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properties in European beech (Fagus sylvatica L.)
reveals the plastic nature of juvenile wood
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Abstract

Key message Radial variations in wood quality result from the changes in wood properties with tree age. Here, we
show that, at least in beech (Fagus sylvatica L.), these patterns of variations are diverse, and reflect a plastic adaptation
to changes in the mechanical needs of the trees during their life.

Context The radial variation of wood properties in the young age of the tree can be interpreted as the result

of either cambium ageing (ontogenetic juvenility) or adaptation to the changing mechanical constraints dur-
ing growth (adaptive juvenility).

Aims Ring width, specific gravity and specific modulus are important parameters for the mechanical stability

of a standing tree. We aim at assessing whether their variations correspond to ontogenetic or adaptive juvenility.

Methods These parameters were measured at several positions across diametrical boards from 86 beech trees from 9
high forest stands. Their variance and correlations were analysed globally, between plots and between trees, and vari-
ations from pith to bark quantified according to the slope and curvature of radial profiles.

Results For the three parameters, the plot and tree effects were very significant, but within-tree variations were
dominating, representing at least 50% of the total variance. These variations occurred both in the radial and the cir-
cumferential direction, as revealed by the frequency of non-symmetric diametral profiles. The patterns of radial varia-
tions were very diverse both between plots and within plots, being either increasing, decreasing or non-monotonous.

Conclusion Even if there is some ontogenetic influence in the measured juvenile patterns, their large variability sug-
gests that adaptive juvenility dominates largely.

Keywords Variability, Radial variation, Core wood, Ontogenetic juvenility, Adaptive juvenility
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1 Introduction

Wood is a material linked to the competition for height
growth in the terrestrial environment, which is submit-
ted to tremendous physical constraints such as gravity,
wind and drought. The functions of wood (mechanical
support, conduction and storage) respond to these con-
straints and are fulfilled by different cell types. In tree
species, the bulk of wood material is generally made
of dead, highly elongated cells, which have mainly a
mechanical function: although they consist mostly of tra-
cheids in softwoods and fibres in hardwoods, in the fol-
lowing they will be globally called “fibres”. Despite their
major importance for tree functioning and survival, other
cell types (parenchyma, vessels in hardwoods) generally
represent only a small part of the wood in terms of bio-
mass investment. Actually, most of terrestrial biomass is
in the form of fibres (Bar-On et al. 2018). This massive
investment in fibres points to the major significance of
the mechanical constraint for trees. The viewpoint that
we will adopt here is that the amount and quality of wood
products are mainly responses to the mechanical require-
ment for the tree in order to face the two major con-
straints that are wind and gravity.

Trees are built through wood growth (Thibaut 2019)
including simultaneously primary growth by elongation
or creation of twigs and secondary growth by thickening
of existing axes. Secondary growth is performed by liv-
ing wood cells in the cambial zone: stem cells of the cam-
bium itself and daughter cells (Raven et al. 2007; Savidge
2003; Déjardin et al. 2010; Thibaut 2019). It consists of
the following successive steps: division of the cambium
stem cells into daughter cells; expansion of daughter
cells until the end of primary wall formation; thickening
of fibre and vessels cell walls until the end of secondary
wall formation; lignification of the whole cell wall, includ-
ing the compound middle lamella; programmed fibre and
vessel cell death.

The cambial activity results in tree rings (in temperate
tree species) and local wood properties that often differ
from ring to ring. They can be described by ring width
(RW), result of combined cell division and expansion,
specific gravity (SG) resulting from the ratio between
cell wall thickening and expansion, and specific modulus
(SM) mainly determined by the organisation of the sec-
ondary cell wall (micro-fibril angle of the S2 layer) (Cave
1969). These three features determine most parameters
involved in the adaptation to mechanical constraints. For
a trunk of a given height, the rigidity against lateral wind
forces depends on trunk diameter (related to RW) and on
wood modulus of elasticity (MOE) which is the product
of SG and SM (Fournier et al. 2013). For a given biomass
investment, there is a trade-off between RW (large growth
rate) and SG (large density). The flexibility of the trunk
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depends inversely on diameter, and positively on wood
deformability (equal to the ratio of strength to modulus
of elasticity, which is negatively correlated to SM as can
be seen in wood databases, e.g. Ross 2010). The mechani-
cal stability of the tree depends on its diameter, modulus
of elasticity (product of SG by SM), and inversely on its
green density (correlated to SG, Dlouha et al. 2018). The
postural control (Alméras and Fournier 2009) depends
on the asymmetry in radial growth rate (related to RW),
modulus of elasticity, and maturation strain (often corre-
lated to SM, Alméras et al. 2005). Mechanical adaptation
is therefore a matter of fine-tuning of wood properties,
and taking into account the trade-offs between them.

The secondary growth descriptors (RW, SG, SM) dis-
play spatial variation within a segment of the trunk, in the
3 cylindrical directions: transversely across radii (Tar),
around the perimeter (Ap) and longitudinally along the
stem (Las), called variation “TarApLas” within the tree by
Savidge (2003). The variations around the perimeter in
a given ring are related to posture control (Alméras and
Fournier 2009), either due to trunk inclination (Alméras
et al. 2005; Dassot et al. 2015) or to orientation change of
the branches after apex death (Loup et al. 1991). In addi-
tion to the access to light, such peripheral modulations
of properties can be related to the thigmomorphogenetic
response of the stem to a dominant wind direction (Niez
et al. 2020). The variations along the stem are related to
primary growth: (i) succession of connected zones and
free-from-branching portions of the axis and (ii) ageing
of the terminal bud along the successive growth units.
Apart from the vicinity of branching zones, these varia-
tions are rather slow (Savidge 2003).

Radial variations from pith to bark at a given height can
be divided into two types: (i) intra-ring short-distance
changes mostly due to seasonal effects and (ii) varia-
tions of mean ring properties, reflecting adaptations to
changes in mechanical constraints during ontogeny.
These mechanical constraints change according to the
size of the tree (Fournier et al. 2013). The largest varia-
tions in dimensions and environment occur during the
young ages. As a result, radial variations of these proper-
ties display larger gradients in the centre of a stem than in
its periphery. This defines the “juvenile wood” also called
“core wood”(Lachenbruch et al. 2011).

The steep radial variations in juvenile wood were nicely
described by Bendtsen and Senft (1986). Loblolly pine
(Pinus taeda L.) (Figs. 1 and 2) shows a typical radial pat-
tern (TRP) of juvenility (Lachenbruch et al. 2011): initial
increase of tracheid length, specific gravity (SG) and spe-
cific modulus (SM), initial decrease of ring width (RW).
The initial segment with steep changes in properties
corresponds to juvenile wood and is followed by rings
with more stable properties called mature wood (which
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Fig. 1 Juvenility for mechanical indicators in Loblolly pine, after Bendtsen and Senft (1986): from pith to bark, according to the typical radial pattern,
ring width decreases, specific gravity increases and specific modulus decreases

5
€
é ~.-.*w » -~ *.f 4
E ~.'o o'.' 3
%D .. ..
9 “ < 2
.—9 .. ..
2 1
o]
o©
= 0
-30 -20 -10 0 10 20 30

Radial Position (cm)

Fig. 2 Juvenility for tracheid length in Loblolly pine, after Bendtsen
and Senft (1986): typical increase from pith to bark

nevertheless reveal interannual variations related to cli-
mate and mechanical constraints). Such patterns are gen-
erally observed in conifer plantations (softwood trees).
(Cown and Dowling 2015, Larson et al. 2001).

Variations in tracheid or fibre length always share the
same initial positive gradient for all trees (Fig. 2), whether
softwood or hardwood (Koubaa et al. 1998; Larson et al.
2001; Bhat et al. 2001; Bao et al. 2001; Kojima et al. 2009).
This parameter is important for the paper industry (Kou-
baa et al. 1998) but is only seldom cited as a factor influ-
encing wood mechanical properties (Kollmann and Coté
1968; Kretschman 2010).

The variation of parameters characterising wood
structure and properties depends on tree ontogeny
and adaptation to changing constraints during its life.
Juvenility describes the evolution of wood parameters
during the early years of the stem. An important ques-
tion is to separate the genetically programmed changes
in properties with ontogeny (here termed ontogenetic

juvenility) from the plastic adaptation to changing con-
straints (here termed adaptive juvenility). The system-
atic nature of juvenile gradients in fibre length suggests
that they are a consequence of cambium ageing (ontoge-
netic juvenility). Here, we aim at investigating whether
juvenile variations in three functional wood properties
(RW, SG and SM) depend on plastic adaptation or on
prescribed ontogenetic changes. It will be considered,
for a given property, that ontogenetic changes are char-
acterised by similar patterns of radial variations among
a large sampling, while plastic adaptation corresponds
to a large variability of radial patterns among trees and
between populations.

For that aim, a sampling covering a wide diversity of
geographical locations and forest management prac-
tices was required. The data obtained on a large panel of
beech trees was exploited to characterise the patterns of
radial variations of wood mechanical indicators in beech.
Hypotheses that will be discussed are the following: (i)
most of the variations are similar all around the trunk
(profile symmetry); (ii) all the trees share the same radial
pattern (ontogenetic juvenility) within the different grow-
ing conditions.

In healthy beech trees, heartwood and sapwood can
scarcely be distinguished. A so-called red heartwood,
which is a kind of chemical discolouration, is often
observed (Liu et al. 2005) and affects the commercial
value of the wood (Trenciansky et al. 2017). The hypoth-
esis that red wood occurrence does not affect mechanical
parameters in tree rings will also be tested.

2 Material and methods

2.1 Material

Nine beech (Fagus sylvatica L.) plots representative of
different forest managements were selected in Western
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Table 1 Characteristics of the 9 plots from 9 different beech forest sites across Europe

Plot 1 2 3 4 5 6 7 8 9

Age (years) 120-140 ~140 130 110 125 130 130-160 120 150-200

Altitude (m) 400 900 120 320 900 300 450 120 260-300

Country code AT AT DK FR DE DE CH CH DE

Geographic coordinates 48°12'N 47°51"'N 55°35'N 49°21'N 50°32"N 49°01' N 47°08.3'N 47°26'N 49°25'N
16°10"'E 16°10'E 12°04' E 06°02' E 09°25'E 09°13'E 08°17.1'E 07°03'E 09°21"'E

Forest type® ea hf ea hf (m) ea hf ea hf ea hf ea hf uea hf ea hf (m) mhf

Nb trees 10 10 10 10 10 8 10 10 8

Height (m) 326 32.1 355 36.1 36 383 34 392 353

Slenderness (mm/m) 583 65 589 64 64.9 61.7 60.2 68 476

DBH (cm) 56 494 60.7 56.6 554 62.5 56.9 582 74.5

2 ea even-aged, uea uneven-aged, (m) mountain, hf high forest, mhf: old middle forest transformed into even-aged high forest

Table 2 Mean, maximal, minimal values and coefficient of
variation for height, slenderness and diameter at breast height of
the 86 trees sampled in the 9 plots

86 trees Mean Min Max CV.

Height (m) 354 23.7 426 10.1%
Slenderness (mm/m) 613 41.0 804 13.2%
Diameter (cm) 585 470 84.5 13.2%

Min minimum value, max maximum value, C.V. coefficient of variation

Europe (Becker and Beimgraben 2001; Jullien et al. 2013)
(Table 1). Up to ten trees per plot (86 in total) were sam-
pled for the measurement of wood properties (Table 1).
All trees were dominant or co-dominant and their mean
diameter at breast height was around 60 cm (Table 2).

One small 50 cm long log was cut at a height of 4 m
for each tree. Each small log was cut into radial boards,
through the pith, from North to South (North direction
was carved in the log bark). These boards were air-dried
to an average moisture content of 13.5% and cut into
1259 rods of 20 mm in radial, 20 mm in tangential and
360 mm in the longitudinal direction, from the pith out-
wards (Fig. 3). The rods with irregularities or cracks were
discarded.

The rods were numbered according to their posi-
tion in the board, their distance to pith was measured
(note that the position in terms of ring number was not
recorded in this study), and their orientation (North
or South) was noted. At the same time, the number of
rings at both ends of the samples was recorded and the
mean annual ring width of the rod (RW) was calculated

Pith
A
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!

Fig. 3 Diagram of the sawing of the rod after the sawing of a North-South diametrical board. Numbering both for Northern and Southern parts
of the board start with pith position. The coloured parts evoke the case of red heartwood occurrence
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as the ratio of the mean radial dimension to the number
of rings. Mean ring number per sample was 9.8, with
a minimum of 3 and a maximum of 30. Each sample
located at a distance lower than 10 cm from the pith
was considered as a “core” sample. The presence of red
heartwood was also noted for the rods located in the
core (Liu et al. 2005).

2.2 Measurement of properties

Density (D) was calculated by measuring the weight (W)
and the dimensions R, T, L of the rod: D = W/(R.T.L). The
specific gravity (SG) was the ratio between D and water
density.

To measure the specific modulus (SM, 10°m2/s2), each
rod was positioned on fine wires and set in free vibration
by a hammer stroke. The analysis of the sound vibration
by fast Fourier transform gave the values of the three high-
est resonance frequencies, which were interpreted using
equations yielding an estimate of SM where the contribu-
tion of longitudinal shear to the bending deformation has
been eliminated (Brancheriau and Bailléres 2002).

2.3 Statistical analyses

The measured wood properties (RW, SG, SM) are known
to be strongly inter-correlated. Therefore, the distribu-
tion of properties and correlations between them were
computed at various level (between rods, between trees
and between plots).

2.3.1 Correlations and basic statistics

Basic statistical analyses were performed using the
XLSTAT software. The normality of the distribution was
verified by Shapiro-Wilk test. A Pearson correlation anal-
ysis was used in the case of a normal distribution, and a
Spearman correlation analysis in the case of a non-nor-
mal distribution, which was the majority of cases.

2.3.2 Analysis of variance and variance components
Analyses of variance (ANOVA) and variance components
analyses (VCA) were carried out using R software (R
Core Team 2018). A first set of analyses tested the effect
of the different factors on the three measured variables,
using a nested ANOVA design where a random “tree”
factor was nested within the “plot” factor, and the “core”
factor nested within the “tree” factor. Sample orientation
(North or South) was accounted for through an inde-
pendent “orientation” factor.

Another set of ANOVA and VCA was carried out
to test the effect of red heartwood on wood properties.
This analysis was based only on core samples, as red
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heartwood occurs only on them. As both the measured
properties and the occurrence of red heartwood were
correlated to the distance to the pith, its effect was tested
with a two-way ANOVA, with specimen number and red
heartwood occurrence (Red) as two independent factors.
A VCA was carried out on this model to quantify the
share of variance of each factor.

2.3.3 Quantitative analysis of radial profiles
North and South radial profiles were analysed together,
yielding 172 profiles on which the rod-averaged value of
the three variables (RW, SG and SM) have been quanti-
fied as a function of the distance to the pith. We built a
Microsoft Excel file to view and analyse these profiles
(Alméras et al. 2024). The purpose of this analysis was
the quantification of the shapes of these profiles, and
how they correlate between properties or vary between
plots. To achieve this, we considered two main indica-
tors of each profile’s shape: the slope, and the curvature.
The slope of a particular radial profile was computed
as the coefficient of the linear regression between the
considered property and the distance to the pith. It
indicates whether the property is globally increasing,
decreasing, or staying constant. The curvature was
computed as the coefficient of the quadratic term of a
second-degree polynomial regression. A positive value
corresponds to a convex shape, where the local slope
increases outward, whereas a negative value corre-
sponds to a concave shape, where the slope decreases
outward. All combinations of slope and curvature can
exist. Thus, each profile could be represented as a dot
on a slope/curvature graph, corresponding to a par-
ticular shape. The correspondence between parameter’s
values and profile shapes is illustrated in Fig. 4, where
the ‘icons’ illustrate the symmetric shape correspond-
ing to their position on the graph.

-0.24 -0.14 -0.05 0.05 0.14 0.24

0.020
A N / 0.012
o 0.004
>
2/\ N -0.004
(9]
-0.012
VAR RN
/N ' -0.020
Slope

Fig. 4 lllustration of the correspondence between profile parameters
(slope and curvature) and shape of a symmetric profile (“flying bird”
icons)
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The correlations between quantitative parameters of
the profiles were analysed through a PCA (carried out
using R) taking into account the following 15 variables
for each of the 172 radial profiles: the mean value of
the property (RW_m, SG_m, SM_m), the global slope
(RW_s, SG_s, SM_s) obtained from the linear regres-
sion, the initial value of the property (RW_a0, SG_a0,
SM_a0), the initial slope of the property (RW_al, SG_
al, SM_al) and the curvature (RW_a2, SG_a2, SM_a2),
obtained as the coefficients of the second-degree poly-
nomial regression.

At plot level, we computed the median and the inter-
quartile range of each parameter (slope and curvature)
on each variable (RW, SG and SM), to appreciate whether
there were systematic differences in profile shapes
between plots. An ANOVA was used to test the effect of
the plot factor on each parameter.

The 172 profiles were then classified according to two
criteria: they were classified as “Flat’, “Up” or “Down”
according to a threshold on the slope, and as “Straight’,
“Convex” or “Concave” according to a threshold on the
curvature. We used a criterion based on the magnitude
of the effect of each parameter rather than on its statis-
tical significance. Indeed, in many cases, the significance
of the slope (or curvature) was found high (low P-value)
although the magnitude of the effect was weak when
compared to the overall range of variation of the param-
eter. The threshold values were set at an arbitrary 50% of
the overall standard deviation of each variable, scaled by
the mean distance to the pith (10 cm) for the slope, and
by its square for the curvature. At the tree level, the dia-
metral profiles (including both North and South profiles)
were classified as symmetric (“Sym”) if the parameters of
the North and South profiles differed less than a thresh-
old defined consistently with above (Alméras et al. 2024).

3 Results

3.1 Effect of red heartwood on wood properties

The effect of red heartwood on wood properties was
tested on core specimens only, accounting for the

Table 3 Results of the variance component analysis of the effect
of red heartwood occurrence (Red) and specimen number (Num,
indicating the distance to the pith) on the properties of core
specimens: share of variance for each factor (%) and significance
of the factors

Factor RW SG M
Num 257 277 307
Red ns ns 86"
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distance to the pith (specimen number) as an independ-
ent factor. The results (Table 3) show that the distance to
the pith was always a significant factor while red heart-
wood was non-significant for RW and SG.

Contrary to our expectations, the effect of red heart-
wood on the specific modulus was significant, represent-
ing a substantial share of variance (8.6%). Its occurrence
is associated to a lower SM (— 0.67 10° m2/s2 in average,
—3% of the mean value), even when the effect of distance
to the pith was accounted for. Pohler et al. (2006) found a
significant difference (p<0.05) both for density and mod-
ulus of elasticity. But the two parameters were higher for
red heartwood (+3% and +6% respectively, which means
+3% for SM). One reason for the difference could be a
modification of cell wall properties during the expansion
of red heartwood. Another one could be that trees with
lower SM were more prone to develop red heartwood
in our sampling. Anyway, in both studies, the difference
in density and specific modulus between red and white
heartwood remained quite small. Therefore, it will not be
considered in the following analysis.

3.2 Structuration of variance at the within-tree,
between-tree and between-plot levels

ANOVA showed that plot, tree within plot and core
within tree were all very highly significant factors (P <
107) for the three measured variables (RW, SG and SM),
while orientation was a significant factor only for SM (P
= 0.00012). The share of variance of each factor for each
variable is displayed in Table 4, together with the statis-
tical significance of each factor. For RW, the core factor
(inner 10 cm radius, compared to the outer zone) rep-
resented the largest fraction of variance, followed by the
plot and tree factors. For SG and SM, the tree factor was
the largest fraction of variance. The orientation factor
was statistically significant only for SM with a very low

Table 4 Results of the variance component analysis of the effect
of Plot, Tree, Core and Orientation factors on the properties of all
specimens: share of variance for each factor (%) and significance
of the factors

Factor RW SG M
Plot 219™ 140™ 154
Plot/tree 92" 364 286"
Plot/tree/core 295" 182" 146™
Orientation ns ns 08"
Error 394 314 40.6
Total 100 100 100
Total Within-Tree 689 496 56.0

RW, ring width; SG, specific gravity; SM, specific modulus
™ P<107%; "P<1072 ns P>0.05

RW ring width, SG specific gravity, SM specific modulus
™ P<107% ns P>0.05
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Table 5 Parameter description for the 1259 rods sampled from
the 86 beech trees in the 9 plots
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Table 8 Spearman correlation table between the three
measured parameters, at tree level

1259 rods RW SG M 86 trees RW N M
Minimum 0.67 055 1108  RW 1 0.08™ -040"
Maximum 6.67 0.83 2749 SG 0.08™ 1 0.16™
Mean 230 0.69 222 SM - 040" 0.16"™ 1
Max/min 10.00 151 248 RW ring width, SG specific gravity, SM specific modulus

CV. 35.0% 6.2% 109% ™ p<1073; ns: P>0.05

RW ring width (mm), SG specific gravity, SM specific modulus (106m?/s?)

Table 6 Spearman correlation table between the three
measured parameters, at rod level

1259 rods RW SG M

RW 1 016" -0337
SG 0.16™" 1 0.12™
SM -033™" 012" 1

RW ring width, SG specific gravity, SM specific modulus
" P<1073; ns: P>0.05

Table 7 Parameter description for tree mean values

86 trees RW SG M

Minimum 1.29 0.63 176
Maximum 4.78 0.78 256
Mean 2.28 0.70 224
Max/min 3.70 124 146
CV. 24.9% 4.8% 7.6%

RW ring width (mm), SG specific gravity, SM specific modulus (10°m?/s?)

share of variance and a very low difference in the mean
value for North (637 rods; mean value = 22.1 10° m2/s2)
and South (622 rods; mean value = 22.4 10° m2/s2).

3.3 Correlations between properties at different levels
3.3.1 Rod level

Table 5 shows descriptors of the distribution of prop-
erties for all samples (1259 rods). The variation of SG
between samples was very low (coefficient of variation
6.2%) compared to that of SM (10.9%) and RW (35%).

SG and SM were correlated positively (Table 6). RW
was correlated positively with SG and negatively with
SM. These correlations were very significant although
they explained only 5% to 10% of total variance.

3.3.2 Tree level

Table 7 shows the descriptors of the distribution of
mean values of properties per tree. Variability at tree
level, as quantified by the coefficients of variation, was

Table 9 Parameter description for the 9 plots mean values

Plot RW SG M

1 2.06 0.70 21.5
2 1.80 0.71 23.1

3 263 0.70 222
4 2.50 0.71 21.2
5 212 0.68 219
6 2.57 0.73 23.7
7 2.84 0.68 220
8 1.63 0.68 24.1

9 2.50 0.67 217
Maximum 2.84 0.73 24.1

Minimum 1.63 0.67 212
Mean 229 0.70 224
CV. 16.9% 2.6% 4.2%

RW ring width (mm), SG specific gravity, SM specific modulus (10°m?/s?)

Table 10 Spearman correlation table between the three
measured parameters, at plot level

9 Plots RW sG SM

RW 1 0.18™ -0.17™
SG 0.18™ 1 0.23™
SM -0.17™ 0.23™ 1

RW ring width, SG specific gravity, SM specific modulus
ns: P>0.05

significantly lower than at rod level, and notably low for
SG. This result was consistent with the fact that a sub-
stantial part of the variance was at the within-tree level
(Table 4, “Core” factor).

At the between-tree level, only the negative correla-
tion between RW and SM remained significant (Table 8),
showing that trees with higher growth rates (higher mean
RW) had lower SM. Note that the correlation between
these properties was even higher in magnitude at the
tree level (— 0.40) than at the rod level (— 0.33), suggest-
ing that the dependency of SM to the growth speed of a
given tree does not result directly from a physical relation
between wood properties.
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3.3.3 Plot level
Table 9 shows the descriptors of the distribution of mean
values of properties per plot. Variability at plot level was
significantly lower than at tree level, consistent with the
large part of variance at the between-tree level (Table 4,
“Tree” factor).

At plot level, no correlation was detected between
parameters (Table 10).
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3.4 Diversity of radial profiles of properties

3.4.1 lllustration of profile diversity

A total of 516 profiles (86 trees X 2 orientations X 3 vari-
ables) were observed and analysed. The mean coefficient
of determination (R2) of the regressions was 0.43 for the
linear, and 0.61 for the second-degree polynomial regres-
sions, showing that the quadratic term captured a large
part of profile non-linearity.
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Fig. 5 Examples of property profiles: a tree 694, plot 6; b tree 443, plot 4; ¢ tree 290, plot 2; d tree 1050, plot 9; e tree 1025, plot 9; f tree 299, plot 2
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Examples of typical profiles together with the second-
degree fitting are shown in Fig. 5 (all profiles can be viewed
from the file provided by Alméras et al. (2024)). The chosen
examples illustrate the diversity of the diametral profiles, with
symmetric (a, b, ¢, e) as well as non-symmetric profiles (d, f).
The radial profiles were either flat (a), increasing (c, d, e-South,
f) or decreasing (b), and either straight (a, ¢, d-North), convex
(b, f-North) or concave (d-South, e, f-South).

3.4.2 Typology of profiles
For each of the three studied variables, there was a large
diversity of radial profiles, with instances of all nine pos-
sible combinations of slope (“Up’, “Flat’, “Down”) and
curvature (“Convex’, “Straight’, “Concave”). Neverthe-
less, the frequency of these different shapes differed
(Table 11). The proportion of symmetric profiles (“Sym”)
was about one third, showing that most trees display sub-
stantial variations of properties around the periphery.

The proportion of flat radial profiles was about 40% for
each variable. Most profiles were decreasing for RW and
SG, and increasing for SM. But less than 50% of flat pro-
files were straight, meaning that most flat profiles were
either convex (for RW or SG), or concave (as for SM)
(Fig. 6).

The proportions of each type of profile seemed to differ
among plots, as illustrated in Fig. 7.

3.4.3 Distribution of profile shape parameters
The median shape of all radial profiles is illustrated in
Fig. 8. These profiles were “down-convex” for RW and SG,

Page 9 of 15

and “up-concave” for SM. The shape of the median pro-
file of each plot can be viewed in Alméras et al. (2024).

The distribution of profile shape parameters (Fig. 9)
shows that they were not randomly distributed. The plot
effect on the slope parameter was significant for all three
variables, while its effect on curvature was significant
only for SG. A similar figure representing the distribution
of parameters from individual radial profiles is provided
by Alméras et al. (2024).

3.4.4 Correlations between profile-shape parameters

The correlations between profile-shape parameters are
illustrated in Fig. 10. The first axis of this PCA opposes
high initial ring width (RW_a0) and positive initial slope
of specific modulus (SM_al) to high initial specific mod-
ulus (SM_a0) and positive slope of ring width (RW_al).
This axis opposes high growth rate to high cell wall
stiffness.

It is apparent that the initial slope (_al) and curvature
(_a2) were negatively correlated for all three variables: a
faster initial change of a given variable is associated to a
decreasing rate of change in the subsequent growth

4 Discussion

4.1 Interpretation of correlations between properties
Given the large difference in the variability of SG and SM
(Table 5), the variability of the modulus of elasticity (the
product of SG and SM), is more dependent on the vari-
ations of SM than on the variations of SG in beech: The
R? of the linear regression between MOE and SG is only

Table 11 Occurrence of profile types, characterised by the pattern of radial variation from pith to bark, for 172 North and South cases

N+S Sym Flat Up Down Straight Convex Concave
RW 36% 41% 18% 41% 36% 37% 27%
SG 37% 42% 13% 45% 48% 34% 19%
M 28% 42% 37% 20% 28% 10% 62%
RW ring width, SG specific gravity, SM specific modulus
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Fig. 6 Examples of median plot profiles with flat slope: flat-convex (specific modulus, plot 5) or flat-concave (ring width, plot 2)
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0.26, while that of the regression between SG and SM is
0.78.

Correlations between RW and both SG and SM were
very highly significant, with a positive value for SG (den-
sity is higher for larger ring width) and a negative one

for SM (specific modulus is lower for large rings). These
results were partly due to covariations along the juvenil-
ity gradient that will be analysed in the next paragraph.
No correlation was detected between SG and SM.
This can be interpreted as a global independence in
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<« Fig. 9 Distribution of median plot profiles in the slope/
curvature plane. Each panel represents the distribution (median
and inter-quartile) of parameters (slope and curvature) for each plot.
The figures are centred on zero on the X- and Y-axes, so that the
centre of the figure represents the flat straight profile, and each
quadrant of the figure represents a type of profile. “Flying-bird”icons
represent the shape associated to their position in the figure (see
also Fig. 4)

mechanical adaptation of the two parameters: SG reflects
the quantity of cell wall (cell wall relative thickness), and
SM its quality (microfibril angle), and these two param-
eters can be controlled independently during radial
growth.

4.2 Major importance of within-tree variations
in properties
The importance of within-tree variations can be deduced
from Table 4. Within-tree variation is the share of vari-
ance that is not captured by higher scale factors (“Plot”
and “Tree”), so it is the sum of the “Core” factor, the “Ori-
entation” factor and the “Error” factor (Table 4). Within-
tree variations represented approximately 65% of the
variance for RW, 50% for SG and 55% for SM.

The within-tree variations of properties originated from
both peripheral variations and radial variations. Peripheral
variations were reflected by the frequent occurrence of
non-symmetric diametral profiles: for all 3 variables, most
trees presented important differences between North and
South profiles (Table 11, Fig. 5). Radial variations were
reflected by the importance of the “Core” effect (Table 4),
and by the non-zero values of slope and curvature param-
eters of most radial profiles (Section 3.3.3).

4.3 The frequency of non-symmetric diametric profiles
reveals the importance of the gravity constraint
and posture control mechanisms
Most diametric profiles were asymmetric (Table 11)
despite the fact that the “Orientation” factor had no
systematic effect on wood properties (Table 4). This is
because the tree asymmetry, if any, due to stem incli-
nation (linked to the effect of wind or soil instability),
asymmetric crown (linked to the adaptation to light
availability), and/or prevailing winds, had only few rea-
sons to be North/South. It is thus not surprising that no
systematic effect of orientation was detected here.

Tree asymmetry induces mechanical constraints in
relation to how trees manage gravity. Growth of an
asymmetric tree induces a rapid increase of the bend-
ing moment applied by gravity to the trunk, which
tends to bend the tree downwards. To counteract
this effect, a gravitropic reaction is needed (Alméras
and Fournier 2009; Gril et al. 2017). This reaction is
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achieved by a dissymmetry of growth forces on the two
sides of the inclined stem, with a higher tensile force
on the upper side for hardwood species like beech. The
tensile force produced on each side of the tree dur-
ing wood maturation is proportional to ring width, to
specific gravity, to specific modulus and to maturation
strain (Alméras et al. 2005; Thibaut and Gril 2021).
Increasing the force on the upper side means increas-
ing the local value of any combination of these four
factors, together with decreasing it on the lower side.
This leads to asymmetric profiles of wood properties.

The occurrence of reaction wood is a typical expres-
sion of strong gravitropic reactions, influencing the
asymmetry in RW, SG, SM, and in maturation strains,
the latter resulting from macromolecular processes
occurring during secondary wall formation (Alméras
and Clair 2016; Thibaut and Gril 2021). However, for
small inclination angles (e.g. coppice stems) the pro-
duction of tension wood is not required: the difference
in maturation strain between normal wood located
on the lower and upper sides of the growing stem can
be large enough for posture control (Thibaut and Gril
2021). The occurrence of tension wood is rather easy
to detect by visual observation but variations of matu-
ration strain in normal wood are, until now, impossible
to estimate except by in-situ measurements of residual
stress at stem periphery (Jullien et al. 2013).
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4.4 Diversity in radial profiles suggests that “adaptive
juvenility” is prevailing over “ontogenetic juvenility”

Most of the papers on the mechanical properties of juve-
nile wood refer to plantation trees, of softwoods or hard-
woods (Bendtsen and Senft 1986; Kojima et al. 2009; Bhat
et al. 2001; Bao et al. 2001). For softwoods, the “typical
radial pattern” for mechanical factors (Lachenbruch et al.
2011) is always occurring in fast-growing plantations. It is
characterised by a decrease of RW and an increase of both
SG and SM from pith to bark until a juvenile core limit.

For hardwoods, this is not always the case, and SG can
be more or less flat (Bendtsen and Senft 1986), while SM
can be high near the pith and decrease for trees grow-
ing in dense tropical forests (Mc Lean et al. 2011). On
Bagassa guianensis Aubl, a fast-growing secondary for-
est tree of French Guiana, Bossu et al. (2018) observed
a typical radial pattern for microfibril angle and density,
very clear for density (varying from 0.3 to 0.9 along the
radius). Plourde et al. (2015) studied radial density vari-
ation for 91 tropical species (Costa Rica) and made the
comparison for 74 species only: 42 over 74 (57%) had a
net variation in density, 37 (88% of the 42) with increas-
ing and 5 with decreasing radial pattern. Species from
secondary forests (open environment in juvenile phase)
displayed the clearest positive variations (low juvenile
density), while in primary forests (closed environment
during the juvenile phase) only anti-TRP species were
found, with a lower variation (high internal density).
Beech in this study is rather similar to trees from the
primary forest with an internal density above 0.5 and a
decreasing profile. Longuetaud et al. (2017) analysed 3
broadleaved trees: oak, beech, sycamore maple and two
softwoods: fir and Douglas fir. The typical radial pattern
was detected in maple and Douglas fir, but for oak, the
density decreased instead of increasing. In fir and beech,
the profile was bell-shaped (beech) or U-shaped (fir) with
slight variations. Purba et al. (2021) studied density and
microfibril angle in oak and beech for dominated, small-
diameter trees harvested during thinning. Overall, the
typical radial patterns applied to both cases.

For beech, we have measured parameters describing
the juvenility in the wood of old trees in managed for-
ests with a rather large diversity of sites and management
practices. The median radial pattern for each parameter
(Fig. 8) was similar to those described for some hard-
woods in the literature for SG.

In Europe, old growth beech forests are submitted to
different silviculture regimes (Ciancio et al. 2006): even-
aged (France or Germany) or uneven-aged high forest
(Switzerland), coppicing with standards (France) or con-
version of coppiced forests into high forest (Germany,
France). They however are never resulting from homog-
enous plantation regimes (none in the 9 plots). Fagus is
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known for its shade tolerance and ability to grow very
slowly under a closed canopy (Collet et al. 2011) and
most forest plots undergo more or less severe thinning
before final harvesting, which leads to an increase of
RW due to increased access to light (Noyer et al. 2017)—
although a stronger thigmomorphogenetic response to
wind could also exert some influence (Badel et al. 2015;
Niez et al. 2020). This is reflected in the different mean
radial patterns of RW among the 9 plots (Fig. 9). For plots
7 (uneven-aged high forest) and 9 (middle forest trans-
formed into even-aged high forest), a clear increase of
RW was observed in the young ages, while the reverse
and classical pattern was detected in plots 1, 4, 5 and 6
(all even-aged forest in flat area). Similar results were
found on younger beech trees (Bouriaud et al. 2004). The
low RW values for plots 2 and 8 (even-aged, steep terrain)
could be expected related to the specific conditions of cli-
mate, or soil, while the observed increase of RW after an
initial decrease could possibly result from thinning oper-
ations in the young age.

Probably due to the large diversity of plot management,
the beech median radial pattern did not apply to many
trees. As a result, we observed no “universal” juvenile
trend for any of the 3 parameters and we observed a large
variety of radial patterns in each plot.

If the variation of wood properties had been governed
by ontogenetic determinism, similar patterns would have
been detected among trees and plots. The observed vari-
ability of radial patterns suggests, on the contrary, a dom-
inance of plastic adaptation to mechanical constraints
during tree growth (adaptive juvenility).

5 Conclusion

Based on the analysis of variance and of radial profiles,
we showed that, for the 3 variables of concern (RW, SG
and SM) within-tree variations represented the largest
part of variance. These within-tree variations occurred
both through peripheral variations (asymmetry between
North and South profiles) and through radial variations
(dependence of the property on the distance to the pith).
The patterns of radial variations of the 3 variables were
diverse, including increasing, flat and decreasing pat-
terns, as well as convex, straight and concave patterns.
Overall, these observations demonstrate that juvenile
wood in Beech did not obey to systematic variations
(ontogenetic juvenility), but was the result of plastic
adaptation (adaptive juvenility) to variable individual tra-
jectories and associated mechanical constraints.

One hypothesis that should be tested is the influ-
ence of change in access to light between trees of the
same species in a similar environment, with very dif-
ferent initial growing conditions: (i) understorey
beginning like in the primary forest, (ii) plantation at
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very high density, (iii) plantation at low density, using
heliophilic, semi-tolerant and shade-tolerant species
(Lehnebach et al. 2019). Measurement of radial vari-
ations of fibre length, ring width, basic specific grav-
ity and specific modulus should be made with narrow
spacing (each 2 mm) near the pith and larger ones (10
mm) nearer to the bark, in order to see if the transition
between radial trend from one mode to the other is
close to pith or not. Another study should be done on
plantation trees with well-documented forest manage-
ment: initial spacing (high and low), date and impor-
tance of thinning.

Moreover, modelling exercises should address grow-
ing trees with large differences in slenderness and radial
evolution of specific gravity and specific modulus.
Radial profiles of the maturation strain can be added
with different hypotheses for a better representation
of trunk growth. The tree stability (buckling or flexure
risk) at each growing step could be documented.
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