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Abstract – Growth and stem straightness are the two main selection criteria in the French maritime pine breeding programme. In this contribution,
our objective was to study the possibility of selecting for wood density assessed at an early stage. We measured X-ray wood density, in three progeny
tests, on more than 1 900 breast high increment cores. High relative expected genetic gain (from 3 to 9%) was found for wood density at mature stage.
Juvenile and adult wood density estimations were well-correlated; the relative efficiency of early selection reached about 80% at 12 years old. As it
would not be realistic to use the X-ray densitometer at an operational scale in a breeding programme, we tested the efficiency of using the Resistograph,
an indirect method to assess wood density on live trees. High correlation between the Resistograph and density data (R2 = 0.93 on familial data) was
found, suggesting that wood density through Resistograph assessment could be soon integrated as a new selection criterion in our breeding programme.

Pinus pinaster Ait. / wood density / genetic gain / Resistograph / juvenile-adult correlation

Résumé – Peut-on efficacement sélectionner la densité du bois chez le pin maritime (Pinus pinaster Ait.) au stade juvénile ? La croissance et
la rectitude du tronc sont les deux principaux critères de sélection dans le programme d’amélioration génétique du pin maritime en France. Cette
étude a pour objectif d’évaluer la possibilité de sélectionner la densité du bois au stade juvénile. Plus de 1 900 arbres, provenant de trois tests, ont
été analysés par microdensitométrie. Des gains génétiques relatifs élevés ont été mis en évidence pour la densité du bois au stade adulte (3 à 9 %).
Les estimations de la densité réalisées aux stades adulte et juvénile étant bien corrélées, l’efficacité relative de la sélection atteint environ 80 % à l’âge
de 12 ans. Les mesures de densité par rayons X ne sont pas envisageables à grande échelle dans le cadre d’un programme d’amélioration, ainsi nous
avons évalué l’efficacité de l’utilisation du Résistographe, une méthode indirecte pour estimer la densité du bois sur arbres debout. Des corrélations
élevées ont été mises en évidence entre les données obtenues avec le Résistographe et celles obtenues par microdensitométrie (R2 = 0.93 avec les
données familiales). Il semble donc possible d’intégrer la densité du bois, estimée avec le Résistographe, comme nouveau critère de sélection dans notre
programme d’amélioration.

Pinus pinaster Ait. / densité du bois / gain génétique / Résistographe / corrélation juvénile-adulte

1. INTRODUCTION

Maritime pine (Pinus pinaster Ait.) is the most impor-
tant conifer species in France. Its national distribution extends
over 1.4 million ha. The overall harvest of wood amounted to
7.5 million m3 in 2004 of which 31% was used for pulp in-
dustries (paper and plywood), 64% for sawn timber and 5%
for peeled veneer (data 2004, French Ministry of Agriculture
EAB).

In France, maritime pine is mainly localized in Aquitaine
where a one million hectare cultivated forest is established. A
recurrent selection programme has been developed since the
1960s allowing a 30% genetic gain expectation both in vol-
ume and stem straightness. Today, 70% of the annual refor-
estation surfaces are planted with improved seedlings, from
second generation seed orchards [12].

Although improving wood quality through wood density is
not yet a demand from the timber industry – average wood

* Corresponding author: raffin@pierroton.inra.fr

density for maritime pine is higher than 450 kg.m−3 [3, 24] –
breeders have to anticipate future needs; there is a long delay
between the introduction of a new selection criterion into the
breeding programme and the delivery of improved varieties for
the desired criterion. Wood density is likely to be integrated in
the selection for the next breeding generation for two main
reasons. First, recent results showed that wood density has de-
creased in successive maritime pine varieties. This decrease
can be attributed both to the strong selection on growth and
to a higher juvenile wood proportion in the new fast grow-
ing varieties. Bouffier et al. [4] estimated that the wood den-
sity decrease can reach up to 6% in the commercial varieties
compared to unimproved material. Thus in order to maintain
the current wood density level, breeders have to integrate this
new criterion in the breeding programme. Second, a higher
wood density could allow new uses of maritime pine timber
and provide new opportunities for commercialization. Today
polyvalent varieties improved for growth and straightness are
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Table I. Description of progeny tests and sampling procedure.

Rousset Hermitage Pissos

Plantation year 1974 1975 1992

Age at sampling time 30 29 12

Families 74 261 129

Complete blocks 5 4 5

Trees per plot 3 to 19 3, 6 or 9 10

Seedlings Bare-roots Bare-roots Containers

Plantation density 4 m × 1.1 m 4 m × 1.1 m 4 m × 2 m

Fertilisation 120 units per ha – 60 units per ha

Sampling procedure Families 44 51 51

Trees per family 11 to 17 10 to 12 14 to 15

Increment cores 625 532 764

available. In the future, varieties adapted to specific end uses,
such as high wood density varieties, could be developed.

In this study, we assessed wood density using indirect X-ray
microdensity analyses, a common and reliable method [21,24,
28]. But the X-ray density assessment, both time-consuming
and relatively expensive, is not usable at an operational scale
in a breeding programme. As a faster and cheaper method,
the Pilodyn tool has been proposed to assess wood density
in progeny tests [14, 19, 35]. The Pilodyn penetrometer is an
indirect tool for measuring wood density. It is a hand-held in-
strument which propels a spring-loaded needle into the wood.
Depth of needle penetration is read directly from the instru-
ment, and is assumed to be well correlated with wood density.
The Pilodyn penetrometer is generally used at breast height,
with or without removal of a bark patch. Significant corre-
lations between wood density and Pilodyn depth of needle
penetration have been reported for different species. Wang
et al. [32] found a correlation of –0.52 in 10-year-old lodge-
pole pine. Genetic correlations between –0.80 and –0.95 have
also been reported in 20-year-old loblolly pine [29], in 12-
year-old Douglas-fir [19], in 15-year-old interior spruce [35]
and in 7-year-old Eucalyptus nitens [14]. Pilodyn heritability
ranges from low (0.22) to high values (0.80) [14, 19, 29, 35].
Other studies did not show any significant correlation be-
tween wood density and Pilodyn depth of needle penetration
such as Livingston et al. [22] in 24-year-old sitka spruce and
Villeneuve et al. [31] in 8 to 15-year-old Black spruce. In
Pinus pinaster, Notivol et al. [26] found a high correlation
(–0.73) between Pilodyn depth of needle penetration and wood
density in 34-year-old trees from different provenances. But
Aguiar et al. [1] in Portugal and Pot et al. [28] in France re-
ported respectively no correlation in 12-year-old trees and a
very low phenotypic correlation in 14-year-old trees. More-
over, both found no genetic effect for Pilodyn depth of nee-
dle penetration. Therefore it appears that Pilodyn is not a reli-
able tool for wood density assessment in young Pinus pinaster
trees. We investigated another tool, the Resistograph, to indi-
rectly estimate wood density in large experimental tests. This
method is based on the measure of the drilling resistance of
a needle driven with a constant force into a tree. Using this

recent promising tool, first encouraging results were reported
for Pinus taeda [18], Douglas-fir [6] and Pinus radiata, Pinus
caribaea, Eucalyptus globulus, Eucalyptus urophylla [10].

Our objective in this contribution is to evaluate the possi-
bility to select for wood density in maritime pine at a juvenile
stage. We shall estimate the genetic gains that can be expected
at the adult stage when selecting at a juvenile stage. We will
then explore whether the Resistograph is a reliable measure-
ment method to be used in the maritime pine breeding pro-
gramme.

2. MATERIALS AND METHODS

2.1. Plant material

Wood density was assessed in three half-sib progeny tests
(Rousset, Hermitage and Pissos). Detailed descriptions of the tests
are given elsewhere [3] and we report only their main characteristics
here (Tab. I). Rousset and Hermitage are respectively 30 and 29 years
old, which is considered a mature stage for maritime pine, rotation
age varying in the South-West of France between 40 and 50 years
old. Pissos is 12 years old which corresponds to the age of genetic
selection for growth as well as the first thinning age.

2.2. Growth and density measurements

Wood density was assessed on 44 to 51 families per test and a
mean of 14 trees per family (Tab. I). In winter 2004, one increment
core was collected from each tree at breast height from pith to bark
with a 5 mm diameter increment borer. We actually often sampled
several times the same tree to collect a core including the pith or a
core passing close to the pith. The samples were cut to a constant
thickness of 2 mm using a double blade saw. Then resins were re-
moved after soaking in pentane for 24 h. Wood density was measured
using an indirect-reading X-ray densitometer [27]. The radial density
profile was obtained by analysing the scanned images with WinDEN-
DRO software [33]. Ring limits were automatically determined then
manually checked and corrected using this software. For each density
profile, we estimated ring width (RW) and ring density (RD).
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Figure 1. Example of Resistograph profile obtained on an Hermitage
tree. Resistograph profiles were integrated on the 5 cm section delim-
ited by the two grey dotted lines.

Analyses were conducted on cumulative data. The wood density
averages for each core age were obtained as the mean values of annual
growth rings present at breast height in the sample up to that age
weighted by their respective width.

2.3. Resistograph measurements

Wood density was also indirectly estimated with the Resistograph
F-300S manufactured by IML (Instrumenta Mechanik Labor GmbH,
Germany; http://www.iml.de). The Resistograph is based on a drilling
resistance measuring method: a drilling needle penetrates into the
wood with a constant advance speed and the drilling resistance is
recorded each 0.1 mm. This tool was equipped with a powerful bat-
tery allowing several hours charge. Resistance profiles stored in the
electronic unit were downloaded with the software F-tools provided
with the Resistograph.

Two tests were chosen for the Resistograph measures: one at a ma-
ture stage (Hermitage) and one at the selection stage (Pissos). In win-
ter 2005, trees were drilled at 5 to 10 cm above the hole of the incre-
ment core. Two adjacent Resistograph measures were performed per
tree (data called resisto1 and resisto2): holes were about 5 cm spaced.
Each Resistograph profile was processed by integrating the amplitude
curve of the first five centimetres segment from the bark with the soft-
ware Interesis from Xyloméca (http://perso.orange.fr/xylomeca). As
an example, one profile is presented in Figure 1. Only the five first
centimetres were considered for two main reasons. The first one is
that, above this limit, profiles display an increasing trend in resis-
tance [10] with less distinct ring boundaries. This unreliable measure
above 5 cm can be explained by the presence of sawdust in the hole
and the fact that the needle can bend when it travels trough the wood.
The second one is that we consider a measure usable at an operational
scale i.e. fast enough (200 trees/day).

Trees exhibiting a large discrepancy between resisto1 and resisto2
were removed from the analysis. The threshold of discrepancy was
0.50, i.e. trees for which the following index was larger than 0.50
were discarded:

|resisto1 − resisto2|
resisto1

≥ 0.50.

Consequently 3.1% of the trees sampled at Hermitage (respectively
7.9% at Pissos) were not considered in this study. Two Resistograph
measurements are necessary to eliminate outlier values (probably due
to knots, resin pockets or other abnormalities in the wood). We will
henceforth call resisto the mean value between resisto1 and resisto2.

Repeatability of Resistograph measures was estimated as the co-
efficient of determination of the following analysis of variance:

Yi j = μ+Ti+εi j where Yi j is a Resistograph measure, μ the general
mean, Ti the tree effect and εi j the residuals.

The Resistograph assessments were made one year after the den-
sity measures. Hence there is no exact ring correspondence between
the Resistograph and the density profiles. As the contribution of the
last ring to the 5 cm long Resistograph segment is very small (mean
ring widths in 2004 were 2.2 mm at Hermitage and 2.8 mm at Pissos),
it does not strongly modify the Resistograph estimation.

2.4. Statistical analyses

Growth, wood density and Resistograph data were analysed with
the following linear mixed model:

Yi jk = μ + bi + Fj + b × Fi j + εi jk

where Yi jk is the phenotypic individual observation, μ the general
mean, bi the block effect, Fj the family effect and εi jk the residuals,
b was considered as a fixed effect, while F and b × F were treated as
random effects.

The different variance components were estimated according to
quantitative genetic models. The phenotypic variance was estimated
as σ2

P = σ
2
F +σ

2
b×F +σ

2
error where σ2

F is the family variance, σ2
b×F the

interaction block × family variance and σ2
error the residual variance.

Families were half-sibs, therefore the genetic variance was estimated
as σ2

A = 4 × σ2
F .

The phenotypic correlation (rP) and genetic correlation (rG) be-
tween a wood density trait, x, and a growth trait, y, were estimated as
follows:

rP =
CovP(x, y)√
σ2

Px × σ2
Py

and rG =
CovA(x, y)√
σ2

Ax × σ2
Ay

where CovP(x, y) and CovA(x, y) are the phenotypic covariance and
additive genetic covariance between traits x and y, respectively.

Analyses were conducted with the restricted maximum-likelihood
method using the software ASReml [11] and standard errors were
calculated following Gilmour et al. [11].

2.5. Predicted genetic gain and relative efficiency

Relative genetic gain was estimated by dividing the expected re-
sponse (R) by the mean of the trait considered and expressed as a
percentage. R was calculated under three different methods of selec-
tion [9]: individual, familial and combined selection. Theoretically,
familial selection is more efficient than individual selection for low
heritability and inversely for high heritability [5]. Based on our data,
genetic gains are very similar whatever the selection strategy con-
sidered, probably due to moderate heritabilities. Thus, we will only
present results for the individual selection.

For individual selection:

R = i × σP × h2

with: i = 1.4 (selection of the 20% best units);
σP = phenotypic standard deviation;
h2 = individual heritability.

Indirect selection is evaluated using relative efficiency (RE) de-
fined by Falconer [9]:

RE = rG j−m × h juvenile

hmature
for individual selection

with: hmature = square root of heritability at mature age;
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Figure 2. Variation of heritability, phenotypic coefficient of variation
and individual genetic gain for ring density and ring width according
to cumulative age at Rousset. Genetic gain is calculated as the per-
centage of the mean for the trait considered. This gain is expressed,
for each tree age, for a selection at the same age. RD: ring density;
RW: ring width.

hjuvenile = square root of heritability at juvenile age;
rG j−m = genetic correlation between juvenile and mature ages.

Thus RE is the percentage of the expected response if selection is
made at juvenile age instead of mature age. RE was also used to eval-
uate the efficiency of Resistograph assessments compared to wood
density measurements.

3. RESULTS

3.1. Expected genetic gain and its components for wood
density vs. growth

Genetic gain and its components (heritability and pheno-
typic coefficient of variation) were estimated for ring density
(RD) and ring width (RW) based on the annual cumulative
data. We present results only for Rousset in Figure 2, as trends
were similar for the two other tests.

Even if the heritability and coefficient of variation are dif-
ferent depending on the test and on tree age – this considera-
tion is discussed in a previous article [3] – we always observed
a higher heritability and a lower coefficient of variation for RD
compared to RW.

At mature age (30 and 29 years old), relative genetic gain
based on individual selection (i = 1.4) is 9% at Rousset for
RD and RW, 3% for RD and 6% for RW at Hermitage. For the
Pissos test, relative genetic gains expected at 12 years old are
6% for both characters.

Gains at juvenile age are high for RW at Rousset but age-
age correlations are low for age under 8 (see below).
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Figure 3. Age – age correlations for ring density and ring width at
Rousset (a) and Hermitage (b). Correlations are estimated between
age n (cumulative data from pith to ring corresponding to age n) and
mature age (cumulative data from pith to ring corresponding to age
30 and 29 for respectively Rousset and Hermitage). RD: ring density;
RW: ring width; rP: phenotypic correlation; rG: genotypic correlation;
Log-likelihood of the model does not converge for RW up to age 12
at Hermitage.

3.2. Age-age correlations

Age-age correlation should be theoretically estimated on
different trees to handle uncorrelated residuals. But from the
breeding viewpoint, we are also interested in determining cor-
relations on the same tree samples. Breeders actually need to
define at which age a character can be measured i.e. well cor-
related to its adult assessment.

Age-age correlations are presented in Figure 3 for the two
older tests (Rousset and Hermitage). For each year, we report
rP and rG for RD and RW between the trait value estimated un-
til the year considered and its assessment based on the whole
profile (i.e. 30 years for Rousset and 29 years for Hermitage).
Both traits show similar trends: the correlation is high even
at juvenile age (higher than 0.4 at 6 years old) and increases
rapidly. At Rousset, between 8 and 18 years old, correlations
are higher for RD than RW whereas the correlations are com-
parable at Hermitage. At 12 years, genetic correlation for RD
is 0.92 at Rousset and 0.72 at Hermitage.

Table II also presents age-age correlations for RD and RW
but here juvenile and mature data are independent in the way
that we actually compared the wood section before 16 years
old with the one after 16 years old. The results are different
depending on the character considered: higher values are ob-
served for RD (rP = 0.80 at Rousset and rP = 0.74 at Her-
mitage) than for RW (rP = 0.47 at Rousset and rP = 0.49 at
Hermitage).
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Table II. Correlations between ring section before 16 years and ring section after 16 years.

Rousset Hermitage

RD RW RD RW

rP (SE) 0.80 (0.02) 0.47 (0.03) 0.74 (0.02) 0.49 (0.03)

rG (SE) 0.98 (0.03) 0.71 (0.25) 0.67 (0.16) 0.44 (0.28)

RD: ring density; RW: ring width; rP: phenotypic correlation; rG: genotypic correlation; SE: standard error.

Table III. Correlations between Resistograph and wood density data
and heritability estimates at the individual level.

Hermitage Pissos

rP (SE)
resisto1-resisto2 0.79 (0.02) 0.77 (0.01)

resisto-RDtot 0.64 (0.03) 0.70 (0.02)

resisto-RD5cm 0.64 (0.03) 0.69 (0.02)

rG (SE)
resisto1-resisto2 0.98 (0.02) 0.96 (0.02)

resisto-RDtot 0.87 (0.12) 0.95 (0.05)

resisto-RD5cm 0.83 (0.12) 0.96 (0.05)

Heritability (SE)
resisto 0.32 (0.18) 0.43 (0.16)

RDtot 0.27 (0.16) 0.61 (0.17)

Resisto1 and resisto2: two Resistograph measures of the same tree; re-
sisto: mean between resisto1 and resisto2; RDtot: mean ring density from
pith to bark; RD5cm: mean ring density of the first 5 cm from the bark;
rP: phenotypic correlation; rG : genotypic correlation; SE: standard error.

3.3. Relative efficiency for wood density and ring width

Relative efficiencies of early selection vs. selection at the
adult stage were estimated for individual selection at succes-
sive ages (data not shown). Relative efficiency is higher for RD
than RW, particularly at Hermitage. At 12 years, relative effi-
ciency at Rousset is 79% for RD (respectively 71% for RW)
and is 83% at Hermitage for RD (respectively 70% for RW).

3.4. Relation between wood density and Resistograph
data

Repeatability between the two Resistograph measures, ob-
tained on the same tree, is high: 0.87 at Hermitage and 0.86 at
Pissos, estimated using data on all sampled trees. After exclud-
ing the unreliable measures (see Sect. 2), repeatability reaches
0.89 in both tests.

Correlations between Resistograph and wood density data
at the individual level are reported in Table III. The Resisto-
graph data are well correlated both with the density based on
the first 5 cm from the bark and with the entire profile (rG is
higher than 0.80 in both tests). The phenotypic correlation can
be well visualised in Figure 4a where individuals from both
tests are represented (r2 = 0.41 at Hermitage, r2 = 0.50 at
Pissos and r2 = 0.73 using both tests). The coefficient of de-
termination r2 between resito and RD5cm increases if we con-
sider familial data (Fig. 4b): r2 = 0.52 at Hermitage, r2 = 0.76
at Pissos and r2 = 0.93 using both tests. Moreover the “test”
has no significant effect (p value = 0.11 with an analysis of
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Figure 4. Correlation between wood density and Resistograph mea-
sures based on individual (a) and familial data (b). RD5cm: mean
wood density on the first 5 cm from the bark; resisto: mean between
the two Resistograph measures on the first 5 cm from the bark.

covariance) on the correlation between wood density and Re-
sistograph measures.

4. DISCUSSION

4.1. High genetic gains expected for wood density

Depending on the test, genetic gains expected for RD, con-
sidering a selection of the 20% best individuals, vary from 3 to
9% of the mean wood density. These gains appear almost con-
stant whatever the age considered. As often observed by other
authors [7,36], RD is more heritable but less variable than RW,
thus, RD and RW display similar expected gains.

Wood density gains presented here are those obtained when
density is the only selection criterion. If wood density is se-
lected for in the maritime pine breeding programme, it is
likely to be integrated in a global index together with growth
and stem straightness to breed for polyvalent varieties. Al-
though we observed a wood density decrease in the vari-
eties of successive generations improved for growth, density
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appears weakly negatively correlated with growth. For exam-
ple, for Rousset at 10 years, the genetic correlation was –0.30
(SE = 0.27) between height and RD, and –0.01 (SE = 0.28)
between RW and RD [4]. Thus it seems feasible to improve
growth and stabilize or increase wood density at the same time.

4.2. Juvenile wood density is a reliable predictor of
overall wood density

As mentioned by Vargas-Hernandez and Adams [30], age-
age correlations can be evaluated with different approaches de-
pending on the section of the profile that is used: the whole
core, individual growth rings or aggregated growth rings. This
makes it difficult to compare results between studies. In this
contribution, we chose to compute age-age correlations by tak-
ing into account all the rings from the pith up to the ring of the
considered age. The values for RD and RW used are therefore
those that would have been obtained if increment core samples
were taken every year at breast height.

4.2.1. Favourable age-age correlation

Age-age correlations are high for RD and RW. At 12 years
of age, which is about the current selection age for growth
and form, genetic correlation for RD is higher than 0.70 what-
ever the test considered. These results are in agreement with
previous studies. In Pinus pinaster, genetic correlations have
been established previously only on young trees; Louzada and
Fonseca [24] found genetic correlations between earlier ages
and cambial age 13 from 0.94 to 1. Kumar and Lee [20], Li
and Wu [21] and Wu et al. [34] worked on rotation-aged ra-
diata pine: genetic correlations superior to 0.8 were reported
from cambial age 3 to 15 depending on the test. Similar results
have also been found on 25 years old Pinus taeda [16, 23],
on Norway spruce [17] and on Douglas-fir [30]. Juvenile-
adult correlations were studied on Douglas-fir from 50 to 71
years old by McKimmy and Campbell [25] and Gonzales and
Richards [13]: they reported correlations from 0.68 to 0.95 de-
pending on the core section considered.

Age-age correlation for RD is higher than for RW at
Rousset, particularly between 8 and 18 years, but they are
comparable at Hermitage. Better age-age correlation for wood
density than growth traits have been reported in several stud-
ies [21, 24, 25]. This may be partially explained by the fact
that heritability for wood density is higher than for ring width
(Fig. 2).

Moreover, phenotypic correlations are of the same magni-
tude as genetic correlations (Fig. 3), suggesting that the cause
of the correlation is mainly genetic and not dependent on the
environment. Our data confirm previous studies [16,21,23,30]
in this regard. The high correlation between juvenile and ma-
ture wood density may suggest that, for this trait, the same
clusters of genes act during tree development.

4.2.2. High relative efficiency

Our data do not allow estimation of relative efficiency based
on the harvest age which is currently at about 45 years for
French maritime pine. We estimated relative efficiency based
on 30 years (Rousset) and 29 years (Hermitage) data. As wood
density does not change much for mature age [37], relative ef-
ficiency presented in this study is probably close to that which
would have been calculated using an older reference age.

The high relative efficiency for RD found in our study re-
sults from a combined effect of high juvenile–mature corre-
lation and a relatively constant heritability through develop-
ment. High RE for wood density appears as a general result
in other species. Vargas-Hernandez and Adams [30] found a
relative efficiency of 79% at 7 years compared with 15 years
old on Douglas-fir. In Pinus radiata, similar results were also
reported [20, 21, 34]. If we consider the current selection age
(12 years old), relative efficiency for RD is higher than for RW
particularly at Hermitage because of a null heritability for RW
during the first years.

RD exhibits both high genetic gain and high relative effi-
ciency at selection age. Thus, based on these results, juvenile
selection is feasible for wood density in French maritime pine.
The efficiency of juvenile selection for this trait should be even
higher than for growth selection. Many authors have also con-
cluded that juvenile selection is feasible for wood density in
different pine species: Gwaze et al. [16], Atwood et al. [2] and
Loo and Tauer [23] on Pinus taeda, Li and Wu [21] and Kumar
and Lee [20] on Pinus radiata.

4.2.3. Feasible selection on a section of rings

When age-age correlations are estimated between cumula-
tive data, autocorrelations are induced because one character
is included in the other. Here, we showed that juvenile–mature
correlation remains high for RD even if we consider different
ring sections (Tab. II). Whatever the species considered, sim-
ilar results were found for wood density [8, 15, 23, 30]. These
results indicate that sampling only a few rings for assess-
ments of wood density is adequate, thus permitting ease fu-
ture high throughput measurements in breeding programmes.
This suggestion was further evaluated by comparing correla-
tion between wood density over the first centimetres from the
bark and over the whole core for Hermitage and Pissos. Fig-
ure 5 shows that if we consider the first five centimetres from
the bark, the phenotypic and genetic correlations are close to
1. Figure 5 also shows the variation of the number of rings
present in the 5 cm section from the bark. A mean of 10 rings
are present at Pissos whereas 16 rings occur at Hermitage. This
difference comes from age difference between the two tests;
Pissos is younger so the ring widths are larger. Whatever the
number of rings taken into account, the high correlation sug-
gests that, for operational purpose, assessments of wood den-
sity can be limited to the first 5 cm from the bark.
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Figure 5. Correlation between wood density estimated from 1 to 5 cm
from the bark and from the whole profile at Hermitage (a) and Pis-
sos (b). Mean number of rings from the bark is also reported. rP:
phenotypic correlation; rG: genotypic correlation.

4.3. Resistograph: a useful tool for operational wood
density assessment in breeding programmes

Our results suggest that wood density could be used as a se-
lection criterion and may be assessed on the last formed rings
at a juvenile age. However X-ray wood density assessment is
time consuming and too expensive to be used for large scale
measurements in a breeding programme. In the introduction,
we reported studies showing that Pilodyn penetrometer was
not efficient enough to estimate wood density in maritime pine.
Consequently we tested another tool allowing indirect wood
density estimation, the Resistograph.

Resistograph measures were taken over the first 5 cm from
the bark in a trade-off between accuracy and time efficiency.
Even if repeatability of Resistograph measures is high, we de-
cided to consider two measures per tree in order to remove
outlier values. Thus each individual Resistograph data is a
mean between two measures. Correlations between Resisto-
graph data and wood density estimated over the same core
section or over the whole profile are similar because those two
last traits are well-correlated. Moreover the high correlation
between Resistograph data and density suggests that the Resis-
tograph can be a useful tool for wood density assessments in
breeding programmes. Correlations based on individual data
are high and are improved when they are computed on mean
familial data (Fig. 4). Efficiency of indirect selection for wood
density with the Resistograph at the individual level is high,
reaching 95% at Hermitage and 80% at Pissos (based on esti-
mates in Tab. III). Although Hermitage and Pissos present dif-
ferent wood density ranges, our analysis demonstrated that Re-
sistograph can predict wood density over a wide density scale
with the same linear regression. The linear regression was es-
timated only at two sites and it is recommended to be verified
at other sites.

Chantre and Rozenberg [6] found a good correlation be-
tween Resistograph and wood density assessments (r = 0.62)
on 42 Douglas-fir at 23 years. Gantz [10] evaluated the Resis-
tograph in two softwood (Pinus radiata and Pinus caribaea)
and two hardwood (Eucalyptus globulus and Eucalyptus uro-
phylla) species at a juvenile stage (i.e. from 4 to 16 years). Re-
sistograph measures were moderately correlated with density
data (from 0.30 to 0.78) but genetic correlations were close to
1. Isik and Li [18] studied the use of Resistograph for wood
density selection on 11-year-old Pinus taeda. The low pheno-
typic correlation (0.12) at four sites between Resistograph data
and wood density contrasts with the high genetic correlation
(0.95).

To sum up, phenotypic correlations appear weaker in other
species than maritime pine suggesting a larger environmental
effect.

Wood quality is often well-predicted by wood density. In
this contribution, we show that this trait is moderately variable
but highly heritable and it can be selected at juvenile stage.
The use of indirect measurements with the Resistograph would
allow the rapid integration of wood density into the French
maritime pine breeding programme.
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