic in
defining wood quality because it correlates reasonably well
with a number of the characteristics that are important in var-
ious end uses of wood (West, 2006). It has been shown that
wood density tends to increase toward the outer parts of the
stem in most of the species used in major forestry plantations,
such as Scots pine. The inverse relationship between the thick-
ness of the annual growth ring and the respective wood density,
and the direct relationship between the ring number from the
pith and density have allowed development of models that can
be used in combination with taper functions to estimate tree
biomass and carbon stocks (Kelloméki et al., 1999).

It is well known that dense wood is subject to more shrink-
age than less dense wood when it is dried in kilns for use,
because of the higher water content of the thicker cell walls
(West, 2006). We consider that there is still a need to investi-
gate the relationships between shrinkage variables and density,
as well as the variation in volumetric shrinkage along the stem.

Physical properties of wood from thinning are conditioned
by the large expected proportion of juvenile wood in small tim-
ber, which is characterized by higher ring width, higher longi-
tudinal shrinkage and lower specific gravity (Panshin and de
Zeeuw, 1980). Scots pine is considered to show a clear transi-
tion between juvenile and mature wood, which has been esti-
mated at a cambial age of 22 years (Mutz et al., 2004; Zobel
and van Buijtenen, 1989).

Most studies previously carried out in Spain refer to aver-
age values and ranges of variation in physical properties in
naturally regenerated stands (Gutiérrez Oliva and Plaza, 1967;
N4jera and Peraza, 1960); it is well known that Scots pine
wood derived from thinning in such stands is poorer in quality
than the wood from regeneration cuttings (Ferndndez-Golfin
et al., 1997), mainly due to the higher presence of sapwood
and juvenile wood. It has been shown that diameter growth in
plantations in Spain is greater than that corresponding to natu-
ral stands when the afforestation is carried out in suitable sites
(Martinez Chamorro, 2004), which raises questions about the
quality of the wood produced.

The aims of the present study were: (1) to describe the phys-
ical properties, namely density and dimensional stability, of
Scots pine wood obtained from thinned trees in plantations in
northern Spain; (2) to study the within-tree variations in phys-
ical properties according to cambial age, ring width and height
in the stem; (3) to obtain information about between-tree vari-
ation in density and other wood properties, based on the phys-
ical properties of small specimens.

2. MATERIALS AND METHODS
2.1. Data collection

Wood samples were taken from eleven trees harvested during thin-
ning. The trees were aged 28—44 years and the breast height diameter
over bark was between 14 and 34 cm. The trees were located in three
plots, classified with a site index of between 12 and 14 m of top height
at age 30, according to regional yield tables (Martinez Chamorro,
2004). The main characteristics of the plots (where the stand was in
fact being thinned) and individual attributes for each tree are shown
in Table I. Cross-sectional discs were obtained from the stump level
to the maximum height at which specimens could be obtained safely
(70% of the total height on average) at intervals of 2 to 2.5 m, ac-
cording to the log length considered in each site. The height at which
the trees were sampled was therefore not exactly the same in all trees.
The range of sampled heights per tree is shown in Table I.

To obtain the test material, the discs were cut into small prisms, the
edges of which ran parallel (as far as possible) to the grain of wood.
The target dimensions of the prisms were length, 4 cm, transverse sec-
tion, 2 X 2 cm, and length, 2 cm, transverse section, 4 X 4 cm. In each
cross section, the samples were taken from pith to bark to maximize
the sample size and to obtain the entire range of variation in cam-
bial age, as is illustrated in Figure 1. The number of specimens taken
from each cross section thus depended directly on the diameter. A
total of 252 small and 518 large specimens were taken, with an aver-
age of 70 specimens collected from each tree. Only defect-free pieces
(straight grain, absence of defects such as knots, checks, bark, resin
pockets or reaction wood) were selected for testing (Gémez Loranca
et al., 1996). Specimens presumably of juvenile wood (pieces with
very round rings adjacent to the pith) were also included in trials be-
cause this type of wood is frequent in young pine trees (Aguiar et al.,
2003; Jayawickrama, 2001).
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Figure 1. Pattern of sampling of specimens along the stem of a tree. The lower, upper and an intermediate cross section are shown in detail.

HS is the height in the stem.

Table II. Total sample size and distribution among trees.

Sample size for each tree Total
Variable 1 2 3 4 5 6 7 8 9 10 11 sample size
Basic density (kg m™3) 15 30 30 30 31 26 39 68 244 104 114 731
Volumetric shrinkage (%) 15 30 30 30 28 26 40 69 245 106 121 740
Radial shrinkage (%) 4 8 10 15 12 0 0 0 0 0 0 49
Tangential shrinkage (%) 4 8 10 15 12 0 0 0 0 0 0 49
Axial shrinkage (%) 10 18 15 10 18 8 11 22 64 34 29 239

The physical properties of the wood were studied by considering
the standard methods proposed by the International Organization for
Standardization (ISO), and European Norms (EN). To determine the
main physical properties, the weight and the three dimensions of each
specimen were measured at three different wood moisture contents
(saturation, 12% and 0%). The air-dry density at 12% equilibrium
moisture content and the basic density were calculated according to
current standards (EN 408:2003, EN 384:2004 and ISO 3131:1975).
The equilibrium moisture content was determined by the oven desic-
cation method and difference in weights (EN 13183-1:2002). Shrink-
age and shrinkage anisotropy were studied because deformation prop-
erties strongly affect mechanical wood processing (Riekkinen et al.,
2005). The volumetric shrinkage and the linear shrinkage in the three
main directions of the wood were expressed as a percentage of the
dimension in the oven-dried state. The similarity of tangential and
radial shrinkage were evaluated considering both anisotropic shrink-
age (ratio of tangential to radial shrinkage) and absolute anisotropy
(tangential minus radial shrinkage) because the difference provides a
much better indication of the risk of deformation of the wood while
drying, than the ratio itself (Rijsdijk and Laming, 1994).

The variables related to shrinkage in an axial direction were only
assessed in 4 X 2 X 2 cm specimens and variables related to shrinkage
in transverse direction were only assessed in 2 X 4 X 4 cm specimens
with the rings parallel to the edges, and only in one site. The width
of annual growth rings was also assessed in each saturated specimen.
This was computed as the dimension of the longest radial segment in
the transverse section divided by the number of complete rings in the
section, and taking an average for the two transverse faces of the spec-

imen. The cambial age in each specimen was measured as the num-
ber of annual growth rings from pith to the centre of the specimen.
Finally, the test specimens were stained with a solution of methyl or-
ange (1%) to detect the heartwood. The sample size per tree obtained
for each of the major physical variables studied is shown in Table II.

2. Statistical methods

The relationships between quantitative variables were tested with
Pearson’s linear coeflicient of correlation (R). A one-factor analysis
of variance was carried out to test statistically significant relation-
ships between quantitative and qualitative variables.

To detect compression wood in the specimens a cluster analysis
was performed considering four explanatory variables: height in the
stem, basic density, ring width and the ratio between volume shrink-
age and basic density. These variables were previously standardized
and the FASTCLUS procedure of SAS/STAT, based on the algorithm
of the k-means, used (SAS Institute, 2004). The number of clusters
considered was the minimum one providing a high approximate ex-
pected R? and the possibility to clearly identify a cluster to be repre-
sentative of this type of wood.

A mixed model (1) was tested for basic density (BD;;) with radial
growth criteria (i.e. ring number from the pith, CA, and ring width,
RW) as fixed explanatory variables, and excluding those specimens in
which compression wood was detected. To explore the general form
of the model, a linear regression was fitted to the whole set of data
selecting the explanatory variables with a stepwise procedure. After

507p3



Ann. For. Sci. 65 (2008) 507

600

G. Riesco Muiioz et al.

550 - S

<o
500 - °
450

ooo

400

Basic density (kg m")

5
+

. gg%
350 - : TR

300 \ \ \

25 30 35 40 45

Cambial age (years)

Figure 2. Basic density in relation to age from the pith for different cross sections in tree 9. ¢ = cross section 1, O = cross section 2, A = cross
section 3, o = cross section 4, 4 = cross section 5, B = cross section 6, A = cross section 7, e = cross section 8.

fitting the model tree by tree, only the intercept was considered as a
random component in the mixed model.

BDI'/' = apt+a;+a; CA,«j+a2CAi2j+a3RLm+g,«j (1)
The index i denotes the ith tree and j the jth specimen; ay, a; a
and a3 are fixed effects. The random tree effects (a;) were assumed
to follow a multivariate normal distribution N(0,G) with variance—
covariance matrix G and the residual errors (g;;) were assumed to be
within-tree auto-correlated according to a first-order autoregressive
process, and inter-tree independent. This form is similar, except for
the inclusion of CA? as an explanatory variable, to that considered by
Guilley et al. (2004)
A similar approach was considered for modelling the distribution
of volumetric shrinkage (VS):

VSij = bo+pi+ by CAj;+ by CA}, + bs 1%, + &)
Fixed and random effects were tested by the method of restricted
maximum likelihood with the MIXED procedure of SAS/STAT
(Littell et al., 1996). The contribution of each tested factor was evalu-
ated by splitting the total variability in wood density into the variation
component explained by the fixed effects, variation due to random ef-
fects, and residual variance.

3. RESULTS AND DISCUSSION

3.1. Presence of juvenile, mature and compression
wood

The specimens displayed a large range of annual ring
widths (from 1.0 to 9.3 mm, mean value of 3.8 mm), with a
higher mean value than reported in similar studies with wood
specimens obtained from plantations: 3.2 mm (Fernandez-
Golfin and Diez, 1994) and 3.1 mm (Fernandez-Golfin et al.,
1997). In addition, approximately 80% of the specimens con-
tained juvenile wood. Both characteristics, i.e. wide annual
rings and presence of juvenile wood, are common in young
trees initially planted with a large spacing (Gjerdrum, 2003),
in which section growth is expected to be high. Sapwood pre-
dominated because heartwood formation can be initiated until

ages of up to 50 years (Gémez Loranca et al., 1996; Kollmann,
1951; Morling and Valinger, 1999).

Even if three wood density variables were calculated (air-
dry, oven-dry and basic density), the last one produced more
consistent results and was the only one kept in the final analy-
ses. The plots of basic density against cambial age for different
cross sections along the stem showed an increasing trend from
pith to bark, with some cases of very dense wood located at
the base of the stem and near the pith. The distribution of ba-
sic density for different cross sections of tree 9 is shown in
Figure 2, with the effect of compression wood apparent at the
stem butt.

One of the first six clusters formed considering the physical
properties of the whole sample was representative of this type
of wood, and accounted for 59.7% of the total variation in data.
Overall, 50 specimens were grouped in this category, with the
following means and standard deviations for the explanatory
variables: ring width, 3.9 mm (1.3); height in stem, 1.4 m (1.6);
basic density, 487.1 kgm~3 (41.1); volume shrinkage and basic
density ratio, 0.021 (0.0025).

These values indicate problems of mechanical stability in
the young trees and development of basal sweep when smaller
trees strive to regain a vertical position. In fact, compression
wood in the area surrounding the pith appears in most conifer
trees (Rune and Warensjo, 2002). Specimens from each of the
eleven trees analysed contained compression wood, although
the proportion of such specimens varied greatly between trees,
from 3.2% of the total specimens in tree number 4 to 23.2% in
tree number 7. Further analysis of variation of physical proper-
ties along the stem was carried out excluding these specimens.

3.2. Within-tree variation in physical properties

The variation in density within the stem was analysed by
means of three within-tree variables related to the position in
the trunk: height in stem, annual growth ring width and cam-
bial age. These variables have been reported to be related to
density (Kollmann, 1951). The trend in basic density along the
stem (excluding compression wood) and in relation to cambial
age and ring width is shown in Figures 3, 4 and 5.
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Figure 4. Variation in basic density depending on the ring number
from the pith.

Density decreased from the base to the top of the stem. The
minimum density at every height was roughly constant and
very rarely below 350 kg m~3, the lowest limit for density of
most species (Forest Products Laboratory, 1999). In addition,
the slight reduction in density with increasing height (the mean
value of basic density only decreased 72 kg m~3 from the base
to 14.2 m height) indicates that it may be feasible for the tim-
ber industry to use second and third logs from thinned trees.

The width of annual growth rings in softwoods mainly de-
pends on site and is correlated to wood density (Louzada,
1991). As density is affected by the cambial age, the effect
of ring width on density is therefore indirect (Kininmonth and
Whitehouse, 1991). The experimental evidence revealing that
wood with wide annual rings possesses different properties
than wood with narrow rings can thus be explained by tak-
ing into account the proportion of juvenile and mature wood
in both cases (Louzada and Fonseca, 1991). The analysis of
plotted data does not allow assumption of a linear pattern of
variation in the case of ring width and cambial age. The lowest
basic density (about 350 kg m~3) was obtained in specimens of
ring width between 4.0 and 6.0 mm.

The variation in the volumetric shrinkage with explanatory
variables such as height in the stem, cambial age and ring
width is similar to that of basic density, because of the strong
correlation between these two variables. Density is often used
as an indicator of wood quality because of its relationship
to some important properties, namely those related to dimen-
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Figure 5. Variation in basic density with ring width.

sional stability on varying the moisture content. In the present
study the relationship between wood density and volumetric
and axial shrinkage were both positive and highly significant
(see Tab. III).

The effect of density on wood dimensional stability was
consistent with previous reports for mature wood in conifers.
Density, for example, affects volumetric shrinkage (Gutiérrez
Oliva et al., 1997; Louzada, 1991). The coefficients of cor-
relation revealed that basic density would be a better pre-
dictor of volumetric stability than ring width, although this
variable was significantly correlated with shrinkage variables
other than basic density (Tab. III). Density is considered a bet-
ter predictor of wood quality than ring width in softwoods
from southern Europe, as demonstrated for Pinus sylvestris
(Fernandez-Golfin and Diez, 1994; Mazet and Nepveu, 1991),
Pinus pinaster (Louzada, 2003) and other softwood species
such as Abies alba, Picea abies (Mazet and Nepveu, 1991)
and Pseudotsuga menziesii (Louzada and Fonseca, 1991).

Due to the small number of samples taken for measure-
ment of radial and tangential shrinkage, it was not possible
to study the variation along the stem and cross sections. There
was a close relationship between these variables and volumet-
ric shrinkage, and a negative one between radial shrinkage and
ring width.

3.3. Between-tree variation in physical properties

The comparison of physical properties among trees was
made for the stem base specimens corresponding to heart-
wood, assuming that a cambial age of less than 22 years would
define this area. Values of radial and tangential shrinkage were
excluded from the analysis, because there was less data avail-
able for these variables. There were highly significant differ-
ences among trees (even in a sample of young trees growing
in similar sites) in terms of basic density (p < 0.0001) and
volumetric shrinkage (p < 0.0001), and to a lesser extent, ax-
ial shrinkage (p = 0.003). Differences between zones were
significant for basic density (p < 0.0001), and to a lesser ex-
tent for volumetric shrinkage (p = 0.017) and axial shrink-
age (p = 0.033). The between-tree variation in basic den-
sity can be observed in Figure 6: the mean basic density of
heartwood at the stem base of the tree with the lightest wood
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Table III. Coefficients of correlation (R) for density and other properties of the Scots pine wood studied.

Height in the stem Ring width Cambial age Basic density Volumetric shrinkage
Cambial age -0.447 % -0.398 ¢ - - -
Basic density -0.243 ¢ -0.376 * 0.535% - -
Volumetric shrinkage -0.363 ¢ -0.344 ¢ 0.579 % 0.624 * -
Radial shrinkage Ns —0.481° Nd Ns 0.667 #
Tangential shrinkage Ns Ns Nd Ns 0.670 *
Longitudinal shrinkage -0.208 © 0.280 ® -0.143 ¢ 0.486 *
2 p <0.0001.° p <0.05.¢ p <0.10. Nd = no data available. Ns = not significant.
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Figure 6. Between-tree variation in basic density of heartwood specimens located at the stem base. Mean values, standard deviations and

maximum and minimum values are shown for each tree.

was 351.3 kgm™3, and the highest density was 450.1 kgm™3,
in a tree similar in diameter and age to that with the lowest
density. In fact, no relationships between any individual tree
attribute and the values of basic density of heartwood were
found. These results were consistent with those of previous
studies in which density was found to be affected by individual
attributes, with large differences in density among trees, and
particularly marked differences in adult trees (Louzada, 1991;
Louzada and Fonseca, 1991). Although only three sites were
investigated, the effect on the basic density, volumetric and
axial shrinkage appears to be important, but lower than that of
individual trees, thus confirming that environmental variables
such as location, site index and treatment affect wood quality
(Kollmann, 1951).

The values of the coefficients of correlation calculated for
individual trees showed that cambial age and ring width were
more frequently related to density than height in the stem.
Even if the coefficient of correlation between basic density and
height in the stem was negative and highly significant in the
complete sample (Tab. III), trees 3, 4 and 5 showed a positive
relationship between height in the stem and basic density.

The intra-tree relationships between basic density and
shrinkage variables were not always clear, not even the re-
lationships among longitudinal shrinkage and other physical
variables. Furthermore, the relationship between ring width
and radial shrinkage variables was not always significant when
each tree was considered individually. Only the direct relation-
ships between volumetric shrinkage and each of the two trans-
verse shrinkage variables remained significant at a single tree
level.

The effect of individual features on the physical properties
of Scots pine must be considered in potential forest manage-
ment methods, provided that the overall goal is the produc-
tion of valuable timber. It would therefore be useful to identify
relationships among physical properties of wood and easily
measured individual tree variables, to be able to predict wood
quality from tree characteristics and to use the quality of wood
as a criterion for timber tree selection in thinning. Such infor-
mation would require a larger number of trees to be sampled.

3.4. Models proposed to estimate basic density
and volumetric shrinkage

The fixed effect estimates of the model explaining basic
density indicate that the value increases with cambial age and
decreases with increasing ring width, as expected (Tab. IV).
Although the classical test application is only approximate
in mixed models, the random effect variances were non zero
(p = 0.069) and indicate that the intercept of the model of
wood density differs among trees. Parallel results were ob-
tained (Tab. V) for the model explaining the variation of vol-
umetric shrinkage. In both cases, the signs associated with the
explanatory variable CA?> were negative, which is consistent
with the results shown in Figure 4.

In the case of basic density, the variation explained by the
fixed effects was 32.0%, with an additional 20.5% explained
by random effects. In the case of volumetric shrinkage, the
variation explained by the fixed effects was 36.4%, with an ad-
ditional 19.6% explained by the random effects. These results
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Table I'V. Estimation and precision of the estimation of the fixed ef-
fects, variance estimation, standard error and Z test of the random
effects in model explaining basic density variation.

Fixed Estimation  Standard 7 test  Probability
effect error

ap 339.41 13.98 2426 < 0.0001
a 4.886 0.728 6.71 < 0.0001
a —-0.060 0.018 -3.29  0.0011

as 47.157 10.263 4.59 < 0.0001
Random Estimation  Standard  Ztest  Probability
effect error

Var (;) 944.24 636.86 1.48 0.0691

p (residual 0.668 0.034 19.82 < 0.0001
autocorrelation)

Var (&) 723.73 73.65 9.83 < 0.0001

Table V. Estimation and precision of the estimation of the fixed ef-
fects, variance estimation, standard error and Z test of the random
effects in the model explaining variation in volumetric shrinkage.

Fixed Estimation = Standard 7 test  Probability
effect error

by 8.468 0.619 13.66 < 0.0001
by 0.340 0.048 7.03 < 0.0001
by —-0.00525 0.00124 —4.24  <0.0001
b3 3.0387 0.7373 4.12 < 0.0001
Random Estimation  Standard  Ztest  Probability
effect error

Var (8;) 1.417 0.966 1.47 0.0712

p (residual 0.494 0.039 12.57 < 0.0001
autocorrelation)

Var (&) 2.87 0.227 12.64 < 0.0001

indicate the importance of considering the random effects in
modelling physical properties variation along the stem, as con-
sidered for Scots pine and other species (Mutz et al., 2004). It
should be considered that, although no direct effect of height
in the stem was considered in these models, the negative effect
of ring width and the increase in basic density outward from
the pith of the stem result in a necessary decrease in density
from the base to the tree top, as considered in other models
(Kellomiki et al, 1999).

3.5. Conclusions

Some 7% of the specimens contained wood 30 to 40%
denser than expected — mostly located near the pith and at a
low height in the stem — which was attributed to compres-
sion wood. Excluding these specimens, direct relationships be-
tween basic density and volumetric shrinkage with ring width
and cambial age were observed. The relationship between
physical properties and height in the stem appeared to be in-
direct and varied among trees. Important between-tree differ-
ences were observed for basic density, volumetric shrinkage
and axial shrinkage. This led to the fitting of a model with ran-
dom components for the intercept parameter to predict cam-
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bial age, which accounted for 52.5% of the total variance, and
volumetric shrinkage, which explained 56% of the variance.

Significant positive relationships between different trans-
verse shrinkage variables and volumetric shrinkage, and a neg-
ative relationship between radial shrinkage and ring width
were observed. The intra-tree relationships between transverse
and longitudinal shrinkage and other variables were not always
clear.
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