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Abstract

Gravitropism is necessary for plants to controlahientation of their axes while they grow in heigh

In woody plants, stem re-orientations are costlyalnse they are achieved through diameter growth.
The functional diversity of gravitropism was stutli®dm check if the mechanisms involved and their
efficiency may contribute to the differentiation leight growth strategies between forest tree speci
at the seedling stage. Seedlings of eight trogipaties were grown tilted in a greenhouse, and thei
up-righting movement and diameter growth were meskuduring three months. Morphological,
anatomical and biomechanical traits were measuréideaend of the survey. Curvature analysis was
used to analyse the up-righting response alongstms. Variations in stem curvature depend on
diameter growth, size effects, the increase inwelfjht, and the efficiency of the gravitropic réaa.

A biomechanical model was used to separate thaseitmations. Results showed that (1) gravitropic
movements were based on a common mechanism assbtiasimilar dynamic patterns, (2) clear
differences in efficiency (defined as the changeurvature achieved during an elementary diameter
increment for a given stem diameter) existed betms®ecies, (3) the equilibrium angle of the stem
and the anatomical characters associated to tivgeeffy of the reaction also differed between sp&ci
(4) the differences in gravitropic reaction weréated to the light requirements: heliophilic spsgie
compared to more shade-tolerant species, had erlafficiency and an equilibrium angle closer to
vertical. This suggests that traits determininggfrevitropic reaction are related to the strateigjgbit
interception and may contribute to the differemiat of ecological strategies promoting the
maintenance of biodiversity in tropical rain fomest
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Introduction

Tropisms and gravitropism are processes observall plants and studied for more than a
century (Darwin and Darwin, 1880), with importantirient works about the perception
mechanisms at cellular level (Morita and Tasaka)42Humphrey and Bonetta, 2007).
These physiological works aim at providing new gh$s into how plants use tropisms to
achieve adaptive growth movements (lino, 2006) piems are key processes for plants to
insure mechanically stable height growth. Display efficient gravitropic reaction is
essential to correct mechanical perturbations witminimal investment in biomass and
allow successful height growth and light intercepti(Alméras and Fournier 2009). To
assess the adaptive significance of tropisms, tiseeeneed to analyse the response at the
whole plant level in order to define functional itsa characterizing the gravitropic
performance and response (Fournier and Moulia 2@8)h responses are usually observed
and quantified through experiments in controlledditions. Biomechanical analysis of the
involved motor processes.e., processes that follow the perception processek that
provide the necessary mechanical energy to cumepldint axis, provides useful tools for
analyzing the observed responses, through spatidélimg of cumulative strains along the
growing axis and mechanical modelling of the coretireffects of size, geometry, tissue
properties and growth on the observed movementKdleskaset al., 1999a; Meskauskass

al., 1999b; Coutanet al., 2007; Sierra-de-Grada al., 2008; Alméras and Fournier 2009).
Gravitropic movements are due to the induction syfnametric mechanical stresses in the
tissues, both in turgid herbaceous and woody s{éfagiowicz 1997). However in woody
tree stems, the magnitude of forces required toecthre already lignified and stiff stem is
much higher, and cannot be achieved by turgor-iedwtresses. This gravitropic reaction is
achieved by another process, the induction of asgtmen“maturation stress” in the newly
formed growth ring, which generally induces a skage of the fibre secondary wall after its
formation (Archer 1986). In reaction wood producedone side of tilted stems, maturation
shrinkage is different: higher in tension wood progd on the upper side of dicotyledonous
tree, opposite (expansion) in compression woodywed on the lower side of conifers. This
results in a bending moment that curves up the sigincounteracts the effect of increasing
weight. Because it only occurs during the maturatib a new growth ring, the gravitropic
reaction in woody stems is necessarily relatedameter growth increments. Fournatial .,
(19944a; 2006) showed that when a stem reacts th@f&hange in curvature is proportional
to the rate of diameter growth and inversely prtpoal to the stem cross sectional area. As
recently pointed out (Moulia and Fournier 2009),ist essential to control for these
dimensional effect in order to compare the grapitgeaction between stems that differ in
size and growth rate. The coefficient of proporiiy was termed the “gravitropic
efficiency” (Alméras and Fournier, 2009). It qudies the intrinsic efficiency of the
mechanism, independently of the growth rate anu sige.

This efficiency depends mechanistically on varipasameters of wood properties and stem
anatomy (Alméras and Fournier, 2009) that diffetwleen species, such as the maturation
strain of tension wood (Fourniet al., 1994b; Almérast al., 2005) and opposite wood
(Clair et al., 2006a), the structure of tension wood fibres ifGtaal., 2006b; Ruellest al.,
2006; Ruelleet al., 2007), the eccentricity of diameter growth (Alaset al., 2005), the
cross-sectional heterogeneity of tissue stiffnddsi¢raset al., 2005) and the timing and the
location of the reaction along the stem (Coutetral., 2007; Sierra-de-Grack al., 2008).

We hypothesize that the diversity of the charaaterslved in the gravitropic reaction and
the resulting diversity in efficiency may contributo the differentiation of height growth
strategies among young tropical trees, in reldiiotmeir developmental and ecological traits.
For seedlings of light-demanding species, competifior light is a major issue and is
achieved through a rapid height growth, so thair theavitropic reaction is expected to
reorient the stem quickly and efficiently towardse tvertical. Species with lower light
requirements and a more opportunistic behavioterned to as semi-tolerant species, should
be more tolerant to departure from the vertica¢mation to allow exploration of the light
environment, and are therefore expected to haeesel gravitropic control. Differences in



the efficiency of the mechanism are also expeaiduktrelated to developmental traits such
as stem anatomy and tree architecture. Mecharicaiderations show that the efficiency is
expected to be larger in species producing a largeunt of tension wood located on the
upper side of the tilted stem, correlatively witttentric diameter growth, and in which the
pith is large (Alméras and Fournier, 2009). The tamnof the gravitropic reaction is
expected to be influenced by the plagiotropic dharopic habit of the stem, which defines
its position of equilibrium in the field of graviipigby and Firn 1995).

To test these hypotheses, the gravitropic reaafamopical seedling belonging to species
with contrasted ecological and morphological traiss studied. The stems were tilted in
controlled conditions, and their up-righting movermevas measured. Curvature analysis
(Coutandet al., 2007) was used to study the dynamics and theriaties of the up-righting
movement. A biomechanical model (Fourréeal., 2006; Alméras and Fournier, 2009) was
used to separate the effects of the increasingwastfht and the balancing gravitropic
reaction, and estimate the gravitropic efficiendyhe kinematics of the up-righting
movement, the angle of equilibrium of the stems, dhavitropic efficiency and associated
morphological and anatomical traits are analyzedptovide a first evaluation of the
functional diversity of the gravitropic reaction charits possible relationship with other
ecological or developmental traits.



Material and methods
Plant material and tilting treatment

The study was conducted on 8 tree species comnoumhd in the coastal tropical rainforest
of French Guiana, covering a wide range of liglgureements (based on Paracou permanent
plot data, Favrichon, 1995). We included two gengith two congeneric specie¥i(ola
and Eperua) to check whether important variations of graypioefficiency could exist in
phylogenetically close species. Botanical namesnaaid ecological traits are shown in table
1. Architectural models are also mentioned, asvémg common Troll's model (Hallét al .,
1978) is characterized by a more or less markegigitapic habit of the main axis during
seedling stages. This character could influencentte plants react because, on one hand,
the tilt angle of the stem induces a mechanicaurhance and, on the other hand, the
process of gravitropic regulation is expected tepkéhe stem at a non-zero angle from
vertical.

Seedlings were grown in pots in a nursery at theFBG Campus (Kourou, French Guiana),
either from seedsCarapa procera, Eperua falcata, Eperua grandiflora, Virola michdlii,
Virola surinamensis) or transplanted seedling€dcropia obtusa, Dicorynia guianenss,
Tachigali melinonii). Seeds were planted in February 2005, and sesdhrere transplanted
later (T. melinonii: 7/2005,D. guianensis: 8/2005,C. obtusa: 10/2005). In February 2006, 8
seedlings were selected per species to constitut®g@eneous sets and were transferred into
a shade-house (15% of full light). All seedlingsrevapproximately 1 year old at that time,
except those ofC. obtusa that were only 6 month old. Differential growthtes and/or
reaction to the transplantation resulted in hetemegus size between species at the
beginning of the survey (Table 1).

The pots were placed at random positions on a 38ied strand to induce a tilt angle.
Previous works have shown that this angle was g#ypesdequate to induce a maximal
gravitropic reaction of the stem, without inducitige development of epicormic shoots
(Yoshidaet al., 2000; Yamashitat al., 2007). Pots were watered at field capacity dutireg
whole survey.

Up-righting and growth measurements

Up-righting movement and diameter growth of thediegs were measured between
February and May 2006. At the beginning of the expents, measurement points were
marked with paint every centimetre along the stemmfits base to its tip. Only the part of
the stem already formed at the beginning of thevesumwas measured, not the further
elongated part. The location of each point alorgy stem was recorded every two weeks,
using a magnetic digitizing device (3SPACE FASTRARolhemus) with associated
software (Sinoquet and Rivet, 1997; Adam, 1999)s Hfiows to record the 3-D position of
the points with a precision usually <1cm. The ditenevas measured once a month with a
digital calliper, every two centimetres along thens.

At the end of the experiment, the seedlings were atutheir base, and destructive
measurements were performed to evaluate biomedigmecameters. The total length of
each seedling (including the part extended durimg éxperiment) was measured. The
morphology of the seedlings was then characterimidg a previously described protocol
(Jaoueret al., 2007): the stem was divided in 8 segments on twtfie basal diameter and
the fresh weight of stem, branches and leaves me@sured. Segments of the stem were
kept for mechanical tests and anatomical obsemstio

Mechanical tests: apparent modulus of elasticity

One segment was taken at the base of each stelkephth water a few days before being
tested. The apparent modulus of elasticity was oredsusing a 3-point bending test, with a
procedure similar to Rowet al. (2006). The measured parameter is representatitieeo
mechanical behaviour of the whole segmest, not the wood only, but also the bark that
may display a significant contribution in youngrage(Niklas, 1999). For all measurements,
segments were taken slender enough (length/diam@eto avoid any significant effect of



shear. The stem segment was put on two holderssacckssive loads were applied at its
mid-point. The deflection induced by the loads werded using a calibrated optic system.
The apparent modulus of elasticEy[N.m?] characterizes the mechanical behaviour of the
materiel in the linear domaing., when the deflection is proportional to the lodd)e larger
E, the stiffer the material. It is computed as:
_ WIH? )
4801 [y '
where W [N] is the applied weightH [m] is the distance between holdeys[m] is the
deflection at the mid-point, anid[m?] is the moment of inertia of the cross-sectiont &0
circular section) = 7D* /64, whereD [m] is the diameter.
Equation 1 holds for a beam of uniform diameten. &adapered structure as stem segments
usually are, this formula is no longer strictlyidaBecaus® is at power 4 in equation 1, we
performed a preliminary study to check if the tapeuld be neglected. The diameter was
measured at 11 positions along each stem, in Zpdrgular directions. At each position, the
geometrical mean of the two diameters was takdhesepresentative diameter. Data were
then processed using a numerical model that acedointhe heterogeneous taper to estimate
E. These reference results were compared to thosedban equation 1, using various
formulae to compute the representative second mbuofeareal from then=11 diameter
data (Table 2): (1) using the second moment of eme@sponding to the mean diameter; (2)
using the mean second moment of area; (3) usingetiprocal mean second moment of
area; (4) using the exact formula for a conicalnipgaut in the same form as equation 1; (5)
using the second moment of area correspondingetditimeter at the mid-point of the stem.
The results (Figure 1) show that method (5), whécthe simplest method, is also the most
accurate with a value of Rz and a slope both diode(Table 2).

Anatomical observations

Anatomical observations were performed on 2 segsllimer species. Three segments were
taken from each studied seedling, representativbeoproximal, median and distal parts of
the stem. Within each segment, a 20um-thick crestes was cut with a sliding microtome
and stained with Safranin-Fast Green. This stégméfied tissues in red and poorly lignified
tissues €.g. tension wood) in blue. The following charactersravgualitatively observed:
abundance and location of tension wood, degreea#rgricity, relative thickness of the pith,
wood and bark.

Curvature analysis and computation of geometric descriptors

The 3-D coordinates of points every centimetre @ltme stem were processed to obtain
numerical information about the change in orieotatand curvature of the stems. Points
were first projected into their main vertical plafe., the vertical plane that minimizes the
distance between the original points and the ptefepoints) to reduce them to a 2-D
information. The curvatured.é., the local change in angle per unit length) ahgaaint along
the stem was computed from these data using theegooe described in Coutartl al.
(2007). Curvature data were used to analyze thenkdtics of the gravitropic movement and
compute efficiency parameters at the species [geel next section).

Three global descriptors of the stem shape werguted: the secant anglieg(, the angle of
the line joining the first and the last points)e throximal anglei(e., the angle of the line
joining the first point and the point located a®B8®f the total length) and the distal angle
(i.e, the angle of the line joining the point located78% of the total length and the last
point). All angles are expressed relative to theica direction. Proximal and distal angles
were used to analyze the dynamics of up-righting, the secant angle was used to compute
the lever arm associated to the increasing weggd (iext section).

Biomechanical model of gravitropic efficiency
The gravitropic change in curvature of a stem psrachieved through the asymmetric
development of maturation stress within a new wdager. Based on mechanical

considerations, Fourniet al. (2006) showed that the change in curvatu®e[th™] due to
the maturation of an elementary diameter increrdBnfm] depends on the diameter of the



stemD [m] and on a dimensionless parameter relateddadibmechanical efficiency of the

mechanism, hereafter denoted
dC, e
—r =4 2
dD D? @
Integrating equation 2 over a finite diameter imoe@t, the gravitropic efficiency can be
estimated from the joined measurements of the ehamgurvature due to the gravitropic
reactionAC, and diameter growth given by the initial and fidemeterd; andD; (Coutand
et al., 2007):

AC [ 1 1
= | ——-— 3
& 4 (Di D; j 3)
However, the total change in curvatu@dduring an elementary growth period is the sum
of the gravitropic reaction@ and the bending due to the increasing wei@ht dhe effect
of weight can also be expressed as a functionarheier growth, for a straight tilted stem
whose allometry is defined by power laws (Almérad Bournier, 2009):

dcC, _ 309 SingL (b, +1) H? @

dD EQm+1){2n+1) D?
whereg is the gravitational acceleration (9.8 kg)Ng|[rad] is the tilt angle of the sterh,
[kg.m?] is the load ratio of the stemé, the ratio between the above-ground fresh mass of
the plant and the volume of the steid)[m] is the height (total length) of the stebh[m] is
the diameter at its basg, [N.m?] is its apparent modulus of elasticity,andm are two
dimensionless parameters relative to the taperd@stdbution of loads within the stem, so

that the diameter at a distaneérom the base i®(s)= D[{l-s/H)" and the load located
distal tos is M (s) =M, [{l-s/H)", whereM is the total above-ground mass of the tree.
Parameteby is the ratio between relative height growth andtiee diameter growth, that
can be deduced from the allometric relation betw¢@mdD (H =a,, (D™ ).

For stems of the size used in this study, prelimirealculations show that, when the stem
reacts during an elementary diameter incrementysually have |@,| <<|dC|, so that Gy
may be a good approximation afd Therefore, we expressedin the following form:

g = /( —_— ]—em ©

4 D, Dy

wheree, is a corrective term related to the effect of vaeidts value can be deduced from
equations 2 and 5 to check whether or not it idigibde:
B 8gE*l;ingo[l_E(1+bH)EI-I2 ©)

S E(m+){2n+1) [D
This corrective term was calculated using specieamvalues for all parameters, obtained
from morphological and mechanical measurementse Nt the sign o, is opposite to
that of e, so that neglecting the corrective term would léadan underestimation of the
gravitropic efficiency.
The efficiency of the curving process was estimdtedeach species from the statistical
relation between the diameter growth (measured/Bg-1/D; according to equation 3)
occuring at a given level in a stem, and the changeirvature computed at the same level.
We used data concerning the first 2 months onlgabse many stems reached the vertical
position and were not fully reacting any more dgrihe third month. As done by Coutagtid
al. (2007), as the reaction could change with tineenfan upward curving to an autotropic
counter-curving, we applied equation 3 for the ssstve two-week periods, summing
absolute values of changes in curvature, and cangpéne sum to the total growth during
the two months. Six stems were excluded from thalyars because the quality of
digitization data was not good enough to obtaifabé estimates of changes in curvature.
The parametee estimated from this regression analysis indicttesmean efficiency of a




species, while the scatter of the relation indisdle variability of the process between stems
and/or between positions along the stems. The tgopi¢ efficiencye and the corrective
terme, are both homogenous to a straim.{ a relative change in dimension), and will be
expressed in units of mm/m.



Results
Dynamics and kinematics of the up-righting movement

The mean up-righting dynamics of each speciessplaljed on figure 2. On figure 2a, the
mean distal angle is plotted as a function of tleamproximal angle, for each date. The set
of all dates represents the mean trajectory ofaiep. Each position on the chart defines the
orientation and shape of a stem at a particula. daame theoretical examples of stem shape
are displayed on figure 2b, with correspondendfégposition on figure 2a. A point located
on the first diagonal (such &and F in figures 2a and 2b) has the same angts imasal
part and its distal part, indicating that it iged but with a straight stem. A point above the
first diagonal (as C, D, E) has its distal part engertical than its basal part, indicating that
the stem is curved upward. A point below the fitistgonal (as A) is more tilted in its distal
part than in its basal part, indicating a downwamdvature. A vertical trajectory (such as
between A, B and C in figures 2a and 2b) indic#tes the proximal angle is constant while
the distal angle increases., that the up-righting movement is achieved onlyalghange in
curvature along the stem. A trajectory paralleiite diagonal (such as between C and D, in
figures 2a and 2b) indicates that the proximal eragld the distal angle change at the same
rate, suggesting that most of the change in curgasuachieved in the basal part and induces
a rotation of the whole stem, and/or that changesurvature occurring in middle and distal
parts of the stem compensate each other. A hodaktnajectory (such as between D, E and F
in figures 2a and 2b) indicates that the proximadle increases while the distal angle is
constant. This necessarily involves a change ientation in the basal part together with a
counter-curving process occurring in distal paftthe stem. This shift of the motor process
is usually termed autotropic straightening, aufaism or automorphogenesis (Stankovic and
Volkmann, 1998; Coutanet al., 2007), and is achieved by the production of ieactvood

on the opposite side of the stem before it overshibhe vertical (Archer and Wilson, 1973).
The angle at the start of the experiment resutismfthe initially imposed 35° tilt angle,
cumulated to the natural tilt angle of the plamgl &he additional small perturbations due to
the rotation of the soil in the pot and the bendifigstems under their own weight. This
results in different starting points, in particufar E. falcata and partiallyE. grandiflora,
which have a curved stem as part of their normetiitectural development, resulting from
the strong plagiotropy of the leader axis. Distattp of E. falcata were generally below
horizontal after tilting.

The standard deviation of the angle within a spewias typically 5° for the proximal angle
and 10° for the distal angle. The mean trajectocass generally be described in 3 distinct
phases, the first phase lasting two weeks (segjoing the white dot to the first light-gray
dot), the second phase lasts 4 weeks (two nextesgtgmstarting from the light-gray dots)
and the third phase lasts 6 weeks (three last sggmennecting dark-gray dots to the black
dot). During the first phase, almost no change rientation occurred foE. falcata, E.
grandiflora, T. melinonii andV. surinamensis, while other species started up-righting mainly
by the distal partd.€., trajectory close to vertical in the figure). Dawgithe second phase, all
species are decreasing both the proximal and #tal @ingle (trajectory between the vertical
and the diagonal), indicating that the up-righthegction takes place both by a change in
orientation of the basal part and a change in ¢urgaall along the stem. The change in
proximal angle is substantially larger fGr obutsa and T. melinonii than for other species.
During the third phase, the up-righting movemerglibally slower i.e., successive dots are
closer to each other), and the trajectories ar@stifmorizontal folE. grandiflora, C. obtusa,

T. melinonii andD. guianensis, indicating that the distal part of the stem izbgtzed at a
non-zero angle from vertical (approx. 10° f6r obtusa and T. melinonii, 15° for D.
guianensis and 30° forE. grandiflora), while the basal part still rights-up. In othgesies,
the distal angle goes on decreasing, but the pralxamgle always decreases at a larger rate
(i.e, trajectories are between the diagonal and thezdwal). This indicates that an
autotropic counter-curving process takes placeafbispecies before the stem is close to
reach the vertical.



This process is evidenced by the curvature analgkishich examples are shown in figure 3.
Upper charts display the shape of the stem atrdiffedates, and lower charts show the
corresponding local curvature as a function of plosition along the stem. Comparison
between successive dates in figures 3a,b,c shavthé up-righting movement starts with
an increase in stem curvature all along the stermgluhe first six weeks. Afterwards, the
autotropic straightening movement takes place,aledeby a very non-uniform change in
curvature along the stem. In the basal parts, stewature continues increasing, but in the
distal parts it strongly decreases until reachiatyes close to 0. The same mechanism is
used for the straightening of stems that stabdiza non-zero angle, as illustrated in figures
3d,e. In these two examples, the up-righting movdrstarts by an increase in curvature all
along the stem during the first 6 weeks, but isofeéd by a decrease in curvature mainly
located in distal part during the last period. Tdigotropic movement happens much before
the stem reaches the vertical, and seems to bgn#esio maintain a constant tilt angle in
distal parts while the stem straightens.

The change in proximal angle is due to the largenghs in curvature occurring in the basal
part of the stem (as illustrated in figure 3a,bbe)t also to a change in the tangent angle at
the very base of the stem (seg. figure 3d, upper chart). The change in tangenieang
occurring during the observation period has beeamtijiied (Table 3) and the mean value
happens to be <3° for most species, much less than the effect of changes in curvature
Two exceptions ar€. obtusa (8°) andT. melinonii (11°), for which this change in tangent
angle is a non-negligible contribution to the ughting movement.

Apparent efficiency of the gravitropic reaction

The amount of change in curvature is significanthated to the amount of diameter growth
for all species, excef. falcata (Figure 4). The quality of the relation is variedetween
species, and is clearly reduced by the presenseroé points with higher values of change
in curvature for some speciegs. Pbtusa, D. guianensis, T. melinonii andV. michelii). It was
checked that these points do not belong to the sadigduals. In the case @. obtusa, a
detailed analysis showed that points with a changeirvature >0.03 all belong to the distal
parts of the stems (>70% of the length), wherepitieis very large and the wood reduced to
a thin strip. When only the distal parts ©f obtusa stems are taken in the regression, the
estimated gravitropic efficiency is much larger @611.4 S-E) as suggested by the steep
slope of this subset of points.

The overall species effect on the gravitropic éficy is highly significant (p<0.001).
Differences between species are indicated in tableé~or E. falcata, the gravitropic
efficiency is not significantly different from 0.h& gravitropic efficiency ofC. procera is
significantly lower than all other species excEptguianensis. Among other species, only
the difference betweek. grandiflora and T. melinonii is significant. Slope estimations
suggest thatC. obtusa, V. surinamensis and T. melinonii have the largest gravitropic
efficiency.

Effects of the weight increment and net up-righting efficiency

The bending effect of the weight increment, quédifby the parametey,, differs between
species (Table 4). For some speci& (@uianensis, T. melinonii, V. michélii), it is
completely negligible when comparedegoFor most other specie€.(obtusa, C. procera, E.
grandiflora, V. surinamensis), the correction is small (around 3% of thevalues), and does
not change the ranking of species according.tDifferences irg, result from differences in
morphological and mechanical properties. The lowedties are obtained for the species
with the smallest seedlings, and this is probably th a size effect in equation 6: if tHéD
ratio and other parameters are constant during thraay increases linearly with the stem
height. The relatively high values @f obtusa andV. surinamensis are probably related to
their lower modulus of elasticitye], lower taper i) and higher centre of mass (lows}.
For E. falcata, the value ok, is much larger than for other species, mainly beedts axis
remains plagiotropic, so that the lever arm on Wwhie weight increment acts is much larger
than for other species. This reveals that, desphieappareng was close to 0, the actual

corrected;

gravitropic efficiencye is positive forE. falcata (but nevertheless much lower than for



other species). This case evidences the facthlatem gravitropic reaction is necessary not
only to achieve changes in curvature, but alsoctiexe a “posture control” (Mouliet al.
2006),i.e., to keep a constant angle while it grows, becaussust compensate for the
weight increments that otherwise would induce ameard bending.

Anatomical observations

Tension wood was found in all observed sectiong, itsuamount and location differed
between species, and between proximal, middle astdl dsections. In proximal sections,
tension wood was always located in the upper sidihe developed growth ring, and its
extension usually covered the whole upper half, it was continuously produced on half of
the cambium circumference. F@r procera, the circumferential extension was lower than
for other species, and tension wood appeared igs,sthowing that its production was not
continuous in time. Fof. melinonii, the production of tension wood in basal partpstal
before the end of the experiment, consistent vhighfact that most stems of this species were
already vertical at that level. In sections locaaethe middle of the stem, tension wood was
almost always found in the upper half of the segtlt its amount was lower than in basal
sections, and it appeared as strips of lower cifetantial extension. In many cases (mainly
for T. melinonii andD. guianensis), its production completely stopped before the ehthe
observation period. A little amount of tension womds sometimes found in the lower half
of the middle sections d. falcata andE. grandiflora. In distal sections, the production of
tension wood in the upper half generally stoppediezaand strips of tension wood were
often found in the lower half.

Eccentric growth was observed in the direction whiension wood was produced in most
species: it was unclear for. guianensis, moderate fofC. obtusa, E. falcata, andT. melinonii
and severe foC. procera, E. grandiflora, V. surinamensis andV. michelii, where the growth
ring was typically 3 to 5 times larger on the tensside than on the opposite side.

The diameter of the pith is often non-negligible woody sections of this size, and its
relative importance is larger on distal sectionshef stem. Mean pith diameter was typically
15% of the total diameter far. melinonii, 20% forD. guianenss, E. falcata, E. grandiflora
andV. surinamensis, 30% forC. procera andV. michelii. In C. obtusa, the pith disappears
and the stem becomes hollow, and the pith becoangerl (in absolute value) in distal parts
of a growth units. It was typically 30% of the tothameter in proximal sections, 70% in
middle sections and 90% in distal sections. Thektiéss of the bark generally ranged
between 10% and 35% of the total radius, withoytdrtant differences between species,
exceptC. obtusa for which bark thickness was lower (2-15%).
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Discussion
Up-righting patterns are similar between species

The dynamics of up-righting are qualitatively sianifor the studied species. After 3 months,
the tilted seedlings of all species almost compjetecovered their initial orientation. The
pattern was described as three successive phagkethar timing was very similar between
species. This succession of three phases — “latégtavitropic” and “autotropic” - of
distinct qualitative behaviour is consistent witte tobservations of Coutarall al. (2007)
working on poplars seedlings of equivalent ageirmec at the same angle, and with the
similar study of Sierra-de-Grada al. (2008) on pine seedlings of different provenances
The similarity between the succession of phasegtaidtiming for seedlings of tropical and
temperate species belonging to distant taxa isnieabbe. The biological significance of this
fact may be related to the nature of the gravittapechanism and its kinematic constraints.
The movement is achieved by the formation of neactien wood fibres, so that the latent
phase may be related to the time needed for tmeduction and differentiation. Then, the
gravitropic phase takes place by an upward chamgeiivature distributed along the stem,
until the distal part of the stem becomes closdtdoequilibrium position. Finally, the
autotropic phase, characterized by a counter-cgrah the distal parts, is necessary to
continue up-righting the basal part while preveptigistal parts from overshooting the
equilibrium position. This reinforces the conclusimf Coutandet al. (2007) who
emphasized the similitude of righting process phegology between their poplars and
mushroom stems o€oprinus (Meskauskaset al., 1999a; Meskauskast al., 1999b),
suggesting either (1) a common mechanism of coftrothe balance between gravitropic
curving and autotropic straightening that couldenbeen conserved during evolution, or (2)
a strong selective pressure for efficient straigimg processes that would have promoted
analogous mechanisms (Mouéigal., 2006).

Relation between growth and changesin curvature

The bending effect of the increasing weight hasmts®wn to be much lower that the up-
righting effect of the gravitropic reaction for skiegs of most species. This result is
probably general for orthotropic stems of this mmj size. It should however be noticed
that, because dimensional effects are differentqnations 2 and 4, the effect of weight
becomes less and less negligible when stems beleogez (Alméras and Fournier, 2009). It
is also non-negligible if the stem is partly plagipic, as it is the case f&. falcata (see
also Alméraset al., 2004), because in this case, the bending monsefdrger and the
reaction is lower.

The species for which the effect of increasing Weigas negligible all exhibited significant
relations between changes in curvature and diangetevth. This confirms that: (1) stem
changes in curvature are achieved through diamgtewth; (2) dimensional effects
(diameter and growth rate) are the main sourceaofations of the change in curvature
between reacting stem parts of a same speciethd3htrinsic efficiency of the mechanism
can be viewed at first order as a population chearestic allowing the comparison of species
or provenances (Sierra-de-Graeoal., 2008). However, a quite large scattering has been
observed for many species, suggesting that wittdmsdifferences in efficiency occur,
probably in relation to longitudinal gradients hretintensity of the reaction as confirmed by
kinematical and anatomical observations.

The gravitropic efficiency in seedlings depends on various anatomical characters

The gravitropic efficiency differs between speciBlse lowest value was found f&t falcata,

and this is probably related to an incomplete reactlue to its plagiotropic habit, as
confirmed by the low content in tension wood of diedand distal parts. In other species, the
gravitropic efficiency ranged between 5 and 15 mmiine incertitude on the estimated
value is quite large because of the large scageda that differences between species are
not always statistically significant. However, #tlese values are clearly larger than one
could expect from the application of the simplestnf of Fournier's model, assuming
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homogeneous stiffness and concentric growth witkire distribution of tension wood
(Fournier et al., 1994a; Fournieet al., 2006). Under these assumptions, the gravitropic
efficiency is equal to the difference in maturatgirain between the upper and the lower side
of the section, which is approximately equal to thaturation strain of tension wood
(because maturation strains have a much lower raigmin opposite wood). Maturation
strains can be directly measured at the stem pamipfYoshida and Okuyama, 2002), but
metrological problems make this measurements vegdurate for stems of the size used in
this study. Values of maturation strain reported tension wood on various tree species
(Fournieret al., 1994b; Almérast al., 2005; Kubler, 1987) rarely exceed 2 or 3 mm/m.
Previous estimations of the gravitropic efficiermy stems of similar size (Fourniet al.,
1994a; Alméras, 2001; Coutaetal., 2007; Sierra-de-Grada al., 2008) all lead to values
much higher than these, as ours do.

The above mentioned assumptions of the simplest fufr Fournier's model are generally
adequate for big stems with a moderate reactionalino more met when the reaction is
strong in response to a large tilt angle, and/tinéfstems are small and an important part of
the section is not made of wood. In this case, itiflelence of other factors cannot be
neglected. Based on a more general representafidgheoheterogeneity of the section,
Alméras and Fournier (2009) showed that the grapitr efficiency can be expressed as the
product of 3 factors:

g =f [—lE”ﬂma (7)
core

whereAa [m/m] is the difference in maturation strain beénehe upper and the lower sides
of the stem, andlis a form factor depending on the distributionterision wood in the new
ring and on its eccentricity (s 1 in the simplest form of Fournier's model) ddig/Ecore iS
the ratio of the elastic moduli of the new ring dhd core of the section (also equal to 1 in
the simplest form of Fournier's model). Differerdcfors can contribute to an optimal
distribution of maturation stress within the newg;i increasind in equation 7 (Alméras and
Fournier, 2009): (1) differences in stiffness bedwéension and opposite wood can increase
it up to approx. 20%, (2) optimal circumferentigtdbution of tension wood can increase it
by 25%, and (3) eccentric growth can increase iL@9% or more. In addition, (4) the pith
and bark imply a non-negligible effect of the stéfs ratioEi,¢/Ecoe: it Can increase the
efficiency by approx. 20-30% for young stems of treyecies. The cumulative influence of
all these factors may well explain the large efficiies found. Moreover, in the case®f
obtusa, the distal part of the stem is hollow on 90% arenof its radius, and calculations
show that this can multiply the gravitropic effio@y by a factor 3-5. This is consistent with
the very large efficiency (36 mm/m) obtained ors thilbset of points.

Diversity of up-righting strategiesis related to developmental and ecological traits

Gravitropic reaction of angiosperm seedlings isiagd by a common basic mechanism,
associated to a common dynamic pattern, but maatyrfes contribute to the differentiation
of up-righting strategies. Differences concern hbthtarget shapé.€., the “gravitropic set-
point angle”defined by Digby and Firn, 1995) and the way iteiached.

Clearly, trees in which the leader axis is plagiptc (E. grandiflora and especiall\E.
falcata) stop reacting in the distal parts when their Bopiim angle is reached. Some
species with orthotropic stemad. D. guianensis, T. melinonii) stop up-righting distal parts
at an equilibrium angle 10° to 15° from verticalit lsontinue up-righting the proximal parts
to at least the same angle, becoming slightlyditiat straight at the end of the observation
period. Other specie®.¢. C. procera, V. surinamensis, V. michelii) tolerate a much larger
angle in the proximal part (20°-30°), but concetatréne reaction on distal parts, until they
are closer to vertical (<10°). Having a relativédyge equilibrium angle in the distal parts
can provide an advantage for light interceptiomeeglly when there is asymmetric light
(Ishii and Higashi, 1997). It is suitable for anptatory and opportunistic development
strategy. Interestingly, the 3 semi-tolerant speadtudied D. guianensis, E. falcata, E.
grandiflora) have the largest equilibrium angles. In the |oergn, this may become a great
constraint because size effects make the gravitropéchanism less and less able to
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compensate the increase in weight when a tiltexh gfets bigger (Alméras and Fournier,
2009). In later stages, branches rather than thie stam may be used for this horizontal
exploration. On the opposite, a vertical apex mizéthe possibility of quickly growing in
height, because the extended part will be alsacatr@nd thus more stable than if the apex
was inclined, and can therefore be built higheradaiven amount of invested biomass. The
three studied species with this patté®agrocera, V. surinamensis, V. michelii) happen to be
heliophilic species.

Changes in tangent angle at the base of the steentde®en shown to contribute significantly
to the up-righting process for some speci&snfelinonii and C. obtusa). The underlying
mechanism is unclear, but maturation strains itsrace likely to be involved (Leopotd al.,
2000; Fisher and Tomlinson, 2002; Fisher 2008)ro&s anatomy has not been observed, we
do not know why some species do use this mechaaistnother don’'t. However it is
noteworthy that these two species are known foreldging stilt roots €. obtusa), or
buttresses T. melinonii) from the sapling stage (Most al., 2002). Most other studied
species do not develop such organs (exgestrinamensis that produces steep buttresses in
later stages). The variable contribution of speaifiechanisms at the stem base contributes
to the diversity of up-righting strategies. Thei@éincy of the curving mechanism is also
clearly variable. Differences in maturation straimfstension woodi(e., in the intrinsic
efficiency of the tissue) may play a role in theswiations, but could not be directly
evaluated. Tension wood of different species, wbdgforming the same function, can have
different anatomical aspect and ultra-structuratdees (Onaka, 1949; Cladt al., 2006b;
Ruelle et al., 2006; Ruelleet al., 2007). Specific differences in tension wood mation
strains have rarely been demonstrated, becauseratiatu strains are usually studied in
natural conditions. In such conditions, the vatigbbf maturation strains is driven by the
uncontrolled stimulus and any species seems alidevelop high tension strains and severe
tension wood in severely leaning stems (Foureiet., 1994a). In the case of seedling stems,
we showed that other characters relative to theilligion of tension wood, eccentricity or
pith diameter clearly vary between species andifsigntly contribute to the diversity in
gravitropic efficiency at this stage.

Conclusion

This study showed that up-righting movements irmsteof various tropical species are
achieved by mechanisms that have many common &satat the level of a cross section the
asymmetric development of reaction wood generatdgage in curvature; at the stem level
this process progresses in time and space withigasipattern, involving the succession of a
latent phase, a phase of gravitropic up-rightingd @ phase of autotropic straightening.
However, differences between species were founderaing the quantitative value of
parameters describing this reaction: equilibriunglarof the stem, gravitropic efficiency,
contributions of pith size and eccentric growththis efficiency, effect of the stem weight,
contribution of the changes tangent angle at thendbase. The value of these traits was
found related to the architecture of the specitgiptropic or orthotropic habit) and to their
light requirements. It was recently pointed outttha order to assess the ecological
consequences wood functional diversity, there isead to define wood traits, develop
methods to evaluate them and carry out their measemt on a diversity of species (Chave
2009). The present work provides a first step tolwathese lines, by quantifying the
diversity of traits related to the gravitropic faion of wood. These traits were found related
to the strategy of light interception, suggestihgtttheir diversity may contribute to the
differentiation of ecological strategies promotiihg maintenance of biodiversity in tropical
rain forests.
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Tables

Table 1.Botanical names, light requirements (Favrichorg5)9mean wood density (at 12%
moisture content) and specific leaf area (SLA/kg) (from Detiennest al., 1982; Ollivieret

al., 2007), architectural model (Halét al., 1978) and range of height (cm) of the studied
seedlings.

Genus and Family Light Archite | Wood | SLA | Range of
species Requirements | cture Density height
Cecropia Cecropiaceae Short-lived | Rauh 0.38 27 25-94
obtusa pioneer

Carapa Meliaceae Long-lived Cook 0.67 16 25-50
procera heliophilic

Dicorynia Caesalpiniaceag Semi-toleran Troll 0.79 33 a1-2
guianensis

Eperua Caesalpiniaceag Semi-toleran Troll 0.86 18 az2-1
falcata

Eperua Caesalpiniaceag Semi-toleran Troll 0.92 14 36-9
grandiflora

Tachigali Caesalpiniaceae Long-lived | Petit 0.50 22 10-38
melinonii heliophilic

Virola Myristicaceae Long-lived Massart | 0.59 22 15-29
michelii heliophilic

Virola Myristicaceae Long-lived Massart | 0.47 14 32-76
surinamensis heliophilic
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Table 2. Comparison of 5 simplified formulae used in thécakation of the modulus of
elasticity in a bending test on a tapered stem segnmResults with each formula are
compared to the results obtained from the full nticaé computation.

Formula for the representative | R2 Slope
(1) 21 4 0.969 0.931
l,=—|=> D
! 64[n; k}
2 n 0.920 0.856
( ) |2 :LZ DI?
64n =
(3) 7 l1a 0.909 1.080
l,=—/| =) 1/D;}
° 64 [n; k}
(4) 2 | 0.766 0.894
I, =" pp,[P*Ds
64 2
(5) n o 0.976 0.988
I :& D 12
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Table 3. Mean change in tangent angle at the base andegféigiof the gravitropic curving
process for each species during the two first nomthobservation (S-E is the standard
error). Gravitropic efficiency is estimated fronethlope of the relation in figure 4 according
to equation 4. The linear relation between growtid &hange in curvature is highly
significant for all species exceft falcata (n.s.: p>0.05, **: p<0.01, ***: p<0.001). Letters
indicate significant differences between specibs ¢ is not significantly different at the
95% level for species sharing the same letter).

Change in tangent Apparent gravitropic

angle at the base (9)efficiency (10°m/m)

Mean S-E R2 grarent | SE
Cecropia obtusa 7.2 25 0.06 |9.47° | 240
Carapa procera 1.2 0.6 036 |4.92 0.58
Dicorynia guianensis | 28 15 011 |[7.89* |3.04
Eperua falcata 1.6 1.5 0.00° [ -0.06 |0.26
Eperua grandiflora -0.1 1.1 011 |s8.14 1.46
Tachigali melinonii 10.6 3.6 026 | 149 2.95
Virola michelii 1.5 1.8 031 [812° |[155
Virola surinamensis | 0-0 0.7 036 [11.9° |1.04
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Table 4. Mean (x standard deviation) morphological and raedtal traits of the species
measured at the end of the observation periodcangbuted values of gravitropic efficiency
(e°°™"*Y accounting for the weight increment correctiey).(D: diameter at the baskl;
height,L: load ratio,E: modulus of elasticityg tilt angle (from vertical)by: ratio of relative
height growth to relative diameter growth taper exponentn: load distribution exponent.

D [cm] Hlcm] | Likg.m? | E[MPa] | @[] | by n m ey g comecte
Cecropia | 1.3120.34 | 76229 610 2520 | 14#% 101 002 0j62 -0p5.72
obtusa
Carapa 1.01+0.16 | 4319 1055 3454 2147 0.39 0.81 0§46 -0.p%.01
procera

Dicorynia 0.42+0.08 | 18%5 1184 2447 1243 0.2 0.40 073 -0.p#.93
guianensis

Eperua 0.96+0.15| 87+29| 1061 4945 6147 1.21 0.3 0{93 -0.59.54
falcata

Eperua 0.98+0.20 | 70+25| 1055 4532 1549 1.53 0.p1 0}j70 -0.18.29
grandiflora

Tachigali 0.45+0.15| 22+11| 1154 5374 1247 1.04 045 0]93 -0.024.95
melinonii

Virola 0.64+0.19 | 2816 993 4020 1547 1.03 044 077 -0.p4.168
michelii

Virola 1.38+0.18 | 61+17| 959 2864 22+7 050 0.86 0j40 -0.142.07
surinamensis
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Figure legends

Figure 1. Assessment of the method for the computation @inlbdulus of elasticity (MOE)
in a bending test on a tapered segment. Each seniessponds to a simplified formula used
in the calculation of the second moment of draaequation (1) (see text for details), and is
plotted as a function of the full numerical caldida taking the real taper into account.

Figure 2. a- Representation of the mean up-righting dynamictheftilted seedlings. Each
point represents the mean distal angle of a sp@bidted against the mean proximal angle
(angles are relative to vertical). Different specere figured by different symbols, and
successive dates (separated by 2 weeks) are fipyrddts of different grey levels, showing
specific trajectories. White dots refer to the tstdithe experiment, and black dots to the end.
The black diagonal line represents straight stems,stems for which the proximal and the
distal angle are equal. Any stem below this lineusved downward, and any stem above
this line is curved upward. Gray diagonal linesrespnt trajectories such that the proximal
angle and the distal angle change at the sameAiayetrajectory above the diagonal implies
an upward change in curvature along the stem. jadary below the diagonal indicates a
downward change in curvature.

b- Visual illustration of the changes in shape ofearscorresponding to a vertical trajectory
from A to B and C, followed by a diagonal trajegtérom C to D and a horizontal trajectory
from D to E and F.

Figure 3. Three examples of up-righting dynamics involvingaunter-curving process in
the distal part. Upper charts show the shape o$tims in a vertical plane at different dates
(units = cm). Lower charts show the field of cutwratalong the stems at the same dates (unit
= rad/cm). At the beginning of the up-righting moent, the curvature increases at all
levels in the stem. At the last dates, the cuneattitl increases in the proximal parts of the
stem, but starts decreasing in the distal parts.

Figure 4. Relationship between changes in curvature and etemngrowth. Each plot is
relative to a species, and each dot is relativee ggoint along a stem where both diameter and
curvature were measured. Horizontal axis: normdlideange in diameter Df1/D;, where

D; [cm] is the diameter at the beginning of the obation time andDs [cm] is the diameter
two month after. Vertical axis: sum of absolute raes in curvature counted every two
weeks [rad/cm] during the same time. The slopeaapartional to the gravitropic efficiency
of the specieg (see equation 3). Regression results are gatlweradble 3. All plots are in
proportional scales so that slopes can be viscalypared.
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Figure 1
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Angle of the proximal part (°/ vertical)

Figure 2
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Figure 3

a- Cecropia obtusa
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b- Virola michelii

c- Virola surinamensis
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e- Eperua grandiflora
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Figure 4

Absolute change in curvature AC

Absolute change in curvature AC
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