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Abstract – The main objective of this work was to evaluate the genetic control of Pinus pinaster wood quality by estimating the heritability of
wood density components and its age evolution. The material was collected from 180 trees by the extraction of an increment core, in a progeny
test at 18 years old. The wood density components were measured using the X-ray densitometry technique. The highest and most stable age heri-
tability values were obtained by the earlywood components (minimum density and earlywood density), followed by the average ring density.
The latewood percentage, ring width and heterogeneity revealed middle values, while the latewood components (maximum density and
latewood density) always presented the lowest and most unstable heritability values. Thus, it was concluded that, amongst all components, the
earlywood density mostly depends on genetic effects, and could be used in future selection and tree breeding programs to improve wood quality.
The inclusion of the latewood components in the selection criterion will not give any significant genetic advantage.
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Résumé – Héritabilité des composantes de la densité du bois chez Pinus pinaster Ait. et implications pour l’amélioration génétique.
L’objectif principal de ce travail était l’étude du contrôle génétique de la qualité du bois du Pinus pinaster Ait., grâce à l’estimation de l’héritabi-
lité des composantes de la densité et de son évolution avec l’âge. Des carottes de sondage ont été extraites de 180 arbres appartenant à un test de
comparaison de descendances maternelles âgés de 18 ans depuis la plantation. Les composantes de la densité ont été définies à l’aide de la micro-
densitométrie sur radiographie aux rayons X. Les valeurs d’héritabilité les plus élevées et les plus stables avec l’âge cambial sont des composan-
tes du bois initial (densité minimale et densité du bois initial), suivies de la densité moyenne. Le pourcentage de bois final, la largeur des cernes et
l’hétérogénéité ont présenté des valeurs moyennes, alors que les composantes du bois final (densité maximale et densité du bois final) ont tou-
jours présenté les valeurs les plus basses et les plus instables d’héritabilité. Ainsi, on a pu conclure que, parmi toutes les composantes, la densité
du bois initial apparaît la plus dépendante des effets génétiques. Donc, elle pourra être utilisée dans de futurs programmes de sélection et d’amé-
lioration génétique. Quant aux composantes du bois final, leur introduction parmi les critères de sélection, n’apporte aucun bénéfice en terme de
gain génétique.
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1. INTRODUCTION

Pinus pinaster (Maritime Pine) is the main forest species
in Portugal. This is not only because of the area it covers, but
is also, at the economic level, due to its multiple industrial
wood applications (lumber and timber, plywood,
particleboard, fiberboard, paper, as well as resin products); it
can also be considered as the only softwood source in the
country.

This species is also an important softwood supplier in al-
most all the Mediterranean Basin (France, Spain, Italy), as
well as in South Africa, New Zealand and Australia, where it
was introduced between 1940–1950. According to Hopkins
and Butcher [23], in Western Australia alone, 30 000 ha of
this species had already been planted by 1990.

With the trend in forest management to gradually short the
rotation age (using younger and younger trees) and as wood is
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the final product of many forestry activities, quality has be-
come one of the major concerns of many forest product in-
dustries [6, 39, 51, 53].

It has gradually been realized that wood quality and quan-
tity cannot be treated as independent factors and that wood
quality improvement should form an integral part of most
breeding programs [1, 2, 40, 48, 50, 52]. Therefore there is no
doubt that wood density is an ideal subject for genetic manip-
ulation. Wood density constitutes a key characteristic of
wood quality [11, 33, 53]; it presents great variations be-
tween trees as well as high heritability [4, 5, 43, 50] with a re-
duced Genotype × Environment interaction [45, 46].

However, the understanding of wood density variation can
be more difficult due to the complex nature of this trait. In
temperate softwood, the average ring density is fundamen-
tally dependent on the earlywood and latewood proportion
and the relative densities of each of them. Thus, a particular
value of density can result from various combinations of den-
sity components and then can be manipulated through the al-
teration of one or more of them.

Therefore, the knowledge of the genetic control of those
components will contribute greatly to a better understanding
of the genetics of wood density, which will be essential for an
efficient incorporation of this wood quality characteristic in
tree breeding programs.

So, several studies have been made in different species,
and all of them agree that wood density is under a strong ge-
netic control, but they have revealed some contradictory re-
sults in terms of density components.

For instance, while Nicholls et al. [32] verified that, in
Pinus radiata wood, maximum density was the component
which allowed the highest genetic control, in Cryptomeria ja-
ponica, Fujizawa et al. [16] concluded that genetic control is
carried out by average ring density, followed by earlywood
components, though latewood components and latewood per-
centage always produced the lowest heritability values.

Identical results were obtained by Vargas-Hernandez and
Adams [40, 41] with Pseudotsuga menziesii, but Zhang and
Morgenstern [48] and Zhang and Jiang [49] demonstrated
that in Picea mariana the density component which best ex-
presses the higher genetic differences among trees is not av-
erage ring density, but earlywood density.

Concerning Pinus pinaster wood, as early as 1970
Nicholls [31] began his article by complaining that “Al-
though there are extensive stands of Pinus pinaster through-
out the world there is surprisingly little published
information dealing with its wood characteristics”.

At the moment, even though there is already some aware-
ness about the genetic variation of growth traits and tree form
[3, 7, 18–20, 22, 23, 27], and notwithstanding studies devel-
oped in France by Polge and Illy [36], Keller [26] Nepveu
[30], and Chaperon et al. [8], big gaps still exist in the extent

of knowledge about the genetic control of the wood proper-
ties of this species.

This research continues the studies started by Gomes [18]
about the evaluation of some genetic parameters, for the
seeding, growth and tree form of the most important forest
species of Portugal, now complemented for wood quality
through density.

In this context, the present investigation does not intend to
be more than an initial study of the species, carried out with
the aim of estimating, ring by ring, the relative contribution
of genetic and environmental factors in the variation of aver-
age ring density, and its components, and evaluating some
implications for tree breeding.

2. MATERIALS AND METHODS

The material, used in this study, was obtained from a progeny
test with 15 open-pollinated families, collected by Gomes [18] in
different regions of Portugal (5 in Viana do Castelo, 5 in Mondim de
Basto, and 5 in Leiria), planted in 1979 in the North of Portugal near
Bragado (41o 30’ N, 7o 39’ W, elevation 750 m), and established in
3 completely randomized blocks represented by 10 trees per plot
[18]. In each plot 4 trees were sampled, giving a total of 180 trees.

The material submitted to analysis was collected at breast height
(1.3 m) and obtained by extraction of one increment core per tree,
from pith to bark. From these increment cores, radial samples were
taken out with a constant thickness of 2 mm which, after being
chemically extracted with a toluene-alcohol (2:1) solution for
48 hours, were dried to 12% moisture content. These radial samples
were X-rayed and their image scanned by microdensitometric analy-
sis in order to determine the density components according to the
process described by Louzada [29]. A comprehensive description of
X-ray densitometry analysis can be found in Polge [34, 35], Hughes
and Sardinha [24].

The first and the last annual rings of each sample were rejected
because they were usually incomplete. For each ring scanned, Aver-
age Ring Density (RD), Minimum Density (MND), Maximum Den-
sity (MXD), Earlywood Density (EWD), Latewood Density
(LWD), Ring Width (RW) and Latewood Percentage (LWP) were
determined, taking the fixed value of 0.550 g cm–3 density as the
limit between Earlywood/Latewood. The advantages of this crite-
rion for the EW/LW boundary based on a fixed density value are ex-
plained by Jozsa et al. [25]. In the present study, we chose this fixed
value of 0.550 g cm–3 because it is the most accurate for Pinus
pinaster wood of more or less 20 years old [29]. The intra-ring den-
sity variation was quantified by the Heterogeneity Index (HI), pro-
posed by Ferrand [13], expressed by the standard deviation of
density values (all X-ray data points) across the annual ring.

The genetic control of these wood density components, weighted
in each ring by their respective sectional area, was evaluated by esti-
mating individual-tree heritability (h2

i) according to Falconer [12].
However, because open-pollinated families in the progeny test came
from parent trees in wild stands, the additive genetic variance (σ 2

A)
was estimated as 3× the family component variance (σ 2

F). The coef-
ficient of relationship did not assume a 0.25 value (as it is usual), but
0.33 because some degree of inbreeding (about 10%) was thought to
have occurred in the relatively small populations, making
heritability values more conservative [37]. Therefore, the individual
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heritability (h2
i), additive genetic variance (VA), and total phenotypic

variance (VP) estimators were calculated as follows:

VP = σ 2
F + σ 2

FB + σ 2
ε

VA = 3. σ 2
F

h2
i= VA/VP,

where σ 2
F (Family variance), σ 2

FB (Family × Block variance), and
σ 2

ε (Residual variance) were estimated by the analysis of the vari-
ance, presented in table I.

The standard errors of heritability σhi
2 were computed as follows

[44]:
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where h2
i is the individual heritability and b, f, and t, are the number

of blocks, families, and trees/family/block, respectively.

3. RESULTS

The summary statistics, at tree level, and the individual
heritability values, ring by ring up to 13 years old, of each
density component are given in tables II and III.

3.1. Average ring density (RD)

These results emphasize, first of all, the fact that the aver-
age ring density (RD) is under a strong genetic control, with
heritability values always higher than 0.528.

Comparatively, Chaperon et al. [8] estimated, also for a
14 years old Pinus pinaster wood, an h2

i = 0.44 value for spe-
cific density. Identical h2

i values ranging between 0.43 and
0.47 were obtained by Nicholls et al. [32] for P. radiata,
Talbert et al. [38] for P. taeda and Yanchuk and Kiss [45] for
Picea engelmannii. Only Vargas-Hernandez and Adams [41]
and Zhang and Morgenstern [48] estimated an h2

i = 0.60
value for RD for Pseudotsuga menziesii and Picea mariana,
respectively.

3.2. Earlywood components vs. latewood components

Another important aspect is the fact that the heritabilities
of earlywood components (MND, EWD) are always greater
than RD and even greater than the latewood components
(MXD, LWD). Inclusively, for all the density components
analyzed, the highest heritability values were always ob-
tained in earlywood and the lowest in latewood components.

Although these results were expected, in a certain sense
because of the results from previous works [14, 15, 28], they
take on an extraordinary relevance as they should and will be
able to condition the future operational strategies of tree
breeding and genetic improvement programmes in this spe-
cies.

On the one hand, they confirm, unequivocally, that in
Maritime Pine the genetic control of wood density is much
more intense in earlywood components, so that they should
respond well to breeding in future improvement programmes,
while the variation of latewood components is almost entirely
dependent on environmental factors.

On the other hand, they clarify the issue about the possible
advantage or disadvantage of including density components
in the selection criteria. In the study done by
Vargas-Hernandez and Adams [40] of 60 families of the
Pseudotsuga menziesii at 15 years old, the conclusion was
that although the density components varied significantly
among families and displayed a moderate genetic control,
none of them presented a higher heritability than RD (these
results correspond with those obtained by Nicholls et al. [32]
for the P. radiata and Fujizawa et al. [16] for the Cryptomeria
japonica). So, these components should have, in theory, a
limited value in the improvement of the selection efficiency
for wood density.

One year later, these results were confirmed by comple-
mentary work also carried out by Vargas-Hernandez and Ad-
ams [41] in the same experiment. They verified that the
inclusion of the three density components (EWD, LWD,
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Table I. Form of variance analysis for overall density components
weighted at each age.

Sources of Variation Degrees of Freedom Expected Mean Squares

Block (B) b-1 σ2
ε + t σ2

FB + tf σ2
B

Family (F) f-1 σ2
ε + t σ2

FB + tb σ2
F

B × F (b-1) (f-1) σ2
ε + t σ2

FB

Residual (Trees/F/B) (t-1) f b σ2
ε

b = number of blocks (3); f = number of families (15); t = number of trees/family/block (4).
σ2

B, σ2
F, σ2

FB, and σ2
ε are variance components due to block, family, block × family interac-

tion and residual (or error), respectively.

Table II. Descriptive statistics table for different wood density com-
ponents at tree level (for 180 trees).

Trait mean std. dev. coeff. var. min. max.

RD (g cm–3) 0.483 0.041 8.4 0.359 0.585
MND (g cm–3) 0.354 0.038 10.8 0.240 0.454
MXD (g cm–3) 0.779 0.061 7.8 0.618 0.921
EWD (g cm–3) 0.411 0.031 7.6 0.324 0.489
LWD (g cm–3) 0.687 0.035 5.0 0.590 0.765
LWP (%) 25.9 6.1 23.7 7.4 45.0
RW (mm) 5.13 0.73 14.2 3.10 7.80
HI (g cm–3) 0.134 0.019 14.4 0.077 0.179

RD = Average Ring Density, MND = Minimum Density, MXD = Maximum Density,
EWD = Earlywood Density, LWD = Latewood Density, LWP = Latewood Percentage,
RW = Ring Width, HI = Heterogeneity Index.



LWP) in the selection criteria would only give an advantage
in the case of the selection made between 7 and 10 years old,
although with a reduced increase of the relative efficiency
(between 1 and 6%). Above or below those ages, the inclu-
sion of those components did not produce any advantage in
genetic terms, so that its practical use was extremely limited.

Zhang and Morgenstern [48], Zhang and Jiang [49] and
Zhang [47] also obtained for the Picea mariana values of in-
dividual heritability (restricted sense) for some density com-
ponents (EWD and LWD) which were slightly higher than
those of the RD, but without a significant increase in the use
of these components in the selection criterion only propor-
tioned by RD (+ 3.42% and 3.30% respectively). For the cur-
rent Pinus pinaster study, due to the important superiority in
hereditary transmission terms shown by EW components re-
lated to LW and even RD ones, we think that their inclusion
in selection criteria should be very advantageous in future ge-
netic programmes.

In this way, it is possible to increase EWD; this one will
provide not only an increase of wood density, but also a de-
crease of wood heterogeneity. It allows one to improve the
wood quality of this species significantly.

3.3. Latewood percentage (LWP), ring width (RW)
and heterogeneity index (HI)

For the other density components (LWP, RW and HI), it
was shown that even though they did not produce significant
statistical differences (P > 0.05) between progenies in many
cases, an important part of this variation is not due to genetic
factors but, on the contrary, to environmental ones. That is
why heritability values are in general moderate or low, lower
than RD values and EW components, but substantially higher
than LW components.

As for the RW, and considering the fact that for Pinus
pinaster the characteristics related to the increase (in diame-
ter) almost always present rather low heritability values [8,
10, 19, 23], the study produces surprisingly significant RW
differences (P < 0.05) between families where heritability
values reach 0.3 or even slightly higher. This proves that di-
ameter growth can also be under an appreciable genetic con-
trol, and, if it does not express negative genetic correlations
with the other density components, it will allow the genetic
manipulation of the wood quantity and quality of this species.

Regarding the HI, moreover the differences between fami-
lies are not statistically significant (P > 0.05), heritability
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Table III. Heritability values (with standard errors given in brackets) estimated ring by ring at age 13, for different wood density components.

Ring RD MND MXD EWD LWD LWP RW HI

2 0.6092 0.5863 0.5450 0.5154 0.5155 0.4001 0.0569 a 0.2659
(0.0746) (0.0733) (0.0710) (0.0693) (0.0693) (0.0622) (0.0375) (0.0532)

3 0.7362 0.8441 0.2888 a 0.8650 0.0522 a 0.2748 0.1571 a 0.0629 a
(0.0812) (0.0862) (0.0548) (0.0871) (0.0371) (0.0538) (0.0453) (0.0380)

4 0.7340 0.8519 0.3350 a 1.0103 0.1153 a 0.2678 a 0.1372 a 0.2705 a
(0.081) (0.0865) (0.0579) (0.0929) (0.0421) (0.0533) (0.0438) (0.0535)

5 0.6804 0.7625 0.2129 a 0.9149 0.0874 a 0.2795 a 0.2042 0.2834 a
(0.0784) (0.0825) (0.0494) (0.0892) (0.0399) (0.0541) (0.0488) (0.0544)

6 0.7382 0.8374 0.0971 a 1.0014 ---- a 0.4355 0.1994 0.2751 a
(0.0813) (0.0859) (0.0407) (0.0926) (0.0644) (0.0484) (0.0538)

7 0.6939 0.7650 ---- a 0.9833 ---- a 0.4197 a 0.2374 0.1121 a
(0.0791) (0.0826) (0.0919) (0.0634) (0.0511) (0.0418)

8 0.6644 0.7511 ---- a 0.9341 ---- a 0.4368 a 0.3020 0.1835 a
(0.0776) (0.0819) (0.0900) (0.0645) (0.0557) (0.0472)

9 0.6369 0.7265 ---- a 0.9022 ---- a 0.4135 a 0.3206 0.1639 a
(0.0761) (0.0807) (0.0887) (0.0630) (0.0569) (0.0458)

10 0.5774 0.6971 ---- a 0.8381 ---- a 0.3596 a 0.3160 0.1718 a
(0.0728) (0.0792) (0.0859) (0.0595) (0.0566) (0.0464)

11 0.5288 0.6497 ---- a 0.7797 ---- a 0.3419 a 0.3142 0.2363 a
(0.0701) (0.0768) (0.0833) (0.0583) (0.0565) (0.0511)

12 0.5280 0.6430 ---- a 0.7752 ---- a 0.3459 a 0.3020 0.2918 a
(0.0700) (0.0764) (0.0831) (0.0586) (0.0557) (0.0550)

13 0.5411 0.6309 0.0282 a 0.7486 0.0329 a 0.3560 a 0.2858 0.3120 a
(0.0708) (0.0758) (0.0352) (0.0818) (0.0356) (0.0593) (0.0546) (0.0564)

a: in the analysis of variance the differences among Families were not significant (P > 0.05).
---- the heritability value was quantified with the null value, because the estimate of the expected mean square among Families was also null.
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values are almost all nearly median, so the expected profits
from the tree breeding of the ring heterogeneity will not be
promising.

3.4. Heritability value variation with age

Given that in this study the heritability values of the differ-
ent wood characteristics were estimated ring by ring, it is also
possible to evaluate the temporal changes of the genetic con-
trol of these characteristics. This information is important be-
cause it is not possible to delay the tests till rotation age, so
the efficiency of the tree breeding programmes really de-
pends on the capacity to be able to predict mature wood
characteristics at a young age; characteristics which are con-
ditioned, in their turn, by the maintenance of high heritability
values in juvenile and adult stages and by strong genetic cor-
relations between these two types of wood [9, 17, 21, 41, 42].

In order to interpret the evolution of heritability values
with age more easily, the values already presented in table III
are presented graphically in figure 1, along with the age evo-
lution of additive genetic and phenotypic variances.

So, it is possible to verify that, compared to LW, EW com-
ponents are under a strong genetic control and also present a
higher genetic age stability.

Effectively, in EW components, an important part of the
phenotypic variance is due to the additive genetic component
(which results in a higher heritability value), for which vari-
ance stays practically unchanged with age, particularly after
the 5th year. In LW components, only the first years present a
small, but unstable, genetic control which is due to a sudden
decreased tendency related to age, that culminates in very
low or even null additive genetic variance values, from the
6th or 7th year.

On the other hand, with regard to the genetic control evo-
lution in the characteristics related to the radial growth of
trees (LWP and RW), a tendency for an increase of the
heritability till the 6th to 8th year is noticed, followed by a
stabilization. This tendency was not related to the possible in-
crease of the additive genetic variance, but only to an accen-
tuated decrease of the phenotypic variance until this age. This
high phenotypic variance during the first years (due mainly to
environmental components) could be related to the fact that
the juvenile trees are very sensitive to the interaction between
climate condition and the effects of land preparation, installa-
tion and individual adaptation. So only from 6 to 8 years old
can they express clearly all genetic potential.

Regarding the HI, the study has verified that even though
the extreme analogy between the age evolution of the
heritability and the additive genetic variance values, present
really low values, with a certain instability and do not reveal
any great confidence (the F value for the Families is always
not-significant). Nevertheless, the results obtained from ring
heterogeneity should be very low in comparison with the
other characteristics, mainly the EW ones.

4. CONCLUSION

Even though the average ring density (RD) is a wood char-
acteristic under a strong genetic control, their components
behave very differently. While the EW ones show a high de-
pendency on genetic effects (with high and stable heritability
values in relation to age) the LW ones present the lowest and
least stable heritability values. Thus, LW does not appear to
be controlled to a great extent by the genetic effects, but much
more by environmental effects.

The LWP, RW and HI always present heritability values
situated between moderate and low; they were slightly higher
than LW components but nevertheless inferior to the EW
ones.

Thus, if, in a future programme of selection and forest tree
breeding, it is thought positive to combine the quantity and
quality of wood traits, this study concludes that even though
it is possible to use the RD, the EWD will clearly be the char-
acteristic with better results.

Finally, it is important to mention that, in order to estimate
the implications of the genetic control of one characteristic,
we need to know heritability values on one hand. On the other
hand, we also need to study how this is genetically correlated
in juvenile/mature wood and between different characteris-
tics.

So, this work will be followed by another paper, which is
going to be published in the near future and is about the ge-
netic correlation between juvenile/mature wood and between
different wood density components.
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