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Introduction

Release of competition by thinning promotes the growth of retained trees taking advantage of increased light and nutrients availability. However, retained trees experience also higher mechanical strains due This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4510045 P r e p r i n t n o t p e e r r e v i e w e d to higher penetration of the wind into the canopy and increased sway displacements due to the loss of the stabilizing effect of collisions between adjacent trees [START_REF] Rudnicki | The periodic motion of lodgepole pine trees as affected by collisions with neighbors[END_REF][START_REF] Webb | Analysis of tree sway and crown collisions for managed Pinus resinosa in southern Maine[END_REF]. It is well known that forest stands are much more at risk of wind hazards after a thinning [START_REF] Albrecht | How does silviculture affect storm damage in forests of south-western Germany? Results from empirical modeling based on longterm observations[END_REF][START_REF] Cremer | Effects of stkocing and thinning on widn damage in plantations[END_REF][START_REF] Valinger | Factors affecting the probability of windthrow at stand level as a result of Gudrun winter storm in southern Sweden[END_REF], in particular in the case of not recurrent and intensive thinning [START_REF] Albrecht | Coupling a tree growth model with storm damage modeling -Conceptual approach and results of scenario simulations[END_REF]. For example [START_REF] Wallentin | Storm and snow damage in a Norway spruce thinning experiment in southern Sweden[END_REF] followed wind induced damage in recently thinned stands and observed a near-linear relationship between thinning intensity and damage with 7, 42 and 74% of standing basal area damage in the control, normally and heavily thinned plots, respectively (8, 53 and 89% thinning intensity). This initial increase in the mechanical vulnerability is then followed by acclimation processes leading to an increase of wind firmness however the transition is still poorly understood.

The period of acclimation after thinning lasts several years and is characterised by preferential biomass allocation to the radial growth in the lower part of the stem and in structural roots and reduction of the height growth (Dongmo Keumo Jiazet et al., 2022;[START_REF] Mitchell | Stem growth responses in Douglas-fir and Sitka spruce following thinning: implications for assessing wind-firmness[END_REF][START_REF] Ruel | Changes in root morphology after precommercial thinning in balsam fir stands[END_REF][START_REF] Vincent | Radial growth response of black spruce roots and stems to commercial thinning in the boreal forest[END_REF]. It has been recognized that allocation of the biomass to mechanically stimulated tissues is a result of thigmomorphogenetic syndrome aiming to ensure mechanical stability of trees during their life [START_REF] Moulia | Mechanosensitive control of plant growth: bearing the load, sensing, transducing, and responding[END_REF][START_REF] Telewski | A unified hypothesis of mechanoperception in plants[END_REF]. Root growth reaction seems to be strongly affected by mechanical strains. [START_REF] Nicoll | The effects of wind speed and direction on radial growth of structural roots[END_REF] reported few significant correlations between wind speed and tree ring chronologies of stem growth, but many positive correlations with the tree ring chronologies of root growth. Further, growth increase is often immediate in roots followed by one or more years delayed growth reaction in the stem [START_REF] Kneeshaw | Patterns of above-and below-ground response of understory conifer release 6 years after partial cutting[END_REF][START_REF] Urban | Release in radial growth in the trunk and structural roots of white spruce as measured by dendrochronology[END_REF][START_REF] Vincent | Radial growth response of black spruce roots and stems to commercial thinning in the boreal forest[END_REF] however sometimes both compartments respond with a 1-yr delay [START_REF] Nicoll | Changes in Spruce Growth and Biomass Allocation Following Thinning and Guying Treatments[END_REF] or with no delay at all [START_REF] Defossez | How wind acclimation impacts Pinus pinaster growth in comparison to resource availability[END_REF].

Couple of authors tried to quantify the role of mechanical strains on the tree growth in a forestry context coupling guying of trees with a thinning experiment, looking at the thigmomorphogenetic effect in two resource availability conditions. [START_REF] Defossez | How wind acclimation impacts Pinus pinaster growth in comparison to resource availability[END_REF] focused on the 16 years old P. pinaster stem growth during three years after thinning and guying (a treatment that removes strains so mechanical stimulations in growing stem tissues). They obtained similar magnitude but opposite effects of guying and thinning on the stem growth without an interaction between both factors. [START_REF] Nicoll | Changes in Spruce Growth and Biomass Allocation Following Thinning and Guying Treatments[END_REF] reported inhibitory impact of guying on the stem and root radial growth in thinned trees in a young spruce stand. [START_REF] Constant | Disentangling the effects of mechanical stimulations in the tree growth response after thinning: First results of an experiment carried out in a beech stand[END_REF] reported that in dense beech pole stand, the mean stem growth rate at DBH of unthinned trees free to sway was multiplied by a factor 0.5 for unthinned and guyed trees, by 1.2 for thinned and guyed trees, and by 2.0 for thinned trees free to sway. Similar growth response was also observed in roots of beech poles (Dongmo Keumo Jiazet et al., 2022), only for thinned and guyed trees the ratio yielded 1.4 instead of 1.2. Mechanoperception seems therefore to play a major role in the acclimation process of both, tree stem as well as structural roots.

As a result of mechanical acclimation, root systems of forest trees are often markedly asymmetric. Roots on the leeward side of the tree in relation to the prevailing wind direction show higher diameter growth and stronger taper than roots in other directions [START_REF] Coutts | The development of symmetry, rigidity and anchorage in the structural root system of conifers[END_REF]. Specific cross-sectional shapes similar to T-beams are developed on the lee-ward side of the tree [START_REF] Nicoll | Adaptive growth of tree root systems in response to wind action and site conditions[END_REF]. [START_REF] Nicoll | Adaptive growth of tree root systems in response to wind action and site conditions[END_REF] also reported that allocation to structural roots on the leeward side was strongly correlated with maximum wind speeds and this allocation appeared to be at the expense of roots further from the tree that would have had less of a structural role. Development of windward roots was correlated well with maximum gusts in the corresponding years. We can hypothesize that considering asymmetry of the tree growth, mechanical properties of the root-soil system may be also dependent on the prevailing wind direction.

Assessing the anchorage strength change with the tree size is not as simple as for stem resistance which is a function of the tree diameter elevated at power [START_REF] Peltola | Mechanical stability of trees under static loads[END_REF]. The root-soil plate is a composite structure and therefore many parameters such as the soil type and its interaction with the root system as well as the root system architecture and the root mechanical properties will contribute to determine the overall anchorage capacity of a tree and mechanical modelling provides clues to understand the role of each factor [START_REF] Dupuy | A generic 3d finite element model of tree anchorage integrating soil mechanics and real root system architecture[END_REF][START_REF] Yang | Analyzing key factors of roots and soil contributing to tree anchorage of Pinus species[END_REF]. In addition to these in silico approaches, field experiments have been implemented. They impose a bending force (as wind forces are bending forces) and measure the critical overturning moment which causes the failure [START_REF] Gardiner | A review of mechanistic modelling of wind damage risk to forests[END_REF]. This critical force is obviously size-dependant (the bigger the stronger): growth increases the anchorage resistance against wind. However, because of the complexity of strength mechanisms in the root-soil plate, the effect of increased growth is not so clear. Experimental field studies observed that the overturning moment is globally a linear function of the stem biomass or another easy-to-measure variable) [START_REF] Lundstrom | The root-soil system of Norway spruce subjected to turning moment: resistance as a function of rotation[END_REF] and then the anchorage strength is characterized by the regression slope i.e. the critical force for a given stem biomass, which is the parameter used in the wind risk evaluation models to characterize the anchorage strength, removing the first order size effect [START_REF] Gardiner | Comparison of two models for predicting the critical wind speeds required to damage coniferous trees[END_REF]. Achim et al. (2005b) reported overturning moment in a balsam fir stands thinned 9 and 14 years earlier and did not observe any increase in anchorage strength. In contrast, other studies reported higher anchorage strength in windy stands [START_REF] Nicoll | Improvements in anchorage provided by the acclimation of forest trees to wind stress[END_REF] or at the forest edge [START_REF] Cucchi | Root anchorage of inner and edge trees in stands of Maritime pine (Pinus pinasterAit.) growing in different podzolic soil conditions[END_REF] or in widely spaced plantations [START_REF] Hale | Wind loading of trees: influence of tree size and competition[END_REF]. The latter observations were interpreted as a result of acclimation process to mechanical strains induced by wind. However, no study so far reported thigmomorphogenetic effect on the tree anchorage capacity directly.

Existing reports dealing with the tree growth and anchorage response after thinning and/or guying in the forest context focused exclusively on conifers. While growth responses are rather well documented, little is known about the acclimation of the root anchorage strength. This study examines the growth and anchorage capacity of beech poles after thinning and/or guying. Following hypothesis will be tested in this manuscript: H1: beech poles anchorage capacity and growth reaction after treatment will be stronger in the direction of prevailing winds. H2: preventing the perception of mechanical strains by guying will reduce the root anchorage while increase in the mechanical strains due to thinning will increase the root anchorage. The increase should be higher than just the size effect, i.e. the increase of strength proportional to biomass growth. H3: guying will restrict the biomass allocation to mechanically stimulated parts of the tree.

2.Materials and Methods

Stand site and experimental design

The experimental site is located within the Haye Forest near Nancy, France (48°40014.5″N; 6°05010.3″E). Stand conditions are described in [START_REF] Bonnesoeur | Forest trees filter chronic wind-signals to acclimate to high winds[END_REF]. The stand is a pure evenaged Fagus sylvatica L. stand issued from natural regeneration with the Reineke's density index of 0.87 and no previous thinning. Experimental plot area is around 2 ha. At the end of 2014, poles were c. 30 years old with an average height of 13.3m and an average diameter of 12.8cm. Four groups each consisting of ten dominant trees were selected for the study. During the winter 2014/2015 two groups were thinned removing neighbouring trees within a 4-meter radius circle centred on each target tree.

Such treatment corresponds to a very strong thinning intensity. Then, half of trees (ten thinned and ten unthinned) were guyed just below their living crown. Four treatments were therefore applied: unthinned trees free to sway (uTF), unthinned and guyed trees (uTG), thinned trees free to sway (TF) and thinned and guyed trees (TG). Trees from each group were paired according to morphologic criteria. Details about selection criteria and treatments application are given in (Dongmo Keumo Jiazet et al., 2022). The site climate is a degraded oceanic type with continental influence. Rainfall is heavy and well distributed over the year. Over the 4 years of the study, the mean annual rainfall was 700 mm and the average wind speed during the 4-year period was 3 m/s. Dominant winds came mainly from the South West quadrant.

Estimation of the tree biomass and mechanical properties of the tree stem and root-soil plate

All forty beech poles were submitted to pulling tests starting from mid-March 2019 to end of April 2019. The pulling set-up was based on [START_REF] Nicoll | Anchorage of coniferous trees in relation to species, soil type, and rooting depth[END_REF] and is displayed in Figure 1. Prior to the pulling test, the tree stem was cut at 3 m height to eliminate the contribution of the crown load [START_REF] Coutts | Components of Tree Stability in Sitka Spruce on Peaty Gley Soil[END_REF]. Trees were loaded using an electric winch (Winchmax, UK, maximal strength capacity 80 kN). The force applied to each sample tree was measured by a load cell (T20, AEP, Italy, maximum load 100 kN). The height of the cable attachment was low enough on the stem to induce anchorage failure without stem breakage. The latter varied from tree to tree, ranging from 1.6 m to 2.3 m. The angle of the cable θ 2 was measured when the pulling cable was stretched with a portable inclinometer. Two inclinometers (IS2BP090-I-CL; GEMAC, France) were tied to the tree to measure the root-soil system rotation θ 1r (at the stem base) and the total tree inclination θ 1 (close to the cable attachment point). Data from the load cell and inclinometers were recorded by a logger at a sampling rate of 20 Hz (CR1000X; Campbell Scientific Ltd., France) and uploaded to a laptop computer for processing.

The turning moment M was calculated as follows:

𝑀 = 𝐹 𝑥 𝐿𝑐𝑜𝑠𝜃 1 + 𝐹 𝑦 𝐿𝑠𝑖𝑛𝜃 1 (1)
where 𝜃 1 is the total rotation given by the deflection angle of the trunk at the cable attachment point with respect to the vertical, L is the height of the cable attachment point, 𝐹 𝑥 = 𝐹𝑐𝑜𝑠𝜃 2 and 𝐹 𝑦 = 𝐹𝑠𝑖𝑛𝜃 2 are respectively the horizontal and vertical components of the force F measured in the cable, 𝜃 2 the angle of the cable from the horizontal (Figure 1).

Figure 1: Set-up of the pulling test.θ 1r is the root-soil plate rotation, θ 1 is the trunk deflection angle and θ 2 is the cable inclination. F is the pulling force. Blue boxes represent location of inclinometers.
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Figure 2: Estimation of mechanical performances of the root-soil plate from the experimental curve. θ lin stands for the elastic strain limit, k root stands for the initial root-soil plate elasticity and M root stands for the overturning moment.

Figures are not proportional, the pre-test figure is magnified in order to make the elastic limit visible.

The root-soil plate initial stiffness and the elastic limit were first assessed in the direction perpendicular to the prevailing wind direction (pre-test) followed by uprooting of the tree in the prevailing wind direction (final test). The pre-test consisted in a cycling procedure with a progressive increase of the applied load for every new cycle (see Fig. 2). Once the residual root-soil plate rotation after the tree unloading was higher than 0.1°, the test was stopped. Elastic limit (θ lin ) was therefore computed as an interpolated value between the last elastic load step and the first post-elastic load step. Trees were then pulled until the overturning thus obtaining the overturning moment (M root ) in the main wind direction.

The root-soil plate initial stiffness (k root ) was computed as a slope between the turning moment and θ 1r in the elastic domain. To compute the root-soil plate initial stiffness in the prevailing wind direction, elasticity limit determined from the pre-test was used.

The stem resistance (M stem ) was computed as follows:

𝑀 𝑠𝑡𝑒𝑚 = 𝜋 * 𝐷 3 * 𝑀𝑂𝑅 32
, where D is the tree diameter and MOR is the wood strength. As no effect of thinning and/or guying on the wood mechanical properties was detected [START_REF] Dlouhá | Beech poles do not produce flexure wood after mechanical stimulation: how size and allometry changes the strategy to resist the wind load[END_REF] the average value of the tensile strength was used for this computation i.e. 110 MPa. The tree biomass was weighted using a load cell as detailed in Dongmo Keumo Jiazet et al. (2022), it is therefore a direct measure and not estimation based on partial sampling and allometric relationships that might be affected by treatments underwent by studied trees.

Soil and root characterization

The study area is part of the larger area known as the Lorraine plateau (6.1E, 48.7N). Three rectangular soil pits (1 m x 0.4 m) were manually dug in the stand down to the calcareous bedrock horizon. The soil is a rendosol where rooting is constrained by a stony layer with 70-90% of stones at 34.37.7cm depth. Above this stony layer two clay-silt horizons may be distinguished with above and below 101.2cm depth, containing together all roots with diameter > 2mm. Limestone bedrock is situated at 79.514.8cm. Once the root-soil plate extracted, the maximal rooting depth was measured as well as the depth of two visible horizons. A soil sample of 0.25l (cylinder of 5 cm depth and 8 cm of diameter) was taken in the middle of each horizon, placed in an aluminium box sealed with a plastic foil for subsequent determination of gravimetric soil water content. Gravimetric soil water content was determined by comparing fresh and dry weights (24 h at 105.0 °C) of the soil sample from each horizon. Weighted gravimetric soil water content was then computed as a weighted mean taking into account the depth of each soil horizon.

Root growth ring measurements

Extracted root systems were first cleaned in the forest with an air compressor before finer cleaning using a high-pressure water in the laboratory. Four largest structural roots were cut at 0.25 m horizontal distance from the stump centre. The selected roots were distributed around the tree to represent different quadrants in respect to the wind direction, leeward quadrant (North-East) and windward quadrant were designated by 1 and 2 respectively and quadrants perpendicular to the prevailing wind direction were designated by 3 and 4. The biggest roots in each quadrant was selected and a 2-cm thick cross-sectional root sample was scanned with an optical scanner at 600 dpi resolution and growth rings were measured using Image-J software. The upper side of each root was marked and the root growth ring widths were measured only in the maximal growth direction from the upper-side outer ring to the biological centre of the root. For the sake of simplicity, we will not talk about average maximal root growth ring indicator but about mean root growth ring. It happened that some quadrants could not be sampled because roots were broken. Altogether, 122 root samples equally distributed among treatments were measured. A stem disk was also collected at breast height to compare the growth response at the stem and root level. The methodology to analyse stem and root samples is further detailed in Dongmo Keumo Jiazet et al. (2022).

Statistical analysis

Statistical analyses were performed using R-software (R Core Team, 2020). We first used ANOVA on lm model to check that there were no difference in the soil water content during pulling tests as well as in the rooting depth of the tree groups. Afterwards, effects of thinning, guying and their interaction on mean values of the root system properties summarized in Table 1 were assessed by linear mixed effects models (nlme package) with pairing as a random effect. Different treatments were then compared using emmeans package (joint_tests function). Effects of thinning, guying, and their interaction on relationships between the root system mechanical properties and their predictor (stem biomass) or between mechanical properties themselves, were assessed using gls models because their AIC were systematically lower than for mixed effects models. Relationship between the root and the stem growth increments before and after treatments were assessed using linear mixed effects models with tree number as a random effect to take into account repeated measurements, introducing of pairing as a random effect did not improve the model. We assessed the normality of the data distribution with Q-Q plots, and homoscedasticity with standardized residuals against plotted fitted values and when necessary with Levene tests (package car). Weighted regressions, in function of thinning, were used for M root against M stem and M root against k root predictions.

Results

Table 1 shows that there was no difference in the soil water content between the four groups tested and the rooting depth was also the same. Considering the effect of thinning, guying and their interaction on the root-soil mechanical properties, results show that interaction factor (thinning x guying) was not significant (Table 2) while thinning and guying effects were significant for all properties tested except for the strain at elastic limit and maximal strain, with very high significance especially for the stem resistance. Thinning strongly affected the stem biomass while guying effect was not detected.

When comparing different treatments between them, the root-soil plate stiffness (k root ) and overturning moment (M root ) were significantly higher in thinned trees free to sway compared to unthinned and guyed trees. The stem resistance (M stem ) was significantly higher for thinned trees free to sway compared to all other treatments. Observed elastic limit of the root-soil plate rotation θ lin does not differ with the treatment but was higher than the threshold typically used for the non-destructive evaluation of the tree failure [START_REF] Brudi | Trees and statics: nondestructive failure analysis[END_REF][START_REF] Detter | Experimental Test of Non-Destructive Methods to Assess the Anchorage of Trees[END_REF] or identified in sub-alpine spruce [START_REF] Jonsson | Root-soil rotation stiffness of Norway spruce (Picea abies (L.) Karst) growing on subalpine forested slopes[END_REF] which was 0.25° and 0.5° respectively. However this limit was close to the elastic limit experienced by Eucalyptus trees in natural conditions [START_REF] James | Tree stability in winds: Measurements of root plate tilt[END_REF] i.e. 0.88-0.9°. Table 1: Mean values of the soil humidity, the rooting depth and the mechanical characteristics of the tree root and stem resistance for each treatment. Values in brackets stand for standard error. k root is the root-soil rotation stiffness, M root is the overturning moment, θ lin is the strain at elastic limit, θ max is the strain and M stem is the stem resistance. Table 2: p-values of the main effects and their interaction (guying and thinning) of linear mixed effect models. k root is the root-soil rotation stiffness, M root is the overturning moment, θ lin is the strain at elastic limit and M stem is the stem resistance. Table 3: p-values (gls models) of main effects and their interaction on relationships between the root system mechanical properties and the stem biomass or between different root and stem mechanical properties.

Figure 3 shows the relationship between the root-soil plate stiffness and the overturning moment against the tree stem biomass. We can see that thinned trees display surprisingly lower root system anchorage properties for a given tree biomass compared to unthinned trees. In the root-soil plate stiffness case, the regression line for thinned trees is shifted downwards while for the overturning moment, thinning affects the intercept as well as the slope of the relationship against the stem biomass (see Table 3). For example a tree with 150kg stem biomass from the unthinned plot will achieve an overturning moment of 336kN*m/rad against 232kN*m for a 150kg tree from the thinned plot which is a decrease of 44.8%. Figure 4a shows that after thinning, the slope of the regression line between the overturning moment and the root-soil plate elasticity is lower. Considering the balance between the overturning moment and the stem resistance (Figure 4b), we can clearly see that thinned trees free to sway (dark solid line) invest more in their stem resistance compared to the anchorage and this trend is reduced by guying (dotted line). When comparing selected contrasts, TF has lower slope than uTF and uTG (p-values 0.036 and 0.017 respectively) while there is no statistical difference between TF and TG. The slope (estimate and standard error) of the regression is of 2.520.85 for TF, 3.601.26 for TG and 5.380.55 for uTF and 5.770.58 for uTG.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4510045 P r e p r i n t n o t p e e r r e v i e w e d Each point represents the mean growth ring width over a four years period. Light blue regression lines and points represent thinned trees, dark blue regression lines and point represent unthinned trees. Triangles stand for guyed trees and circles for trees free to sway. Solid lines represent regression line for trees free to sway and dotted lines represent regression lines for guyed trees. Table 4: p-values (linear mixed effects models) for main effects and their interaction on the relationship between the mean growth ring in the stem and in roots.

After the analysis of the root and stem mechanical properties, we measured the biomass allocation between the tree compartments (stem and structural roots) before and after the treatments. We looked first at the mean root and stem growth ring over the period of four years. Fig. 5a shows that there is no significant difference between the four groups before treatments. Table 4 further shows that main effects (guying, thinning and period) are concentrated on the intercept which is confirmed in the Fig. 5b where regression lines for each treatment are horizontally shifted. When comparing selected contrasts, TG and uTF trees do not show any change in the biomass allocation between the tree compartments before and after the treatments (p-values 0.61 and 1 respectively) while TF clearly allocate more biomass to the stem compared to structural roots after thinning (p-value 0.0019). P r e p r i n t n o t p e e r r e v i e w e d Table 5: Mean values of the root ring width for a given treatment, time period and direction. Direction 1=NorthEast, leeward side, direction 2 = SouthWest, direction 3=SouthEast, direction 4=NorthWest. We further looked at the directional allocation of the biomass in roots in function of the main wind direction. Mean root ring and its standard error for a given treatment, period and direction is summarized in Table 5. Results of statistical tests revealed no effect of the direction before treatments (p = 0.13) while after treatments, direction was statistically significant (p = 0.00). Paired tests showed that the direction 1 (leeward side) was significantly different from direction 2 and 4 (p-values 0.0002 and 0.0008 respectively) however no difference with direction 3 was detected which has no This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4510045 P r e p r i n t n o t p e e r r e v i e w e d biomechanical meaning (we would expect more allocation along the dominant wind axis i.e. direction 1&2). Further, the interaction term between the treatment and direction is not significant (p=0.14).

Figure 6 shows that there is no anisotropy in the root-soil plate initial stiffness with respect to the pulling direction neither which is in agreement with the ring width results. When we looked at confidence interval of the regression parameters, the slope is not significantly different from unity (p=0.49) and the intercept not significantly different from zero (p=0.096).

Discussion

4.1.No directional anisotropy was detected in the growth of structural roots and the initial root-soil plate stiffness

Root systems often exhibit anisotropic growth with more structural root mass on the leeward side than the windward side of the tree relative to the prevailing wind direction [START_REF] Nicoll | Adaptive growth of tree root systems in response to wind action and site conditions[END_REF]. However data about the directional dependence of mechanical performances of the root-soil plate are lacking. In this study, we measured the initial stiffness of the root-soil plate in two directions: the prevailing wind direction and perpendicular to it. No directional difference was observed in the initial stiffness of the root-soil plate (Fig. 6) however the latter may reflect more the development of fine roots and coherence of the root system with the neighbouring soil than the thickening of structural roots that is involved in later phases of mechanical loading even if both parameters are in general well related [START_REF] Jonsson | Root-soil rotation stiffness of Norway spruce (Picea abies (L.) Karst) growing on subalpine forested slopes[END_REF]. We therefore looked also at the growth in structural roots in function of the direction of the wind loading however again, no directional preference for biomass allocation was detected along the wind direction axis. This result is in agreement with the fact that even if the wind loading at our site is anisotropic with a defined prevailing wind direction, anisotropy of the mechanical strain perceived at the periphery of the stem is much lower and likely not anisotropic enough to trigger anisotropic distribution of the growth around the stem periphery (Dongmo Keumo Jiazet, 2022).

Thinning surprisingly decreased the mechanical properties of the root-soil plate for a given tree biomass

It is widely accepted that thinning reduces the long-term risk of wind damage. However, immediately after the thinning trees are on the contrary more prone to fail mechanically [START_REF] Wallentin | Storm and snow damage in a Norway spruce thinning experiment in southern Sweden[END_REF]. This initial mechanical vulnerability after thinning is in general attributed to increased wind penetration into the canopy and lack of neighbours, when the intrinsic resistance of trees is not yet acclimated to new conditions. Thigmomorphogenetic syndrome expects increased biomass allocation to the tree parts experiencing high strains, typically the bottom part of the stem and structural roots in order to reduce the mechanical risk, increasing the mechanical strength of the anchorage during the few years of the transition period after thinning. Indeed, a couple of studies report increase in the root growth after thinning and that is hindered by guying (Dongmo Keumo Jiazet et al., 2022;[START_REF] Nicoll | Changes in Spruce Growth and Biomass Allocation Following Thinning and Guying Treatments[END_REF]. However the relation between the root growth and the change in root-soil plate mechanical properties is not straightforward. Considering the root-soil plate mechanical properties, to our knowledge only the effect of thinning was reported and no study exists on the root-soil plate mechanical properties of guyed trees. Achim et al. (2005a) studied the effect of thinning on the overturning moment of balsam fir 9 and 14 years after thinning and did not show any effect of thinning on the relationship between the overturning moment and stem biomass. But 9 and a fortiori 14 years after the thinning, the transition period might be over, thus only confirming the finding that different spacing does not affect the overturning moment-stem biomass relationship as established by [START_REF] Nicoll | The effects of spacing on root anchorage and tree stability[END_REF] and confirmed recently for example by [START_REF] Kamimura | Observations and predictions of wind damage to Larix kaempferi trees following thinning at an early growth stage[END_REF].

Surprisingly, our study shows lower mechanical properties of the root-soil plate for a given tree biomass after thinning for the elastic part of the response as well as for the final overturning moment (Fig. 3). Such finding might at the first sight contradict the capacity of the thigmomorphogenetic syndrome to ensure the mechanical security of the tree. It was also found that the relationship between the initial stiffness of the root-soil plate increased more than the overturning moment after the thinning (Fig. 4). As mentioned by [START_REF] Yang | A root-to-foliage tree dynamic model for gusty winds during windstorm conditions[END_REF], the elastic stiffness of the root-soil plate is crucial for the mechanical stability of the tree due to the fatigue in roots system occurring during successive wind gusts and therefore it should be reinforced in priority. Whereas removing the perception of the mechanical signal have changed cambial growth in stems and roots (Dongmo Keumo Jiazet 2022), no effects were detected on the scaling of mechanical properties of the root-soil plate with the stem biomass. As the mechanical behaviour of the root-soil plate is not, on the contrary to the stem, mainly influenced by the radial growth of one single beam, it will be interesting to study more accurately changes of root architecture after thinning and trade-offs between several needs and constraints. Indeed, the biomass of fine roots is known to significantly increase after thinning [START_REF] López | Thinning effects on carbon allocation to fine roots in a Quercus ilex forest[END_REF] and change in the fine root biomass production is found to be more sensitive to thinning than in thicker structural roots [START_REF] Pang | Responses of Fine Roots at Different Soil Depths to Different Thinning Intensities in a Secondary Forest in the Qinling Mountains, China[END_REF]. It might be very interesting to check the proportions of fine roots in further studies and study their role in mechanical properties. Then, for further ecological studies, we suggest to study to which extent the initial stiffness of the root-soil plate might be used as a mechanical but also hydraulic trait.

The main clue to enlighten the unexpected decrease of the root-soil plate mechanical properties with thinning is given in Fig. 4b showing the relationship between the overturning moment and the stem resistance. We can see that the slope of the regression is high in unthinned trees (5.38 for uTF, 5.77 for uTG) and is reduced in TG (3.60) and in particular in TF trees (slope = 2.52). Forest managers know that for this size of beech trees, the stem break represents the main mechanical risk and this is likely the reason why the mechanical properties of the root system for a given tree biomass are not really controlled by biomechanics and can be lower after the thinning. This finding is also in line with the model prediction of windthrow probability that is relatively low in small beech trees (around 0.2 for a 16m high beech tree based on [START_REF] Bonnesoeur | Improving statistical windthrow modeling of 2 Fagus sylvatica stand structures through mechanical analysis[END_REF]). The balance between the windthrow and stem breakage risk is among other parameters (rooting depth, soil properties etc.) species and size dependent.

Beech is a rather well rooted species with a tendency to break rather than uproot in young stages compared for example to spruce [START_REF] Stokes | The supporting roots of trees and woody plants: form, function and physiology[END_REF] whereas on very thin soils of Lorraine plateau, beech was described as sensitive species to windthrow with increasing size [START_REF] Bonnesoeur | Improving statistical windthrow modeling of 2 Fagus sylvatica stand structures through mechanical analysis[END_REF]. This change in mechanical weak point location and failure modes with tree age and size must be considered when studying changes in biomass allocation between compartments. For example [START_REF] Urban | Release in radial growth in the trunk and structural roots of white spruce as measured by dendrochronology[END_REF] reports a 3 to 9 years delay of the growth response in the stem compared to roots reacting immediately after a road clearing in a 120years old white spruce stand where uprooting might be the main mechanical threat while in younger stands with smaller trees, such delay is in general not observed [START_REF] Defossez | How wind acclimation impacts Pinus pinaster growth in comparison to resource availability[END_REF][START_REF] Nicoll | Changes in Spruce Growth and Biomass Allocation Following Thinning and Guying Treatments[END_REF]. Higher sensitivity to wind signals of roots when compared to stem was also reported on rather big trees (46 years old spruce [START_REF] Nicoll | The effects of wind speed and direction on radial growth of structural roots[END_REF]) indicating that the tree size may play an important role in the reactivity of different tree compartments to wind loading.

Guying changes the pattern of biomass allocation in the tree stem: use of DBH as a proxy to predict the root-soil mechanical properties might be risky

Preferential strengthening of the stem does not explain the apparent absence of guying effect on the mechanical properties of the root-soil plate that can be explained differently for thinned trees and for

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4510045 P r e p r i n t n o t p e e r r e v i e w e d unthinned trees. Unthinned guyed trees exhibited very little growth so that it is difficult to detect any change in the mechanical properties compared to unthinned free trees considering the short treatment duration (4years compared to 30years of growth in same condition). In thinned and guyed trees, the root-soil mechanical properties are not significantly different from uTF trees while its stem biomass increased (Table 1) and that is why the relationship between the root-soil mechanical properties and its empirical predictor has changed. This effect is not the same for the stem resistance that scales with the DBH^3 and as you can see in Figure 7, both predictors do not react in the same way to guying. It indicates that using proxies to predict the root-soil plate performances (or DBH to predict the stem biomass) may be biased if allocation patterns are modified due to environmental stresses. In the next section, we will look at what happens in the structural roots to better understand the guying effect on the biomass allocation inside the tree. 

Guying restricts the biomass allocation to mechanically stimulated tree parts while higher mechanical loading due to thinning is boosting the stem growth at the expense of structural roots reinforcement in line with the mechanical weak point location

The Vent-Eclair experiment designed with the two treatments "thinning" and "guying" aims at studying how the thigmomorphogenetic syndrome is used to control and restore the mechanical stability during the tree life, in natural conditions of disturbance of both resource availability and mechanical stimulation. In this paper, we focus on anchorage stability. As mechanical properties of the root-soil plate integrates 30years of the growth in the same condition and only 4 years under different treatments, the effect of thinning and guying is not easy to track. We therefore looked not only on global properties (stem biomass, root-soil plate mechanical behaviour) but also on growth and on the growth allocation between different tree compartments during the four years before and after the treatment to analyse changes in the biomass allocation. Figure 5b shows that in thinned trees free to sway the biomass is preferentially allocated to the stem instead of roots, pattern that is not observed in

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4510045 P r e p r i n t n o t p e e r r e v i e w e d thinned and guyed trees. Further, growth of both structural roots and the lower part of the stem is highly reduced in unthinned and guyed trees. In our dataset, effect of thinning and guying was lower in the first year, which was the driest one, for both tree compartments with no delay between the root and the stem growth response (not shown). These results support the idea of a reinforcement of mechanically most stimulated and so risky points and suggest that further developments should investigate how it is physiologically driven (how can growing cells be coordinated inside the whole tree to prioritize the weakest point) and how the priorities are enhanced in case of poor light or water resources. Comparing species and developmental stages of very different patterns of weakness and weakest compartments should be useful to develop a consistent theory, including also the different ways of filtering wind forces through the tree aerial architecture. Such a global view should provide help to go further the current studies focused on a very limited range of species, ages and conditions. For instance, we might expect great differences between conifers (mainly studied up to now) and angiosperms.

Conclusion

In this paper, we examined the growth and mechanical properties of different tree compartments (stem and root/root-soil plate) in forty beech poles in representative naturally regenerated managed forests of North Eastern France, with high stem density. We submitted trees to a factorial experiment with (i) thinning that stimulated growth and enhanced wind risk and mechanical stimuli, and (ii) guying to remove mechanical stimuli in stems and roots. After four years, we made field mechanical tests to quantify the root soil plate strength and stiffness, and we measured growth in different compartments.

We believe that such an experiment (natural or sylvicultural disturbance x guying) should be usefully replicated in many situations (species, developmental stages, silvicultures) with improvements in root volume and growth measurements. Measurements of wood mechanical properties in stem and roots as well as other tree traits as crown architecture and hydraulic conductivity and safety should be added. Such a network and database of thinning x guying experiments should support the design of a unified theory of the biomechanical control of growth allocation and its role in tree resistance to winds, using disturbance situations (thinning or other natural gap opening) to manipulate both growth and risk.

Results would be included in new generations of process-based forest growth models, avoiding ad hoc laws for allocating growth between the different compartments. As this paper suggests a priority to the weakest point (here the stem, but probably the anchorage in other situations), such a network of experiments representing a range of weakest points (stem breaks or anchorage failure) will provide a clear answer about how priorities of allocation between the different compartments are controlled by mechanical risk and stimuli and/or by other factors as hydraulic functioning or soil constraints to root development. Generally speaking, it supports new visions of growth allocation in respect to forest resistance and resilience, connecting ecological and silvicultural approaches to physiological knowledge on the response of growth processes from living cells to signalling (mechanical signals or others in interaction). 
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  Figure 3: a) Relationship between the root-soil plate stiffness and the stem biomass. b) Relationship between the overturning moment and stem biomass. Dark blue regression lines and points represent unthinned trees. Light blue regression lines and points represent thinned trees. Triangles stand for guyed trees and circles for trees free to sway.

  Figure 4: a) Relationship between the overturning moment and the root-soil plate initial stiffness. b) Relationship between the overturning moment and the stem resistance. Dark blue lines and points represent unthinned trees. Light blue lines and points represent thinned trees. Triangles stand for guyed trees and circles for trees free to sway. Solid lines represent regression line for trees free to sway and dotted lines represent regression lines for guyed trees.

Figure 5 :

 5 Figure5: Relationship between the stem mean ring width and the root mean ring width before (a) and after treatments (b). Each point represents the mean growth ring width over a four years period. Light blue regression lines and points represent thinned trees, dark blue regression lines and point represent unthinned trees. Triangles stand for guyed trees and circles for trees free to sway. Solid lines represent regression line for trees free to sway and dotted lines represent regression lines for guyed trees.

Figure 6 :

 6 Figure 6: Relationship between the root-soil plate stiffness in the direction of the main wind loading against the root-soil plate stiffness in the direction perpendicular to the main wind loading. Red line represents the y = x line. Light blue regression lines and points represent thinned trees, dark blue regression lines and point represent unthinned trees. Triangles stand for guyed trees and circles for trees free to sway.

Fig. 7 :

 7 Fig. 7: Relationship between the stem biomass and the diameter at breast height elevated at power three for different treatments. Dark blue lines and points represent unthinned trees. Light blue lines and points represent thinned trees. Triangles stand for guyed trees and circles for trees free to sway. Solid lines represent regression line for trees free to sway and dotted lines represent regression lines for guyed trees.
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