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Abstract -

Ring average density, earlywood and latewood widths and densities were measured through microdensitometry on radial
strips. The strips were sawn in two radii sampled at various heights from 82 oaks (Quercus petraea Liebl.) split into stands and
regions (24 200 available rings). Mixed models were constructed with age from the pith and ring width as quantitative effects to
determine which factors influence wood density components, either region, stand, tree or position in commercial logs. The contribution to the total variability of each tested factor was then assessed. The next step consisted in evaluating the ring average density
model established at breast height on a new sampling method. The ring average density model was finally used to simulate the influence of contrasting silvicultures on wood density, the simulation including the between-tree variability for both density and radial
growth. (&copy; Inra/Elsevier, Paris.)
X-ray densitometry / sessile oak / mixed

model / simulation

Résumé - Modélisation de la variabilité des composantes intra-cerne de la densité du bois chez Quercus petraea Liebl. à l’aide
de modèles à effets mixtes et simulation des effets de sylvicultures contrastées sur la densité du bois. La densité moyenne, les
largeurs et densités du bois initial et final ont été mesurées par microdensitométrie sur des barrettes de bois. Les barrettes ont été prélevées sur deux rayons et échantillonnées à plusieurs hauteurs sur 82 arbres répartis en parcelles et régions (24 200 cernes mesurés).
Des modèles à effets mixtes sont construits avec l’âge depuis la moelle et la largeur de cerne de manière à évaluer les effets des facteurs région, placette, arbre et position dans l’arbre sur les composantes densitométriques des arbres. La contribution de chaque effet
testé est ensuite estimée par rapport à la variation totale des composantes de la densité. Dans un troisième temps, le modèle mixte de
densité moyenne établi à 1,30 m est testé sur un nouvel échantillonnage. Enfin, ce modèle est utilisé pour simuler l’influence de pratiques sylvicoles contrastées sur la densité du bois, la simulation prenant en compte les variabilités inter-arbre pour la densité et la
croissance radiale des arbres. (&copy; Inra/Elsevier, Paris.)

densitométrie / chêne sessile / modèle mixte / simulation

1. Introduction
Furniture and joinery, representing the most valuable
of Oak in France, are known to require solid wood

uses
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and sliced veneer with low shrinkage, straight grain,
less sapwood, fewer knots, light colour and other aesthetic traits such as regular radial growth [9, 16, 19].
The first step towards a better understanding of the

determinism of the previously defined wood quality criteria entails the discovery of where the variability of
wood properties occurs in a set of standing trees and
which factors influence it, either silviculture, environment or genetics. In other words do wood properties vary
within trees according to their growth, in which case silviculture and/or environment may be considered to be
relevant factors in wood quality determinism and do
wood properties vary differently within trees coming
from a same stand, in which case genetics may be a significant factor? Many authors studying wood shrinkage
[24, 26] or analysing spiral grain [2] have partly
answered those questions. They have pointed out the
variability of wood properties within trees commonly
related to tree growth criteria such as age from the pith
and ring width which can be partly controlled by forest
managers and the large variability between trees in a
stand having similar diameter growth. Following the idea
that wood quality may be partially influenced by silviculture, another point of interest is to predict with simulation tools whether more intensive silviculture leading
to higher volumes of harvested logs in a shorter time
would lead to decreased wood quality.
The present paper focuses on wood density, known
for long time as a key-criterium of wood quality in
Quercus petraea Liebl. For instance wood density is
positively associated with mechanical strength and
shrinkage [20, 25]. Because of the large anatomical radial variability within oak rings, the within-ring density
components, i.e. earlywood and latewood widths and
densities were analysed using X-ray images of 2-mmthick strips. This work was then devoted to the model of
variation of within-ring density components in commercial logs in connection with tree growth defined by age
from the pith and ring width. First, models of within-tree
variation are proposed for wood density components
established at breast height in connection with tree
growth and according to several factors including region,
stand and tree. A more precise interest is then taken in
what occurs within trees by analysing the effect of height
on density components. The ring average density model
established at breast height will be further adjusted on a
new sampling method using 16-mm-sized cubes. Finally,
the ring average density at breast height will be simulated by statistical tools from intensive silviculture as well
as classical silviculture for two sets of trees with the
same final diameter but of different ages.
The present study provides new information complementary to the recent work by Zhang et al. [23, 24],
Ackermann [1], Degron and Nepveu [4]. This article
analyses not only the wood density components according to a wide range of factors (region, stand, tree and
position within logs) on the basis of a well-supplied

database, namely 24 200 scanned rings as well as 3 300
16-mm-sized cubes, but is also innovative in structuring

within-ring density components. In
concentrate on their modelling
the
strategy using
procedure PROC MIXED of the SAS
Institute [13], which is designed to solve mixed models
and which reliably estimates variance components by
the

variability

of

addition, the authors

likelihood estimation

[6].

2. Materials and methods
2.1. Tree sampling
The

study

was

carried out

on

82 mature sessile oaks

(Quercus petraea Liebl.) with heights ranging from 17

to

40 m, diameters at breast height from 42 to 104 cm, ages
at breast height from 61 to 224 years and mean ring
widths at breast height from 1.26 to 3.90 mm. The trees
were sampled from five regions in France namely
Alsace, Allier, Lorraine, Orne-Sarthe and Loir et Cher
representing 27 forests and 48 stands. The stands were
chosen in order to enlarge ranges of stand conditions and
silvicultures. Two even-aged trees with heterogeneous
diameters or a single tree were harvested in each stand
(34 stands with two trees, 14 stands with a single tree).

2.2. Measurement methods
One 20-cm-thick disc was sawn in each of the 82 harvested oaks at breast height. For 52 oaks out of the 82
trees sample, a second disc between 1.30 m and the first
defect in the commercial log was kept. In other words
the breast height level was representative of the whole
sample and the mid-level sample only accounted for 52
trees. The longest radius as well as its diametrically
opposite radius were sampled from the sawn discs. In
both radii, 2-mm-thick strips were sawn longitudinally,
at 12 % of moisture content for X-ray microdensitometric analysis following the procedure described by Polge
and Nicholls [21].The 2-mm-thick strips were exposed
for 2 h to high wave length X-rays, the source of which
was at 2.5 m from a middle grain radiographic film with
the following electric characteristics: intensity 10 mA
and accelerating tension 10 kV. Previous studies have
shown that wood density measured by microdensitometry was slightly different from wood density measured
by gravimetry and the ratio between microdensitometric
and gravimetric densities, called ’control ratio’, varied
depending on the samples [14]. Therefore, density components were systematically divided by the control ratio.
The next step consisted in automatically measuring the
density and ring width of each scanned ring and then cal-

culating its earlywood and latewood densities according
to the earlywood-latewood boundary set on the basis of
the following formula [14]:
where

is the density at the earlywood-latewood
boundary, &beta;
x is a constant equal to 0.8 for oak wood
[15], D
tmax and D
tmin are, respectively, the maximum
density and the minimum density among the 20 twentieths, t, defined within a given ring (each ring is divided
into 20 twentieths, one twentieth corresponding to 5 %
of the ring width).

2.3.

b
D

Modelling strategy with mixed-effect models

All within-ring density components were studied
except latewood width which is equal to the difference
between ring width and earlywood width. The sampling
structured in terms of radius, height, tree, stand and
region allowed us to test whether identical density component models could be applied to both radii and to both
heights whatever the trees classified in stands and
regions. In other words, does the wood react similarly to
an increase in ring width and to maturing whatever its
position in the log and whatever the tree?
In the initial

analysis, the within-tree variation for
density components was analysed in 82 oak trees at
breast height and the second analysis concentrated on the
effect of ring location on the basis of 52 trees in which
two radii at two heights were represented. Consequently
the presentation of our results is divided into two main
parts: analysis on 82 oak trees at breast height and analysis on height effect on the basis of 52 trees.

the procedure PROC MIXED available in release 6.09 of
SAS/STAT software designed by the SAS Institute [13].
More precisely, the analysis consisted at breast height
in testing whether age from the pith and ring width have
identical effects depending on the regions, the stands, the
trees and the radii. The density component model fitted
was then as follows:

where g denotes the gth region; h the hth stand; i the ith
tree; k the kth radius and 1 the lth ring. Y is a density
component, both x and z are vectors with a function of
age from the pith and ring width as components. The
sub-model (2a), made of (a +
), is the overall popi(gh)kl
bx
ulation regression curve, (2b) are the fixed deviations
from (2a), (2c) are the random deviations from (2a), and
(2d) is the residual variation which follows N(0, &sigma;
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We modelled the variations of each
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Analysis of height effect on the basis of 52 oaks

This analysis refers to the
suffixes as above:

following

model with the

same

where

&beta; is a fixed-effect vector, &nu; a random-effects
which follows N(0, G), G being the
variance-covariance matrix of random effects, x is the
vector of variables associated with the fixed effects, z is
the vector of variables associated with the random
effects and &epsiv; is the residual random variation which follows N(0, &sigma;
). The mixed-effect model allows us to
2
analyse data with several sources of variation and especially within- and between-tree variations. The unknown
parameters (fixed-effects, variances of random effects
and residual variance) are estimated using restricted
maximum likelihood. All analyses were performed using
vector

where i denotes the ith tree; j the jth height, k the kth
radius and 1 the lth ring. Y is a density component, both x
and z are vectors with a function of age from the pith and
ring width as components. The sub-model (3a), made of
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variance-covariance matrix of random effects. In model
(3), G’ is a diagonal matrix where the covariances are
forced to zero.
The contribution of each tested factor was then evaluated by splitting the total variability of density components into a variation explained by fixed effects, variations due to random effects and into a residual variance
according to Hervé’s calculations [8].

height
for the

(44 cm for the smallest tree and 83 cm
whereas the 93 trees in the final crop
one),
largest

diameter

produced by dynamic silviculture exhibited smaller differences in breast height diameter between the smallest
and the largest tree (57 and 64 cm, respectively).
3. Results and discussion
3.1.

Analysis at breast height on 82 oak trees

3.1.1. Fixed effects
The column entitled ’Mean’ in table I represents the
overall population regression curves. For earlywood
width (EW), earlywood density (ED), latewood density
(LD) and ring average density (AD), the population
curves are,

respectively:

2.4.

Microdensity model applicable to gravimetric
density?
Could the ring average density model, established at
ring level, be applied at group of rings level? To answer
this question, the ring average density model (2), established at breast height at ring level, was applied to samples from the new sampling method using 16-mm-sized
cubes. The cubes, at 12 % air-dry conditions, were sampled from the previously mentioned 82 oaks and sawn
into two radii just above the ones used for microdensitometric analyses. The mean age from the pith, the mean
ring width as well as the density given by the ratio
between weight and volume were known for each cube.

2.5. Influence of silviculture

on

wood

density

The influence of silviculture on wood density was
simulated on the basis of i) the ring average density
model (2) and ii) two ring width profiles. The latter profiles represent two different types of silviculture, a traditional one with a relatively slow growth rate (1.71 mm in
mean ring width) referred to as ’classical silviculture’
and an intensive one leading to accelerated tree growth
(2.53 mm in mean ring width), referred to as ’dynamic
silviculture’. These two types of silviculture were simulated by Dhôte [5] for an average-to-good quality stand
(top height at 100 years equal to 26 m). The classical
scenario led on average to trees of 64 cm in diameter at
breast height after 200 years and the dynamic one to
trees with a breast height diameter of 60 cm after 124
years. In classical silviculture a final crop of 100 trees
was produced which exhibited large variations in breast

where P1 and P2 are centred variables, age from the pith
minus 0.8 (hundreds of years) and ring width minus 1.8
(mm), respectively. The models (4)-(7) show that, on
average, earlywood and latewood density as well as ring
average density decrease with increasing age from the
pith and increase with ring width, while earlywood width
increases with ring width without being influenced by
age from the pith. These results are partly confirmed by
Zhang et al. [23] on Quercus petraea and Quercus
robur, Ackermann [1]on Quercus robur and Degron and
Nepveu [4] on Quercus petraea. Nevertheless Degron
and Nepveu [4] considered earlywood width to be constant from the pith to the bark. Thus, according to these
authors, ring width did not influence earlywood width.
This result can be explained by the low variability of
ring width in their sample. Eyono Owoundi [7] and
Ackerman [1] found a significant correlation between
2 0.65 and
earlywood width and ring width (R
2 0.57, respectively) which corroborates our results.
R
Table I is also eloquent in relating that on average the
regions present hardly any dissimilarities in terms of
density components so far as trees with identical radial
growth are concerned. On the contrary, the ring location,
either in the longest radius, either in the diametrically
opposed radius, systematically influences wood density
(when significant ’Radius’ effect, refer to estimated
fixed-effect parameters for the longest radius and its diametrically opposed radius in table I). In order to identify
the precise contribution of the fixed effects, the total
variation of density components was split, as shown in
=

=

table II, into a) a variation explained by fixed effects, b)
variances due to random effects and c) a residual variance. As a result of splitting, the fixed effects explain
53.3, 26.9, 34.4 and 37.7 % of the total variation for earlywood width, earlywood density, latewood density and
ring average density, respectively.

entitled ’Stand’) for earlywood density, latewood density
and ring average density, respectively. These results
agree with Ackermann [1] who found that in Quercus
robur the factor ’tree nested in stand’ explained most of
the observed variability when age from the pith and ring
width were fixed.

3.1.2. Random

3.1.2.2. Between

effects

3.1.2.1.

Variability of wood density components
according to stands
Table II reports the results of the analysis based on
model (2) testing where the variability of density components occurs, either between trees in a stand or between
stands. The variability between trees in a stand represents 24.4, 26.1 and 22.8 % (sum of the six components
in columns entitled ’Tree’ and ’Tree(Stand) x Radius’),
whereas the variability between stands represents 6.5,
9.9 and 12.4 % (sum of the three components in column

The

trees

variability

’Tree(Stand)’ effect is significant for all density

as indicated in table I where the estimated
random-effect variances are given with their precision of
estimation. These results are in accordance with the conclusions drawn by Zhang et al. [23] and confirmed by
Degron and Nepveu [4] who pointed out the individual
variability in Quercus petraea Liebl. and Quercus robur
L. In model (2), the so-called ’Tree(Stand)’ effect
includes three components: first, the specific behaviour
of the trees to maturing, i.e. ’Tree(Stand) x P1’ interaction; second, the specific behaviour of the trees to an

components

increase in ring width, i.e. ’Tree(Stand) x P2’ interaction, both meaning, when significant, that trees with similar radial growth could behave differently in term of
wood density with increasing age from the pith and ring
width. The third component is the intrinsic nature of the
trees, i.e. ’Tree(Stand)’ factor which means that trees
might have different density even near the pith. Polge
and Keller [20] observed earlier that trees do not exhibit
similar density with ring width and stated that it was
always possible to find oaks with large rings and rather
low wood specific gravity. However, in our sampling,
the ’Tree(Stand) x P1’ and ’Tree(Stand) x P2’ interactions are not found to be significant. This result suggests
that trees with similar radial growth may exhibit almost
parallel within-ring density profiles, which is equivalent
to saying that trees exhibiting different density components between each other at young stages may preserve
this dissimilarity of density components for their whole
life.
3.1.2.3.

Variability around the girth

Table I also exhibits a highly significant ’Tree(Stand)
Radius’ interaction. This result indicates that the effect
of ring location does not have the same intensity according to trees. The presence of tension wood in some trees
could explain this phenomenon. Unfortunately this
hypothesis associating tension wood with disturbances in
x

not been verified in our sampling. It is
difficult to verify this hypothesis because neither the degree of inclination nor the eccentricity of
stems allow one to draw conclusions about the content of
tension wood [18, 22], as microscopic examination of
thin sections of wood or differential coloration are the
only reliable indicators of tension wood [18]. Until now,
no study on Oak has been carried out to compare tension
wood and normal wood as regards their specific densities. However, tension wood density of other hardwoods
such as Poplar and Beech has been widely studied and
this gives substance to the relation in Oak between irregularities of wood density and presence of tension wood.
For instance, in Populus, the presence of tension wood is
evaluated by higher density zones [3, 17] and tension
wood within a given tree is from 18 to 27 % denser
(oven-dry density) than normal wood [12]. In Fagus silvatica, tension wood is also characterised by higher density [10]. Nevertheless as shown by table II, the
’Tree(Stand) x Radius’ variability is inferior to the
’Tree’ variability (refer to line ’INT’). Indeed the variance due to the ’Tree(Stand)’ factor represents 3.9, 11.3,
14.4 and 11.4 % while the variance due to ’Tree(Stand)
x Radius’ interaction counts for 0.8, 6.3, 5.4 and 5.2 %,
respectively, for earlywood width, earlywood density,
latewood density and ring average density. The resemblance, i.e. the correlation between two radii of a given

wood

density has

even more

tree, which is

set on

the basis of the

following

formula

(Variance
stand
+ Variance
stand
)/(Variance
tree
+
+ Variance
tree
Variance
tree),
&times; radius varies from 0.68 and
radius
&rho;
=

0.83

according

to

the

density components

taken into

the whole variance for earlywood width, latewood density and ring average density, respectively. Further work
based on many more heights within trees is necessary to
explain the latter behaviour.

account.

3.2.

Analysis of height effect on the basis of 52 oaks

The analysis based on model (3) reveals a systematic
effect of height on density components (fixed ’Height’
effect) as well as a strong interaction ’Tree x Height x
Radius’ which is as significant as the ’Tree’ effect, as
table III emphasises clearly. According to the variance
decomposition set in table IV, the interaction Tree x
Height x Radius’ represents 1.2, 6.1 and 5.7 %, whereas
the ’Tree’ factor participates in 3.8, 12.6 and 9.8 % of

3.3.
to

Microdensity model applicable
gravimetric density

As illustrated in figure 1, the densities measured on
16-mm-sized cubes are compared with the densities estimated from the ring average density model (2) established at ring level. The estimated densities are intimately related to the measured densities in terms of mean
-3 respectively) and variance (7 294
m
(715 and 716 kg ,
and 7 038 (kg )
-3 respectively).
m
,
2

3.4. Simulation of contrasting silvicultural influences
The two types of silvicultural regime inevitably influthe radial pattern of wood density as illustrated in
figure 2. The same 11trees, in which the densest tree
and the least dense tree are chosen from the final crop in
classical and dynamic silviculture, present their own ring
average density variation from the pith to the bark. Since
ring average density decreases with increasing age from
the pith, the trees in classical silviculture have lower
density at the same radial position than in the dynamic
scenario just because they are older and thus present
more heterogeneous densities in so far as their radial
evolution in density is concerned. Conversely, the heavy
thinning during dynamic silviculture is reflected in ring
average density profiles which exhibit higher local heterogeneities than the ones produced with slow growth
rate. With reference to generally held opinions, local heterogeneities in density are prejudicial to sliced veneer
quality and will probably imply worse machinability and
higher deformations during drying. However, the authors
qualify that remark since the heterogeneities in ring
width induced by climate which are probably much higher than the ones induced by thinnings are not simulated.
The dynamic silviculture gives encouraging results if it
is applied over 200 years as for the classical silviculture.
Indeed, at overall population level, for a same rotation
age, the increase in density from dynamic to classical silence

vicultures is

only

37.7

-3(refer
kg m

to the

1.71)

=

population

classic
Density
= 46 &times;
dynamic
Density
37.7
2.53 and
the

regression:

-3
m
kg ,

1.71

being

(2.53 -

mean

ring

width for the

dynamic

and classical silvicultures, respec-

tively).
The dynamic silviculture, where almost every tree
grows similarly in diameter, perfectly illustrates the
between-tree variability. Indeed the trees exhibit almost
parallel density profiles meaning that trees differ intrinsically from each other and react quite similarly with
increasing age from the pith and ring width.

4. Conclusion and

perspectives

In a large sample of 82 oaks, the analyses of the
effects of various factors such as region, stand, tree and
position within commercial logs, on wood density components complete the conclusions of previous studies by
Nepveu [16], Zhang et al. [23, 24], Ackermann [1],
Degron and Nepveu [4] who shed light on wood density
variability. In the present study within-ring density in
Oak is found to increase with ring width and to decrease
with increasing age from the pith. At breast height, the
fixed effects explain 53.3, 26.9, 34.4 and 37.7 % of the
total variation for earlywood width, earlywood density,
latewood density and ring average density, respectively.
The regions present on average hardly any dissimilarities
in terms of density components so far as trees with identical radial growth are concerned while the ring location

along the girth systematically influences wood density,
meaning that wood on either side of the pith behaves differently to maturing and to an increase in ring width. As
regards the random effects, the variability between trees
in stand represents 24.4, 26.1 and 22.8 %, whereas the
variability between stands represents 6.5, 9.9 and 12.4 %
for earlywood density, latewood density and ring average density, respectively. Trees with similar radial
growth exhibit almost parallel within-ring density profiles, meaning that trees differ intrinsically from each
other and react quite similarly with increasing age from
the pith and ring width. What occurs within the logs,
namely around the girth using two diametrically opposed
radii, is also demonstrated. The effect of ring location
has not the same intensity according to trees, one
hypothesis put forward is the presence of tension wood
in the trees for which this behaviour is observed. The
analysis based on 52 oaks at two heights reveals a systematic effect of height on density components as well as
a strong interaction ’Tree x Height x Radius’ which is as
significant as the ’Tree’ effect.

The ring average density model solved by the PROC
MIXED procedure allows one to simulate the effects of
two contrasting silvicultures by taking into account the
variability between trees in a stand. The dynamic silviculture induces local heterogeneities in ring average density. On the other hand, in its favour, a more intensive

silviculture, leading to higher volumes of harvested logs
for the same rotation age than classical silviculture, leads
to a low increase in wood density compared to that
occurring in classical silviculture.
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