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Modeling of wood properties from parameters obtained in
nursery seedlings
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Abstract: Early selection of trees allows acceleration of genetic improvement, as well as processes related to forest management,
to improve the quality of the wood produced; however, to reach this objective, it is necessary to know which parameters can be
used as predictors of a tree’s aged condition. The objective of this research was to study parameters that are measurable in
nursery seedlings and that could be used in prediction models of basic density (BD,), modulus of elasticity (Ey), and strength (f,,,,)
of wood from trees. The tests were performed in 240 seedlings (3 and 6 months old) and in 52 trees (72 months old) from seven
genetic units of two species: three Eucalyptus clones and four Pinus pinaster progenies. In the seedlings, measurements of
longitudinal velocity of ultrasonic waves (VL,), basic density (BD,), height (H,), diameter (D), strength (f,s), and modulus of
elasticity (E,,) in tension parallel to the grain were obtained. The E,; and f,,, can be predicted by parameters obtained in seedlings
of the same genetic unit. Thus, the use of these parameters, in association with others already used in selection programs, may
increase the positive results of the early selection, with economic gains and time reductions in forest management.

Key words: velocity of ultrasound wave propagation, basic density, wood stiffness, wood strength, stem diameter, stem height.

Résumé : La sélection précoce des arbres permet d’accélérer I'amélioration génétique ainsi que les processus associés a
I’aménagement forestier pour améliorer la qualité du bois que I’on produit. Mais pour atteindre cet objectif, il est nécessaire de
savoir quels parametres peuvent étre utilisés comme prédicteurs de I’état futur des arbres. L’objectif de cette recherche
consistait a étudier les parametres mesurables chez les semis en pépiniére qui pourraient étre utilisés dans les modeles de
prédiction de la densité de base (BD,), du module d’élasticité (E,,) et de la résistance du bois (f,,;) dans les arbres. Les tests ont été
réalisés chez 240 semis (agés de 3 et 6 mois) et chez 52 arbres (agés 72 mois) provenant de sept unités génétiques appartenant a
deux especes : trois clones d’eucalyptus et quatre descendances de Pinus pinaster. Chez les semis, nous avons mesuré la vitesse
longitudinale des ondes ultrasoniques (VL,), la densité de base (BD,), la hauteur (H,), le diametre (D), la résistance (f,) et le module
d’élasticité (E,) en tension parallélement au grain du bois. Les valeurs de E,, et f.,. peuvent étre prédites avec les parameétres
obtenus chez les semis de la méme unité génétique. Par conséquent, I'utilisation de ces parameétres, associés a d’autres déja
utilisés dans les programmes de sélection, peut améliorer les résultats positif de la sélection précoce procurant des gains
économiques et permettant de sauver du temps en aménagement forestier. [Traduit par la Rédaction]

Mots-clés : vitesse de propagation des ondes ultrasoniques, densité de base, rigidité du bois, résistance du bois, diametre de la tige,
hauteur de la tige.

that one wants to infer in aged condition. Among the properties of
interest to forest-based companies are stiffness, strength, and
density of the wood. On the other hand, among the measurable
properties in seedlings and young trees are acoustic properties
(Lindstrém et al. 2002; Chauhan and Walker 2006; Wang et al.
2007; Cherry et al. 2008; Vikram et al. 2011; Gongalves et al. 20134,
2013b; Merlo et al. 2014), density (Wielinga et al. 2009; Lorensani
et al. 2015), strength and stiffness (Lindstrom et al. 2002; Cherry

Introduction

The early selection of wood from young trees is very important
for forest-based companies. In companies that aim to use wood as
a material, prior grading allows material and destination selec-
tion as a function of its properties, avoiding unnecessary spending
to process materials that would not meet the minimum require-
ments for processing. For paper and pulp companies and producers

of forest plants, prior selection allows knowledge of the genotypes,
avoiding unnecessary investments in materials that do not have
the necessary properties to be commercially viable (Apiolaza et al.
2013; Chauhan et al. 2013; Sharma et al. 2016).

For this early selection, it is necessary to use prediction models
that involve properties correlated with age and with the property

etal. 2008; Vikram et al. 2011), and diameter and height (Simdes et al.
1980; Neves et al. 2013; Alves Ferreira et al. 2014), all of which are
correlated with age and with the properties of interest to forest-
based companies.

The development of nondestructive methods for evaluating
young trees to select for adult wood quality is becoming increas-
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Table 1. Seedlings and trees sampled.

Genotypes Seedlings  Trees
Eucalyptus clone 1 50 6
Eucalyptus clone 2 20 6
Eucalyptus clone 3 50 6
Pinus pinaster progeny 15 30 8
Pinus pinaster progeny 18 30 9
Pinus pinaster progeny 19 30 8
Pinus pinaster progeny 23 30 9

Total 240 52

Note: Seedlings from clones 1, 2, and 3 were
3 months old; seedlings from progeny families 15, 18,
19, and 23 were 6 months old; and all trees were
72 months old.

ingly important. For this reason, researchers have recently sought
to propose protocols for this purpose (Merlo and Santaclara 2012;
Apiolaza et al. 2013; Chauhan et al. 2013; Lenz et al. 2013;
Lorensani et al. 2015). Models of wood property prediction in trees
have been developed (Santaclara et al. 2011; Merlo et al. 2014) but
not for such young plants generally or for nursery seedlings, and
they do not compare properties with those of trees from the same
genotypes in other trials. Therefore, the novel contribution of this
paper is the testing of the hypothesis that some parameters mea-
sured in nursery seedlings can be used to infer physical and me-
chanical wood properties in trees. The general objective of this
research was to verify the significance of parameters measurable
in nursery seedlings in models to predict stiffness, strength, and
density in trees from Eucalyptus clones and Pinus pinaster proge-
nies.

Materials and methods

Sampling

Sampling for the analysis of prediction models consisted of
nursery seedlings and 6-year-old trees of seven genetic units of
two distinct species: three Eucalyptus clones and four Pinus pinaster
progenies (Table 1). The species were adopted according to the
interest of the partner companies, which donated the materials
(seedlings and trees) for the research.

The Eucalyptus clones were chosen by the company considering
their differences in chemical composition (extractives, percent-
ages of lignin), density, and cellulose yield. The three clones were
planted and grown in Sdo Paulo State, Brazil, in areas with eleva-
tions varying from 650 to 684 m, average annual temperatures
from 20.3 to 20.6 °C, and average annual precipitation from 1273
to 1344 mm.

For Pinus pinaster progenies, the seedlings and the trees were
half-sib progenies from the same open-pollinated mother trees
previously selected within a commercial plantation. The seeds (for
seedlings and trees) were collected in the same year, preserved in
a cold chamber at 5 °C, and then germinated at different times.
The progenies were planted and grown in Galicia, Spain.

The tests were performed in the same clone for Eucalyptus and in
the same progeny for Pinus pinaster, at both ages (seedlings and
6-year-old trees).

Methodology

The height, root collar diameter, velocity of longitudinal ultra-
sonic wave propagation, basic density, strength, and modulus of
elasticity obtained in tension tests were evaluated in each nursery
seedling. The tests were performed in Brazil (Eucalyptus clones)
and in Spain (Pinus pinaster progenies).

Nursery seedling trials

The height of the seedlings (H,) considered the entire stem,
disregarding the leaves at the extremities. The diameter (D) was
measured at the interface with the soil (region of the root collar).
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To determine the longitudinal velocity of ultrasonic waves in
the stem of the nursery seedlings, a minimum distance (L) of
150 mm between the transducers was delimited from the root
collar to maintain a ratio of path length (L) and wave length (A) of
approximately 3. This relation is proposed to reduce the interfer-
ence of the deviation from the theoretical condition of infinite
media on wave propagation (Bucur 2006; Trinca and Gongalves
2009).

The tests were performed with ultrasound equipment (USLAB,
Agricef, Brazil) and 45 kHz transducers, with tapered and pointed
tips designed and produced by the research group. For the tests,
the transducers were positioned at 45° (indirect test), allowing the
nursery seedlings to be analyzed without destroying them and
constituting a methodology compatible with that applied to trees.
According to the ultrasonic wave propagation time, the velocity of
the ultrasonic pulse that passed through the stem of the seedlings
(VL) was calculated. Soon after the ultrasound test, the seedlings
were prepared for the tensile test, and their basic density (BD,)
was calculated.

From the stems of the seedlings, which were approximately
150 mm long, samples ranging in length from 30 to 50 mm were
taken to determine the basic density. The volume of the samples
was obtained under saturated conditions, and the samples were
dried in an oven at a temperature of 103 + 2 °C and then weighed.
The dry mass and the saturated volume were used to determine
the basic density of the seedlings (BDy).

Using the velocity (VL) and the basic density (BD;) of the seed-
lings, the stiffness coefficient (CLLg; eq. 1) was obtained.

(1  CLL, = BD,VL?

The stiffness coefficient is determined, in general, using the
apparent density. However, the use of the apparent density of
saturated wood (in the case of seedlings) is not adequate, because
it induces results contrary to those expected physically for stiff-
ness (Sobue 1993; Mishiro 1996; Bucur 2006; Gongalves and Costa
2008). Wielinga et al. (2009) obtained good correlations (R = 0.9)
between the stiffness coefficient (called “dynamic modulus of
elasticity” by the authors) calculated using the density in the
green condition and that calculated using the basic density. Thus,
we choose to calculate the stiffness coefficient using the basic
density.

For the tension test, we initially discarded the bark in the claw
zones. The lengths of the specimens were fixed at 150 mm for
Eucalyptus clones and 120 mm for Pinus pinaster. This length al-
lowed the extensometer to be inserted at the center to measure
deformation during the test and to avoid curved portions of the
stem. The tension tests were conducted in a universal machine in
which it was possible using software to simultaneously receive
the signals from the load cell and the extensometer. The speed
was adopted according to NBR 7190 (1997) procedures (10 MPa-min™)
and calculated using preliminary tests to obtain the rupture load.
After several preliminary tests with different types of claws, the
best results were obtained using the same claws as used in syn-
thetic and natural fiber tests.

To calculate the strength (f) and the modulus of elasticity of
the seedlings in tension tests (E,), egs. 2 and 3 (NBR 7190 (1997))
were used, respectively.

Ft.max
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where F, ., is the maximum load (newtons); A is the cross-
sectional area (mm?); 054 and o,y represent stress correspond-
ing to 10% and 50% of f; and 54y and &,y represent respective

specific deformation corresponding to o5, and oq.

Trials on trees

A log for the static bending test and a disk for determining the
basic density (BD,) were removed from the base of each cut tree.

Static bending tests were conducted according to EN 408 (2010),
with the piece on two supports and the application of two-point
loading on the thirds of the length. The distance between sup-
ports (span) was at least 18 times the diameter of the central
section of the log. During the test, the load (P) and the vertical
displacement (f) were measured simultaneously. The speed (mm-s?)
of the test was used according to EN 408 (2010) and was 0.003 times
the section height, which in this research was the diameter of the
cross section of the log under the bark at the center point.

The modulus of rupture (f;,) (eq. 4) and the modulus of elastic-
ity (Eyg) (eq. 5) of the logs were calculated according to EN 408
(2010) adapted for roundwood.

(4) fmt - bhz A-D
3al* — 4d®
(5) Eye = 3
2bh*{[2(fs05 — fio)/(Paoy — Pro)l — 6a/5Gbh}
3al® — 4a°

481[040% - fm%)/(P s — P 10%)]

where F,, ., is the maximum load (newtons); a =L/3, where L is the
span; A = the area of the transversal section of the round timber =
mD?/4, where D is the diameter of the cross section of the log at the
center point under the bark; P, and P, are the ranges used for
the calculus representing 40% and 10%, respectively, of the maxi-
mum load applied to the log during the bending tests; f, 4 and f;ys
are the vertical displacements corresponding to the loads P, and
P4 Tespectively; I = inertia of round timber = 7D*/64; G = shear
modulus; and b and h are the base and height of the transversal
section, respectively.

Data analysis

The statistical analysis combined both Eucalyptus clones and
Pinus pinaster families. This design permitted the necessary vari-
ability of the parameters involved in the analysis and also verifi-
cation of the consistency and spread of the parameters analyzed
from nursery to trees. As hardwoods and softwoods are so differ-
ent in anatomical characteristics, it is expected that the responses
of physical and mechanical properties during growing will also be
different. Therefore, despite discrepancies, if it is possible to find
significant correlations among properties measured in nursery
seedlings and in forest trees at the same genetic units level (clone
or progeny), the importance of very early measurements of me-
chanical, acoustic, and physical properties in breeding programs
for genetics selection will be demonstrated.

To analyze the relationship among tree properties (dependent
variables) and properties obtained in nursery seedlings (indepen-
dent variables), simple regression between these variables (depen-
dent and independent) was initially used. From this analysis, the
linear regression models were evaluated, as well as the statistics
provided by the software (Centurion XV, version 15.1.02, Stat-
graphics Technologies, Inc., The Plains, Virginia, USA), which eval-
uates several alternatives of simple regression models, indicating,
among all significant models (P values < 0.05), the one with the
best coefficients of correlation (R) and determination (R?).

The number of independent variables (k) to be used in multiple
regression models should be adopted as a function of the number
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of observations of the sample (n) so that at least 2 degrees of
freedom (GL) are obtained for residues (GL =n -k - 1) (Volpato and
Barreto 2011). Thus, in this research, although there were six vari-
ables obtained in the seedlings (independent), multiple regres-
sions should contain only four of them because the sampling was
composed of seven conditions (three Eucalyptus clones and four
Pinus pinaster progenies) (Table 1). To increase the possibility of
using all of the parameters measured in the seedlings, the analysis
of the models also counted on the use of the stiffness coefficient
(CLL, eq. 5), which included the velocity and the basic density, the
relationship between height and diameter (H/D,), and the rela-
tionship between modulus of elasticity and strength (E,/[f,s) ob-
tained in the tension tests. These three parameters were also
evaluated in an isolated way in the simple regression models.

Before multiple regression analysis, we verified the presence of
correlations between the independent variables that would be
tested in the multiple regression models. Independent variables
are considered to be self-correlated when the correlation coeffi-
cient (R) between them is greater than 0.5. In this case (R > 0.5),
there will be multicollinearity, which is undesirable in multiple
correlation models.

The parameters considered not autocorrelated were used in the
software to select the independent variables that allowed better
adjustment of the multiple regression model. This selection was
made by the software based on the highest coefficient of determi-
nation (R?) and the lowest value of the Mallows C,, statistic, which
is a measure of the deviation of the model based on the compari-
son of the average total squared error with the variance of the true
error. To analyze the regression models, besides the coefficient of
correlation and the P value, the normality of the residuals was
observed using the normal probability plot of the residuals.

Results and discussion

The normality, tested by parameter asymmetry, kurtosis, and
normal probability graph, was statistically verified for all para-
meters. From the parameters obtained in the seedlings, relation-
ships were determined (Table 2) and analyzed in a prediction
model of wood properties.

Velocity in nursery seedlings

Few authors have used wave propagation in seedlings, and even
fewer in seedlings as young as those in this research. For this
reason, we consider it appropriate to make comparisons of results
using studies that have used seedlings although older and young
trees with ages close to the range adopted in this research. Our
velocity values ranged from approximately 1700 to 2000 m-s—!
with an average coefficient of variation (CV) of 10% for Pinus prog-
enies and from 2000 to 2300 m-s~! with an average CV of 7.5% for
Eucalyptus clones (Table 2). Emms et al. (2012) tested Pinus radiata
seedlings at 12 and 24 months of age using stress waves and ob-
tained an average velocity of 1133 m-s~*and a CV between 1.0% and
7.4%. Also, in 18-month-old Pinus radiata, Emms et al. (2013) ob-
tained velocities of 1047 to 1172 m-s~! (CV of 6.2 to 9.3). Chauhan
et al. (2013) performed resonance tests on young plants of Pinus
radiata between 18 and 20 months of age and obtained a wave
propagation velocity between 1260 and 1450 m-s~1, with CV 0f 6.5%
to 9.9%. Apiolaza et al. (2011b) using 18-month-old Pinus radiata
obtained a velocity (in resonance test) of 1050 m-s~1 (CV = 9.7%) for
opposite wood (side opposite to compression wood) and 1230 m-s!
(CV = 7.28%) for compression wood. The differences between the
two wood types (reaction and opposite) were identified by wave
propagation tests, indicating the usefulness of the test even in
very young plants (Apiolaza et al. 2011b). Lindstrém et al. (2002)
obtained velocities (ultrasound, stress wave, and resonance) be-
tween 1626 and 2193 m-s~! in 48-month-old Pinus radiata. Sharma
et al. (2016) obtained velocity values between 2520 and 2810 m-s~!
(CV 0f'4.3% to 12.3%) in Pinus radiata at 34 months of age. Roth et al.
(2007) in 72-month-old loblolly pine stress wave tests obtained
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Table 2. Average values (first row) and coefficient of variation (second row) of the parameters measured in seedlings (longitudinal velocity (VL,),
diameter (D), height (H,), basic density (BD,), strength (f,), and modulus of elasticity (E,,)), the relationships between parameters measured in
seedlings (stiffness coefficient (CLL, = BD,-VL?), HyD,, and E,[f,,), and wood properties obtained from the trees (basic density (BD,), strength (f,,,),

and modulus of elasticity (Ey,))-

Seedling measurements

Tree measurements

VLs (m'sil) Ds (mm) Hs (m) BDS (kgm73) fts (MPa) Ets (MPa) CLLS (Mpa) Hs/Ds Etslfts BDt (kg,m—S) fmt (MPa) EMt (MPa)
Eucalyptus clone 1

2249 2.48 0.31 350 19.8 1822 1770 125.0 92.0 480 46 8257
101 7.2 9.3 17.8 27.3 58.2 4.6 12.0 18.3
Eucalyptus clone 2

2048 2.83 0.29 360 23.2 2241 1510 102.5 96.6 460 44 7346
4.7 12.5 7.5 15.7 44.9 60.1 5.0 16.0 8.6
Eucalyptus clone 3

2095 2.51 0.31 270 19.0 1256 1185 123.5 66.1 470 48 7295
7.7 10.1 9.2 17.0 36.5 59.1 4.80 5.7 30.6
Pinus pinaster progeny 15

1816 3.30 0.33 430 17.1 312 1417 100.0 18.2 440 50 2797
9.9 11.0 7.4 11.7 23.3 25.1 7.7 16.1 25.2
Pinus pinaster progeny 18

1789 3.59 0.33 430 16.9 313 1376 91.9 18.5 460 59 3183
8.2 9.2 10.4 6.4 214 25.6 9.0 11.3 141
Pinus pinaster progeny 19

1735 3.46 0.31 440 18.2 313 1324 89.6 17.2 460 54 2721
11.0 9.9 11.5 16.7 19.6 26.9 11.5 28.4 31.1
Pinus pinaster progeny 23

1930 3.75 0.36 440 17.4 469 1639 96.0 27.0 480 49 2964
1.1 11.32 9.7 6.3 16.1 17.0 7.8 29.8 16.8

Note: Seedlings from clones 1, 2, and 3 were 3 months old; seedlings from progeny families 15, 18, 19, and 23 were 6 months old; and all trees were 72 months old.

Table 3. Simple regression models correlating modulus of elasticity (E,,. in MPa) of the wood from the tree, obtained in
bending test, with each parameter obtained from the seedlings (longitudinal velocity (VL,, in m-s™), basic density (BDy, in
kg-m~3), diameter (D, in mm), height (H, in m), strength (f,, in MPa), and modulus of elasticity (E.,, in MPa)) in the tension
test, stiffness coefficient (CLL,, in MPa), and the relationships between height and diameter (Hy/D,, dimensionless) and

between modulus of elasticity and strength (E/f;,).

Parameters Model P value R2 (%) R Error
VL, (linear) Epy = —19671 + 12.6VL, 0.0025 86.3 0.93 1033
VL, (double squared) Epe = sqrt(-1.02 x 108 + 34.3VL,?) 0.0017 88.2 0.94 1272
BD, (linear) Epy, = 18154 — 34.0BD, 0.0121 74.7 -0.86 1402
BD; (reciprocal Y, squared X) Epe = 1/(-0.0000911 + 2.23 x 10~°BD,?) 0.0047 82.4 0.91 3422
D, (linear) Ene = 19278 — 4760D 0.0018 88.0 -0.94 964
D, (squared Y, reciprocal X) Epe = sqrt(-1.18 x 108 + 4.5 x 108/Dy) 0.0011 90.1 0.95 1154
Hy ns — — —
. (linear) Epye = 11439 + 871f,, 0.05 57.1 0.76 1826
fis (square root Y, reciprocal X) Epe = sqrt(2.32 x 108 - 3.77 x 10°[f,,) 0.033 63.4 -0.80 1608
E,, (linear) Enge = 2137 + 2.91E, 0.0023 86.8 0.93 1013
E, (square root Y, logarithmic X) Ene = (=59.7 + 19.6In(E,))? 0.0004 93.5 0.97 759
CLL ns — — —
H[D; (linear) ns — — —
Hy/D, (squared Y, reciprocal X) Epe = sqrt(2.12 x 108 — 1.86 x 107/(H,/Dy)) 0.012 74.8 -0.86 1490
E.[f.. (linear) Epge = 1667 + 68.1E, [f, 0.0004 93.3 0.96 723
E.J[fis (multiplicative) Eye = exp(6.09 + 0.641n(E,[f,s)) 0.0002 95.0 0.97 650

Note: Error represents the standard error of the estimative. The nonlinear regression models were those proposed by the statistical program
as being those with the highest coefficient of correlation and determination. “ns” indicates that no statistically significant model was found
(with P value < 0.05). Sample size for all correlations = seven genetic units of two species (three Eucalyptus clones and four Pinus pinaster

progenies).

velocities between 2243 and 2735 m-s~'. For Eucalyptus wood,
Gongalves et al. (2013a) obtained velocities varying from 3455 to
4456 m-s~! and CV of 15% to 25% in ultrasonic testing in trees of
21 different clones resulting from crossing between Eucalyptus grandis
and Eucalyptus urophylla at 3 years of age. Even considering the
different ages, it is verified that the velocity results showed an
order of magnitude coherent with the results from the literature
for Pinus and Eucalyptus.

Basic density of nursery seedlings

The basic densities obtained in this research (Table 3) using
material from the seedlings (270 to 440 kg-m~3) and from the trees
(440 to 480 kg-m~2) also did not differ from those obtained in the
literature. For Pinus radiata, average values of 385 kg-m—2 were
obtained in wood at 8 months of age (Apiolaza et al. 2011a); 348 to
395 kg-m~2 (CV of 4.35% to 6.14%) for wood from trees between
18 and 20 months of age (Chauhan et al. 2013); 358 kg-m~2 (CV of
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Table 4. Simple regression models correlating the strength obtained in bending test (f,,,., in MPa) of the wood from the tree
with each parameter obtained from the seedlings (longitudinal velocity (VL,, in m-s?), basic density (BD,, in kg-m~3), diameter
(D, in mm), height (H, in m), strength (f,,, in MPa), and modulus of elasticity (E., in MPa)) in the tension test, stiffness
coefficient (CLL,, in MPa), height to diameter ratio (H,/D,, dimensionless), and the relationship between modulus of elasticity

and strength (E/f;s)-

P value
Parameters Model Regression  Intercept R%(%) R Error
VL, (linear) Fone = 90.4 — 0.0207VL, 0.0447 0.0019 58.6 -0.76  3.56
VL, (double squared) Fme = 1/(0.037 = 32.1/VL) 0.0304 0.0012 642  -0.80 3.37
BD, ns — — — —
D, ns — — — —
Hy ns
fis (linear) ns
. (double reciprocal) Fne = 1/(0.035 = 0.27/f,,) 0.033 0.0010 632  -0.79 3.62
E,, (linear) fone = 54.8 — 0.0049E, 0.0328 0.0000 63.1 -0.79  3.37
E,. (square root Y, logarithmic X)  f,., =1/(0.023 - 1.27JE,.) 0.0139 0.0000 733 =085 310
CLL, ns — — — —
H/D, (linear) ns — — — —
E.[fis (linear) ns
E,/f.s (multiplicative) Fne =1/(0.0147 + 0.0016In(E [f,))  0.0145 0.0006 81.0 090 310

Note: Error represents the standard error of the estimative. The nonlinear regression models were those proposed by the statistical program
as being those with the highest coefficient of correlation and determination. “ns” indicates that no statistically significant model was found
(with P value < 0.05). Sample size for all correlations = seven genetic units of two species (three Eucalyptus clones and four Pinus pinaster

progenies).

3.8%) for wood from 48-month-old trees (Lindstréom et al. 2002);
and 344 to 384 kg-m3 (CV of 5.1% to 8.6%) for wood from
34-month-old trees (Sharma et al. 2016).

For 72-month-old Eucalyptus, values of approximately 450 kg-m—3
for E. grandis and 500 kg-m~3 for E. urophylla were obtained (Padula
2013). Frederick et al. (1982) used 66 trees of Eucalyptus regnans,
ranging in age from 4 to 17 years, from two different locations in
New Zealand and obtained values varying from 376 to 428 kg-m=3.
Githiomi and Kariuki (2010) measured the density of 14 Eucalyptus
grandis trees, ranging from 4 to 10 years of age, and obtained basic
density values ranging from 414 to 517 kg-m~2, with CV of 8.1%.
Mauri et al. (2015) studying the basic density of 72-month-old
Eucalyptus urophylla and Eucalyptus grandis found values of 447 to
501 kg-m~2 with CV from 1.5% to 3.12%. Lima et al. (2001) tested
30 trees of E. grandis, ranging in age from 6 to 90 months, and
found values of basic density varying from 314 to 374 kg-m~3, with
CV of 7.46% for 6-month-old trees, compatible with the values
obtained in this research for seedlings. For 54- and 90-month-old
trees, Lima et al. (2001) found densities ranging from 533 to
570 kg-m~3, with CV from 4.13% to 5.74%.

Stiffness and strength of nursery seedlings

In general, the stiffness of wood varies with age (Wu et al. 2007;
Lenz 2011), although this statement cannot be generalized to all
species and regions (Sotelo Montes et al. 2017). Data obtained by
Wau et al. (2007) in a study using Pinus radiata trees show that the
modulus of elasticity, determined using SilviScan in strips taken
from the trees (breast height), ranged from approximately 2000 MPa
for 1-year-old wood to 10 000 MPa for 6-year-old wood (approxi-
mately 5 times). In this study, considering the relationship be-
tween the modulus of elasticity obtained in bending the logs from
the base (E,;) and the modulus of elasticity in tension tests in
seedlings (E), the stiffness increased, on average, 4.5 times for
the Eucalyptus clones and 8.5 times for the Pinus progenies. On the
other hand, considering the relationship between E,;, and the
stiffness coefficient obtained in the seedlings, the stiffness in-
creased by an average of 5.2 times for the Eucalyptus clones and
2.0 times for the Pinus progenies. The results for Pinus, in this case,
are probably directly related to the density behavior, which prac-
tically did not change during the 66 months of growth.

Models for predicting the properties of wood from trees
using one property measured in nursery seedlings (simple
regression)

Each parameter obtained in seedlings (independent variables),
as well as parameter relations (Table 2), were evaluated, in isola-
tion, as predictors of wood parameters (modulus of elasticity,
strength, and density) from trees.

Modulus of elasticity prediction

Except for seedling height (H,) and seedling stiffness coefficient
(CLL,), all other parameters showed statistical significance with
modulus of elasticity of the wood from trees (E,) (Table 3). Watt
et al. (2010) evaluated the behavior of 13 clones (two trees per
clone) aged 3 to 12 years. The different ages were obtained by Watt
et al. (2010) within the tree itself by performing tests on growth
rings representative of different ages. The authors obtained cor-
relations between the modulus of elasticity (MOE, corresponding
in this paper to E,;) and the microfibril angle (directly associated
with age) from 4 years (R = 0.64) and between MOE and density
from 7 years (R = 0.39).

The linear models correlating E,,; with seedling parameters do
not present the highest coefficients of correlation (R) or determi-
nation (R?) (Table 3) but were the ones that presented the smallest
prediction errors for the independent variables velocity (VL,), ba-
sic density (BD,), and diameter (D) (Table 3).

Strength prediction

For the bending strength obtained in the wood from trees (f,,,),
only the velocity and the tension test in the seedlings had statis-
tically significant correlations (Table 4). Apiolaza (2009) reported
that acoustic tools produce better results for wood selection than
density. Linear models presented lower coefficients of determina-
tion and correlation and higher prediction errors (Table 4) than
nonlinear ones.

Basic density prediction

For the basic density obtained in the wood from trees (BD,), no
parameter obtained in seedlings presented a statistically signifi-
cant correlation. Apiolaza (2009) noted that in trees less than
15 years old, density had a very weak correlation with acoustic
properties, a result also obtained by Chauhan and Walker (2006).
This result may be related to the radial variation pattern of this
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Table 5. Correlations between the variables obtained from the seedlings (independent) (longitudinal velocity (VL,, in m-s™),
basic density (BD,, in kg-m~3), diameter (D,, in mm), height (H,, in m), strength (f,,, in MPa), and modulus of elasticity (E,, in
MPa)) in the tension test, stiffness coefficient (CLL,, in MPa), and relationships between height and diameter (Hy/D,, dimen-
sionless) and between modulus of elasticity and strength (E./f.s)-

Variable CLL, BD, D, E,. Effic fie H, H,/D, VL,
CLL, 0.21 -0.042 0.34 0.36 0.21 0.20 0.16 0.46
BD, 0.21 0.90* -0.69 -0.74 -0.51 0.55 -0.87" -0.77*
D, -0.042 0.90" -0.81 -0.85" -0.63 0.71 -0.91* -0.84
Ei 0.34 -0.69 -0.81* 0.99% 0.93* -0.70 0.65 0.84*
Eeffi 0.36 -0.74 -0.85" 0.99* 0.87" -0.66 0.73 0.90"
fis 0.21 -0.51 -0.63 0.93 0.87* -0.78" 0.35 0.58
H, 0.20 0.55 0.71 -0.70 -0.66 -0.78" -0.36 -0.36
HD, 0.16 -0.87" -0.91* 0.65 0.73 0.35 -0.36 0.90*
VL, 0.46 -0.77* -0.84* 0.84 0.90* 0.58 -0.36 0.90*

Note: Sample size for all correlations = seven genetic units of two species (three Eucalyptus clones and four Pinus pinaster progenies). An
asterisk (*) indicates significance at P < 0.05.

Table 6. Multiple regression models correlating the modulus of elasticity obtained in the bending test (E,,., in MPa) from the
wood of the tree with parameters obtained from the seedlings (without collinearity) (longitudinal velocity (VL,, in m-s~') and
height (H,, in m)), strength (f,, in MPa) in the tension test, and the relationship between height and diameter (H/D,,
dimensionless).

P value
Model Regression VL, H, fis H,/D, CLL, R? R? adjusted  Error
Epe = -2504 + 10.8VL, — 42572H 0.0002 0.0003 0.0048 ns 98.5 97.7 384
Eppe = —18599 + 118.6(H,/D,) + 595.4f,,  0.0010 0.0054 0.0020 ns 969 953 549

Note: CLL, represents the stiffness coefficient of seedling (CLL, = BD,-VLZ), where BD; is the basic density obtained from the seedlings; “ns”
indicates a nonsignificant variable in the model. Error represents standard error of estimative. Sample size for all correlations = seven genetic
units of two species (three Eucalyptus clones and four Pinus pinaster progenies).

parameter, which is very large (Lenz 2011; Lenz et al. 2013).
Lindstrom et al. (2002), using 4-year-old Pinus radiata, showed that
there are significant correlations between MOE and microfibril
angle but no correlation between MOE and density. Watt et al.
(2010) obtained the same result for correlation between MOE and
microfibril angle, but the correlation between MOE and density
varied in different ages. In trees up to 6 years old, Watt et al. (2010)
obtained nonsignificant correlation between MOE and density,
and from this age to 12 years, the correlations were significant, and
the R? grew from 0.39 to 0.59. No correlations between MOE and
density were obtained for Pinus radiata juvenile wood (Burdon
et al. 2001; Lasserre et al. 2009). Cown et al. (1999) noted that
statistically significant correlations between MOE and density be-
gin to exist for trees with high volume of adult wood, an aspect
also highlighted by Lenz et al. (2013).

Multicollinearity analysis

Considering the nine independent variables (parameters di-
rectly measured in the seedlings and composition of these para-
meters; Table 2) that can be used in the models, the only ones that
are not autocorrelated (R < 0.50) are CLL, (with no variable), fi,
with H/D,, and H, with VL, (Table 5).

Multiple regression

With the unrelated independent variables, the statistical soft-
ware selected the most appropriate variables to be inserted into
the multiple regression model. In no case was the CLL, variable
selected for the multiple regression models. It is important to
remember that the calculation of CLL; was made based on the
basic density of the seedlings, which, according to several authors
mentioned earlier, is a very unstable parameter in such young
plants. On the other hand, it is not appropriate to use apparent
density because of the elevated grade of moisture content.

For the modulus of elasticity obtained in the wood from trees
(Eyme)» two models were selected, considering independent vari-
ables not self-correlated (Table 6). Both were statistically signifi-
cant, but the model involving the velocity and height of the

seedling had better coefficients of determination and smaller er-
rors (Table 6). Moreover, from a practical point of view, obtaining
these parameters (velocity and height) is easier than obtaining the
tension strength in the seedling. In a study with Chamaecyparis
obtusa, Kijidani et al. (2014) conclude that tree height had a signif-
icant negative effect on microfibril angle (MFA) and thus a positive
effect on stiffness. Li et al. (2007), using Pinus elliottii, found a
statistically significant correlation between tree height and wood
stiffness. On the other hand, Sotelo Montes et al. (2017), using
species from the Sahelian and Sudanian ecozones of Mali, ob-
tained an effect of tree height on dynamic MOE, either positive,
negative, or not significant.

The error of the prediction model using multiple regression
(Table 6) is 59% less than the lowest error obtained in the simple
regression (Table 3 involving the EJ/f,, variable). Watt et al. (2010)
noted that because the MOE is the criterion for which wood is
classified, it is better for genetic selection to use this parameter
and not density or microfibril angle. Watt et al. (2010) also noted
that such a parameter could be obtained with the use of SilviScan
(X-ray diffraction) but that acoustic methods are easier because
they can be applied directly to the trees and at lower costs, al-
though with the disadvantage of being less precise. Watt and Zoric
(2010) analyzed models of correlation between MOE and dimen-
sional (diameter, height, height/diameter), environmental (tem-
perature and rainfall occurrence), age, and planting density
parameters for Pinus radiata. The authors concluded that age,
height/diameter, and minimum autumn temperature accounted
for 96% of the variability in the MOE. Our research shows that
velocity of ultrasound wave propagation and height obtained in
nursery seedlings could explain 98.5% of the E,;, of wood obtained
from trees of the same genotype (Eucalyptus clones) or progeny
(Pinus pinaster).

For bending strength (f,,,,) and basic density (BD,) obtained in
the wood of the tree, no multiple regression model involving
independent variables not autocorrelated was statistically signif-
icant. The magnitude of variation in these parameters may ex-
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plain this result. The variability (coefficient of variation) in
densities of wood from trees (clones and progenies) was near 3%
and the bending strength was near 10%, but for E,,, this variability
was near 50%. A similar result was obtained by Lindstrém et al.
(2002), who noted that density alone did not allow differentiation
of clones, but if associated with the microfibril angle, differentia-
tion would be possible.

Wood stiffness varies from the pith to the bark, but the most
significant variations occur in the wood near the pith (Downes
et al. 2002; Xu and Walker 2004; Wu et al. 2004), representing very
young ages of the tree. These results validated the good prediction
results obtained from nursery seedlings in this research, as well as
future prospects of anticipation of the knowledge of wood prop-
erties in very young trees.

Conclusions

In this paper, we evaluated parameters measurable in nursery
seedlings (3 and 6 months old) that could be used in models to
predict stiffness, strength, and density in trees of the same clones
or progenies at 72 months of age. The new contributions provided
by this paper are the propositions of tests and measurements that
can be performed on very young plants to infer other types of
properties in the adult plant. These results can, from the practical
point of view, be associated with other tools already used by for-
esters to improve forest management.

The multiple regression model involving height and longitudi-
nal velocity of ultrasonic waves along the grain direction of the
seedlings stem was the most adequate model for the prediction of
wood stiffness in trees. These two variables are very simple to
measure in seedlings and in young trees and, therefore, could
increase knowledge about the forest without hard or complex
work.

To correlate the wood bending strength from trees, a simple
regression model using the relationship between the E,;, and the
strength obtained in the seedling tension test allowed a statisti-
cally significant result. These parameters are more complicated
for foresters to obtain, but it is easy from the academic point of
view. Hence, the results can indicate a path for future research
aiming to improve questions relating to forest quality and man-
agement.

Finally, the wood density from the trees could not be predicted
by any model involving parameters obtained in seedlings of the
same clones or progenies. As density is a very important parameter
to be known, this result shows the importance of further research in
this area.

Acknowledgements

The authors are grateful to the National Council for Scientific
and Technological Development (CNPq; Proc. 309511/2014-3) for
the Productivity Research scholarship, the Sao Paulo Research
Foundation (FAPESP; Processes 2013/03449-9 and 2015/11926-7)
for financial support and scholarship; to the International Paper
of Brazil for the donation of seedlings and trees of the Eucalyptus
clones and logistic support for forest trials; to the “IMAGINE”
Project FEDER INNTERCONECTA n°: ITC-20151167 developed at
the Madera Plus Calidad Forestal and the Tragsa Company, Gali-
cia, Spain, for financial support; to the Trees4Future Project de-
veloped at the Center of Innovation and Technological Services of
Wood of Galicia (CISMADEIRA), Spain; and to the Laboratory of
Structures of the Superior Polytechnic School of Lugo, University
of Santiago de Compostela, Lugo, Spain.

References

Alves Ferreira, D.H.A., Leles, P.S.S., Machado, E.C., Abreu, A.-H.M., and
Abilio, F.M. 2014. Crescimento de clone de Eucalyptus urophylla x E. grandis em
diferentes espacamentos. Rev. Floresta, 44(3): 431-440. doi:10.5380/rf.v44i3.
32188.

627

Apiolaza, L.A. 2009. Very early selection for solid wood quality: screening for
early winners. Ann. For. Sci. 66(6): 601-601. doi:10.1051/forest/2009047.

Apiolaza, L.A., Butterfield, B., Chauhan, S.S., and Walker, J.C.F. 2011a. Character-
ization of mechanically perturbed young stems: can it be used for wood
quality screening? Ann. For. Sci. 68(2): 407-414. d0i:10.1007/s13595-011-0028-8.

Apiolaza, L.A., Chauhan, S.S., and Walker, ]J.C.F. 2011b. Genetic control of very
early compression and opposite wood in Pinus radiata and its implications for
selection. Tree Genet. Genomes, 7(3): 563-571. doi:10.1007/s11295-010-0356-0.

Apiolaza, L., Chauhan, S., Hayes, M., Nakada, R., Sharma, M., and Walker, J. 2013.
Selection and breeding for wood quality. A new approach. N. Z. J. For. Sci.
58(1): 32-37.

Bucur, V. 2006. Acoustics of wood. 2nd ed. Springer-Verlag, Berlin, Heidelberg.
d0i:10.1007/3-540-30594-7.

Burdon, R.D,, Britton, R.A.J., and Walford, G.B. 2001. Wood stiffness and bending
strength in relation to density in four native provenances of Pinus radiata.
N. Z.]. For. Sci. 31(1): 130-146.

Chauhan, S.S., and Walker, J.C.F. 2006. Variations in acoustic velocity and den-
sity with age, and their interrelationships in radiata pine. For. Ecol. Manage.
229(1-3): 388-394. d0i:10.1016/j.foreco.2006.04.019.

Chauhan, S.S., Sharma, M., Thomas, J., Apiolaza, L.A., Collings, D.A., and
Walker, J.C.F. 2013. Methods for the very early selection of Pinus radiata D. Don.
for solid wood products. Ann. For. Sci. 70(4): 439-449. doi:10.1007/s13595-013-
0270-3.

Cherry, M.L., Vikram, V., Briggs, D., Cress, D.W., and Howe, G.T. 2008. Genetic
variation in direct and indirect measures of wood stiffness in coastal
Douglas-fir. Can. J. For. Res. 38(9): 2476-2486. doi:10.1139/X08-087.

Cown, D.J., Hebert, J., and Ball, R. 1999. Modelling Pinus radiata lumber charac-
teristics. Part 1: mechanical properties of small clears. N. Z. J. For. Sci. 29(2):
203-213.

Downes, G.M., Nyakuengama, J.G., Evans, R., Northway, R., Blakemore, P.,
Dickson, R.L., and Lausberg, M. 2002. Relationship between wood density,
microfibril angle and stiffness in thinned and fertilized Pinus radiata. IAWA J.
23(3): 253-265. doi:10.1163/22941932-90000302.

Emms, G., Nanayakkara, B., and Harrington, J. 2012. A novel technique for
non-damaging measurement of sound speed in seedlings. Eur. J. For. Res.
131(5): 1449-1459. d0i:10.1007/s10342-012-0614-9.

Emms, G.W., Nanayakkara, B., and Harrington, ].J. 2013. Application of
longitudinal-wave time-of-flight sound speed measurement to Pinus radiata
seedlings. Can. J. For. Res. 43(8): 750-756. doi:10.1139/cjfr-2012-0482.

European Standards — EN 408. 2010. Structural timber and glued laminated
timber. Determination of some physical and mechanical properties. Euro-
pean Committee for Standardization, Brussels.

Frederick, D.J., Madgwick, H.A., and Oliver, G.R. 1982. Wood basic density and
moisture content of young Eucalyptus regnans grown in New Zealand. N. Z. J.
For. Sci. 12: 494-500.

Githiomi, J.K., and Kariuki, J.G. 2010. Wood basic density of E. grandis from
plantations in central rift valley, Kenya: variation with age, height level and
between sapwood and heartwood. J. Trop. For. Sci. 22(3): 281-286.

Gongalves, R., and Costa, 0.A.L. 2008. Influence of the moisture content on
longitudinal, radial and tangential ultrasonic velocity for Brazilian wood
species. Wood Fiber Sci. 40(4): 580-586.

Gongalves, R., Batista, F.A.F., and Lorensani, R.G.M. 2013a. Selecting eucalyptus
clones using ultrasound test on standing trees. For. Prod. J. 63(3—-4): 112-118.
d0i:10.13073/FPJ-D-12-00114.

Gongalves, R., Pedroso, C.B., and Massak, M.V. 2013b. Acoustic and bending
properties in Pinus elliottii beams obtained from trees of different ages. J. Wood
Sci. 59(2): 127-132. d0i:10.1007/s10086-012-1311-5.

Kijidani, Y., Kawasaki, Y., Matsuda, D., Nakazono, F., Hayakawa, M.,
Mutaguchi, H., and Sakagami, H. 2014. Tree heights in the ring-formed years
affect microfibril angles in the rings from juvenile to mature wood at breast
height in hinoki trees (Chamaecyparis obtusa). J. Wood Sci. 60(6): 381-388.
d0i:10.1007/s10086-014-1426-y.

Lasserre, J.P., Mason, E., Watt, M.S., and Moore, J.R. 2009. Influence on initial
planting spacing and genotype on microfibril angle, wood density, fibre
properties and modulus of elasticity in Pinus radiata D. Don corewood. For.
Ecol. Manage. J. 258: 1924-1931. doi:10.1016/j.foreco.2009.07.028.

Lenz, P. 2011. Breeding for wood quality: the impact of cambial age on the
genetics of white spruce wood traits. Ph.D. thesis, Faculty of Forestry, Geog-
raphy and Geomatics, University Laval, Quebec.

Lenz, P., Auty, D., Achim, A., Beaulieu, J., and Mackay, J. 2013. Genetic improve-
ment of white spruce mechanical wood traits — early screening by means of
acoustic velocity. Forests, 4(3): 575-594. doi:10.3390/f4030575.

Li, X., Huber, D.A., Powell, G.L., White, T.L., and Peter, G.F. 2007. Breeding for
improved growth and juvenile corewood stiffness in slash pine. Can. J. For.
Res. 37(10): 1886-1893. doi:10.1139/X07-043.

Lima, ].T., Rosado, S.C.S., and Trugilho, P.F. 2001. Assessment of wood density of
seven clones of Eucalyptus grandis. South. Afr. For. J. 191(1): 21-27. doi:10.1080/
20702620.2001.10434147.

Lindstrom, H., Harris, P., and Nakada, R. 2002. Methods for measuring stiffness
of young trees. Holz Roh- Werkst. 60(3): 165-174. d0i:10.1007/s00107-002-0292-2.

Lorensani, R.G.M., Alves, C.S., and Gongalves, R. 2015. Prediction of basic density
using parameters measured on trees. In Proceedings of the 19th International
Nondestructive Testing and Evaluation of Wood Symposium, Rio de Janeiro,

< Published by NRC Research Press


http://dx.doi.org/10.5380/rf.v44i3.32188
http://dx.doi.org/10.5380/rf.v44i3.32188
http://dx.doi.org/10.1051/forest/2009047
http://dx.doi.org/10.1007/s13595-011-0028-8
http://dx.doi.org/10.1007/s11295-010-0356-0
http://dx.doi.org/10.1007/3-540-30594-7
http://dx.doi.org/10.1016/j.foreco.2006.04.019
http://dx.doi.org/10.1007/s13595-013-0270-3
http://dx.doi.org/10.1007/s13595-013-0270-3
http://dx.doi.org/10.1139/X08-087
http://dx.doi.org/10.1163/22941932-90000302
http://dx.doi.org/10.1007/s10342-012-0614-9
http://dx.doi.org/10.1139/cjfr-2012-0482
http://dx.doi.org/10.13073/FPJ-D-12-00114
http://dx.doi.org/10.1007/s10086-012-1311-5
http://dx.doi.org/10.1007/s10086-014-1426-y
http://dx.doi.org/10.1016/j.foreco.2009.07.028
http://dx.doi.org/10.3390/f4030575
http://dx.doi.org/10.1139/X07-043
http://dx.doi.org/10.1080/20702620.2001.10434147
http://dx.doi.org/10.1080/20702620.2001.10434147
http://dx.doi.org/10.1007/s00107-002-0292-2

628

Brasil, 22-25 September 2015. Edited by R.J. Ross, R. Gongalves, and X. Wang.
USDA Forest Service, Forest Products Laboratory, Madison, Wis., Gen. Tech.
Rep. FPL-GTR-239. pp. 585-591.

Mauri, R., Oliveira, J.T.S., Filho, M.T., Rosado, A.M., Paes, ].B., and Calegario, N.
2015. Wood density of clones of Eucalyptus urophylla x Eucalyptus grandis in
different conditions of growth. Rev. Floresta, 45(1): 193-202. doi:10.5380/rf.
v45i1.34114.

Merlo, E.S., and Santaclara, O.E. 2012. Wood quality screening with acoustic meth-
ods in 3 years old pinaster pine progenies. Madera Plus Calidad Forestal S.L.
Merlo, E., Alvarez, ].G., Santaclara, O., and Riesco, G. 2014. Modelling modulus of
elasticity of Pinus pinaster Ait. in northwestern Spain with standing tree
acoustic measurements, tree, stand and variables. For. Syst. 23(1): 153-166.

doi:10.5424/fs/2014231-04706.

Mishiro, A. 1996. Ultrasonic velocity and average moisture content in wood. II.
Ultrasonic velocity and average moisture content in wood during desorption (1);
moisture content below the fiber saturation point. Mokuzai Gakkaishi, 42(10):
612-617.

Neves, T.A., Protdsio, T.P., Trugilho, P.F., Valle, M.L.A., Sousa, L.C., and
Vieira, C.M. 2013. Qualidade da madeira de clones de Eucalyptus em diferentes
idades para a producdo de bioenergia. Rev. Cienc. Agrar. 56(2): 139-148. doi:10.
4322[rca.2013.022.

Padula, R.R. 2013. Estudo comparativo de métodos para determinacio da densi-
dade bdsica de cavacos e discos de madeira. M.Sc. dissertation, Faculdade de
Ciéncia Agrondmicas, Universidade Estadual de Sdo Paulo, Botucatu.

Roth, B.E., Li, X., Huber, D.A., and Peter, G.F. 2007. Effects of management
intensity, genetics and planting density on wood stiffness in a plantation of
juvenile loblolly pine in the southeastern USA. For. Ecol. Manage. 246(2-3):
155-162. doi:10.1016/j.foreco.2007.03.028.

Santaclara, O., Alvarez, ].G., and Merlo, E. 2011. Modeling structural lumber
quality for Pinus pinaster Ait. in northwestern Spain using standing tree acous-
tic assessment, tree characteristics and stand variables. In Proceedings of the
17th International Nondestructive Testing and Evaluation of Wood Sympo-
sium, Sopron, Hungary, 14-16 September 2011. Edited by R.J. Ross, F. Divos,
and X. Wang. USDA Forest Service, Forest Products Laboratory, Madison, Wis.
pp. 153-166.

Sharma, M., Apiolaza, L.A., Chauhan, S., Mclean, ].P., and Wikaira, J. 2016. Rank-
ing very young Pinus radiata families for acoustic stiffness and validation by
microfibril angle. Ann. For. Sci. 73(2): 393-400. doi:10.1007/s13595-015-0529-y.

Simdes, J.W., Coelho, A.S.R., Mello, H.A., and Couto, H.T.Z. 1980. Crescimento e
produgdo de madeira de eucalipto. IPEF, 20: 77-97.

Can. J. For. Res. Vol. 48, 2018

Sobue, N. 1993. Simulation study on stress wave velocity in wood above fiber
saturation point. Mokuzai Gakkaishi, 39(3): 271-276.

Sotelo Montes, C., Weber, ].C., Garcia, R.A., Silva, D.A., and Muiiiz, G.I.B. 2017.
Variation in growth, wood stiffness and density, and correlations between
growth and wood stiffness and density in five tree and shrub species in the
Sahelian and Sudanian ecozones of Mali. Trees, 31(3): 833-849. d0i:10.1007/
$s00468-016-1508-0.

Trinca, A.J., and Gongalves, R. 2009. Efeito das dimensdes da segdo transver-
sal e da frequéncia do transdutor na velocidade de propagac¢do de ondas
de ultra-som na madeira. Rev. Arvore, 33(1): 177-184. doi:10.1590/S0100-
67622009000100019.

Vikram, V., Cherry, M.L., Briggs, D., Cress, D.W., Evans, R., and Howe, G.T. 2011.
Stiffness of Douglas-fir lumber: effects of wood properties and genetics. Can.
J. For. Res. 41(6): 1160-1173. doi:10.1139/x11-039.

Volpato, G., and Barreto, R. 2011. Estatistica sem dor. Best Writing, Botucatu,
Brazil.

Wang, X., Carter, P., Ross, RJ., and Brashaw, B.K. 2007. Acoustic assessment of
wood quality of raw forest materials — a path to increased profitability. For.
Prod. J. 57(5): 6-14.

Watt, M.S., and Zoric, B. 2010. Development of a model describing modulus of
elasticity across environmental and stand density gradients in plantation-
grown Pinus radiata within New Zealand. Can. ]J. For. Res. 40(8): 1558-1566.
doi:10.1139/X10-103.

Watt, M.S., Sorensson, C., Cown, D.J., Dungey, H.S., and Evans, R. 2010. Deter-
mining the main and interactive effect of age and clone on wood density,
microfibril angle, and modulus of elasticity for Pinus radiata. Can. J. For. Res.
40(8): 1550-1557. doi:10.1139/X10-095.

Wielinga, B., Raymond, C.A., James, R., and Matheson, A.C. 2009. Genetic param-
eters and genotype by environment interactions for green and basic density
and stiffness of Pinus radiata D. Don estimated using acoustics. Silvae Genet.
58(3): 112-122. doi:10.1515/sg-2009-0015.

Wu, HX,, Yang, ]., McRae, T.A,, Li, L., and Powell, M.B. 2004. Genetic relationship
between breeding objective and early selection criterion traits in Australia
radiata pine population. CSIRO FFP Technical Report 1402 and STBA Techni-
cal Report TR04-01.

Wu, HX,, Powell, M.B., Yang, ].L., Ivkovich, M., and McRae, T.A. 2007. Efficiency
of early selection for rotation-aged wood quality traits in radiata pine. Ann.
For. Sci. 64(1): 1-9. doi:10.1051/forest:2006082.

Xu, P., and Walker, J.C.F. 2004. Stiffness gradients in radiata pine trees. Wood
Sci. Technol. 38(1): 1-9. doi:10.1007/s00226-003-0188-2.

< Published by NRC Research Press


http://dx.doi.org/10.5380/rf.v45i1.34114
http://dx.doi.org/10.5380/rf.v45i1.34114
http://dx.doi.org/10.5424/fs/2014231-04706
http://dx.doi.org/10.4322/rca.2013.022
http://dx.doi.org/10.4322/rca.2013.022
http://dx.doi.org/10.1016/j.foreco.2007.03.028
http://dx.doi.org/10.1007/s13595-015-0529-y
http://dx.doi.org/10.1007/s00468-016-1508-0
http://dx.doi.org/10.1007/s00468-016-1508-0
http://dx.doi.org/10.1590/S0100-67622009000100019
http://dx.doi.org/10.1590/S0100-67622009000100019
http://dx.doi.org/10.1139/x11-039
http://dx.doi.org/10.1139/X10-103
http://dx.doi.org/10.1139/X10-095
http://dx.doi.org/10.1515/sg-2009-0015
http://dx.doi.org/10.1051/forest%3A2006082
http://dx.doi.org/10.1007/s00226-003-0188-2

	Article
	Introduction
	Materials and methods
	Sampling
	Methodology
	Nursery seedling trials
	Trials on trees
	Data analysis

	Results and discussion
	Velocity in nursery seedlings
	Basic density of nursery seedlings
	Stiffness and strength of nursery seedlings
	Models for predicting the properties of wood from trees using one property measured in nursery s ...
	Modulus of elasticity prediction
	Strength prediction
	Basic density prediction

	Multicollinearity analysis
	Multiple regression

	Conclusions

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages true
	/ColorSettingsFile (None)
	/AutoRotatePages /PageByPage
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


