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Abstract
& Key message Mechanical acclimation of young poplars (Populus tremula × Populus alba, INRA 717-1B4) submitted to
periodic stem bending is mainly driven by compressive strains. Flexure wood and compressive flexure wood exhibit
higher mechanical resilience and lower mechanical damage.
& Context It is well known that thigmomorphogenesis modulates tree growth and the anatomical structure of wood. However,
nothing is known about the mechanical behaviour of the tissues of fresh wood formed under mechanical stimulation.
& Aims We investigated the elastic and plastic properties of the fresh wood of young poplar trees (Populus tremula × Populus
alba, INRA 717-1B4) submitted to periodic controlled stem bending that mimics the mechanical effect of wind.
& Methods For a set of trees, we applied symmetrical bending treatments, which led to the formation of “flexure wood”. For
another set of trees, asymmetrical bending treatments, including compression (or tension) only, were applied and generated
specific wood formation: “compressive flexure wood” and “tensile flexure wood”. We investigated the elastic and plastic
properties of these woods at the stem and at the local tissue levels.
& Results The results revealed that fresh wood formed under compressive treatments is more resistant to damage (damage
reduced by 44%) and a higher mechanical resilience (+ 33%), suggesting that this tissue is able to withstand higher mechanical
strains than “normal wood”. This improvement could explain the higher mechanical strength of the stem to bending (+ 42%).
& Conclusion When trees experience repetitive mechanical stimulations, they adjust the plastic plastic behaviour of their wood in
a way that improves the mechanical safety. This demonstrates the adaptive benefit of the mechanical acclimation of trees.
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1 Introduction

Trees are slender living structures that grow under fluctuating
environmental conditions (water and light resources, snow,
wind, etc.). In response to environmental signals, trees contin-
uously modulate their growth and material properties. This
process is called tree acclimation, i.e. trees implement suitable
physiological functioning to withstand variable conditions.
The existence of this acclimation process is well known
(Jaffe 1973; Telewski 1989), but the underlying mechanisms
of this acclimation remain poorly understood. In the context of
global climate change, predictions forecast an increase in
storm frequency and intensity and a decrease in the intensity
of normal winds that allow the daily mechanical acclimation
of trees (Haarsma et al. 2013; Hawcroft et al. 2018). It is
therefore essential to better understand the process of the me-
chanical acclimation of trees.

Trees that grow in windy environments mainly experience
bending stresses. It is well known that trees perceive mechanical
strains (Coutand andMoulia 2000;Moulia et al. 2015) and adjust
their development accordingly (Biddington 1986; Jaffe et al.
1984; Kern et al. 2005; Niez et al. 2018; Telewski 1995;
Telewski and Pruyn 1998): when tree stems and branches expe-
rience bending stress in windy environments, primary growth is
reduced, whereas secondary growth is highly enhanced, especial-
ly in the direction of stem bending. These mechanosensitive
growth responses to short-term bending produced by wind are
known as thigmomorphogenesis (Jaffe 1973).

The growth modulations of trees submitted to bending os-
cillations (symmetrical bending) are the result of modifications
of the anatomical, hydraulic and mechanical properties of the
wood that are involved in sap conduction and mechanical sup-
port of the tree (Badel et al. 2015). Telewski (1989) coined the
expression “flexure wood (FW)”, to designate the wood formed
under symmetrical bending and having a different structure
than “normal wood (NW)” (Telewski 1989). In hardwoods, it
is denser and has smaller and fewer vessels (Kern et al. 2005;
Neel and Harris 1971). In terms of mechanical properties, few
studies on Abies fraseri and hybrid poplars indicated a lower
longitudinal elastic modulus (E) in flexure wood (Kern et al.
2005; Pruyn et al. 2000; Telewski 2016; Telewski and Pruyn
1998). According to Kern et al. (2005), flexure wood seems to
have a lower rupture strength (MOR) than NW.

In the abovementioned studies, the intensity of stem bending
was not controlled and the authors could not distinguish the
effect of tensile stresses from compressive stresses, both being
systematically involved during a bending event. Roignant et al.
(2018) first investigated the difference between tensile and
compressive stimulations by applying controlled
unidirectional bending. Based on their results on anatomical
structure, Roignant et al. (2018) suggested updating the generic
term of “flexure wood” to distinguish the wood formed under
tensile stresses from wood formed under compressive stresses:

these two types of wood were called “tensile flexure wood
(TFW)” and “compressive flexure wood (CFW)”, respectively
(Roignant et al. 2018). For hybrid poplars (P. tremula × P. alba,
clone INRA 717-1B4), they showed that tensile flexure wood
and compressive flexure wood have less vessels and thicker
fibres than normal wood. Tensile stress has additional repercus-
sions on wood anatomy: vessels are smaller (both in length and
diameter) and fibres are smaller as well. Moreover, fibres of
tensile flexure wood show a higher proportion of G-layer
(Roignant et al. 2018) with a smaller microfibril angle (MFA),
even if this angle remains much higher than in tension wood
developed by trees in response to gravitropic load (Jourez 1997;
Roignant et al. 2018; Ruelle 2014).

Because of the strong relationship between anatomical fea-
tures and mechanical properties (Barnett and Bonham 2004;
Clair and Thibaut 2014; Evans and Ilic 2001; Fournier et al.
2006; Xu and Liu 2004; Yang and Evans 2003), all these mod-
ifications of wood anatomy suggest that wood mechanical
properties may be modulated by the thigmomorphogenetic pro-
cess. In our study, we hypothesised that acclimation to stem
bending could be a combination of acclimation to tension and
compressive stresses. Thus, we investigated the effect of both
symmetric and asymmetric bending to compare a controlled
mechanical stimulation to one close to natural oscillations under
the wind. We observed not only wood structure and elastic
properties but damage and rupture properties as well since they
may play a decisive role in the ability of the plant to survive
strong wind events. Wood mechanical properties were mea-
sured both on stem segments and at tissue level.

2 Materials and methods

2.1 Plant material

Trees were grown following Niez et al. (2018). Hybrid poplars
(P. tremula × P. alba, clone INRA 717-1B4) were clonally
multiplied in vitro on ½ strength Murashige and Skoog medi-
um (Mader et al. 2016; Murashige and Skoog 1962; Roignant
et al. 2018). After 2 months of potting and acclimation, we
selected 30 young trees for their homogeneity and transferred
them to a greenhouse at 22 ± 1 °C (day) and 19 ± 1 °C (night)
under natural light (Clermont-Ferrand, France, 45.77° N,
3.14° E). They were planted in 10-L pots that were filled with
a substrate composed of one-third black peat and two-thirds
local clay-humic Limagne soil (Bornand et al. 1975; Roignant
et al. 2018). As a complement to watering, trees received
200 g of nutritional solution per week. Trees were divided into
three equal groups submitted to different mechanical treat-
ments: trees that experienced asymmetrical stem bending
(MSa), trees that experienced symmetrical stem bending
(MSs) and control trees that were grown without mechanical
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stimulations (C). These three treatments were applied for
5 months, from May to September 2017.

2.2 Application of periodic mechanical stresses:
asymmetrical and symmetrical bending

The mechanical stimulations began 8 weeks after the trees
were repotted in 10-L pots and reached an average height
of 50 cm. The bending stimulations were applied to the
40-cm basal part of the stem (referred to as the “bent
segment”). Two types of bending treatment were applied:
asymmetric (Fig. 1a) and symmetric (Fig. 1b), i.e. either
one half of the stem was submitted only to compression
(resp. tension) for MSa trees, or wood was alternatively
submitted to tension and compression for MSs trees.
Bending treatments consisted of a session of three stem
bendings in each direction and were repeated three times a
day (9 a.m., 12 p.m. and 3 p.m.), 5 days per week. We
controlled the intensity of the maximum strain on the stem
periphery using constant-curvature templates (Coutand
et al. 2009; Niez et al. 2018). This method made it pos-
sible to apply an identical strain field along 40 cm of the
“bent segment”. We adjusted the radius of curvature of the
template every week in order to maintain a maximal pe-
ripheral longitudinal strain of the bark as close as possible
to 1% during the 5 months of treatment (Fig. 1c). This
intensity of strain was a critical limit value: high enough
to significantly modulate tree growth (Niez et al. 2018;
Roignant et al. 2018) and low enough to avoid mechani-
cal damage of the stem.

The maximal longitudinal strain εmax applied to the periph-
ery of the stemwas computed as follows (Coutand et al. 2009;
Moulia et al. 2015):

εmax ¼
D==

D== þ 2� ρ
ð1Þ

where ρ is the radius of curvature of the template and D// is the
diameter of the stem in the direction of the bending. The
presentation time was short enough (< 2 s per bending) to
avoid a gravitropic response that occurs after only 30 s of tree
tilting (Bonnesoeur et al. 2016; Jourez and Avella-Shaw 2003;
Perbal and Drissecole 1993; Roignant et al. 2018).

2.3 Sampling and preparation of wood specimens

The 40-cm-long bent segments and corresponding 40-cm-
long basal segment were collected in trees submitted to bend-
ing and in control trees, respectively (Fig. 2a). A centred stem
segment of 34 cm in length from half of the trees (n = 5) for
each treatment was used for stemmechanical characterisation.
For the other half, we sampled millimetric beams in three
areas of interest: in the wood formed under tension and/or
compression and in the neutral area, i.e. wood that theoretical-
ly experienced the lowest level of strain during the bending
treatment (Fig. 2b). Because only few millimetres of wood
were formed during the bending treatment, we made beams
with a 2 × 2 mm2 cross-section. We developed a specific pro-
tocol using a plane and a reamer in order to obtain very precise
dimensions of the parallelepiped beams (Fig. 2c). During all
steps of the specimen preparation, beams were moistened to
avoid drying. The beams used for three-point micro-bending
and for Charpy impact tests were sampled at the centre of the
bent part of the stem, in the 15–20 cm segment and 20–27 cm
segment, respectively (Fig. 2a).

Following Roignant et al. (2018), the wood formed under
compressive stresses (resp. tensile stresses) is referred to as

Fig. 1 Bending treatments. a
Asymmetrical bending
treatments. b Symmetrical
bending treatments. c Principle of
stem bending: the stem is bent on
a plastic constant-curvature tem-
plate that imposes a pure bending.
D// is the diameter of the stem in
the direction of the bending treat-
ment, ρ is the radius of curvature
of the template, L0 is the initial
length of the “bent segment”,
namely 40 cm, and εmax is the
maximal strain applied to the stem
bark
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CFW (resp. TFW), and for MSs trees, the “flexure wood” is
referred to as FW. The wood formed in the neutral area is
defined asMSa-N andMSs-N for MSa andMSs trees, respec-
tively, and collectively labelled NeW. For the sake of simplic-
ity, the wood formed in control trees (C) is referred to as
“normal wood (NW)” (Glossary of abbreviations).

2.4 Basic density and microfibril angle measurements

Basic density was measured on millimetric beams after me-
chanical characterisation. Basic density is defined as the ratio
between dry mass and saturated volume. Saturated volume
was measured using the method of hydrostatic weighting
based onArchimedes’ principle. Dry mass was measured after
drying the beams for 48 h at 104 °C.

The same specimens were then used to measure the micro-
fibril angle (MFA) of the different wood types. The measure-
ments of average MFA using an X-ray diffractometer
(Supernova, Oxford-Diffraction, Abingdon-on-Thames, UK)
were performed at the SILVATECH platform (INRA, Nancy,
France). This device has a kappa geometry and contains a
CCD detector, an X-ray tube, and a sample holder. MFA
values were estimated using the following equation (Verrill
et al. 2006):

MFA ¼ 0:8� 0:6� σ1 þ σ2ð Þ ð2Þ
where σ1 and σ2 are the widths of the Gaussian fits of the
diffraction curves.

2.5 Elastic and plastic behaviour of fresh wood
at tissue level

Millimetric beams were first tested using the Deben
microtest three-point micro-bending system equipped with
a 50 N load cell. A camera positioned in front of the
mechanical bench monitored the displacement of the cen-
tral part of the beam. This video monitoring made it pos-
sible to consider the artefact caused by a possible trans-
versal punching in the fresh wood. After three preliminary
loading cycles in the linear elastic range, samples were
submitted to a fourth loading cycle in the plastic domain
(maximal strain = 0.8%), and then finally loaded until rup-
ture. The resulting force-displacement curve was analysed
using a dedicated Matlab code. The maximal longitudinal
stress σ and strain ε (Fig. 3) in the cross section were
calculated according to beam theory, assuming a linear
stress-strain relationship within the central cross-section
(Timoshenko 1930a; Timoshenko 1930b):

σ ¼ P � L� h
8� I z

ð3Þ

ε ¼ 6� h� δ

L2
ð4Þ

where P is the force applied by the bench device to the sample,
L is the span, δ is the displacement of mobile crossties, h is the
thickness of the millimetric beam, and Iz = h4/12 is the second
moment of cross-sectional area of the beam.

Fig. 2 Sampling protocols for
mechanical characterisations. a
Half of the stems were used for
the macroscopic three-point
bending test (red segment). The
other stems were used for micro-
scopic characterisation at the tis-
sue level: 70-mm-long segments
were used for Charpy impact tests
(yellow segment), while 50-mm-
long segments were used for
micro-bending tests (blue seg-
ment). b Localisation of
millimetric beams in the three
areas of interest of the transversal
cross-section. TFW (resp. CFW)
stands for wood formed under
tensile (resp. compressive) treat-
ments. N stands for wood formed
in the neutral area of the stem, i.e.
where strains were theoretically
the lowest. c Milling of the 2 × 2
mm2 (cross section) millimetric
beams using a sample holder
specially designed for this
purpose
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From this curve, we extracted several mechanical parame-
ters. First, we computed the modulus of elasticity (E):

E ¼ σ
ε
¼ P � L3

48� δ � I z
ð5Þ

from the slope of the force-displacement curve within the
strain interval of [0%; 0.5%], assumingly included in the lin-
ear elastic range. Then, a damage parameterDa expressing the

loss of rigidity of wood following a strain of high intensity
(plastic field) was defined as the relative difference between
the initial modulus of elasticity (E) and the damaged modulus
of elasticity (Edamaged) as follows:

Da ¼ E−Edamaged

E
� 100 ð6Þ

Edamaged represents the slope of the linear part of the last
loading step.

Finally, the specific modulus (Es) was computed as the
ratio between the elastic modulus (E) and the basic density.
For a cellular material such as wood, this specific modulus
reflects the rigidity of the cell wall (Ashby 1983).

2.6 Dynamic fracture of fresh wood at the tissue level

Dynamic fracture of the millimetric beams was performed
with a Charpy impact test device that we developed in our
lab (Fig. 4a). It is dedicated to the small dimensions and prop-
erties of our fresh wood beams (Fig. 4b). The pendulum (m) is
dropped with no initial speed (ensured by an electromagnet for
reproducibility) from an initial angular position αinitial (− 90°).
It sways and breaks the beam (at position 0°) and then rises up
to the final position αfinal (< 90°). The difference between the
two positions of interest (αinitial; αfinal) corresponds to the
difference in potential energy that matches the total energy
dissipated during the test ΔE (Fig. 10 in the Appendix sec-
tion). This loss of energy ΔE is composed of the fracture
energy of the beam Efracture and the energy dissipated by

Fig. 3 Typical experimental stress-strain curve frommicro-bending tests.
Three preliminary elastic cycles (not represented here) were performed in
order to measure the elastic Young modulus (E). The strain was then
increased until 0.8% in order to generate tissue damage. One final cycle
was performed to characterise the damage. Edamaged stands for the longi-
tudinal elastic modulus after damage (0.8% strain). Damage was
characterised by the relative decrease of the elastic modulus according
to Eq. 7. MOR stands for the fresh wood modulus of rupture

Fig. 4 Charpy impact test
especially developed for breaking
energy measurements. a Principle
of the Charpy impact test: starting
from the horizontal position, the
pendulum sways, breaks the
wood beam and continues its
movement. The difference in
height between the initial and
final positions indicates the total
loss of energy ΔE that is
dissipated (fracture energy of the
sample + friction). m is the mass
at the extremity of the pendulum,
L is the length of the pendulum
and g is the gravitational
acceleration. The positions of the
pendulum are continuously
recorded by an angle position
sensor that makes it possible to
determine the corresponding
heights (hinitial, hfinal, Δh). b
Large view and details of the
device
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friction of the device itself Efriction, a fixed value we previously
measured:

ΔE ¼ m� g � L� cosαfinal−cosαinitialð Þ
¼ Efracture þ Efriction ð7Þ

where L is the length of the pendulum (cm), g the gravitational
acceleration (m s−2), and m = 173.92 g is the mass of the
pendulum. The fracture energy was then normalised by the
beam cross-sectional area in order to obtain the resilience of
the wood.

We tested three beams from C trees, four CFW beams, four
TFW beams, three MSa-N beams, seven FW beams and three
MSs-N beams (Table 3 in the Appendix section).

2.7 Elastic and rupture properties at the stem level

Thirty-four-centimetre-long stem segments were tested in an
Instron 5565 three-point bending system equipped with a 1-
kN load cell. For the same reason as for micro-bending, the
displacement of the stem was monitored by a camera fixed in
front of the mechanical bench. The analysis of the resulting
curves was similar to that of the micro-bending one curves
(Eq. 4 and Eq. 5), except that parameter “h” now stands for
the diameter of the stem at mid-span and the second moment
of cross-sectional area Iz was accurately measured by image
segmentation of the cross-section of the stem at mid-span
(Niez et al. 2018). On the basis of the stress-strain curve, we
computed the elastic modulus (E) and the modulus of rupture
of the stem (MOR), i.e. the maximal bending stress experi-
enced by the stem before mechanical rupture.

We tested five samples for each growth condition (Table 3
in the Appendix section). For MSa and MSs trees, the me-
chanical tests were performed in the direction of the bending
treatments.

2.8 Statistical analyses

All measured and computed data were statistically analysed
using Microsoft Excel 2010 software. Student’s t tests were
used to compare results in terms of specific modulus, damage,

resilience,u and MOR (p < 0.05). The values presented in this
article correspond to median values.

3 Results

3.1 Microfibril angle and basic density

Mechanical stimulations of the tree stem implied modifica-
tions of wood material structure (Table 1). compressive flex-
ure wood and flexure wood exhibited a higher microfibril
angle compared to normal wood of control trees (24.9 ±
3.2°): we observed an increase of + 9.2% (27.2 ± 2.3°, p =
4.10−7) and of + 17.2% (29.2 ± 2°, p = 2.10−13), respectively.
At the intra-tree scale, we noticed that the microfibril angle
was also higher in compressive flexure wood (+ 13%; p =
1.10−7) and flexure wood (+19.6%; p = 2.10−16) than in neu-
tral wood (either MSa-N orMSs-N). No significant difference
was observed between tensile flexure wood and normal wood
or neutral wood (MFA = 25.6°).

Similar trends were observed for basic density. We ob-
served an increase of + 16.8% and + 18.4%, respectively, for
compressive flexure wood and flexure wood compared to
normal wood. Moreover, at the intra-tree scale, compressive
flexure wood and flexure wood showed a higher basic density
than corresponding neutral wood (+ 15.8% and + 6%, respec-
tively). Nomodification was observed on tensile flexure wood
basic density compared to normal wood and neutral wood.

3.2 Specific elastic modulus of fresh wood tissues

The mechanical properties of wood were also modulated by
the mechanical stimulations of the tree stem (Fig. 5). We ob-
served different cases. Once again, compressive flexure wood
showed a lower specific modulus (11.8 ± 1.2 GPa), − 23%
(p = 0.0015), than normal wood (15.3 ± 1.1 GPa), as did flex-
ure wood (11.5 ± 0.2 GPa) compared to normal wood (−
24.9%; p = 0.00004). On the other hand, tensile stresses alone
did not significantly affect the specific modulus. Neutral wood
showed a higher specific modulus than normal wood: we ob-
served an increase of + 13.2% (p = 0.004) for MSa-N and +
7.6% (p = 0.048) for MSs-N. However, at the intra-tree scale,

Table 1 Modulation of basic density and onmicrofibril angle (MFA) of
woods formed under different mechanical stimulations. NW represents
the “normal wood” (no-bending stimulation), CFW (resp. TFW) refers to
wood tissues that experienced compressive (resp. tensile) strain only dur-
ing the stem bending treatment. MSa-N and MSs-N refer to wood tissues

in the neutral line during the asymmetrical (resp. symmetrical) stem bend-
ing treatment. FW (flexure wood) refers to wood tissues that alternatively
experienced tension and compression strain (symmetrical bending treat-
ment). Values presented are median values, and letters show the signifi-
cant differences between these values (Student t test, p < 0.05)

NW CFW TFW MSa-N FW MSs-N

Basic density 0.40 ± 0.01a 0.47 ± 0.02bc 0.41 ± 0.01a 0.41 ± 0.01a 0.48 ± 0.02b 0.45 ± 0.01c

MFA (°) 24.9 ± 3.2a 27.2 ± 2.3b 25.6 ± 4.1a 24.1 ± 2.2a 29.2 ± 2c 24.4 ± 0.9a
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we observed that both compressive flexure wood and flexure
wood had a much lower specific modulus than the corre-
sponding neutral wood. This sharp decrease reached − 32%
(p = 0.005) for asymmetric stimulations (between MSa-N and
compressive flexure wood) and − 30.2% (p = 0.0001) for
symmetrical stimulations (betweenMSs-N and flexure wood).

3.3 Fresh tissue damage

Compressive flexure wood and flexure wood specimens sub-
mitted to a plastic strain of 0.8% exhibited highly reduced
damage compared to other wood tissues (NW, NeW and
TFW). Indeed, at the inter-tree scale, compressive flexure

wood damage was − 44.1% lower than in normal wood (p =
0.002) and flexure wood damage was also − 36.9% (p =
0.0006) lower than in normal wood. At the intra-tree scale,
compressive flexure wood and flexure wood were also less
damaged than the corresponding neutral wood, − 49% (p =
0.005) and − 16.1% (p = 0.04) lower, respectively. Once
again, tensile stresses did not impact the wood damage behav-
iour (Fig. 6).

3.4 Mechanical resilience of fresh wood tissues

The resilience of compressive flexure wood (62.9 ± 4.7 kJ/m2)
was much higher than the resilience of MSa-N (+30.4%, p =

Fig. 5 Modulations of the specific modulus of wood formed under
different mechanical treatments. NW represents the “normal wood” (no-
bending stimulation), TFW (resp. CFW) refers to the wood tissue formed
under tensile (resp. compressive) stresses. FW stands for the “flexure
wood” formed under symmetrical stem bending (tissues alternatively
experienced compression and tensile strain). MSa-N and MSs-N are

wood tissues formed in the neutral area. The lines in the boxplot represent
the median values. The bottom and top edges of the box indicate the 25th
and 75th percentiles, respectively. The “+” symbol stands for outliers.
Different letters show the significant differences between these values
(Student t test, p < 0.05)

Fig. 6 Modulations of damage after a high intensity strain (εmax > 0.8%)
for wood formed under different mechanical treatments. NW represents
“normal wood” (no-bending stimulation), TFW (resp. CFW) is the wood
tissue formed under tensile (resp. compressive) stresses, FW stands for
the “flexure wood” (tissues alternatively experienced compression and

tensile strain). MSa-N and MSs-N are wood tissues formed in the neutral
area where longitudinal strains are the lowest. The lines in the boxplot
represent themedian values. The bottom and top edges of the box indicate
the 25th and 75th percentiles, respectively. Different letters show the
significant differences between these values (Student t test, p < 0.05)
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0.04) and of normal wood (+ 33.2%, p = 0.006) (Fig. 7). This
huge increase was observed for flexure woodwhose resilience
was 60.2 ± 12.6 kJ/m2 (+ 27%). However, this result cannot be
statistically verified because of the great variability of the data
(p = 0.07 > 0.05). The resiliences of the other wood tissues
were all similar: tensile stresses did not affect wood tissue
resilience.

3.5 Stem mechanical strength

The rupture event was local in the stem and always
occurred in the area where wood was under compres-
sive stresses. The results showed that asymmetrical and
symmetrical bending treatments highly increased the
stem modulus of rupture (MOR), i.e. stem mechanical
strength to bending (Table 2). This parameter increased
from 35 ± 1.4 MPa for control trees to 49.8 ± 6.2 MPa
and 45.5 ± 10.1 MPa, respectively, for MSa and MSs
trees, corresponding to an increase of + 42.1% (p =
0.003) and + 30% (p = 0.04).

4 Discussion

4.1 Bending of tree stems makes the wood density
and microfibril angle higher

Several previous studies on different species, including
gymnosperms and angiosperms (poplar hybrids, loblolly
pine and Fraser fir), have shown that “flexure wood”
presents a higher basic density and a lower elastic mod-
ulus than non-stimulated trees (Kern et al. 2005; Pruyn
et al. 2000; Telewski and Jaffe 1986a, b). These results

lead to a lower specific modulus of flexure wood. Our
investigations are consistent with these previous obser-
vations since flexure wood showed a lower specific
modulus compared to normal wood. For MSa trees, on-
ly compressive treatments significantly decreased the
specific modulus. This decrease was mainly due to the
increase of compressive flexure wood basic density,
which has a lower vessel density (− 19% compared to
“normal wood”) and a thicker cell wall in terms of
fibres (+ 10% compared to “normal wood”), as demon-
strated in Roignant et al. (2018).

Information about microfibril angle variation in flex-
ure wood is sparse and variable. However, studies on
dry wood specimens showed that the cell wall elastic
modulus is highly correlated with microfibril angle
(Evans and Ilic 2001; Xu and Liu 2004; Yang and
Evans 2003). Thus, it is interesting to note that for
fresh wood, observed variations in the specific modulus
(ratio of elastic modulus and basic density) also show
high correlations with microfibril angle variations
(Fig. 8). Our results indicate that most of the variations
in cell wall rigidity in wood produced after tree bending
are the result of ultrastructural changes at the cell wall
level and that flexure wood, formed under alternative
compressive and tensile stresses, is mainly driven by
compressive stimulations that lead to similar anatomy
and a specific elastic modulus. Higher density and
higher microfibril angle may enhance stem flexibility
as well as its strength. However, studies of flexure
wood sometimes report a slight decrease in MOR
(Kern et al. 2005). It is therefore interesting to take a
deeper look into the post-elastic linear behaviour of wood
tissues formed after symmetrical and asymmetrical bending.

Fig. 7 Modulations of the wood resilience of woods formed under
different mechanical treatments. NW represents “normal wood” (no-
bending stimulation), TFW (resp. CFW) is wood tissue formed under
tensile (resp. compressive) stresses, FW stands for the “flexure wood”
(tissues alternatively experience compression and tensile strain). MSa-N

and MSs-N are wood tissues formed in the neutral area where longitudi-
nal strains are the lowest. The lines in the boxplot represent the median
values. The bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. Different letters show the significant differences
between these values (Student t test, p < 0.05)
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4.2 Mechanically stimulated trees produce wood
with higher resilience and less post-elastic damage

Wood damage was defined as the loss of wood rigidity
after a strain of high intensity. This phenomenon is due
to sliding between fibres, irreversible ruptures at the cell
scale and micro-cracks during material strain. Our re-
sults show that flexure wood and compressive flexure
wood were more resistant to this damage process com-
pared to normal wood. Once again, the similarity of
their properties suggests that the compressive stress gen-
erated during symmetrical stem bending have a prevail-
ing impact on this damage resistance characteristic for
FW, as is the case for microfibril angle or basic density
changes. Moreover, we observed that damage seems to
be well correlated with the microfibril angle (Fig. 9).
Thus, cell wall microfibrils of compressive flexure
wood and flexure wood seem to adopt a configuration
that guarantees a higher deformability for these woods,
allowing them to withstand larger displacements with
less damage.

Previous studies showed that the elastic modulus
(Clair and Thibaut 2014; Evans and Ilic 2001; Xu and
Liu 2004; Yang and Evans 2003) is highly correlated

with the basic density and microfibril angle (MFA).
Considering wood mechanical resilience, in gymno-
sperms an increase in wood basic density associated
with an increase in microfibril angle increase wood
toughness, i.e. its capacity to absorb energy before frac-
ture (Burgert 2006; Jungnikl et al. 2009). Our experi-
ment completes these findings for an angiosperm since
we observed that compressive flexure wood was denser and
presented a higher microfibril angle than normal wood and
tensile flexure wood. These structural features explain why
compressive flexure wood showed a better resilience to me-
chanical impact. However, the high variability of our results
did not make it possible to draw definitive conclusions about
flexure wood, but the results suggest that flexure wood showed
a behaviour similar to that of compressive flexure wood, which
would be consistent with its high basic density and high micro-
fibril angle.

4.3 Compressive stresses drive the mechanical
behaviour of flexure wood

Only several studies have investigated the effects of
mechanical stimulations on fresh wood mechanical
properties. In our study, we applied two types of me-
chanical stimulations, namely asymmetrical and symmet-
rical bending treatments, in order to characterise the
mechanical properties of flexure wood (symmetrical
bending) and also to analyse the separate role of each
elementary stress generated during bending, compression
and tension, on flexure wood property modulations
(asymmetrical bending).

For the first time, our results reveal similarities in the
mechanical behaviour of flexure wood and compressive

Fig. 8 Relationship between the specific modulus of woods and the
microfibril angle of their cell wall. Red points stand for the mean value
of the specific modulus and microfibril angle for each type of wood (NW,
CFW, TFW, MSa-N, FW and MSs-N). NW represents “normal wood”
(no-bending stimulation), TFW (resp. CFW) is wood tissue formed under

tensile (resp. compressive) stresses, FW stands for “flexure wood”
(tissues alternatively experience compression and tensile strain). MSa-N
and MSs-N are wood tissues formed in the neutral area where longitudi-
nal strains are the lowest. The red lines represent the standard deviation

Table 2 Modulation of modulus of rupture (MOR) of stem that expe-
riences different mechanical stimulations. MSa and MSs refer to stems
that experienced asymmetrical and symmetrical bending treatments, re-
spectively. C refers to control trees. Values presented are median values,
and letters show the significant differences between these values (Student
t test, p < 0.05)

C MSa MSs

MOR (GPa) 35.0 ± 1.4a 49.8 ± 6.2b 45.5 ± 10.1b
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flexure wood, suggesting that compressive stress
generated during stem bending drives the formation of
flexure wood and its corresponding mechanical
properties. This hypothesis implies that trees would be
able to sense the sign of the strain that is applied to the
stem, as was previously hypothesised in the work of
Roignant et al. (2018) concerning wood anatomy
modulations, and in Niez et al. (2018) for the modula-
tions of stem cross-section shape. Moreover, such a
control would be very efficient for tree mechanical safe-
ty since compressive stress is known to be more critical
for wood because of its elongated honeycombed struc-
ture consisting of long cells with thin cell walls (Ashby
1983; Bariska and Kucera 1985; Deng et al. 2012; Navi
and Heger 2005) and because of the organisation of the
helical cellulose in the cell wall.

4.4 Benefits of flexure wood production for trees
submitted to wind

Few previous studies had looked at the stem mechanical
strength (MOR) of trees grown under mechanical stimu-
lations. Telewski and Jaffe (1986a) had shown on loblolly
pine that stems of trees acclimated to mechanical stimu-
lations withstood higher-intensity bending than non-
stimulated stems. On the other hand, Kern et al. (2005)
observed that the MOR of mechanically stimulated poplar
hybrids was not different or was even lower than non-
stimulated trees (two poplar clones out of seven). Our
results are in agreement with Telewski and Jaffe (1986a)
since we also observed a resistance gain for the stems of

mechanically stressed trees. These results on stem rupture
strength are consistent with the local modulation of the
wood properties (damage and resilience) and suggest that
the local modulations of wood properties due to mechan-
ical acclimation provide an improvement of the mechani-
cal behaviour of the stem.

In a previous study, we showed that bending treat-
ments enhance the radial growth of the trees, especially
in the direction of the bending (Niez et al. 2018). For
poplars, it was shown that such a growth response dras-
tically increases the stem diameter and its bending ri-
gidity and decreases the maximal stresses applied in the
risky areas of the cross section of the stem (Niez et al.
2018). In this study, we found that periodic stem bend-
ing leads to the formation of a wood with high MFA,
which modulates the cell wall mechanical properties and
improves the resistance of wood to damage and rupture.
As the result of an efficient strategy of biomass distri-
bution (Niez et al. 2018) and the modulation of cell
wall properties, the maximal stresses endured by the
wood are decreased in the areas of the stem where the
mechanical risk is the highest. Taken together, these
modulations, at the tree scale and at the tissue scale,
improve the ability of the stem to withstand higher
bending loading. All these modifications suggest that
tree mechanical acclimation to stem bending ensures
its mechanical stability and sustainability in fluctuating
mechanical environments and provides an adaptive ben-
efit for trees, as can be observed for trees located at the
edges of forests (Brüchert and Gardiner 2006; Gardiner
et al. 2016).

Fig. 9 Relationship between the damage property of woods and the
microfibril angle of their cell wall. Relationship between the specific
modulus of woods and the microfibril angle of their cell wall. Red
points stand for the mean value of the specific modulus and microfibril
angle for each type of wood (NW, CFW, TFW, MSa-N, FWandMSs-N).
NW represents “normal wood” (no-bending stimulation), TFW (resp.

CFW) is wood tissue formed under tensile (resp. compressive) stresses,
FW stands for the “flexure wood” (tissues alternatively experience
compression and tensile strain). MSa-N and MSs-N are wood tissues
formed in the neutral area where longitudinal strains are the lowest. The
red lines represent the standard deviation
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5 Conclusion

Thigmomorphogenesis has been known for years now to
modulate plant growth and their corresponding global me-
chanical behaviour (Jaffe 1973; Kern et al. 2005; Telewski
1989). Recent studies have shown that mechanical acclima-
tion also generates anatomical modifications at the wood tis-
sue scale (Roignant et al. 2018). Our work has shown that the
mechanical behaviour of fresh wood is highly modulated by
the thigmomorphogenetic process. Our aim was to demon-
strate the resulting separate impacts of compressive and tensile
stresses generated during stem bending on the mechanical
properties of fresh wood. In order to do this, we designed
original methods of sampling (millimetric beams) and of local
characterisation of fresh wood mechanical properties (i.e. mi-
cro Charpy impact testing machine). Our results show that
wood tissues formed under compressive treatments (CFW
and FW) have different mechanical behaviours than other tis-
sues (“normal wood” or TFW) mainly due to the modulation
of their cell wall microfibril angle. These woods (CFW and
FW) have softer cell walls (lower specific modulus) but are
more resistant to mechanical strain of high intensity (greater
MOR and lower damage property after loading). Roignant
et al. (2018) showed that the sign of strain (tensile or compres-
sive) perceived by the tissue is essential for the modulation of
the wood structure. In our study, we compared the mechanical
properties of wood produced after asymmetrical and symmet-
rical bending on young poplars to determine which signal is
crucial for flexure wood formation. The comparison between
flexure wood and compressive flexure wood strongly suggests
that compressive strain is the main driver of the changes in
wood structure and properties. Such a control would be very
efficient for tree mechanical safety since compressive stresses
are known to be the most critical stresses for honeycombed
materials such as wood. Both flexure wood and compressive
flexure wood exhibited higher density and higher microfibril
angle compared to normal wood, leading to remarkably higher
resistance to damage and higher resilience to fracture.
Acclimation of young poplars to bending therefore consists
of a modified distribution of biomass allocation around the
circumference (Niez et al. 2018), accompanied by a modifica-
tion of the wood tissue properties in order to provide a better
resistance to wind loads, and results in an adaptive benefit
process for tree sustainability in fluctuating environments.
For the first time, this study explains a part of the acclimation
process via the modulation of the mechanical properties at the
cellular and tissue levels. We can now ask ourselves if the
modulation of the anatomical pattern would also modify the
wood hydraulic properties that ensure the second vital func-
tion of the tree, sap conduction.
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Glossary of abbreviations: list and definition. This glossary gathers the
growth conditions of the trees (C, MSa, MSs) and the different types of
fresh wood C, Control trees; MSa, Trees experiencing asymmetrical
mechanical stimulations; MSs, Trees experiencing symmetrical me-
chanical stimulations; NW, Normal wood: it is formed in the control
trees, i.e. without any mechanical stimulations; CFW, Compressive
flexure wood: it is formed under repeated compressive strain in
MSa trees; TFW, Tensile flexure wood: it is formed under repeated
tensile strain in MSa trees; FW, Flexure wood: it is formed alterna-
tively under repeated tensile and compressive strain in MSs trees;
MSa-N, Neutral wood formed in the neutral line of MSa trees during
the asymmetrical stem bending treatment; MSs-N, Neutral wood
formed in the neutral line of MSs trees during the asymmetrical stem
bending treatment; NeW, Neutral wood gathering MSa-N and MSs-
N: it refers to the wood tissues in the neutral line during the asym-
metrical (MSa-N) and symmetrical (MSs-N) stem bending treatment

Appendix

Table 3 Number of tested samples. C refers to control trees. MSa and
MSs refer to stems that experienced asymmetrical and symmetrical
bending treatments, respectively. NW represents the “normal wood”
(no-bending stimulation), CFW (resp. TFW) refers to wood tissues that
experienced compressive (resp. tensile) strain only during the stem
bending treatment. MSa-N andMSs-N refer to wood tissues in the neutral
line during the asymmetrical (resp. symmetrical) stem bending treatment.
FW (flexure wood) refers to wood tissues that alternatively experienced
tension and compression strain (symmetrical bending treatment). MOR
stands for the modulus of rupture

MOR Specific
modulus

Damage Resilience

C 4

MSa 5

MSs 2

NW 5 5 3

CFW 5 5 4

TFW 4 4 4

MSa-N 4 4 3

FW 10 10 7

MSs-N 5 5 3
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