Tancrède Alméras 
email: tancrede.almeras@umontpellier.fr
  
Barbara Ghislain 
  
Bruno Clair 
  
Amra Secerovic 
  
Gilles Pilate 
  
Meriem Fournier 
  
  
  
  
  
Quantifying the motor power of trees

Keywords: Biomechanics, Gravitropism, Reaction wood, Maturation strain, Eccentricity, Efficiency

Trees have a motor system to enable upright growth in the field of gravity. This motor function is taken on by reaction wood, a special kind of wood that typically develops in leaning axes and generates mechanical force during its formation, curving up the stem and counteracting the effect of gravity or other mechanical disturbances. Quantifying the mechanical stress induced in wood during maturation is essential to many areas of research ranging from tree architecture to functional genomics. Here, we present a new method for quantifying wood maturation stress. It consists of tilting a tree, tying it to a stake, letting it grow in tilted position, and recording the change in stem curvature that occurs when the stem is released from the stake. A mechanical model is developed to make explicit the link between the change in curvature, maturation strain and morphological traits of the stem section. A parametric study is conducted to analyse how different parameters influence the change in curvature. This method is applied to the estimation of maturation strain in two different datasets. Results show that the method is able to detect genotypic variations in motor power expression. As predicted by the model, we observe that the change in stem curvature is correlated to stem diameter and diameter growth. In contrast, wood maturation strain is independent from these dimensional effects, and is suitable as an intrinsic parameter characterising the magnitude of the plant's gravitropic reaction.

Introduction

Trees are tall slender vertical structures. Their stability is challenged by different external forces, such as wind and gravity. Their mechanical design is adapted to withstand these constraints. This is achieved for example by a strong anchorage and a stiff trunk, made of a stiff and light material, namely wood. These features are part of the tree "skeletal system" [START_REF] Moulia | Posture control and skeletal mechanical acclimation in terrestrial plants: implications for mechanical modeling of plant architecture[END_REF], and are a necessary condition for its stability in the terrestrial environment. This is not, however, a sufficient condition. Growing straight and vertical also involves the action of a "motor system" [START_REF] Moulia | Posture control and skeletal mechanical acclimation in terrestrial plants: implications for mechanical modeling of plant architecture[END_REF]. This is related to the way of growing of the tree. The diameter growth of the stem is achieved by the addition of new wood layers at its external surface. During growth, the load applied on the tree by gravity (i.e. the self-weight) increases at the same time the structure itself increases in size. Because a tree is never perfectly symmetric, the increase in load induces a downward bending movement of the stem. Later growth increments will be added on a bent structure, acting with a larger lever arm, thus inducing further increase in bending moment and change in stem curvature. This situation would always lead to a weeping structure if the effect of gravity was not actively counteracted by the action of a motor system [START_REF] Fournier | Tree biomechanics and growth strategies in the context of forest functional ecology[END_REF]Alméras and Fournier 2009).

Trees are able to induce forces in their wood, in a way similar to the muscles of animals, although the underlying mechanism differs (Alméras and Clair 2016). Normal wood induces forces of low magnitude, while large magnitude is achieved by the production of a special kind of wood, called reaction wood. This wood tends to contract (tension wood) or expend (compression wood) after it is formed. Because this dimensional change is impeded, mechanical stress is induced in wood (Archer 1986). As reaction wood is produced only either on the upper side (tension wood) or on the lower side (compression wood) of a tilted stem, the formation of a new wood layer induces asymmetric distribution of stress. This reaction is generally accompanied with eccentric growth (faster radial growth on the side with reaction wood) and changes in wood elastic properties (Alméras et al. 2005;[START_REF] Clair | Physical and Mechanical Properties of Reaction Wood[END_REF], increasing the asymmetry of forces and thus the bending moment. This results in a bending moment, able to bend up the tree or just compensate for the effect of increasing weight (Alméras and Fournier 2009;[START_REF] Huang | Biomechanical modeling of gravitropic response of branches: roles of asymmetric periphery growth strain versus self-weight bending effect[END_REF].

The magnitude of the mechanical stress induced in wood is quantified through the maturation strain. This parameter can be defined as the strain that would have been induced during wood formation if it were not impeded by surrounding material. Quantifying this parameter is of major importance in different kinds of studies. In forest and wood sciences, the mechanical stresses induced in wood have important economic consequences. They are cumulated over time within the stem (Archer 1986;[START_REF] Kubler | Growth stresses in trees and related wood properties[END_REF], and cause cracks and deformations when felling the tree or sawing the logs. In ecology, this parameter is important to quantify the diversity in this major function of trees [START_REF] Fournier | Integrative biomechanics for tree ecology: beyond wood density and strength[END_REF]Alméras et al. 2009;[START_REF] Clair | Tension wood and opposite wood in 21 tropical rain forest species. 1. Occurrence and efficiency of the G-layer[END_REF] and possible trade-offs with other functions (Alméras et al. 2009). In botany, accounting for the action of tension wood is necessary to understand how the reorientation of axes in involved in the achievement of tree architecture [START_REF] Fisher | Occurence of reaction wood in branches of dicotyledons and its role in tree architecture[END_REF]. In plant physiology, this parameter is relevant to studies of gravitropism [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF]Bastien et al. 2013), i.e. the way by which plant perceive and react to gravity, to quantify the response (mechanical stress) to a stimulus (gravity). Tension wood expression has been taken as a model for functional genomics of wood formation [START_REF] Pilate | Tension wood as a model for functional genomics of wood formation[END_REF]). Quantifying tension wood maturation stress is also essential to studies aiming at understanding, at molecular scale, the mechanism by which the plant is able to generate forces (as reviewed in Alméras and Clair 2016).

The usual method for quantifying maturation strain is the released strain method. It consists of releasing the stress at the tree surface and recording subsequent strains. Practically, this is done by setting a LVDT or strain gage [START_REF] Kikata | The effect of lean on growth stress in Pinus densiflora[END_REF] at the stem surface, and cutting two grooves above and below the sensor. The released strain is assumed equal to maturation strain. This assumption is based on the fact that the wood layer at the outermost surface of the stem has been deposited recently. If the trunk is stiff enough and radial growth quick enough, associated increment in external loads has induced negligible stress increment on this layer, so that it is in a nearly native state, i.e. loaded by maturation strain only. Theoretically, this would be true for any tree in active diameter growth, provided the strain is measured at the tree surface and completely released. However, practically, the operation of strain release is made with a sensor of finite length and making grooves of finite depth [START_REF] Yoshida | Techniques for measuring growth stress on the xylem surface using strain and dial gauges[END_REF]. If the grooves are too shallow, not all the stress can be released so that maturation strain is underestimated. If the grooves are too deep, then older layers are also released and the mean state of stress of the probed wood layers is not native. Experiments and calculations show that, because of maturation strains and their accumulation over time, the field of stress in a tree stem has a specific shape [START_REF] Kubler | Growth stresses in trees and related wood properties[END_REF]. In particular, below the tree surface there is a stress gradient, so that the mean stress on a finite depth differs from the surface stress. Moreover, if the changes in tree self-load are quicker than the increase in diameter, as for example due to the development of branches or fruits, the increment of mechanical stress due to external action is no more negligible, so that the outer layer is not in a native state, and the released strain differs from maturation strain.

These metrological issues are particularly important when young stems or branches are studied, as is the case for most studies in a biological context (e.g. Alméras et al. 2006;[START_REF] Clair | Maturation stress generation in poplar tension wood studied by synchrotron radiation microdiffraction[END_REF][START_REF] Coutand | Mechanosensing is involved in the regulation of autostress levels in tension wood[END_REF], Gorschkova et al. 2015[START_REF] Lafarguette | Poplar genes encoding fasciclin-like arabinogalactan proteins are highly expressed in tension wood[END_REF][START_REF] Nishikubo | Xyloglucan endo-transglycosylase (XET) functions in gelatinous layers of tension wood fibers in Poplar-A glimpse into the mechanism of the balancing act of trees[END_REF][START_REF] Roussel | Evidence of the late lignification of the G-layer in Simarouba tension wood, to assist understanding how non-G-layer species produce tensile stress[END_REF]. For small trees, scaling effects due to allometric growth make the stem more sensitive to changes in self-weight, and the finite size of sensors make the experimental method more constraining, so that measurement of maturation strains with the released strain method fails. An alternative method has been proposed to quantify maturation strains during up-righting movement of tilted plant [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF]). The method consists of tilting a plant and recording its free up-righting movement. Using a mechanical model, we [START_REF] Fournier | Tree biomechanics and growth strategies in the context of forest functional ecology[END_REF]Alméras and Fournier 2009) made explicit the relation between the variation in curvature (in response to the development of asymmetric maturation strains), dimensions of the section, growth rate, characteristics of the section and reaction wood maturation strain. This model can be used to deduce the maturation strain from the measured change in curvature and the morphological parameters of the stem, as done in [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF] and Alméras et al. (2009). This method does not face the same metrological issues as the released strain method, and has the great advantage to be non-destructive as it can be applied during the reaction. It has however some drawbacks. The change in stem curvature on a finite period of time actually depends on the effect of maturation strain and the change in self-weight, and a correction has to be used to cancel the latter (Alméras et al. 2009). Moreover, another problem is that during the up-righting movement of the stem, the reaction is neither constant in space nor constant in time. Indeed, the up-righting movement is accompanied by a straightening movement [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF]Bastien et al. 2013) involving production of reaction wood on the opposite side of the distal parts of the stem [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF]. Therefore, the model for computing maturation strains has to be applied locally on the stem and for small periods of time, making it heavy to use.

Here, we propose an alternative method, aiming at being more precise and less time-consuming than existing methods. The method consists in tilting a stem, fasten it to a stake, and let it grow in this constrained configuration. At the end of the experiment, the stem is released from the stake and the spring-back movement of the stem is recorded as a change in curvature. Then, a mechanical model can be used to infer the maturation strain from this change in curvature and morphological parameters of the stem (such as it size, growth rate, and eccentricity). The mathematical formulation of this model will be first shown and then used to perform a parametric study analysing the dependence between morphological parameters and change in stem curvature. To demonstrate its potential in comparison with other existing methods, this new method has been applied onto two datasets.

Modelling stem reaction

Summary of this section

In this section, we make explicit the relation between the change in curvature at the level of a stem section, the value of reaction wood maturation strain, and other parameters describing the section, such as initial diameter, diameter increment, eccentricity and variations in elastic modulus. This derivation is shown for three representations of the stem section: a general representation, a model based on sine circumferential variations of properties, and a model based on step variations in properties (as described in next section, Fig. 1). For each representation of the section, two cases will be considered. In the first case, we compute the change in curvature of the stem freely up-righting during growth. In the second case, the stem is restrained during growth by tying it to a stake, and we compute the change in curvature of the stem when releasing it from the stake.

The formulation of the problem is based on beam theory and its application to a growing structure (Archer 1986). For the sine model (similar to [START_REF] Fournier | Tree biomechanics and growth strategies in the context of forest functional ecology[END_REF]Alméras and Fournier 2009), explicit formulae are provided to link maturation strain and curvature, in the free up-righting case (Eq. 27) and in the restrained case (Eq. 31). For the step-variation model, the basic equations enabling numerical computation of the model are provided. The reader not interested in mathematical developments may jump to the "Parametric study" section. Variation in grey level represents sine variations in mechanical properties around the circumference of the section. c Representation with circular shape, step variations in material properties and eccentric growth ring. Grey area represents the sector of reaction wood (here tension wood), with angular extension and specific mechanical properties

Representations of a growing stem section

Three representations will be used to derive the model. The first (Fig. 1a) is suitable for the derivation of a general formulation, and later applied to parametric representations. The second representation (Fig. 1b) is based on that used by Alméras and Fournier (2009), with an eccentric growth ring with sinusoid variations of properties. These sine variations have interesting mathematical properties enabling the development of an explicit analytic formulation, but are not completely realistic to describe circumferential variations in maturation strain. The real situation is not antisymmetric between the side with reaction wood and the opposite side, particularly in the case of tension wood: reaction wood is generally located in a sector, and the circumferential variations in maturation strain are not as smooth as described with the sine model. The last representation (Fig. 1c) is, therefore, considering a sector of reaction wood, and will be used to derive a more accurate representation as described later.

In present study, we illustrate the case of tension wood, but formulations remain correct when compression wood is considered.

General formulation

The formulation of the problem is based on beam theory. As the problem is assumed to have bilateral symmetry, only one component of the curvature (namely around Y, Fig. 1) is considered.

Let us consider a section growing between t and t + t by adding a section increment S . The section is submit- ted to internal loads increment due to impeded maturation strains distributed over the section, and external loads increment inducing a normal resultant force N ext and a bending moment M ext . These loads generate strains and stresses distributed within the section, resulting in an axial contraction 0 and a change in curvature C at the section level.

We consider that wood has elastic behaviour with prescribed strain, so that it follows Hooke's law:

where E is the elastic modulus of the material.

According to Bernoulli hypothesis underlying beam theory, the strain at a given position in the section is:

where x is the distance to the centre of the section and 0 is the strain at the level of the centre of the section.

The condition for static equilibrium is:

( 1) and ( 3) we obtain:

1) = E( -), (2) = 0 -x C, Combining Eqs. (
We consider that the maturation strain is non-zero only on the newly produced wood ring, hence: Combining Eqs. ( 4) and ( 5) we obtain:

We define the axial force and bending moment induced by maturation as:

We define the terms of stiffness of the section as:

(3)

N ext = ∬ S ds M ext = -∬ S x ds.
(4)

N ext = ∬ S E ds -∬ S E ds M ext = -∬ S xE ds + ∬ S xE ds.
(5) = 0 on S = on S.

(6)

N ext = ∬ S E ds -∬ S E ds M ext = -∬ S xE ds + ∬ S xE ds.
(7)

N mat = ∬ S E ds M mat = -∬ S xE ds. ( 8 
) K 0 = ∬ S Eds K 1 = -∬ S xEds K 2 = ∬ S x 2 Eds.
Combining Eqs. ( 2), (6-8) and considering an infinitesimal growth increment ( S → dS ) we obtain:

Case of free up-righting

In the case of free up-righting, the external loads are zero:

The elementary variation in curvature can be deduced from ( 9) and ( 10):

The total variation in curvature for a section growing from S 0 to S 1 is obtained by integration:

Case of restrained stem

In the restrained case, the external resultant force and the change in curvature are zero:

The increment in external bending moment can be deduced from ( 9) and ( 13):

The total variation in bending moment for a section growing from S 0 to S 1 can be obtained by integration:

The final change in curvature when releasing the stem from the stake is:

(9)

d 0 dS K 0 + dC dS K 1 = dN ext dS + dN mat dS d 0 dS K 1 + dC dS K 2 = dM ext dS + dM mat dS .
(10)

dN ext dS = 0 dM ext dS = 0.
(11)

dC dS = K 0 dM mat ∕dS -K 1 dN mat ∕dS K 0 K 2 -K 2 1 . (12) ΔC = S 1 ∫ S 0 dC dS dS.
(13)

dN ext dS = 0 dC dS = 0. (14) dM ext dS = K 1 K 0 dN mat dS - dM mat (t) dS . (15) ΔM ext = S 1 ∫ S 0 dM ext dS dS. (16) ΔC = -ΔM ext K 0 (S 1 ) K 0 S 1 K 2 S 1 -K 2 1 S 1
.

Note that this model, although general, neglects the effect of bark, whose stiffness and thickness are generally low.

Simplified analytical model with sine variations of material properties

The first model is based on the representation of a stem section similar to Alméras and Fournier (2009).

The section is assumed circular, with sine variations of material properties: With:

Variations in ring thickness due to eccentric growth are defined by: With:

Combining Eqs. ( 7), (17)(18)(19), the bending moment induced by maturation can be computed as:

(integrals of cosine power functions are provided in Appendix).

Case of free up-righting

Here, we assume that the neutral line is at the geometric centre of the section. Note that this assumption is not consistent with the assumption of heterogeneous elastic modulus, and is potentially a source of error. Making this approximation, K 1 = 0 , Eq. ( 11) reduces to:

(17) 𝛼(𝜃) = ᾱ + Δ𝛼 2 cos (𝜃) = ᾱ 1 + k 𝛼 cos𝜃 , (18) E(𝜃) = Ē + ΔE 2 cos (𝜃) = Ē 1 + k E cos𝜃 . k 𝛼 = 𝛼 2 ᾱ = 𝛼(0) -𝛼(𝜋) 𝛼(0) + 𝛼(𝜋) , k E = E 2 Ē = E(0) -E(𝜋) E(0) + E(𝜋) . (19) 𝛿R(𝜃) = 𝛿 R 1 + k O cos𝜃 . k O = R(0) -R( ) R(0) + R( ) .
(20)

𝛿M mat = -𝛿 R Ē ᾱ 2𝜋 ∫ 0 Rcos𝜃 1 + k O cos𝜃 1 + k E cos𝜃 1 + k 𝛼 cos𝜃 Rd𝜃 = -𝜋R 2 𝛿 R Ē ᾱ k 𝛼 + k E + k O + 3 4 k 𝛼 k E k O . (21) C = M mat K 2 .
For a circular cross section with mean modulus of elasticity Ē , the bending stiffness is given by: Combining Eqs. (20)(21)(22), the curvature increment is:

Considering that D = 2R and 𝛿D = 2𝛿 R , this can be put in the same form as in Alméras and Fournier (2009):

With the form factor f defined as:

From Eq. ( 24) and considering an infinitesimal diameter increment ( D → dD ) it comes that:

The total variation in curvature is obtained after integration:

Case of restrained stem

Assuming the neutral line is at the geometric centre of the section, K 1 (t) = 0 , Eq. ( 14) reduces to:

Considering that D = 2R and 𝛿D = 2𝛿 R and rearranging (20), we obtain: Applying Eq. ( 15), we obtain: Considering (9) and ( 22), the variation in curvature when releasing the stem from the stake is:

(22) K 2 = Ē 𝜋R 4 4 . (23) 𝛿C = -4 ᾱ 𝛿 R R 2 k 𝛼 + k E + k O + 3 4 k 𝛼 k E k O .
(

) C = -4Δ f D D 2 . ( 24 
) f = 1 + k E + k O ∕k + 3 4 k E k O . ( 25 
) dC dD = - 4Δ f D 2 . ( 26 
) ΔC = D 1 ∫ D 0 dC dD dD = 4Δ f 1 D 1 - 1 D 0 . 27 
(28) dM ext = -dM mat .

(29)

dM mat dD = - 𝜋 16 D 2 ĒΔ𝛼f . ( 30 
) ΔM ext = - D 1 ∫ D 0 dM mat = - 𝜋 16 ĒΔ𝛼f D 3 1 -D 3 0 3 . (31) ΔC = ΔM ext K 2 t 1 = - 4 3 Δ f D 3 1 -D 3 0 D 4 1 .

Model with step distribution of material properties

Reaction wood is here assumed to be located in a sector of the ring, given by angular extension . The remaining of the section is supposed to be made of normal wood. The distribution of material properties E and is assumed uniform over each sector.

The maturation loads are then given as:

S and J are the area and the first moment of area, with subscript RW for reaction wood and NW for normal wood, and indicates their increment. Let I be the second moment of area. For each radius increment R , the increment in area and moments of area relative to the centre of the ring of an eccentric sector limited by angle 1 and 2 are: where 0 , 1 , 2 and 3 are integrals of cosine powers provided in Appendix.

Area and moments of area for the computation of loads and stiffness must be computed relative to a fixed reference. For an eccentric case, the centre of the section is not fixed. The fixed reference is taken at the pith, i.e. the centre of the initial section of radius R 0 . The position of the centre of a ring with radius R relative to the pith is given by: (32)

N mat = ∬ S E ds = RW E RW ∬ S RW ds + NW E NW ∬ S NW ds = RW E RW S RW + NW E NW S NW M mat = -∬ S xE ds = -RW E RW ∬ S RW xds -NW E NW ∬ S NW xds = -RW E RW J RW -NW E NW J. (33) 𝛿S * 𝜃 1 ,𝜃 2 = R𝛿 R 𝜃 2 ∫ 𝜃 1 1 + k O cos𝜃 d𝜃 = R𝛿R 𝜙 0 𝜃 1 , 𝜃 2 + k O 𝜙 1 𝜃 1 , 𝜃 2 𝛿J * 𝜃 1 ,𝜃 2 = R 2 𝛿 R 𝜃 2 ∫ 𝜃 1 cos𝜃 1 + k O cos𝜃 d𝜃 = R 2 𝛿R 𝜙 1 𝜃 1 , 𝜃 2 + k O 𝜙 2 𝜃 1 , 𝜃 2 𝛿I * 𝜃 1 ,𝜃 2 = R 3 𝛿 R 𝜃 2 ∫ 𝜃 1 cos 2 𝜃 1 + k O cos(𝜃) d𝜃 = R 3 𝛿R 𝜙 2 𝜃 1 , 𝜃 2 + k O 𝜙 3 𝜃 1 , 𝜃 2 , ( 34 
) x 0 = k O (R -R 0 ).
Increments in moments of area computed at the pith S , J , I can be deduced from those computed at the centre of the section S * , J * , I * : Moment of area for reaction and normal wood sectors can be computed from these equations. The loads (normal force and bending moment) can be deduce using (31).

Stiffness increments for an increment in section are given by: Total stiffness terms K 0 , K 1 , K 2 can be computed by inte- gration. Any radial pattern of variations in modulus of elasticity and eccentricity can be considered with this formulation. In particular, the presence of a pith with finite diameter and negligible stiffness can easily be taken into account.

The variations in curvature in the free up-righting and restrained cases can be deduced from Eqs. (11-12) and (15, 16), respectively.

Model implementation and inversion

Above described models enable the calculation of the variation in curvature ΔC as a function of section's parameters, and in particular the value the maturation strain of reaction wood. For the sine model, the solution can be obtained analytically from Eqs. ( 27) and ( 31). The step-variation model has to be computed numerically. It was implemented using Microsoft Excel and Visual Basic. The estimation of reaction wood maturation strains RW can be obtained by inversion of the model. As the dependence of ΔC in RW is linear, this inversion is trivial.

Parametric study: influence of section parameters on the magnitude of reaction

This parametric study aims on one hand at analysing the influence of the section parameters on the performance of the reaction, namely the variation in curvature, and on the other hand at comparing the result of the analytical sine

S = S * J = J * + x 0 S * I = I * + x 2 0 S * . ( 36 
) K 0 = ∬ S Eds = E RW S RW + E NW S NW K 1 = ∬ S xEds = E RW J RW + E NW J NW K 2 = ∬ S x 2 Eds = E RW I RW + E NW I NW .
model and the numerical step model. This analysis will be conducted on the two cases considered, namely free uprighting and restrained stem. The principle of this analysis is that the response to each parameter is computed for fixed value of other parameters. The section parameters are illustrated in Fig. 4. The reference values used for the study (Table 1) are close to the mean value measured in the experimental study described later. For each parameter, the range of variation represents a reasonable range of biologically meaningful values for broad-leaf trees, i.e. trees with tension wood.

Analysis of the influence of sections parameters

Results are shown on Fig. 2. In this section, only the results of the model with step variations in properties (solid lines) will be commented. The comparison with the sine model (dashed lines) will be commented in next section.

Results show that in all cases the variation in curvature is approximately twice lower in the restrained case compared to the free up-righting case. This can be explained considering the difference between the two cases. In the restrained case, the bending moment accumulated during growth is applied on the final structure, with large stiffness. In contrast, in the case of free up-righting, each moment increment is applied to the structure at the time it appears, so that early increment are applied on a structure with lower stiffness, inducing a larger change in curvature.

Figure 2-a shows that the variation in curvature has strong inverse response to the section diameter, as could be predicted from Eqs. ( 27) and (31). Figure 2-b shows that for the free up-righting case the reaction increases with the relative radius increment, due to the fact that variations in curvature are cumulated during growth. By contrast, in the restrained case, the response presents optimum for a relative increment close to 50%. The occurrence of this optimum can be deduced from Eq. ( 31). This has consequences on the practical application of this model, i.e. experimental determination of tension wood maturation strain. Obtaining a maximal reaction by setting a 50% diameter increment improves the accuracy of this measurement as it decreases the relative error on the estimation of curvature.

Figure 2c shows that the response of the curvature is linear in the value of tension wood maturation strain for both cases, as predicted from the equations. This strong response shows that, as previously stated [START_REF] Fournier | Tree biomechanics and growth strategies in the context of forest functional ecology[END_REF], tension wood maturation strain acts as a predominant effect, being the motor of the reaction. The extension of tension wood (Fig. 2d) is also a predominant effect, although it has concave shape in both cases, so that the response is less sensitive for large values of tension wood extension (typically values larger than usually observed).

Other parameters are second-order effects, with less sensitive variations and non-zero values of change in curvature for the minimal values set for the parameter. Effect of eccentricity (Fig. 2e) is linear, and that of the MOE ratio (Fig. 2h) almost linear. In the restrained case, it can be noticed that the effect of MOE ratio is weak, so that small variations in this parameter can be neglected. For the free up-right model, pith dimension may have a large effect if it has large values (Fig. 2f), typically in the case where the stem is very young. This is due to the reduction in stiffness of the stem when pith is large, so that early increments in bending moment act on a compliant structure yielding large changes in curvature. In contrast, pith always has a negligible effect in the restrained case, because its contribution to the stem stiffness after growth is always negligible, due to the dependence between second moment of area and diameter at power 4. Finally, normal wood MOE (for a given TW/NW MOE ratio, Fig. 2g) has no effect on the performance of the reaction, because both the bending moment and the stiffness are proportional to it. Only the MOE ratio (Fig. 2h) plays a role, by increasing the bending moment for a given maturation strain.

Comparison between the sine and step-variation models

The step-variation model will be taken as a reference, because it is more accurate (by taking into account the changes in neutral line when MOE is heterogeneous) and closer to reality (as variations in maturation strain are closer to a step variation than a sine variation).

Figure 2 shows that the sine model always underestimates the curvature compared to the step-variation model. This underestimation of approximately -10% for the restrained case and -20% for the free up-righting case implies an equivalent overestimation when the reverse model is used to estimate the maturation strain of tension wood. The sine model as derived does not reflect the effects of the pith (Fig. 2f) and tension wood extension (Fig. 2d). For other parameters, the trend of the curve is the same as for the step-variation model.

Further parametric analyses (not shown) show that the results of the sine model are exactly equivalent to the stepvariation model when there is no variations in MOE and a tension wood sector of 103° is considered. This critical value actually depends on parameters such as MOE ratio and eccentricity. As stated by Alméras ad Fournier (2009), this equivalence is explained by the fact that the sine model can be considered as the first-order development of a Fourier series describing any variation in properties, for which higher order terms vanish when integrated.

Experimental validation of the method

The method was applied on two different datasets. Results presented in this section aim at validating the method by demonstrating its capacity to discriminate between different plant genotypes and to suppress first-order dimensional effects. The biological interpretation of the results will not be commented further as it is not the focus of this paper.

Plant material

The first study aimed at studying the diversity of the motor function among tropical species. It was conducted on 132 young trees from 16 tropical species. Trees were grown in a greenhouse from seeds or seedlings collected in the forest. The species chosen represent a wide diversity of morphology, their diameter at the end of the experiment ranging from 4 to 16 mm. After being acclimated in a greenhouse, stems were tied to a stake and tilted at an angle of 45° from vertical. Thereafter, trees were grown in tilted position until their external diameter reached approximately 1.5 times the initial diameter to maximize the change in curvature (see section "parametric study"). They reached this diameter after variable time, due to the diversity of growth rates between species. Finally, plants were collected and measured as described in next section.

The second study aimed at unravelling the mechanism of maturation strain generation in tension wood. It was conducted on three different poplar transgenic lines modified for a gene potentially involved in tension wood formation, as well as the wild-type untransformed line, the hybrid Populus tremula x Populus alba clone INRA 717-1B4. Three replicate trees per line were grown from microcuttings in a greenhouse during 4.5 months, until they reached a height of 1.2 m, with little variations between trees. Then they were Fig. 2 Results of the parametric study. Results are given for the two representations (step model and sine model) and for the two cases (free up-righting and restrained reaction). Vertical lines indicates the reference value used when varying other parameters ◂ tied to a stake and tilted at 35° degrees from vertical, grown during 10 weeks in this position and finally collected and measured as described below.

Measurements

The measurement protocol was similar for both studies. Trees were released from the stake, generating an instantaneous spring-back movement, so that the stem was curved, and sometimes passed the vertical (Fig. 3). A segment of the stem located at its middle was then cut and placed in horizontal position on the floor, to supress the effect of self-weight. A picture of the segment was taken to quantify the change in curvature due to stem reaction. Curvature was measured by locating points along the segment using an image analysis software, and fitting them to a polynomial function, from which curvature was derived analytically.

In both studies, a thin section was cut from the middle of the segment to analyse the morphology of the section. All sections showed a sector of tension wood located on the upper part of the section (Fig. 4), with more or less pronounced eccentric growth depending on species. Different parameters were measured to describe the section: diameter of the initial section D 0 (before tilting), final dimension of the section D 1 , diameter of the pith, location of the pith centre (to quantify the eccentricity parameter k O ) and extension of the tension wood sector (Fig. 4). As the maturation strain of normal wood NW is low and has low variability, a value -500 µstrain was assumed for this parameter, close to experimentally measured values [START_REF] Clair | Tension wood and opposite wood in 21 tropical rain forest species. 1. Occurrence and efficiency of the G-layer[END_REF], 2013[START_REF] Fournier | Mesures des déformations résiduelles de croissance à la surface des arbres, en relation avec leur morphologie. Observations sur différentes espèces[END_REF]). Other parameters were set at their measured value. The model is able to discriminate between genotypes

The model with step variation of material properties was used to compute the maturation strain of tension wood ( TW ) from the change in curvature ΔC . Estimated maturation strains ranged between -1300 and -7200 µstrains, with variations between specimens and between species. Oneway analysis of variance evidences significant differences between species for the first study (P < 0.001, Table 2), and between transgenic lines for the second study (P < 0.001, Table 2). This demonstrates the discriminating power of the method and, therefore, its suitability to analyse variations in tension wood maturation strain intensity for various research purposes.

Scaling effects are suppressed by the model

Figure 5a shows the relation between the change in curvature C and computed maturation strain TW . These parameters are correlated (R 2 = 0.48, P < 0.0001) because, as mentioned earlier, the maturation strain has a predominant effect on the change in curvature. However, more than 50% of the variance of the change in curvature is not explained by the maturation strain. Figure 5-b shows that change in curvature is also dependant on the initial radius of the stem R 0 (R 2 = 0.18, P < 0.0001). This is directly related to the size effect on curvature previously mentioned. In contrast, the maturation strain is not correlated to stem diameter (Fig. 5c, R 2 = 0.002, P > 0.05). This demonstrates that the analysis of curvature is not appropriate for estimating the magnitude of the reaction at the material level, because it includes effects of section dimensions that are not directly related to material properties: the smaller the section, the larger the change in curvature, irrespective of the magnitude of maturation strain.

Figure 5-d shows that the change in curvature is practically uncorrelated (R 2 = 0.013, P > 0.05) to the relative radius increment. This is consistent with the weak dependence shown in Fig. 2b. The correlation between maturation strain and relative radius increment (Fig. 5e) is even lower (R 2 < 0.001, P > 0.05), showing that the model captures this weak effect size effect.

Discussion and conclusion

Magnitude of estimated maturation strains

The range of maturation strain values encompass values usually measured with the strain-release method on adult trees [START_REF] Clair | Tension wood and opposite wood in 21 tropical rain forest species. 1. Occurrence and efficiency of the G-layer[END_REF][START_REF] Clair | Patterns of longitudinal and tangential maturation stresses in Eucalyptus nitens plantation trees[END_REF][START_REF] Fournier | Mesures des déformations résiduelles de croissance à la surface des arbres, en relation avec leur morphologie. Observations sur différentes espèces[END_REF]), but values larger than usual (namely larger than ~ 4000 µstrains) are also found. At least two reasons justify that measured values are larger than those measured with the strain-release method on adult trees. First, the strain-release method intrinsically tends to underestimate the magnitude of real maturation strains as argued in introduction. Second, measurements performed in the current study are made on severely tilted and restrained stems, so that the expression of the reaction is strong, and likely larger than in naturally tilted adult trees.

Values measured here are globally two times lower than the values of efficiency estimated with the free up-righting method in Alméras et al. (2009). This is related to the fact that in instance the free up-righting method was used to estimate a global efficiency at the section level, including the effect of form parameters (Eq. 25, Alméras and Fournier 2009;Alméras et al. 2009) rather than the value of maturation strain itself. As form parameter act in synergy with maturation strain, the efficiency at the section level, as described in Alméras et al. (2009), is intrinsically larger than the maturation strains itself.

Estimating efficiency vs. estimating maturation strains

The sine model reflects the effects of variations in MOE and eccentric growth, but does not account for tension wood extension. As a consequence, the value of estimated by the sine model is not exactly equal to the difference in maturation strains between the two sides of the stem. It is the value that would have if the variations were sine variations, and it is equivalent to the step-variation model only if for a particular value of the extension of tension wood. If the extension is larger, as usually the case, estimated by the sine model overestimates the real difference in maturation strain.

The sine model is not able to directly estimate tension wood maturation strain, but is suitable to estimate an efficiency of the reaction as defined in Alméras et al. (2009), i.e. f in Eqs. ( 27) and (31). The efficiency includes both the magnitude of the difference in maturation strain and the effect of form parameters such as eccentricity, distribution of MOE and real extension of tension wood. The same efficiency can be achieved, for example, either by a tension wood with large maturation strain or by a tension wood combining moderate maturation strain with eccentricity and variations in MOE. Compared to the measurement of curvature, it supresses first-order dimensional effects. It quantifies the intensity of the reaction for a given size (diameter) and a given cost (growth). It is suitable e.g. to compare globally the intensity of the reaction between plants, for example to study trade-offs between the motor function and other functions in an ecological context (Alméras et al. 2009), irrespective of the way a given efficiency is achieved.

The step-variation model enables the direct estimation of tension wood maturation strains. This parameter is suitable to compare biomechanical properties of different kinds of woods, for example belonging to different genotypes. Typically, this can be used to estimate the intensity of the tension wood produced in kinematic studies of gravitropism [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF]Alméras et al. 2009;Bastien et al. 2013), compare the motor power of different types of tension wood [START_REF] Ruelle | Growth stresses and cellulose structural parameters in tension and normal wood from three tropical rainforest angiosperm species[END_REF] or to study the mechanism generating the mechanical stress during tension wood formation (reviewed in Alméras and Clair 2016).

The restrained stem method vs. the free up-righting method

The restrained stem method has many advantages on the free up-righting method. The free up-righting movement of a stem is the result of two phenomena: the gravitropic up-righting and the autotropic straightening [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF]Bastien et al. 2013). The former is expressed in early stages of the uprighting process, and implies the production of tension wood in the upper side of the stem. The latter occurs in a second phase, and implies an inversion of stem curvature necessary to achieve a straight and vertical shape without overshooting the vertical. The stimulus (inclination) and the reaction are, therefore, not constant in time (during growth), neither in space (along the stem). This implies that the model can only be applied over short periods of time, and only on parts of the stem that are actively reacting. Thus, changes in curvature have to be repeatedly measured, and the model has to be applied on short growth increments. In contrast, during the growth of a restrained stem, the stimulus and reaction are kept constant in space and time, so that this method can be applied over the whole growth period. Less measurements are thus necessary and the method is more accurate.

Moreover, because the method is applied to the full period of growth, the morphological and physical properties of the section (initial diameter without bark, growth increment, eccentricity, tension wood extension, variations in MOE) obtained after stem sectioning can be used to feed the model. Furthermore, in the free up-righting method, the change in self-weight during up-righting has to be accounted for (Alméras et al. 2009), whereas in the case of the restrained stem it can be neglected. Finally, the effect of maturation kinetics [START_REF] Coutand | The gravitropic response of poplar trunks: key roles of prestressed wood regulation and the relative kinetics of cambial growth versus wood maturation[END_REF], i.e. the delay between tension wood formation and induction of maturation strains may have consequences in the case of the free up-righting method, whereas these consequences vanish when a large period of time is considered, as for the restrained stem method. The restrained stem method need less measurements and is more precise than the free-up-righting method to estimate the efficiency in the motor function. Application of this method to various research contexts should enable significant progress on the understanding of the motor function of trees.

Fig. 1

 1 Fig. 1 Representations of a growing stem section. a Section of any shape with bilateral symmetry. The initial section is S and the section increment is S . Variation in grey level represents any variations in mechanical properties around the circumference of the section. Tissues with larger tension on the right side generate a bending moment M whose sign is indicated on the figure. b Representation with circular shape and sine variations in material properties. The initial section has diameter D and the newly grown ring D + D . The growth

Fig. 3 Fig. 4

 34 Fig.3Illustration of the tree reaction. Left: stem tied to a stake that has grown tilted. Right: spring-back movement after releasing the stem from the stake

Fig. 5

 5 Fig. 5 Suppression of dimensional effects by the model: the change in curvature is strongly correlated to initial diameter and slightly correlated with relative growth increment. Computation of tension wood maturation strain suppresses these correlations

Table 1

 1 Range of values used for the parametric study. TW: tension wood, NW: normal wood, MOE: modulus of elasticity

		Unit	Reference value Range
	Initial diameter	mm	5	1-10
	Relative diameter	-	0.5	0-3
	increment			
	Pith relative radius	-	0.4	0-0.95
	TW extension	°135	0-180
	Eccentricity	-	0.67	0-0.95
	NW MOE	MPa	2800	1000-10,000
	TW/NW MOE	-	1.2	0.5-2
	Maturation strain TW µstrain -5000	-500 to -10,000

Table 2

 2 

	Analyses of variance of the effect of genotype on	Source	DOF	Sum Sq	Mean Sq	F	Pr > F
	tension wood maturation strain	First study (Poplar transgenic lines)			
		Model	4	7.60E-06	1.90E-06	5.330	0.001
		Error	46	1.64E-05	3.56E-07		
		Total	50	2.40E-05			
		Second study (Tropical diversity)			
		Model	15	5.51E-04	3.67E-05	10.951	< 0.0001
		Error	116	3.89E-04	3.36E-06		
		Total	131	9.40E-04			
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Appendix

Integrals of cosine powers: