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Abstract Genetic variability of modulus of elasticity
(MOE) was investigated in three genetic trials, including
two progeny (16 years old) and one clonal (19 years old)
trials of hybrid larch (Larix x eurolepis Henry). MOE was
directly assessed on standing trees using the Rigidimeter, a
bending device, and related to other traits including height,
BH diameter and wood density. Mean MOE ranged from
5,183 to 9,228 MPa among families in the progeny trials
and from 4,591 to 11,486 MPa in the clonal trial. Among
traits studied, MOE was one of the most variable traits. It
was strongly and positively related to wood density at both
the individual and genotype mean levels. Interestingly too,
wood stiffness did not seem, or only weakly, unfavourably
linked to stem diameter at the phenotypical level, but it was
negatively or not correlated to diameter at the genetic level.
As well, MOE showed a high GxE stability over the two
progeny trial sites. Narrow-sense heritabilities for MOE
were moderate (around 0.36). In all three trials, they were
lower than those for wood density or total height, and of the
same level as for diameter. Improvement of wood stiffness
of hybrid larch using the Rigidimeter seems possible and
promising genetic gains are expected. Impacts of selection
for growth traits on MOE are also discussed.
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Introduction

Hybrid larch1 (Larix x eurolepis Henry) frequently exhibits
a superior growth over a large range of environments, when
compared to pure parental species (namely European larch
(Larix decidua Mill.) and Japanese larch (Larix kaempferi
(Lamb.) Carr.)) (Langner and Schneck 1998; Pâques 2000).
This makes it particularly attractive to foresters. However,
the impact of enhanced growth on wood properties has
become a major concern among tree breeders as the
proportion of juvenile wood characterised by lower
mechanical properties is usually increased due to shorter
rotations. Their aim is therefore to improve wood quality
traits or at least not to alter some key wood properties
through the selection process.

Wood properties of hybrid larch were shown to be either
inferior (e.g. proportion of latewood: Nanson and Sacré
1978; Reck 1980; fibre thickness: Nanson and Sacré 1978),
intermediate (e.g. shrinkage: Reck 1980; heartwood pro-
portion: Pâques and Rozenberg 1995) or even superior (e.g.
extractives content: Reck 1980) to pure species. For wood
density as well, variable results have been observed with
either inferior (Reck 1977), intermediate (Nanson and Sacré
1978; Bastien and Keller 1980) or superior (Langner and
Reck 1966; Reck 1980; Pâques and Rozenberg 1995)
performances of the hybrid compared to European and
Japanese larches. Such apparent antagonisms are very often
linked to specific hybrid combinations. In any case, a large
enough genetic variability exists among hybrids, which
should allow selection of outstanding hybrids, superior or at
least equal to the best parent.

Breeders’ interest for mechanical properties such as
stiffness is increasing, especially at the final phase of the

1 Hybrid larch will explicitly refer to Larix x eurolepis unless specified
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selection process. Indeed, stiffness, for example, is one of the
key properties for end-use products requesting structural
quality. It is itself related to basic wood properties such as
density and microfibril angle, the measurements of which are
costly and highly variable within trees. However, few results
about variability and genetic control level of stiffness and
other mechanical properties have been published. This is
explained by the heavy labour and high cost requested by
standardised laboratory tests (such as NF B51-016 French
standard) to evaluate modulus of elasticity (MOE). In
addition, the destruction of trees imposed for specimen
sampling is rarely compatible with breeders’ objectives.

In larch, Bastien and Keller (1980) observed a rather
large superiority for static MOE of the hybrid compared to
European (around 27%) and Japanese (nearly 33%) larch in
a 15-year-old trial. In the same trial some 20 years later,
Pâques and Rozenberg (1995) confirmed this superiority:
around 23% over European larch and nearly 15% over
Japanese larch. But besides these rare results at the mean
species level, even fewer results are available on the genetic
variability and heritability of this character for larch.

The development of non-destructive methods to evaluate
MOE directly on standing trees now allows routine
assessment and, thereby, genetic studies which are based
on rather large datasets. Bending tests, as well as acoustic
methods, are the most common technologies (e.g. Koizumi
and Ueda 1986; Jacques et al. 2004; Matheson et al. 2008).
For example, Koizumi et al. (1990b) used a bending test
device in a half-sib progeny trial of Japanese larch to
estimate heritability of stiffness. More recently, Jacques et
al. (2004) and Fujimoto et al. (2006) have tested acoustic
methods on standing trees to estimate MOE heritability in
clonal and progeny trials of hybrid larch (L. x eurolepis and
Larix gmelinii x L. kaempferi, respectively).

In a previous paper (Pâques and Rozenberg 2009), we
showed that the Rigidimeter—a device inspired from
Koizumi and Ueda’s (1986) bending test equipment and
developed by Launay et al. (2000)— was a reliable tool to
estimate MOE from standing trees and of practical interest
for tree breeders as it allowed the proper ranking of
genotypes for MOE when compared to laboratory results.

In this paper, we present genetic parameters for wood
stiffness estimated in different hybrid larch trials and the
levels of expected gains in MOE from selection using the
Rigidimeter.

Material and methods

Plant material

Hybrid larch trees from two progeny trials and from one
clonal trial were used in this study. The progeny trials

are located at Beaumont-du-Lac in the Western Massif
Central Mountain and at Baume-Les-Dames in the Jura
Mountain; the clonal trial is established at Eclache in the
central part of the Massif Central Mountain. Both
progeny trials were planted in early spring 1985 using
2-year-old bare-root seedlings while the clonal trial was
planted during spring 1984 with 2-year-old bare-root
stecklings. A common spacing of 3×3 m was used in all
three plantations. A short description of the three
experiments and of the experimental designs is summar-
ised in Table 1.

The progeny trials consisted of several full-sib families
created through crosses of several European larches from
the Sudetan Mountains near the border of the Czech
Republic and Poland used as seed parents, and several
Japanese larches from various locations used as pollen
parents. The clonal trial included one hundred clones, the
ortets of which were selected for total height at nursery
stage (2 years old) from several hybrid larch full-sib
families.

Measurements

MOE was indirectly evaluated on standing trees using
the Rigidimeter (see Launay et al. 2000 and Pâques and
Rozenberg 2009 for a description). MOE was evaluated in
the same two perpendicular cardinal directions on each
tree within a trial (excepted in Beaumont-du-Lac, only one
direction). The bending deviation of trees due to the
applied force was measured four times after complete
unloading of the force created by the device. MOEs were
computed and averaged over the last three replicates. At
the same time, BH diameter over bark was carefully
measured at the same height (1.30 m) as where bending
deviation was measured. Total height of each tree was
recorded as well.

These measurements took place during winter in
Beaumont-du-Lac and in Baume-Les-Dames, when trees
were, respectively, 16 and 19 years old from seed. In
Eclache, trees were measured in early spring before bud
flushing when trees were 19 years old from cutting.

A total of 268 and 222 trees were measured in
Beaumont-du-Lac and in Baume-Les-Dames from, respec-
tively, 25 and 23 different families (that is around 10.7
and 9.7 trees per family, respectively). Seventeen families
were common to the two sites. In Eclache, 157 trees were
assessed from 32 different clones (that is around 4.9
ramets per clone). Trees were randomly chosen within
progenies in Beaumont-du-Lac, but in Baume-Les-Dames
and in Eclache, trees were sampled around the progeny/
clone means for BH diameter because upper-diameter
classes of several progenies/clones exceeded the upper
limit recommended for use of the Rigidimeter (28 cm). In
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addition, in Eclache, only one ramet per clone and per
block was measured.

MOE data were related to growth measurements: height
(HT), BH diameter (D) and individual tree volume (V)
computed following Thill and Palm (1984). They were also
related to the overall wood density (De) estimated through
X-ray microdensitometry on increment cores collected on
the same trees at 1 m above ground.

Statistical analysis

Analysis of variance was conducted on data with the
following model:

Yijk ¼ mþ bi þ gej þ s2
ijk ;

where

bi random effect of block i
gej random effect of genotype (family or clone) j
s2
ijk residual effect

Variance components were estimated using the S+-
varcomp procedure using the REML option (Anonymous
1995). Narrow-sense heritabilities were then computed for
each trait as:

h2ns ¼ s2
A=s

2
p in the progeny trials

dominance variancewas
assumed to be 0

� �

where

s2
A 2 s2

fa with s2
fa =family variance

s2
p phenotypic variance

h2ns ¼ s2
G=s

2
p in the clonal trial

where s2
G ¼ s2

cl, the clone variance

Broad-sense heritabilities were computed as:

h2fa ¼ s2
G=s

2pfa and h2cl ¼ s2
cl=s

2pcl

where σ2pfa, σ
2pcl=phenotypic variance at the family/clone

mean level. Standard deviations of the genetic parameters
were estimated using the Jacknife method developed in the
Diogene software (Baradat et al. 1995).

Expected genetic gains from family (clone) selection were
estimated from the above parameters with a selection intensity
arbitrarily fixed at 5%, and the efficiency of indirect selection
was calculated according to Falconer (1981).

In addition, type-B genetic correlations and Spearman
rank correlations were computed across progeny trials,
based on the 17 common progenies, in order to evaluateT
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the importance of GxE interactions and progeny rank
changes. Type-B correlations were computed following
Burdon (1977):

rB ¼ rfaxf ay= hf ax � hf ay
� �

;

where

rfaxfay correlation between family means at sites x
and y

h2fax, h
2fay heritabilities of family means at sites x and y

The main advantage of these methods is that they avoid
the constraints from other methods relying on analysis of
variance, in particular, homogeneity of residual variances
across environments.

Results and discussion

Overall mean performances

While characterised by contrasting environmental condi-
tions, the three sites clearly offered favourable growth
conditions for hybrid larch. Survival was excellent (over
84%) except in Baume-Les-Dames, where mortality
reached 23% due to plantation shock following a severe
summer drought in 1985. As can be derived from Table 2,
the mean annual height increment from the time of planting

reached 76 cm in Eclache and over 97 cm in the two other
sites. In all three sites, the mean annual ring width exceeded
6.3 mm on average.

Average MOE was very similar in the three experi-
ments, with an average of 7,181 MPa in Beaumont-du-
Lac, 7,368 MPa in Eclache and 7,353 MPa in
Baume-Les-Dames. The mean wood density ranged from
412 kg/m3 in Beaumont-du-Lac up to 485 kg/m3 in
Baume-Les-Dames.

Comparison with other published results is rather diffi-
cult. Indeed, in addition to a large variety of biological
material (species, provenances, etc.) and ages, the studies
used different types of wood specimens (from small
normalised clear-wood specimen to logs or even boles) and
methodologies (three- to four-point static bending, ultra-
sound, resonance frequency, etc). However, if one keeps in
mind, the higher wood stiffness of standard specimen
compared to that of non-normalised samples for a given
testing methodology and the increase of stiffness from pith
to bark and, thus, with age as shown, for example, in Pâques
and Rozenberg (2009) and by several authors (e.g. Bendtsen
and Senft 1986; Leban and Haines 1999; Brüchert et al.
2000; Fujimoto et al. 2006; Ivkovic et al. 2009), our results
look mostly coherent with published results.

Using normalised specimen and the four-point static
bending test, Dinelli (1992) found a mean MOE of
6,326 MPa (4,485–7,678) in a 10-year-old progeny test
of hybrid larch; it reached 8,000 MPa (6,500–9,700) for

Table 2 Mean and range of variability observed at the individual and genotype levels

Age Number of trees Mean Individual Family Clone

CVi (%) Min.–Max. CVfa (%) Min.–Max. CVcl (%) Min.–Max.

Beaumont-du-Lac

MOE (MPa) 16 268 7,181 22 3,011–12,679 11.4 5,183–8,809

Height (m) 16 268 13.9 10 9.5–16.6 6.1 11.9–14.9

Diameter (mm) 16 268 182.2 12 113.0–216.0 6.0 152.7–195.2

Volume (dm3) 16 268 190.3 27 50.8–300.5 14.2 119.6–226.4

Density (kg/m3) 13 268 411.8 9 271.0–541.3 4.8 376.8–449.1

Baume-Les-Dames

MOE (MPa) 19 222 7,353 26 2,572–13,035 13.2 5,667–9,228

Height (m) 19 222 16.5 8 10.9–19.5 4.3 14.7–17.4

Diameter (mm) 19 222 216.4 12 122.2–267.4 4.8 196.7–233.7

Volume (dm3) 19 222 309.7 25 65.5–499.7 11.4 231.9–357.6

Density (kg/m3) 19 423 484.6 10 356.4–655.3 5.6 443.9–532.9

Eclache

MOE (MPa) 19 157 7,368 36 2,361–19,573 20.3 4,591–11,486

Height (m) 17 162 11.4 8 8.7–13.4 5.6 10.0–12.5

Diameter (mm) 19 159 225.9 12 9.5–286.8 7.3 179.4–261.6

Volume (dm3) 19 159 420.5 23 11.5–720.8 15.5 319.7–584.0

Density (kg/m3) 16 165 421.6 11 219.7–594.7 8.7 381.5–548.4
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14-year-old hybrid clones (Jacques 2003; Jacques et al.
2004) and 9,330 MPa for 15-year-old trees from a hybrid
larch variety (Deret and Keller 1979). Higher MOE are
usually cited for older larch trees, exceeding 10,000 MPa
(e.g. Ringard 1980; Leban and Haines 1999; CTBA 2000;
Nakada 2002).

More closely comparable are results directly obtained
from bending tests on standing trees using a special
device developed by Koizumi and Ueda (1986). In a 18-
year-old progeny trial of Japanese larch, Koizumi et al.
(1990a) observed a mean MOE value of around
9,140 MPa (standard deviation (SD)=1,343). For 25–30-
year-old Japanese larch clones, Koizumi et al. (1990b)
reported average MOE of 9,530 (SD=1340) – 9,790 MPa
(SD=1630) according to testing sites. In 27–35-year-old
Japanese larch plots, Koizumi and Ueda (1987) recorded
MOE ranging from 7,280–8,580 MPa. Most values
reported in these papers were higher than those found on
average in this study. But as observed by Koizumi and
Ueda (1987), MOE steeply increases between 10 and
20 years of age: for example, in a same site, mean MOE
passed from less than 5,000 MPa at 9 years old up to
11,750 MPa at 27 years old.

Individual and mean genotype variability

Consistently over sites, stiffness was among the most
variable traits, both at the individual and at the family/
clone levels. Coefficients of variation for MOE ranged from
22% to 36% at the individual level (CVi) and from 11% to
20% at the mean family/clone (CVfa/cl) level. They were
comparable to those for stem volume (CVi=23–27% and
CVfa/cl=11–15%) but two to three times larger than those
of the other traits. Total height and wood density showed
the lowest variability.

Significant differences among genotypes (families or
clones) were found in the two progeny tests for all traits.
For stiffness, the best progeny had a mean MOE of
8,809 MPa in Beaumont-du-Lac against 5,183 MPa for
the weakest one; in Baume-Les-Dames, MOE for the best

one reached on average nearly 9,300 and 5,700 MPa for the
weakest one. In Eclache, the clonal range is even wider
with the highest MOE value reaching 11,486 MPa and the
lowest, 4,591 MPa, but the level of significance for clonal
differences was lower (p=0.067 for MOE) due to the low
average number of ramets/clone.

Wood stiffness of larch is apparently characterised by a
larger variability compared to wood density or even growth
traits. For example, as in our study, Koizumi et al. (1990b)
found coefficients of variation at the individual tree level of
14.1–16.7% for MOE, compared to 8.5–10.1% for BH
diameter and 7.3–7.9% for wood density. As well, Jacques
(2003) observed the same trends at the clone mean level
with CVclMOE=13.5%>CVclBH girth=7.3%>CVclwood
density=5.3%. In the same study in three other clonal trials, he
found as well that MOE had the largest variability (CVcl=
11.1–17.8%), together with BH diameter (CVcl=12.8–19%),
well above that observed for total height (CVcl=7.5–11.2%)
and density (CVcl=5.9–8.7%).

Phenotypic correlations of MOE with other traits

Over the three sites, trunk stiffness was positively
correlated with wood density at the individual pheno-
typic level but even more strongly at the genotype mean
level (Table 3). In contrast, correlation coefficients of
MOE with both BH diameter and volume were either
positive or negative but never significantly different from
0 in both progeny trials, except in Baume with diameter.
In the clonal trial, a positive correlation, significantly
different from 0, was observed at the individual level, but
a negative correlation (only significantly different from 0
with V) was observed at the mean clonal level. A positive
correlation (highly significantly different from 0 at the
individual level) was observed between MOE and total
height.

Interestingly, larch wood stiffness does not seem, or is
only weakly, unfavourably correlated with stem growth.
Many results are becoming available and confirm this
major trend in larch wood. Several authors have already

Level HT D V De

Beaumont rp in 0.310*** −0.013 ns 0.075 ns 0.167**

rp fa 0.447* 0.069 ns 0.201 ns 0.666***

rg 0.541** 0.135 ns 0.303 ns 0.888*

Baume rp in 0.270*** −0.131 ns −0.061 ns 0.278***

rp fa 0.126 ns −0.559* −0.395 ns 0.469*

rg 0.050 ns −0.810* −0.587 ns 0.800**

Eclache rp in 0.335*** 0.382*** 0.220** 0.042 ns

rp cl 0.212 ns −0.193 ns −0.410* 0.538***

rg 0.053 ns −0.992*** −0.935*** 0.639**

Table 3 Phenotypic (rp, at the
individual and mean genotype
levels) and genetic/genotypic
(rg) correlations between MOE
and growth (HT, D, V) and
wood density (De)

* significant at p<0.05;
** significant at p<0.01;
*** significant at p<0.001
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noticed the little effect of growth rate on MOE, like
Koizumi and Ueda (1987) for Japanese larch, CTBA
(2000) for mature European larches (r=−0.14 ns) and
Dinelli (1992) and Jacques (2003) for young hybrid
larches (r=−0.40 ns). At the clone/family mean level as
well, Nakada (2002) and Koizumi et al. (1990b) found no
correlation significantly different from 0 between MOE
and DBH. Yet, some opposite results at the individual tree
level were also given by Miyajima and Hasegawa (1978,
37 years old) and Koizumi et al. (1990a) (r=−0.28**) for
Japanese larch, by Jacques (2003) on young hybrid larch
(r=−0.31* − 0.35**) and by Leban and Haines (1999) for
a single seed orchard progeny of hybrid larch (33 years
old). But in several of these studies, genetic correlations
were then not significant (Koizumi et al. 1990b; Jacques
2003).

The absence or weakness of links between clearwood
MOE and diameter growth (or weak negative links between
indirect MOE estimation on standing trees and DBH) is not
unique for larch: it was also reported for some other species
like 13-year-old Douglas-firs (Pseudotsuga menziesii)
(Mamdy et al. 1999; Launay et al. 2000) and 13–14-year-
old radiata pines (Pinus radiata) (Kumar 2004). Yet, the
opposite trend is usually found for these species and others
at the individual phenotypic level. Nepveu and Blachon
(1989) observed a clear decrease of stiffness with the
increase of ring width for Douglas-fir (Pseudotsuga
menziesii) Sitka (Picea sitchensis) and Norway (Picea
abies) spruces, maritime (Pinus pinaster) and Scots (Pinus
sylvestris) pines and fir (Abies sp.) For example, MOE
dropped from more than 16,000 MPa down to less than

11,000 MPa when ring width increased from 3 to 10 mm in
a population of 36–80-year-old Douglas-fir trees. Johnson
et al. (2005) reported a correlation as high as 0.77 between
MOE and the number of rings per centimetre in Douglas-fir
(20–28 years old).

Genetic correlations

Additive genetic and genotypic correlation coefficients
between MOE and diameter and volume appeared mostly
strongly negative at Baume-Les-Dames and Eclache but
surprisingly not in Beaumont, where they were found not
significant (Table 3). Figure 1 showed the variable link
between MOE and BH diameter at the progeny mean level
in Beaumont and Baume-Les-Dames. MOE was positively
(significantly or not) linked to total height. As for
phenotypic correlations, strong positive links were consis-
tently found between MOE and wood density.

Jacques (2003) found, in a hybrid larch clonal trial (age,
14 years old), negative genotypic correlation coefficients
between MOE and girth, ring width and volume; −0.57,
−0.53 and −0.33, respectively. In three other clonal trials of
similar ages, this author also observed negative genotypic
correlations (−0.26, −0.41 and −0.38) between girth and
speed of ultrasounds measured by Sylvatest for indirect MOE
assessment. But in all these trials, none of the correlation
coefficients was significant. Additionally, Fujimoto et al.
(2006) found only a close-to-zero negative genetic correla-
tion (−0.08) in L. gmelinii x L. kaempferi hybrids.

Negative, but also non-significantly different from 0,
genetic correlations coefficients between wood stiffness and

D (mm)D (mm)
M

O
E

 (
M

P
a)

M
O

E
 (

M
P

a)

Fig. 1 Plot of progeny means
for BH diameter (D) and MOE
in Beaumont (left) and Baume-
Les-Dames (right)

Table 4 Type-B genetic correlations (rB) and Spearman rank correlations (rs) between family means in the two progeny trials (Beaumont and
Baume-Les-Dames)

MOE HT D V De

rs 0.784** 0.686** 0.025 ns 0.203 ns 0.507*

p value (0.002) (0.006) (0.926) (0.419) (0.043)

rB 0.954 0.998 0.279 0.547 0.911

* significant at p<0.05; ** significant at p<0.01
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diameter have been found also in radiata pine (Matheson et
al. 2008), while a strong negative correlation (−0.51) was
observed by Johnson and Gartner (2006) in Douglas-fir.

As in our study, high genotypic correlations were found
between MOE and wood density: 0.88 and 0.79, respectively,
by Jacques (2003) for L. x eurolepis hybrids and by Fujimoto
et al. (2006) for L. gmelinii x L. kaempferi hybrids. Moderate
to high genetic correlations were also usually observed for
several other species, like Douglas-fir and radiata pine
(Kumar 2004; Johnson and Gartner 2006).

Inter-site stability among the two progeny trials

Type-B genetic correlations were computed in Beaumont and
Baume-Les-Dames, based on the 17 common progenies
(Table 4). The high level of type-B correlations for height,
stiffness and density contrasted with the moderate to low
level for other growth traits (diameter and volume), indicating
a low level of GxE interaction, in particular for MOE.

Moreover, a correct ranking of the genotypes over the two
sites was revealed for MOE (Fig. 2) and total height as
revealed also by quite high Spearman rank correlations; in
contrast, ranking changes looked important for D and V.
Besides a strong site effect, this strong interaction effect for D
and V may result from the rather high mortality already
mentioned in Baume-Les-Dames. This has created contrast-
ing inter-tree competition between sites, to which BH
diameter is well-known to be more sensitive than total height.

Very few published results exist on genotype stability
over sites for wood stiffness. Jacques (2003) observed a
highly significant GxE interaction for MOE estimated by
Sylvatest for clones over three sites and weak Pearson
correlation coefficients (0.10–0.48) between clone means
over sites. Nevertheless, it seemed that only three out of the
17 clones were responsible for this interaction.

In other species, high genetic correlations (or type-B
genetic correlations) for stiffness have been found between
sites as in our study (e.g. Kumar 2004; Matheson et al. 2008
for radiata pine; Johnson and Gartner 2006 for Douglas-fir).

Genetic control of traits—heritability

Moderate and equal narrow-sense heritabilities (0.36) were
observed in the two progeny trials for MOE (Table 5). They
were weaker than those for total height but mostly
comparable or higher than heritabilities for BH diameter
and wood density. In Eclache clonal trial, narrow-sense
heritability for MOE was greater than that for diameter,
close to that for volume but smaller than for total height and
wood density. Narrow-sense heritabilities estimated in the
two progeny trials were probably over-estimated as we
neglected non-additive variance components. Indeed, in
contrast to Fujimoto et al. (2006), who found that MOE
was strictly under additive effects, we showed in a previous
study that the non-additive variance component was of the
same size as the additive one (Pâques 2004). But in both
studies, the mating designs used were not optimum to
estimate non-additive effects. This aspect should be further
investigated in the future.

However, the level of heritability for MOE observed in
the two progeny trials was consistent with that found by
Koizumi et al. (1990a) on standing trees in a 18-year-old
half-sib progeny trial of Japanese larch (h2ns ¼ 0:41). It was
close to static MOE heritability found by Fujimoto et al.
(2006) on clearwood specimen (0.44) but smaller than that
for dynamic MOE obtained on logs (0.61). For the other
traits, heritabilities were mostly within the range of
heritability confidence limits reported by Stener et al.
(2002) for Larix x eurolepis for diameter (0.11–0.49 and
0.19–0.65, respectively, between 18 and 21 years old) and
for total height (0.16–0.52 and 0.11–0.47, respectively).
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Fig. 2 MOE progeny means in Beaumont and Baume-Les-Dames
progeny trials

Site MOE HT D V De

Beaumont hns
2 0.359 (0.103) 0.727 (0.113) 0.402 (0.158) 0.481 (0.145) 0.384 (0.132)

hfa
2 0.521 (0.116) 0.688 (0.088) 0.894 (0.175) 0.831 (0.137) 0.621 (0.135)

Baume hns
2 0.359 (0.128) 0.404 (0.164) 0.202 (0.114) 0.263 (0.129) 0.252 (0.133)

hfa
2 0.683 (0.138) 0.583 (0.140) 0.693 (0.138) 0.746 (0.107) 0.572 (0.163)

Eclache hns
2 0.363 (0.078) 0.548 (0.082) 0.233 (0.149) 0.326 (0.101) 0.564 (0.086)

hcl
2 0.717 (0.069) 0.845 (0.043) 0.569 (0.183) 0.682 (0.100) 0.854 (0.043)

Table 5 Narrow-sense herita-
bility (hns

2) and heritability at
the genotype mean level (hfa

2,
hcl

2) (SD in parenthesis)
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For clonal material, heritabilities instead looked compa-
rable or in the lower range of published results, whatever
the traits. For example, Jacques (2003) reported for young
hybrid larch around 16 years old, heritabilities over four
sites in the range of 0.49–0.74 for MOE (measured on
specimen by static bending or on standing trees by
Sylvatest ultrasound speed), 0.38–0.60 for total height,
0.24–0.49 for BH girth, 0.53 for volume (one site only) and
0.43–0.71 for density. But, due to the low number of clones
and ramets/clone, these heritabilities were accompanied by
large SDs and our values fitted well within their confidence
limits.

Expected genetic gains

Promising genetic gains are expected from family or clone
selection for MOE: indeed, if, for example, the 5% best
genotypes were selected (that is i=2.063), relative gains
would rise up to 12%–19% in the progeny trials and to 30%
in the clonal trial (Table 6). Direct selection for MOE also
proved to be mostly more efficient than indirect selection
for a correlated trait, namely for wood density, except in
Beaumont. Compared to indirect selection, direct selection
for MOE would bring an extra gain of around 370 MPa in
Baume and 670 MPa in Eclache.

Other technical or financial considerations might favour
indirect selection, for example, if the assessment of the
correlated trait is easier, faster or cheaper than that of the
target trait. This is not really the case for wood density but
it could be for tools like pilodyn, which proved reliable to
indirectly estimate density. Still, in advanced selection
steps, direct selection for MOE on standing trees proved
efficient, and this property—well correlated with standard
MOE (Pâques and Rozenberg 2009)—is closer to proper-
ties of interest for structural products.

The goal of tree breeding is often to increase growth
while simultaneously improving or at least maintaining
original wood properties. It is therefore of interest to
evaluate the impact of selection for growth traits on wood
stiffness. Results varied from trait to trait (Table 7).
Selection for total height had no or a slight positive effect
on MOE (relative gains from 1% to 8%), whereas selection
for BH diameter strongly affected MOE (relative loss from

−15% in Baume up to −26% in Eclache), except in
Beaumont (+2%). Overall, selection for stem volume would
reduce MOE by 11% to 13% in Baume and Eclache,
respectively, but increase it by 5% in Beaumont.

Such a negative impact of selection for diameter on
MOE has been found by several authors (e.g. Fujimoto et
al. 2006 on L. gmelinii x L. kaempferi hybrids, Johnson and
Gartner 2006 on Douglas-fir), while some positive
responses have also been found (e.g. Cherry et al. 2008
on Douglas-fir). As in our study, Johnson and Gartner
(2006) showed a stronger negative impact on MOE when
selecting for diameter than for height.

While expected gains for stiffness reported in this study
are promising, only scarce information is available for
hybrid larch on juvenile–mature correlations for wood
stiffness. Fujimoto et al. (2006) showed that static MOE
of inner and outer wood specimen were highly correlated
(rg=0.63), a result confirmed by Pâques and Rozenberg
(2009), who found a genetic correlation of 0.90. However,
the question of the efficiency of such an early testing and
selection for wood stiffness remains mostly open.

Conclusions

In a previous paper, we showed that the Rigidimeter was a
reliable tool to non-destructively evaluate wood stiffness
right on standing trees. In addition, it proved to be easy
enough to handle so that it can be used routinely in genetic
trials for MOE assessment.

In this paper, we showed that a large genetic variability
was available in hybrid larch both at the family and at the
individual tree levels for MOE together with high levels of
heritabilities. Moreover, ranking of genotypes was mostly

Table 6 Relative genetic gains expected from direct family or clone selection for MOE and relative efficiency of indirect selection for wood
density (for a selection intensity equal to 2.063)

Site Expected relative gain (%) based on direct selection for Relative efficiency (%) of indirect selection for MOE based on
MOE Density

Beaumont 12.3 0.969

Baume 18.6 0.732

Eclache 30.0 0.697

Table 7 Relative gains (expressed in %) in MOE following selection
for growth traits (for a selection intensity equal to 2.063)

Site/selection criteria Height Diameter Volume

Beaumont 7.6 2.2 4.7

Baume 0.9 −15.2 −11.4
Eclache 1.7 −26.5 −13.3
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conserved over sites. Hence, improvement of wood
stiffness through selection with the Rigidimeter looked
possible with high expected genetic gains, and it seemed
more efficient than with indirect selection for wood density.
The impact of selection for growth traits on MOE is still
uncertain since the links between these traits had variable
trends according to sites in this study. More information on
genetic correlations between growth and stiffness is still
needed. Additionally, the level of correlation between
juvenile and mature wood MOE must be further studied.
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