N
N

N

HAL

open science

Proceedings of the 6th Plant biomechanics International

conference
Bernard Thibaut

» To cite this version:

Bernard Thibaut. Proceedings of the 6th Plant biomechanics International conference. The 6th Plant
biomechanics International conference, Nov 2009, Cayenne, French Guiana. 2009, Proceedings of the
6th Plant biomechanics International conference. hal-03590209

HAL Id: hal-03590209
https://hal.science/hal-03590209
Submitted on 26 Feb 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03590209
https://hal.archives-ouvertes.fr

ECOQlogie
des
FOréts

de
Guyane

%;'%Furiﬂ'ech @ciad

PROCEEDINGS OF THE

SIXTH PLANT BIOMECHANICS

CONFERENCE
November 16th — 21st, 2009, Cayenne, French Guyana,
France

Published by
UMR EcoFoG, Campus Agronomique, BP 709,
F97310 Kourou, France

Bernard Thibaut, Editor

December 21st 2009







ECOlogie

des

:quF “arisTech

Proceedings of the
Sixth Plant Biomechanics Conference

November 16" — 21*, 2009, Cayenne, French Guyana, France

Bernard Thibaut

Editor
Scientific Committee
Joseph Gril, CNRS - University Montpellier I, Montpellier, France;
Meriem Fournier, AgroParis Tech, Nancy, France;
Bruno Moulia, INRA - University Blaise Pascal, Clermont-Ferrand, France;
Julian Vincent, Centre for Biomimetic and Natural Technologies, University of Bath, UK;

George Jeronimidis,  Centre for Biomimetics, Department of Engineering, University of Reading, UK;
Hanns-Christof Spatz, Institute fiir Biologie Ill, University of Freiburg, Germany;

Thomas Speck, Plant Biomechanics Group, Botanic garden, University of Freiburg, Germany;
Frank Telewski, Michigan State University, East Lansing, M, USA;

Geoffrey Daniel, Swedish University of Agricultural Science Sweden;

Lennart Salmén, STFI-Packforsk, Stockholm, Sweden;

Hiroyuki Yamamoto, Laboratory of Bio-Material Physics, Nagoya University, Japan;
Bernard Thibaut, CNRS — UMR EcoFoG, French Guyana, France




6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Preface

This 6th Plant Biomechanics conference is hosted by French Guiana, a tiny part of the huge
Amazonian forest, on the Guyana shield. French Guiana was a place where tree biomechanics
research begins in the seventies in a close cooperation between French and Japanese
scientists. Many participants to this conference made part of their work here in French Guiana
and it is a pleasure to make the other discover this wonderful tropical rain forest.

As for the former conferences there will be papers dealing with all kind of plants and very
different mechanical solutions at whole plant, organ or cell level. There is also a strong
emphasis on useful material coming from plants and on bio-inspired solutions for engineering.

Some participants, old friends of the beginning, were actors of the five other PBM, but many
young scientists and PhD come for the first time and this is good news for the future of our
community. It is a pity that some of us cannot participate this time because of fund restrictions
due to the economic crisis but they keep in contact and we will send them the proceedings of
this conference.

| want to mention all the national or regional organizations that help us for the funding and the
organization of PBM 2009, namely, AgroParisTech, CIRAD, CNES, CNRS, INRA, DRRT
Guyane, IESG, IRISTA, IUFM, PUG, Région Guyane and UAG.

| want also to give a very special thank to Laetitia and Julien Ruelle. Without the energy of
Laetitia this conference will not have been possible and without the expertise of Julien, these
proceedings will not be under your eyes.

Thanks also to all the colleagues and PhD students who were there when needed for so many
help in such an adventure.

And last, thanks to the members of the scientific committee for their reactivity and efficient
reviewing of the text here after.

Have a good reading.
Bernard THIBAUT

Directeur de recherche au CNRS
Directeur de I’lUMR Ecofog
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1. Physics of growth
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Anisotropic and isotropic growth of the apical meristem

Yves Couder*, Francis Corson**, Olivier Hamant***, Arezki Boudaoud**, Jan
Traas***

*Matiere et systemes complexes
Université Paris 7 Denis Diderot, CNRS UMR 7057,
Batiment Condorcet, 10, rue Alice Donon et Léonie Duquet, 75013 Paris

**| aboratoire de Physique Statistique
Ecole Normale Supérieure, 24, rue Lhomond, 75231 Paris Cedex 05

***[_aboratoire de Reproduction et Développement des Plantes,
ENS Lyon, 46, allée d'ltalie, 69364 Lyon Cedex 07,

Abstract

The growth of vascular plants is characterized by its anisotropy, obvious at macroscopic scale
in the growth of the stems and that of the roots. It is also observed at the cellular scale in the
orientation of the cortical microtubules, that of the microfibril deposition in the cell walls and
in the preferential directions of cell division. In a recent work™ it was shown that the
orientation of the cortical microtubules was sensitive to externally applied mechanical
stresses. This suggests that in the unstressed situation the anisotropy can be self-induced, the
internal mechanical stresses orienting the microtubules.

In this context it is interesting to observe the effect of the suppression of the
microtubules. The effect of oryzalin, an inhibitor of microtubule polymerization, on the
development of the apical meristem of Arabidopsis thaliana is revisited. While cell divisions
are entirely suppressed, the growth of meristematic regions is sustained, and the cells become
huge. We analyse two effects.

-Each of the existing organs now grows isotropically and tends to become spherical.

- Correlatively, the geometry of the cells becomes similar to that of the bubbles in a

soap froth.

A theoretical model is presented, in which a cellular structure evolves through the
plastic yielding of its walls under turgor pressure. If a cell division process is included, the
appearance of the structure is that of a normal tissue. If not, a "cell froth" very similar to that
observed experimentally is obtained. In both the experimental and numerical simulations the
same evolution of the vertices is observed where all angles tend towards 120°. To meet this
condition a curvature of the cell walls appear, the cells with a number of sides smaller than 6
becoming convex while those with a larger number of sides become concave. In soap froth
this generates a shrinking of the former and an expansion of the latter. This coarsening
process is absent in the living tissue, suggesting constraints on the mechanisms of growth
regulation.

(1) O. Hamant, M. Heisler, H. Jonsson, P. Krupinski, M. Uyttewaal, P. Bokov, F. Corson, P. Sahlin, A.
Boudaoud, E. Meyerowitz, Y. Couder & J. Traas, Mechanics of morphogenesis at the shoot apical meristem
of Arabidopsis thaliana: an interdisciplinary view, Science, 322, 1650-1655, (2008)
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Leaf inclination and light interception in the sunflower (Helianthus
annuus L.). Importance of the petiole’s mechanical and structural
properties

i , 1,2
Luis F. Hernandez

! Lab. de Morfologia Vegetal, Dept. de Agronomia, Universidad Nacional del Sur (UNSur),
Bahia Blanca, 8000 and *CIC PBA, La Plata, 1900. Argentina.

Abstract

The relationships between leaf biomass and morphology (lamina area and petiole and lamina
inclination), petiole’s mechanical and structural properties and the vertical light gradient inside the
crop’s canopy were studied in field grown sunflower (Helianthus annuus L.) plants, maintained at an
optimum soil water and mineral status.

The objective of this work was to study the role of petiole’s mechanical properties on foliar
inclination, and the relationships between leaf and petiole angle variation patterns along the canopy
and leaf and petiole biomass partitioning and morphology.

At flowering, incident photosynthetic active radiation (PAR) was measured at the top of the canopy
and on individual leaves using a quantum sensor. The fraction of direct incident radiation that passes
through the canopy reaching each individual leaf was then calculated.

Individual petiole and lamina inclination angles (iapetiole aNd ia amina respectively) were measured
from sequential digital images taken from rotated plants and a stationary camera. Petiole length and
lamina area were measured after detaching the leaves from each plant.

Leaves were separated in petiole, lamina and main veins, and their dry biomass obtained. Petiole
transverse cuts stained with acid fluoroglucinol were used to measure the relative area occupied by
lignified and fibrous tissue.

The petiole’s structural Young's modulus (Epeiore) for different leaves was calculated from a three-
point bending test performed in petiole segments about 4.0 to 8.0 cm long. Petiole flexural stiffness
(Elperiole) Was calculated using elementary beam theory for homogenous materials. Intercepted PAR in
the canopy for individual leaves decreased basipetally. The iapeole increased acropetally from -9.0° to
+60.0° while the ia_.mina increased basipetally from +1.0° to -60.0° in concordance with increments in
the intercepted PAR. Petiole specific weight (g/cm?) did not change with leaf position whilst lamina
specific weight decreased acropetally. Main veins dry weight increased basipetally. Epgtiole and Elpegiore
increased acropetally. The relationship between intercepted PAR and the ratio biomass dry
weightpeioe/biomass dry weight amina Was positively correlated. The relative area occupied by
supporting tissue was significantly higher in upper petioles than in lower ones.

These results suggest that, in order to optimize the interception of incident PAR, the sunflower
plant invests more energy in differentiating supporting tissues in the petioles of the upper canopy
resulting the higher canopy strata in a preferentially planophyllous/erectophyllous leaf architecture.

Introduction

It is known that plants can maximize canopy light interception by increasing both leaf area or the
efficiency in the way each unit of leaf area intercepts light [1, 2].
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It has been found that the interception efficiency of both direct and diffuse irradiance increases in
leaves with horizontal laminae [planophyllous leaf architecture; 3, 4].

As leaves adapt to a light gradient inside the canopy, not only the inclination angles, but also the
morphology, anatomy, size and mass of their petioles and laminas are modified. Leaf inclination
angles generally decrease with increasing leaf age. This is generally attributed to increases in both
lamina weight and area [5] that can alter the bending momentum exerted on the petiole, changing
lamina and/or petiole inclination angles [6, 7].

Petiole mechanical properties, as a result of changes in its material properties, and/or by
modifications in the cross-sectional shape and dimensions [8] may then change along the vertical light
gradient, allowing modifications of the lamina inclination angle [7, 8]. There is evidence that petioles
are stiffer at higher irradiance [7, 9] as the result of larger biomass investments in supporting tissue [8,
10].

In the sunflower crop, biomass production and yield are positively coupled with solar radiation
intercepted by the canopy [11]. If an increase in yield is expected after culturing sunflower in narrow
rows or high densities [12], then, fixing a priori canopy parameters that could be associated with a
better solar radiation interception is necessary to redesign the plant’s ideotype.

The aim of this work was to study in field grown sunflower plants the role of petiole mechanical
properties on foliar inclination, and the relationships between leaf and petiole angle variation patterns
along the canopy and leaf and petiole biomass partitioning and morphology.

Material and methods

Sunflower (Helianthus annuus L.) plants (hybrid cultivar Macon, Syngenta Seeds, Argentina),
were grown at the experimental field of the Agronomy Department-UNSur, Bahia Blanca, Argentina
(Latitude S, 38°45’; Longitude W, 62°11"). The soil was a Typic Ustipsamment [13,14]. At 4-leaf stage
[14] plant density was adjusted to 5.6 plants/m® (Fig. 1A). The crop was managed according to
recommended conventional agronomical practices. Weeds and insects were adequately controlled. Soil
water content and mineral nutrition were maintained at optimum levels by drip irrigation and by
fertilization (NPK: 30-30-30; 80 kg/ha) at sowing and at anthesis [14].

Before first anthesis [14] a batch of plants were preselected for uniform size and developmental
stage. Using a quantum sensor (LI-COR, NE, USA) PAR was measured at noon in different leaves in
six of these selected plants (n=6) ten days before and at anthesis. Being the maximum incident PAR
for the topmost leaf 100%, then the fraction of incident PAR (fIPAR) for each leaf inside the canopy
was calculated [15]. fIPAR readings for both developmental stages were averaged (Fig. 2A).

Following the second PAR measurement and at predawn the selected plants were removed one at a
time with a shovel from the experimental planting site retaining almost 90% of the root plate [soil-root
system close to the base of the stem; 16] and immediately transferred to a 15-L plastic bucket
containing tap water. The submerged soil-root system allows to keep the whole plant in a vertical
position while maintaining a short-time optimum leaf water status (Fig. 1B). A 5.0 Mpixel digital
camera mounted on a tripod was located at 7 m from the sampled plant pointing at its centre and
operated by an assistant. The plant was then rotated clockwise 360° around its own stem at 20°
intervals and three high resolution pictures of the whole plant per rotating position (center, top and
bottom) were taken. Time spent since each plant was removed until the last picture was taken did not
exceed 100 s.

Thereafter, all leaves for each plant were labeled, removed, packed in wet tissue paper, put in a
plastic bag and transported immediately to the laboratory for biomechanical and morphological
measurements.

In the laboratory each leaf lamina was quickly scanned using a desktop scanner. Afterwards the
area of each leaf (Fig. 2B) was measured on the scanned images using the software ImageJ [17].

Leaf samples were separated with a razor blade in petiole, whole lamina and laminar tissue with the
main veins removed, oven-dried at 70°C for 48 h and dry biomass of all leaf parts obtained (Fig. 3D).
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Upper petioles Lower petioles
(leaf 3) ) (leaf 18)

0

Shoot side

Laminar side

lamina

Collenchyma (COL)

18 amina

18petiole

Fig. 1. A. Panoramic view of the crop at anthesis, when plant sampling leaf petiole and lamina angles
measurement and biomechanical analysis were done. B. Plant removed from the planting site with the root
system placed in a bucket and ready to start the photographic record. Inserted in the image is a schematic detail
showing the criteria used to measure the inclination angles of the petiole under the environment of the software
Screen Protractor (SP) C. Petiole transverse cuts for leaves 3 (upper) and 18 (lower) showing the anatomy and
distribution of supporting tissues (COL: collenchyma). Note the increased number of collenchymatous layers in
upper petioles (Fig. C5) than in lower ones (Fig. C6). Bars: C;4 = 5.0 mm; Css = 150 um. D. Estimation of
petiole (iapetole) and lamina (ia amina) inclination angles from digital images of each plant’s leaf. Petiole’s
inclination angle was defined as the angle between the points of petiole attachment to the shoot and lamina
attachment to the petiole. Lamina inclination angle was measured at the fall line of the lamina.

Digital micrographs of transverse hand cuts of the petiole for leaves at two canopy levels (upper
and lower) stained with acid phluoroglucinol [18] to visualize lignified tissue, were used to calculate
the relative area occupied by different biostructural components, mainly parenchymatic, vascular and
supporting tissue (Fig. 1C; Table 1).
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Petiole specific biomass (dry biomass per unit volume and per transverse surface area) and dry
matter concentration (dry biomass per unit volume) were calculated from petiole dry mass, length, and
area of cross-sections. Lamina specific biomass (dry biomass per unit of lamina surface area) was also
calculated.
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Fig. 2. A. Fraction of incident PAR (umol/m%s) measured at each leaf level with a quantum sensor. B. Indivi-
dual leaf mass and leaf area in the plants used in this work. Bars for each point (mean of n=6): + 1S.E.

The Young’s elastic modulus of the petioles [Epetioe; 8] Was calculated using a three-point bending
method as described in [19]. Lacking at this stage of a reliable model to approximate the load of
lamina on the petiole [7, 8], E and | were not measured and calculated for the lamina. Sections of the
medium part of the petiole (4 cm from upper leaves to 8 cm from lower leaves) were placed
horizontally over two supports that were 2 to 4 cm apart. Vertical applied forces (F, N) and resulting
deflections (8, m) were recorded using a testing machine as described in [20]. Young’s modulus was
calculated as follows [21]:

EPe‘[iole = (FL3)/48 6IPe‘[ioIe

where L is the length between the supports (m) and Ipeior the axial second moment of area (m®)
[21]. For all leaves Ipgtioie Was calculated from the petiole cross-sectional dimensions assuming it was a
sector of a circular ring (see Fig. 1C) :

Ipetiole = (m/8) (R* - r*) (See Fig. 3.3 in [8])

For R, the radii of a laterally depressed cylindrical petioles (see Fig. 1C1-4) was estimated using a
digital caliper as an average of three perpendicular measurements.

The flexural stiffness of the petiole was calculated as the product of Epggoe and Ipetiole [MN m?; 8,
22]. The petiole and lamina inclination angle (iapetiole and ia, amina respectively; Fig. 1D) for each leaf
of each plant was obtained using the digital images of the rotated plants registered as described above
(Fig. 1B) using the software Screen Protractor (Iconico Inc.; http://www.iconico.com/protractor/).
The 3°to 4° parallax error generated in each picture between the upper and lower ends of each plant
was corrected for each reading of lamina or petiole inclination angle straightening each set of three
pictures per rotating position with the software PTGui (New House Internet Services B.V.;
http://www.ptgui.com/). Linear regression analysis between different parameters were performed using
the software Kaleidagraph v.4.1 (Synergy Software).

Results and discussion

The upper leaves had shorter petioles (Table 1). These petioles also had a higher Young’s elastic
modulus (Fig. 3A; Table 1).

There was a continuous vertical light gradient along the plant canopy (Fig. 2A). The aipetiole
increased acropetally (more PAR intercepted) from -9° to +60° while the aiamina increased basipetally
from +1° to -60° (Fig. 3B). The petioles specific biomass (Bsppetiole) did not change along the canopy
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levels while the lamina specific biomass (Bspamina) decreased acropetally (Fig. 3C). Main veins
biomass increased basipetally (Fig. 3D). Magnitudes of Epetiole aNd Elpetiole increased acropetally (Fig.
3A,E). The relationship Bspcpetiole/BspeLamina Was positively correlated with the fIPAR (Fig. 3F) being
significantly higher from leaf 7 upwards (Fig. 3F).
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Fig. 3: A. Log of Epeioe Vs. fIPAR; B. Lamina and petiole inclination (°) vs. fIPAR; C: Lamina and petiole
specific biomass vs. fIPAR; D: Biomass of different leaf components vs. fIPAR; E: Log of Elpeioie VS. fIPAR; F:
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biomass/lamina biomass. Bars for each point (mean of n=6): + 1S.E.

A positive correlation was also found between lamina and petiole inclination angle and the fIPAR.
However, the leaves in the upper canopy were more upwardly inclined, whilst those in the lower
canopy were bent downwards (Fig. 3B). This suggests that the light interception efficiency did
decrease with decreasing light availability towards the lower canopy strata, allowing to speculate that
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a limited investment of biomass in mechanical support was taking place in lower petioles (Fig. 3G). In
fact, a higher proportion of supporting tissue (collenchyma and schlerenchyma) in transverse sections
of upper petioles was observed in comparison with the lower ones (Fig. 1C).

On the other hand it is known that the mechanical properties of petioles and other plant tissues can
be also determined by their hydrostatic pressure [8] and there is consistent evidence that water stress in
sunflower increases with increasing height in the canopy [23, 24, 25] driving to a lower water
potentials in the intensively transpiring upper canopy leaves and hence reducing the elastic modulus of
all involved tissues, lamina and petiole [8, 26]. Even tough leaf water potential was not measured in
this work, a comparison of number and diameter of the xylem vessels between the upper and lower
petioles did not show relevant differences. Knowing that the lamina surface area increases downwards
this observation suggests that tissue turgor in the lower leaves as well as the tissue elastic modulus
could not be maintained at the same magnitude as in upper leaves. This could also explain the higher
values of elastic modulus of petioles from the upper canopy leaves (Table 1, Fig. 1A).

Table 1. Main anatomical parameters of the petioles of leaves number 3 (upper canopy) and 18 (lower canopy)
which can be associated with its mechanical properties and that were used to calculate is flexural stiffness
(Elpetiole). For the petioles located at the intermediate canopy, E was extrapolated assuming a linear
relationship. For each column, values followed by different letters indicate significant differences at P<0.05.
(*): Fibers, collenchyma and lignified tissue calculated from images of petiole’s transverse cuts (See Fig 1C
1,4); P: petiole.

Petiole transverse Transverse section with
section supporting tissue (*)
(mm?) (%)
P length P Log E Shoot Laminar Shoot Laminar
(mm) (N/m?) side side side side
Upper
zetifms% 6.3+t0.9a |9.39+0.3a | 64.749.1 a |18.8+12.3a|23.1+10.9a| 26.9+9.8 a
ea
Lower
Petiole 19.8+1.3 b | 8.26+0.4 b [96.8+11.2 b|66.5+10.7 b|14.1+13.5b | 15.5+11.7 b
(leaf 18)
Conclusion

It has been demonstrated that with increasing light availability, steeper inclination angles in the
upper canopy in a broad leaf crop plants as the sunflower become more convenient from the point of
view of the plant photosynthetic balance [11, 27]. Such canopy architecture allows more uniform
distribution of light within the canopy, and thus enables greater exposure of the photosynthesizing
foliar area to light [4, 28]. The results presented here suggest that in order to optimize the interception
of PAR, sunflower plants invest part of the captured energy in synthesizing petiole structural
supporting material. This investment has a multiplicative component from base to apex, so the petioles
of the upper canopy show more supporting tissue (collenchyma and vascular fibers) than the lower
ones. This results in the upper canopy having a preferentially planophyllous to erectophyllous
architecture.
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Abstract

The spatial display of stem and leaves is crucial for the functioning of plants and their mutual
interactions. It involves complex movements: stem change curvature and orientation to grow vertically
(gravitropism) and these movements are continuously regulated by the perception of the current shape
(autotropism) [1]. If a lot is known about the Physiology, very few studies have dealt with the
kinematics and dynamics of these movements, and the corresponding relevant physical and biological
aspects (see [2] for a recent review). In this work we focused on the reaction of a wheat coleoptiles
using a novel high spatio-temporal kinematical method called "Rod PIV" combining Particle Image
Velocimetry [3] and contour and median line detection of the organ: When its orientation vs the
gravity was modified by tilting, the organ bent through local variation of curvature due to differential
growth, and displayed a complex spatio-temporal pattern including oscillatory and propagative
aspects. Moreover elongative and differential growth displayed coupled propagative oscillation. The
insights of these results in terms of the modelling of the biomechanical and regulatory processes of
tropic bending are discussed as well as the possible adaptive significance of these coupled oscillators
for the gravitropic performance.

Introduction

Most of the plants are growing straight and vertical in all or a part of their aerial system
(orthotropism). Then they display their branches in the space around in order to maximise light
capture. Verticality could thus provide a selective advantage in order to reach the sunlight [4].

This orthotropism is achieved though active growth movements involving i) phototropism, driven
by the perception of direction of the light gradients, and ii) gravitropism, controlled through gravity
perception [5] and demonstrated readily by orthotropic movements in the dark. These active tropic
movements have also been shown to be required for continuous posture control [6]. Plants are thus
constantly moving and growing, although at much lower rates than animals.

Plants display two different types of growth. The primary elongation growth sits in a zone localised
near the apical meristem. The secondary growth is a property of many dicots; they grow in diameter in
the non-elongating basal part of the stem. Both types of growth can produce equivalent tropic motion
[7], but only movements related to primary growth will be studied here.

11
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Fig 1. First cells perceive a signal. It comes from the sedimentation of the statoliths that apply a pressure on the

lower wall. Many molecular mechanisms are involved in the transcription of the signal. Plants sense their local

slope and respond through a transverse gradient in growth rate, called differential growth. Thereby plants can

curve and reorient according to the stimuli.

Tropic movements in primary growth zone involve distributed curving powered by differential
growth (see Figure 1). Many experiments have been done on such gravitropic movements since the
pioneer works of Darwin, Pfeffer and Sachs (see review in [2]).

One of the classical experiments is to quantify the influence of the presentation angle on the
gravitropic reaction [5, 8-10]. By looking at a tilted cylindrical organ, like coleoptiles or hypocotyls,
this experiment focuses mainly on the variation in time of the apical angle. When comparing this angle
with the presentation angle, a sine relation can be observed, but only for angle below 90° (see figure
2).

LA B Fig. 2. From [8], Galland gives an
example of sine law. Avena coleoptiles
were placed in dark boxes and tilted from
the vertical with an inclination angle .

(2]
o

W\
o

The orientation of the tip Ol were
determined after 3 hours. For inclination
angle below 90° the orientation of the tip
is linearly related to the sine of the
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inclination angle is above 90°, the relation
is modified (white squares).
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In long time experiments, a deviation from the classical sine law occurs. As the organ is growing,
and curving in an extended zone, this deviation cannot be understood by just looking at the tip angle.
Indeed when the end of the stem is vertical, the basal curving still goes on. A continuous regulation of
the orientation is therefore necessary to keep the apical part vertical when the basal part is curving (see
figure 3). Moreover, the organ starts to straighten up its tip before it reaches the vertical avoiding
overshooting. This has been called “auto tropism” because the plants need to get information on it
self-shape to do so [1].

More recent works have been conducted to quantify the whole kinematics of plant growth
movements. However several of them have neglected the measurement of the longitudinal growth
(elemental elongation field), although growth is crucial to the mechanism (e.g. [11, 12]). Some other
works have studied growth but not curvature. There are some recent studies on the whole kinematics
of the two processes [13-15] but only in roots. However, the kinematics and mechanics of root
gravitropism is different from that of aerial organs and in a way less complex in roots, the growth zone
is really small and localised near the apex. And the root is supported by soil or nutrient solution
buoyancy. There is thus no need for a postural control, and the shapes could be convoluted. In this

12
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study we propose to analyse the whole kinematics of the straightening of wheat coleoptiles. To this
aim we need to quantify at the same time the curvature and the elongation of the organ.

Fig 3. Straightening of a wheat coleoptile. From left to
right and from top to bottom, the interval between each
image is 2h. We see that the curvature is distributed
over the whole length, and then once a part is vertical
it remains even if the basal part continues to bend.

Material and methods

Plant material and treatments

Seeds of wheat (Recital cultivar) were soaked in water during 6 hours before being seeded. To be
able to control the initial vertical of seedlings, the seeds were stuck on a tube filled with water at an
angle of 30°, and the tubes placed in static holders with 1 rotational degree of freedom. The
germination were set in a dark chamber at 25°C. After 3 days, when they were 10-20 mm long, they
were transferred into a dark room at a 25°C, and placed in controlled initial inclination angle of 90° in
the holders.

Time-lapse photography, were taken, every 10 to 15 minutes, with a camera Olympus SP-560UZ.
In order to limit the photomorphogenetics effects during the photography, the flashlight of the camera
was filtered to “safe” green light using a green LEE filter (139 Primary Green), (green light is far less
perceived by plants than others wavelengths). Two series of experiments were performed in parallel, 1)
one with vertical coleoptiles, to get the growth field in the vertical position. ii) One with coleoptiles
tilted 90° from the vertical. Each observation standed for 24 hours in order to let the organ to record
the entire kinematics of gravitropic straightening movements.

Image analysis

il . Fig. 4 The first part of the analysis process. We get
o the contour of the coleoptile, and then by vornonoi
2| | ‘ skeletonisation we are able to find the median line.

y(mm)
b

.zr[mfm)
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Images were analysed with a specific Matlab program developed for this problem. As the
coleoptile is a slender cylindrical organ, it can be described as a rod defined by its median line and by
the radius of the rod as a function of the distance from the tip or curvilinear abscissa s. The elongation
growth can then be recorded by monitoring the position of marker points S(t) along the median line
(see Figure 4) whereas the tropic movement can be described by changes in the local angle a(s,?) and
by local curvature C(s,?) (i.e. the lineic rate of change in angle along the stem)

da(s,t)

0s

C(s,t) = (1)

Where s is the curvilinear abscissa along the median line from the tip to the base and t is the time.
To obtain the growth rate a fluorescent orange dye was set on the stem and used a set of markers to
follow the displacement of each point. (Figure 5) In order to get the displacement O(s,7) along the
stem a modified version of the PIV (Particle Image Velocimetry) [3, 16] called Rod-PIV has been
developed , in which the sub-window is moving only along the median line.
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Fig. 5 Elongation along the median line. We separate Red and Green channel in the image. With the green
channel we get the skeleton. Then we define sub-windows on the red channel. They are centred on the median
line, as we have now directly the curvilinear abscissa s. We make the correlation of each sub-window § = S, at
time ty with other sub-window as t, = 1, + At, with the distance |s1 - s0| < €. Here we take € <1mm. The

correlation peak gives the displacement O(s,t) on the line between two images.

By spatial derivation of the growth velocity we obtain the elemental elongation rate E(s,7).

E( S,I) = LM (2)
At 0s
E has been also called Relative Elemental Growth Rate or Strain rate in the literature; see [2, 17]
for reviews.
As tissues elements are being stretched away by elongation, the derivative of curvature, according
to position from the apex, is just a partial view of the change occurring to the organ segment (i.e. to a
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group of cells). The material derivative (or derivative following growth induced points flow), has to be
used, as introduced in plants studies by Silk [17])

D 0

—=—+v(HV (3

Dt ot

Where v is the displacement velocity and V is the gradient operator. The first term is the local

variation in time on each position. The second accounts for the convection, the displacement of each
point. Given the distribution of the elemental elongation rate, it is then possible to calculate the
material derivative of the curvature using (3).

Results and discussion
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Fig 6. Measurement of the growth field according to
1.8 the curvilinear abscissa in abscissa, from the apex to
1.6 the base, and the time in ordinate. Oscillations appear,
1.4 the period is around 2 hours.
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In vertical coleoptile, the E field is not stationary (Figure 6). One can see phase of maximal
elongation E ~2.107s™" alterning in time with a phase of minimal E E ~1.107s™". Theses phases
are regularly spaced in time. The period between two oscillations is approximately 2 hours. By
following the position of the maximal elongation in the spatio temporal diagram figure 5, we see that
the maximum is propagating from the apex to the base. There is a delay of 1 hour between the

oscillation starting at the apex and reaching the base.
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Fig 7. Left: Growth field of a tilted coleoptile. The results are comparable to previous on vertical coleoptiles.

Right: Material derivative of the Curvature. After a first wave of curvature along the stem, oscillations clearly

appear with the same period than the elongation pattern.

The axes are the same than in the Figure 42. But the colormap accounts for the material derivative of the

curvature in the right image.
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The growth zone has a limited spatial extension in every coleoptile, independently of the flashlight
frequency and of the temperature variations (data not shown).

In tilted coleoptiles (Figure 7), the spatio-temporal pattern
of elemental elongation is unchanged. The oscillations have same frequency and amplitude. The
propagation of the elongation is still present. The size of the growth zone remains the same. Therefore
no redistribution or amplitude change in the elongation at the median line (i.e. the average elongation
on the section) can be observed. The tropic movement is just due only to the lateral redistribution of
the differential growth.

Near the base, curvature displays very little change, due to the low growth rate. Near the apex we
observe oscillations of the material derivative of curvature, with a frequency similar to that of
elemental elongation. Oscillations in the material derivative of curvature also displayed a spatial
decay. However these oscillations were more damped. When the coleoptiles apex reached the vertical
the amplitude of the motions went down.

2.10%
Fig 8. Surface of the growth field of
a tilted coleoptile. The colour
means the material derivative of
curvature. The correlation between
the two is really strong. When the
growth is minimal the coleoptile
bend otherwise it goes straight.

E(s)

-2.10%

As a consequence the spatio-temporal field of the curvature variation is strongly correlated with the
spatio-temporal field of elemental elongation (Figure 8). When the elongation is minimal, the
coleoptiles curve. In the zone of maximal elongation, the coleoptile straightens up (decurve) or even
bends in the opposite direction. Such coupling is not a geometric necessity and reveals a
biomechanical coupling of the two processes. Despite very considerable changes in angle over time,
the coleoptiles never overshot the vertical.

Discussion

High-resolution kinematics analysis revealed that the tropic behaviour of coleoptiles is more
dynamic than expected from the analysis tip angle and the sine law. The motion does not only consist
on bringing the apex back to the vertical. Two different phases could be distinguished. First, the
coleoptile bends on his whole length, during 3 hours, then it bends and straights up alternatively in
order to regulate its position and straighten most of its length. This last behaviour has been called auto
tropism in literature [1, 18]. The straightening process could not be dependant of external stimuli, like
gravity, but need to be induced internally although the inherent mechanism remains unknown. The
sine law can only account for the first part of the straightening and neglect completely the auto tropic
part.

It is interesting to notice that ultradian oscillatory growth pattern was observed for every coleoptile,
whatever its inclination (tilted or not). This ultradian pattern was well reproducible from one plant to
other and did not seem to depend on the orientation of the organ. Oscillatory growth patterns have
only been described for circumnutating plants [19, 20]. In order to allow the plants to bend in different
direction there is a differential growth across the section of the organ, with maxima and minima in the
bending plane. In circumnutating organs the plants rotates by rotating their bending plane. So the
position of the maxima and minima of elongation are moving around the cross-section of the stem. In
that case the elongation on one side of the stem displays oscillations in growth between phases with
maxima of elongation when the stem bends away, and minima when it bends toward the studied side.
However upon gravitropic stimulation nutational movement were lost (see also [2]) the oscillations
observed in this study were not due to rotations in the positions of minima and maxima around the
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cross section but to oscillation in the amplitude of averaged elongation at the median line of the stem,
with frequencies around 1h30. This is just a different phenomenon from nutational movements, which
mechanism remains unknown. More precise local study would thus be required to understand the
details of these oscillating growth [19].

The basipetal and cyclic propagation of the elongation peak from the apex to the base is also an
original result. It can only be observed through kinematics analysis at high spatial resolution. Indeed
the total elongation displays little or even no oscillation (depending on the time interval between two
measurements) The characteristic velocity of the propagation is 20 mm / 1h30, i.e. approx 13 m.h™". .
This fits with the velocity of long-range longitudinal auxin transport [21, 22]. In coleoptile, auxin
transport may thus be oscillatory rather than smooth.

From a functional point of view, it may be argued that that this decay improves the auto tropic
process and the postural control. As the apex grows first, it can straights up before the basal part of the
coleoptile this is likely to avoid overshooting the vertical by stabilizing a straight vertical tip.

Except for the first oscillation that had bigger amplitude in graviresponding tilted coleoptiles, the
oscillating growth pattern was not modified by a change in the orientation. The elongation growth was
not redistributed neither concentrated in the zones of active curving. Gravitropism only acts on the
modification of a property across the section of the stem. The global properties of the median line
remain the same. Several hypotheses have been raised about the physiological control on the motor of
the curvature (see [2]) but they have to comply with the previous results of the kinematics. Two of
them could do so (being non exclusive one to the other): lateral redistribution of auxin (maintaining a
mean concentration of auxin unchanged over each segment of the coleoptile, and a modification of the
cell wall properties due to a gradient induce by the slope of plants.

Considering now the auto tropic part, a tight correlation between the spatio-temporal pattern of
growth and curvature variation. The coleoptiles straight up when the elongation is maximal and they
bend when it is minimal. From simple geometrical model we see that the curvature variation of a
material element is

DC 1oy
Dt e

Where E is the growth rate, D is the growth differential between two opposites of the stem and e
is the diameter of the stem. So if there is no differential, the curvature remains the same during the
growth. At this point the link between the oscillations is still unknown. But it plays an important role
in the regulation process As oscillations allow the plant to continuously regulates its position and
avoid overshooting, with curving and straightening phases.

According to Baskin [18], ultradian growth oscillations do not seem to be found universally. But
the main part of the literature focus on roots and the other studies are limited to the global elongation
velocity at large time scales. As shown in this study, oscillations may be overlooked or underestimate
but monitoring only tip displacement. Moreover if the oscillating period is shorter than the
propagation from the apex to the base, it could damp the oscillations. As the results shown are often an
average on many individuals [23], if the phase between them is not the same, the oscillations will
vanished. But some studies have shown it is possible to find them in other case.

Conclusion

We have developed new algorithm and Matlab software, Rod-PIV, which allows following the
elongation and the curvature in cylindrical organ even for large displacement of the tip. It proved to
provide insights into the fundamental mechanism of gravitropism. The presence of oscillations and the
correlation between the curvature variation and the elongation needs to be further investigated.

Acknowledgements

I would like to thanks Stéphane Ploquin and Nobert Frizot for their technical help.

17



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

References

10.

11.

12.

13.

14.

15.

16.
17.
18.
19.

20.

21.

22.

23.

R. D. Firn, J.D., 4 study of the autotropic straightening reaction of a shoot previously curved during
geotropism. Plant, Cell and Environment, 1979. 2(2): p. 149-154.

Moulia, B. and M. Fournier, The power and control of gravitropic movements in plants: a
biomechanical and systems biology view. J. Exp. Bot., 2009. 60(2): p. 461-486.

Supatto, W., et al., In vivo modulation of morphogenetic movements in Drosophila embryos with
femtosecond laser pulses. Proceedings of the National Academy of Sciences of the United States of
America, 2005. 102(4): p. 1047-1052.

Fournier, M., et al., Tree biomechanics and growth strategies in the context of forest functional ecology,
in Ecology and biomechanics : a mechanical approach to the ecology of animals and plants T.S. Eds
Anthony Herrel, Nicholas P. Rowe, Editor. 2006, CRC Press. p. 1-33.

lino, M., Y. Tarui, and C. Uematsu, Gravitropism of maize and rice caleoptiles: Dependence on the
stimulation angle. Plant Cell and Environment, 1996. 19(10): p. 1160-1168.

Moulia, B., C. Coutand, and C. Lenne, Posture control and skeletal mechanical acclimation in
terrestrial plants: Implications for mechanical modeling of plant architecture. American Journal of
Botany, 2006. 93(10): p. 1477-1489.

Coutand, C., M. Fournier, and B. Moulia, The Gravitropic Response of Poplar Trunks: Key Roles of
Prestressed Wood Regulation and the Relative Kinetics of Cambial Growth versus Wood Maturation.
Plant Physiol., 2007. 144(2): p. 1166-1180.

Galland, P., Tropisms of Avena coleoptiles: sine law for gravitropism, exponential law for
photogravitropic equilibrium. Planta, 2002. 215(5): p. 779-84.

Galland, P., et al, Tropisms in Phycomyces: sine law for gravitropism, exponential law for
photogravitropic equilibrium. Planta, 2002. 214(6): p. 931-938.

Perbal, G., et al.,, The dose-response curve of the gravitropic reaction: a re-analysis. Physiologia
Plantarum, 2002. 114(3): p. 336-342.

Meskauskas, A., S. Jurkoniene, and D. Moore, Spatial organization of the gravitropic response in
plants: applicability of the revised local curvature distribution model to Triticum aestivum coleoptiles.
New Phytol, 1999. 143(2): p. 401-7.

Meskauskas, A., D. Moore, and L. Novak Frazer, Mathematical modelling of morphogenesis in fungi:
spatial organization of the gravitropic response in the mushroom stem of Coprinus cinereus. New
Phytol, 1998. 140(1): p. 111-23.

Basu, P., et al., 4 Novel Image-Analysis Technique for Kinematic Study of Growth and Curvature. Plant
Physiol., 2007. 145(2): p. 305-316.

Chavarria-Krauser, A., et al., Spatio-temporal quantification of differential growth processes in root
growth zones based on a novel combination of image sequence processing and refined concepts
describing curvature production. New Phytologist, 2008. 177(3): p. 811-821.

Walter, A., et al., Spatio-temporal dynamics of expansion growth in roots: automatic quantification of
diurnal course and temperature response by digital image sequence processing. J. Exp. Bot., 2002.
53(369): p. 689-698.

Cowen, J.K.S.a.E.A., Quantitative imaging techniques and their applications to wavy flows. 2004.

Silk, W K., Quantitative descriptions of development. Annual Review of Plant Physiology, 1984. 35: p.
479-518.

Tarui, Y. and M. Iino, Gravitropism of oat and wheat coleoptiles: Dependence on the stimulation angle
and involvement of autotropic straightening. Plant and Cell Physiology, 1997. 38(12): p. 1346-1353.
Baskin, T.I., Ultradian Growth Oscillations in Organs: Physiological Signal or Noise?, in Rythms in
Plants, S.S. Mancuso S., Editor. 2006, Springer.

Berg, AR. and K. Peacock, GROWTH-PATTERNS IN NUTATING AND NONNUTATING
SUNFLOWER (HELIANTHUS-ANNUUS) HYPOCOTYLS. American Journal of Botany, 1992. 79(1): p.
77-85.

Shen-Miller, J., Rhythmicity in the basipetal transport of indoleacetic acid through coleoptiles. 1972. p.
Pages: 108.

Shen-Miller, J., Rhythmic Differences in the Basipetal Movement of Indoleacetic Acid between
Separated Upper and Lower Halves of Geotropically Stimulated Corn Coleoptiles. Plant Physiol., 1973.
52(2): p. 166-170.

Liptay, A., et al., OSCILLATIONS IN CORN SEEDLING GROWTH AS MEASURED BY OPTICAL-
FLOW. Journal of the American Society for Horticultural Science, 1995. 120(3): p. 379-385.

18



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Mechanosensing quantitatively controls diameter growth and level
of expression of PtaZFP2 mechanosensitive gene in poplar

Ludovic Martinl*, Catherine Coutand!*, Nathalie Leblanc-Fournier!* Mélanie
Decourteix!, Catherine Lenne!l, Bruno Moulial and Jean-Louis Julien!

IMECA group, UMR 547 PIAF, INRA-Université Blaise Pascal, France
*the authors equally contributed to this work

Abstract

Plants growth and development are highly controlled by mechanical signals. The
thigmomorphogenetical response to external mechanical loadings’ generally consists in a decrease in
elongation and a stimulation of diameter growth. A previous study has demonstrated that plants
perceive the strains they are subjected to and not forces or stresses and proposed an integrative bio-
mechanical model of mechanosensing (“sum-of-strains model”). It has been tested on tomato
elongation but not on local responses such as diameter growth or gene expression. The first part of this
study was dedicated to clone a mechanosensitive gene in poplar that could be used to measure one of
the plant responses at the local level. To measure the other local response, plant diameter growth, we
used LVDT. The second part studied the effect of a single transitory bending on poplar diameter
growth and on the expression level of a mechanosensitive transcription factor gene, PtaZFP2. For this
purpose, an original bending device was built to study stem responses according to a controlled range
of sums of strains. The last part of this work assessed the model of mechanosensing on these local
responses. A single bending modified plant diameter growth for several days and increased the relative
abundance of PtaZFP2 transcripts. Sums of longitudinal strains induced by bending computed on the
stem bent zone were highly correlated to local plant responses. The “sum-of-strains” model of
mechanosensing was thus applicable for local responses like diameter growth and gene expression.
These novel results provide a set of basic data required for the establishment of an integrative model
of thigmomorphogenesis linking gene expression with growth responses.

Introduction

Mechanical signals are actually rediscovered and emphasized as major cues that control plant
morphogenesis [1,2,3] although their effects have been studied physiologically from the early 70’s [4,
5] under the term of thigmomorphogenesis. The most encountered thigmomorphogenetical response in
shoot axes is a reduction of elongation and an increase of radial growth indicating a mechanosensing
process occurs in plants. Mechanosensing has been demonstrated in a lot of herbaceous [6] but also
woody species [7, 8, 9, 3]. In the past 10 years, a quantitative analysis of plant mechanosensing has
been initiated on tomato stem [10]. This work lead to a biophysical model of mechanoperception
called the “sum of strains model”’[11]. This model assumes that each individual volume of
mechanosensing competent tissue (dV) perceives the strain it is subjected to which triggers an
elemental signal ds:

dS=kedV (1)

The elemental signals of all the volumes of mechanocompetent tissues add up into a

thigmomorphogenetical signal S:

S=k [[[ew,.-dc-dy-dz= ()

competentissues
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This signal S triggers the observed growth response at the plant level. This model predicts a
relationship between the sum of applied strains and the plant response, and has been validated on the
prediction of the variability of the global response of primary growth to bending. Nevertheless, the
hypotheses of the model remained to be tested. For doing so, local responses at the plant and cellular
levels are required. A study on Juglans regia has identified a mechanosensitive gene expressed only in
strained tissues; it is thus a good marker of mechanoperception at the cellular level [12]. After cloning
the homolog of this gene in poplar [13], we thus analyze, in the present study, the diameter growth
response and the level of expression of PtaZFP2 mechanosensitive gene according to a range of
applied sums of strains thanks to an original bending device.

Materials and methods

Plants

Young poplars (Populus tremula x alba cv 717-1B4) were obtained by in vifro micropropagation
and grown on nutrient solution [14] after acclimation. Trees were grown in a growth chamber (L/D
16h/8h at 40 pmol.m™.s™ at 24°C/20°C with RH 60 + 10%). Two months after micropropagation, the
poplars were used in experiments; stems were about 35-cm high at this stage. The diameters of tested
stems ranged from 4.3 to 6.3 mm with an average diameter of 5.18 + 0.51 mm.

Bending experiments

For bending experiments, plants were transferred to another growth chamber with the same
environmental conditions as for breeding. Plants were aligned in a vertical position along a metal bar
to which they were attached with individual clamping rings. Foam was rolled around each stem in
order to avoid stem wounds when the clamping ring was tightened. During entire experiment, roots
bathed in a nutrient solution that was oxygenated by four aquarium pumps. Two vats (containing 100
L of nutrient solution) were available in the same growth chamber, with the possibility of
experimenting on a set of eight plants (four plants on each vat) at the same time. During plant
installation, plant leaves were removed in the basal part of the stem that was to be bent, in order to
avoid uncontrolled mechanical stimuli on leaves during controlled bending (see bellow).

Bending device

An original experimental device was developed in order to impose a controlled level of strains to
the stem; the basal part of the stem was pushed against a plastic tube in order to curve the stem up to a
controlled and homogeneous curvature, and then returned to its initial position (Fig. 1). This bending
device was used for growth experiments as well as for the study of PtaZFP2 expression level. The
diameter growth of each plant was monitored by a linear voltage displacement transducer (LVDT,
DF/5.0 LIN 3M, Solartron Metrology Ltd.) before, during and after the transitory stem bending. The
LVDT was placed at approximately 10 cm from the stem collar in the middle of an internode. Each
LVDT was linked to an Omega bus (Omega, D5131, £ 5 Volts) linked to a computer where an in-
house data acquisition program (LVDT.exe, B Adam, INRA umr PIAF) recorded average growth per
minute. Each plant was equipped with a LVDT so that each of the two Omega buses gathered data
from four plants (Fig. 1)
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Fig. 1 The stem (1) was equipped with a LVDT (2) in
order to monitor the diameter growth of the stem
before, during and after bending was applied. A
moving arm (3) pushed the stem against a plastic tube;
the stem was thus bent around the tube (4). The stem
was therefore submitted to a controlled curvature and

thus to strains. The moving arm was then driven back

and the stem is reset to its initial position.

Because of mechanical perturbation of plant growth induced by the installation (Fig. 2), plants in
both types of experiments were let to recover during five days after installation, before the application
of a controlled bending (in order to avoid interactions of the installation with the effects of the
controlled bending).

0.2 -

Transient modification of
growth by plant installing

0.1 |
Stable growth regimen

0.05 -

0.15

Fig. 2 Representative example of diameter growth of a control plant. The daily recorded diameter growth is
plotted against time. Just after plant installation, the diameter growth rate exhibited an increase for three or
four days, followed by a decrease, and finally reached a stable growth rate after five to six days. The daily
growth appeared to be rhythmic with higher growth rates during the dark period and at the end of the light
period.

Quantification of the applied strains

Within the framework of beam theory, under the assumption of small curvature and small strain,
the cross section remains plane in the bent state and the maximal longitudinal strain is given by the
product of the stem radius (7y.m) and the curvature of the neutral line (x):

& Kr 3)

LLmax — stem
The curvature of the central line can be computed as the inverse of the sum of the radius of the tube
and the stem:

1
With k. = ——— (@)
v, +r

tube stem

The sum of strains on the bent part was computed following Coutand and Moulia [11] as:

Sstrains = §r3stem kh (5)
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where rgen, is the radius of the stem in the middle of the bent part, x is the imposed curvature and h
is the length of the considered zone.

Given the sum of strains to impose, the length of the bent zone and the radius of the stems, we used
Eq. 5 to choose the diameter of plastic tube to be used to create a range of applied sums of strains. The
length of the response site was 1 mm for cambial growth and 30 mm for PtaZFP2 expression. The
imposed level of the sums of strains ranged from 0 to 20 mm’. Tubes of different diameters (40, 50,
75, 90, 140, 160, 200 mm) were used to control the level of applied strains.

Quantification of the growth response

The diameter growth response was quantified by the maximal average daily diameter rate reached
by the plant after bending.

Effect of a single bending on PtaZFP2 gene expression

For time course accumulation of PfaZFP2 transcripts after bending, stems were bent as explained
above for growth experiments and harvested several times after bending was applied. Thirty mm of the
bent part of each stem was cut and immediately placed in liquid nitrogen. For expression analysis in
different organs after stem bending, six types of organs were collected 1 h after stimulation. Total
RNAs were extracted from about 150 mg of plant tissue using CTAB extraction buffer as described by
Chang et al.[15], and then treated with RNase-free RQ1 DNase (Promega).

In RT-PCR experiments, first-strand cDNA was synthesized from 1 pg total RNA using oligodT
and SuperScript III (Invitrogen). Each PCR reaction (30 ul) contained the following: cDNA (4 ul of
1:40 dilution of the first cDNA strands), PCR buffer (1X), MgCL, (1.66 mM), dNTP mix (200 uM of
each), primers (0.3 uM of each), Platinium Taq DNA polymerase (0.5 unit, Invitrogen).After a heat
step at 94°C for 5 min, PCR cycling were as follows: 29 cycles of denaturation (94°C, 15 s), annealing
(61°C, 15 s) and elongation (72°C, 20 s), ending with a final elongation step at 72°C for 5 min.
PtaZFP2 transcripts were detected by amplifying 287 bp with primers PelS (5-
CGTGCGAGTCACAAGAAACC-3) and PelAS (5-CACAGAACTCTCTTGCTGCT-3). The reference gene EF-
1o (elongation factor-1a) transcripts were amplified with only 24 cycles using the primers EF1S (5°-
GACAACTAGGTACTACTGCACTGTC-3’) and EF1AS (5-TTGGTGGACCTCTCGATCATG-3").

For Northern blot analysis, a PtaZFP2 gene-specific probe of 287 bp was generated by PCR with
the primers PelS and PelAS, labeled with a32-P-dCTP using a Ready-To-Go DNA Labeling Beads
kit (Amersham). Total RNAs (15 pg) were separated by 1% agarose gel electrophoresis after
denaturation with formaldehyde and blotted onto a nylon membrane Hybond-N+ (Amersham). The
hybridization was carried out with a NorthernMax kit (Ambion). Membranes were exposed to a
phosphoimager screen (Kodak) for 4 h and signals were quantified using Quantify One software (Bio-
Rad).

Quantification of PtaZFP2 gene expression

Plants were bent as explained above for growth experiments and harvested 30 minutes after
bending was applied. Thirty mm of the bent part of each plant was cut and immediately placed in
liquid nitrogen. Since the aim of the study was to determine if some quantitative relationship could be
found between the applied level of strains and the expression level of PtaZFP2, the mRNA relative
abundance of PraZFP2 was measured plant by plant by Real-Time Quantitative RT-PCR experiments
following the PCR conditions described above, adding SYBR green I (1/1000, Sigma) as a fluorescent
dye in the reaction. Amplifications were done using an iCycler 1Q (Bio-Rad). Five plants were used as
controls.

Relative quantitative abundance (Qr) of PtaZFP2 transcripts was calculated by comparison to the

expression of EF-]a using the delta-delta method mathematical model [16]:
2 (Ccontrol —Ctreated ) PtaZFP2

Qr = 2(Ccontrol—Ctreated)EF—la (8)
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where C is the threshold of cycle number of PCR. Specificity of amplification was confirmed by
determining the melt curves for the PCR products at the end of each run and by using a gel
electrophoresis.

Results and discussion

Effect of a single bending on plant diameter growth

A representative example of the effect of a single controlled bending on stem diameter growth is
shown on Fig. 3. Bending induced a long-lasting increase in the diameter growth rate. Diameter
growth rate reached its maximal value the second (65% of the plants) or the third day (35% of the
plants) after bending. The maximal diameter growth rate reached after bending was variable between
stems, ranging from 0.09 to 0.22 mm.day™ with an average value of 0.16 + 0.03 mm.day™. After this
peak, the diameter growth rate regularly decreased and finally reverted to the values found before
bending. The duration of the response was considered as the time between the application of bending
and the time when diameter growth reverted back to the values observed before bending. Once the
peak of diameter growth rate was reached, the time for the plant to recover a growth rate similar to the
one before bending was estimated between 2 to 11 days with an average value of 4.8 = 2.7 days. To
our knowledge it is the first time the short term diameter growth after a single bending is described
and quantified.

Fig. 3 Representative example of the effect of a single

Canrbial grow th
02 rate increase, Cambial grow th
og5 | Transiory w transitory bending on stem diameter growth. Before the
bending
application of a transitory bending, the diameter
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growth rate was stable. The application of a transitory

bending (grey arrow) led to an increase in diameter

Cambial growth(mm)

growth. The daily diameter growth rate increased for

Time (days) three days and then decreased for several days before

returning to its pre-bending value.

Relationship between diameter growth and thigmomorphogenetical stimulus

We assessed the relationship between the sum of longitudinal strains induced by bending and the
plant responses using the model of mechanosensing (Eq. 2). A highly significant linear correlation
(R*=0.74) was found between the sum of applied strains on the portion of the stem where the LVDT
recorded diameter growth and the growth response quantified as the maximal daily diameter rate
reached after bending (Fig. 4). This demonstrated that the biophysical model of mechanosensing
established on tomato (modification of elongation by bending of a zone distant from the primary
growth zone) was also applicable in the case of diameter growth, a local response measured at the
loaded zone. These results also suggested that in the case of diameter growth, the mechanosensitive
control of the response is local.

03 Fig. 4 Relationship between the sum of applied strains
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Our results are comparable with those of Soga et al. [17] on the effect of hypergravity on the
gravimorphism of azuki bean epicotyls. Their data revealed a decrease of elongation and an increase
of diameter growth induced by hypergravity. These responses are characteristic of the
thigmomorphogenetical syndrome, even if presented as “gravity resistance” responses. As suggested
by Telewski [18], gravimorphism and thigmomorphogenesis are both expressions of mechanosensing.
Interestingly Soga et al. also found a correlation between the modification of growth and the intensity
of hypergravity. They did not quantify the strains of tissues but as their plant material were probably
very homogenous; tissue strain levels were probably proportional to the intensity of hypergravity.
Expressing responses according to gravity or stress levels rather than tissue strain can be misleading
since only tissue strains are sensed [11].

Effect of a single bending on PtaZFP2 gene expression

The accumulation of PtaZFP2 mRNAs after controlled bending in poplar stems was investigated
by RT-PCR and northern-blot analyses. As shown in Figure 5A, no PtaZFP2 transcripts were detected
in the control plant stems. After bending, PtaZFP2 transcripts accumulated within 5 min, reached a
peak 10-30 min after the stem bending, and slowly decreased 1 h after bending. In contrast, levels of
PtaEF-10o mRNAs did not change after bending (nor 18S mRNA, data not shown)

A B 7 -
Time (min) 6 . Control :E
C 5 10 30 60 § 3 [] Bent
PtaZFP2 — — — 3 j
PtaEF-1o. [ S ,
i
o '

R BL AL Al BI AP

Fig 5: Time course accumulation and localization of PtaZFP2 transcripts after stem bending.

(A) Total RNAs were extracted from the stems of control plants (C) and from bent stems at different times (5, 10,
30 and 60 min). PtaZFP2 mRNAs abundance was analyzed by RT-PCR using specific primers. As a control, the
expression of EF-la gene is also shown. (B) Northern blot analysis of PtaZFP2 transcripts 1 h after basal
internodes bending in several poplar organs. RNAs were extracted from roots (R), basal leaves (BL) localized 2
cm above the bent part of the stem, apical leaves (AL) below the apex, apical internodes (Al) localized 1 cm
below the apex, basal internodes (BI) located 10 cm above the collar and apex (AP) of control and bent plants.
After separation on formaldehyde gel, RNA were blotted and probed with 32P-labeled PtaZFP2 gene-specific
probe. The expression of 185 RNA was used as control The amount of PtaZFP2 transcripts was obtained by
quantifying each band and were corrected by 185 rRNA and expressed as a relative value of control plants.

Double asterisks (**) represent Student’s t test significant at P < 0.01.

As shown in Figure 5B, after local stem bending, PtaZFP2 mRNAs were strongly accumulated in
bent internodes and slightly in the roots. However, PtaZFP2 transcripts were not detected in basal and
apical leaves, apical internodes, and apex.

These results show that bending induced a rapid accumulation of PtaZFP2 transcripts, which is
only localized in the stressed part of the plants. PraZFP?2 is thus a good marker of mechanoperception
at the cellular level

PtaZFP2 transcripts level according to the sum of applied strains
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The accumulation of PfaZFP2 mRNAs after controlled bending was investigated by real-time
quantitative RT-PCR analysis. PtaZFP2 transcripts accumulation was highly correlated to the level of
the applied sum of longitudinal strains (Fig. 6). The whole set of data was well fitted by a polynomial
(R?=0.75). For strain sums ranging from 0 to 12 mm’, the induction factor of PtaZFP2 was linearly
dependent on the sum of longitudinal strains. The model of mechanosensing was therefore also valid
at the cellular level.

To our knowledge, the only studies that present a quantitative relationship between mechanical
loading and the level of gene expression are those focused on the effects of hypergravity conditions
[19]; Levels of expression of both VaXTHS4 and alpha-tubulin are dependent on the level of
hypergravity [20]. It appears that mechanosensing can quantitatively control the level of expression of
some genes in plants. Mechanosensitive activation of genes following mechanical tissue strain has also
been reported in animals (TWIST expression in drosophila [21]), but no quantitative action law for
gene expression has yet been established.

Fig. 6  Relationship between the level of
expression of PtaZFP2 and the sum of applied
strain.Real-time quantitative RT-PCR analysis of
the expression of PtaZFP2 in 15 stems bent within
~ a range of sum of applied strains from 3 to 24
mm’. Each point corresponds to one plant. All
values were standardized to PtaEF-1a transcripts
levels. Errors bars correspond to = standard
Sum of longitudinal strains (mm?) error. The expression level of PtaZFP2 was
correlated with the imposed sum of longitudinal
strains. For sums of strains ranging from 3 to 12
mm’, the relationship between the sum of applied
strains and the relative abundance of PtaZFP2
transcripts was linear.
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Conclusion

This interdisciplinary and collective work provides a quantitative study of mechanosensing in the
case of bending of poplar stems. The results described the short-time effects of a single bending on
poplar stem diameter growth. The study of the relationship established between the plant responses
and the sum of applied strains opens areas in modelling plant growth in windy conditions and in
studying the regulation of mechanosensing. Indeed it provides i) kinetics of plant response after a
single bending ii) dose-response curves can be used to predict the plant diameter growth rate
according to the axes variations of strains, and iii) validation of the integrative model of
mechanoperception model. The characterisation of the kinetics of growth response after a single
bending and the possibility to control the variability of plant responses due to variability of mechanical
stimulus are the basic knowledge required to study the effect of multiple bendings’. It will be thus
interesting in the future to study the effect of bending frequency and so plant acclimation under
multiple bendings’. The model could also be used to study if some interspecific variability of
mechanosensing exists by comparing the models parameters values of plants from different species
submitted to the same range of strains. Both these aspects should open new avenues in the modelling
of plant growth under wind.
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Contact Mechanics at the Insect-Plant Interface

Stanislav N. Gorb
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Abstract

Most of the one million insect species described so far are associated with plants. Such insects
should be able to attach successfully to plant surfaces. Dealing with attachment, we have to consider a
contact problem, in which two bodies are involved. Both these parts may have various geometries,
mechanical and chemical properties. Moreover, insects produce and deliver a secretory fluid into a
contact zone, whereas many plant substrates bear specialised surface coverage. This paper summarises
our previous structural and experimental studies on insect attachment and the effect of plant substrates
on it.

Insect attachment devices

Most recent data on insect attachment systems demonstrated their excellent adhesion and high
reliability of contact (Gorb, 2001; 2005). Interestingly, these systems appeared several times
independently in insect evolution (Gorb and Beutel, 2001). This fact may indicate that such surface
structures must have an advantage for adhesion enhancement especially on real natural substrates,
such as surfaces of plants. The physical background of the effect of adhesion enhancement was
theoretically discussed in several recent publications (Smith et al., 1999; Arzt et al., 2003; Persson,
2003; Chung and Chaudhury, 2005).

Comparison of a wide variety of animal groups revealed that the size of single contacting points
gets smaller and their density increases as the body mass of the animal group increases (Scherge and
Gorb, 2001). This general trend was theoretically explained by applying the Johnson-Kendall-Roberts
(JKR) theory, according to which specialised microstructured surfaces increase adhesion (Johnson et
al, 1971; Arzt et al., 2003). There are other design principles, extracted from studies on biological
systems. The effective elastic modulus of the fibre arrays is very small, which is of fundamental
importance for adhesion on smooth and rough substrates (Persson, 2003). It is predicted that an
additional advantage of patterned surfaces is the reliability of contact on various surface profiles and
the increased tolerance of defects at individual contacts. In a real situation, failure of some
microcontacts because of dust particles or mechanical damage of single hairs would minimally
influence adhesion. In the case of a solitary contact, even slight damage of the contact due to the
presence of contamination or surface irregularities will immediately lead to contact breakage, similar
to the crack building and its propagation in bulk material.

Anti-adhesive plant surfaces

It is well known that insects attach well to microscopically rough surfaces and use their claws to
interlock with surface irregularities (Betz, 2002; Dai et al., 2002). To attach to smooth and microrough
substrates, insects apply adhesive pads (Gorb, 2001). Since plant surfaces range from rather smooth to
those covered with trichomes or wax crystals, insect-plant interactions may often rely on insect
attachment ability to the particular plant surface. In the course of the last five years, we carried out
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numerous experiments, in order to understand insect-plant interactions at the level of the contacting
surfaces. The studies were mainly performed with insects having hairy adhesive pads, the surfaces of
which are densely covered with microscopic hairs.

PLANT SURFACES
— T,
SMOOTH STRUCTURED
hairs (trichomes) crystalline
wax
moist

hairy

Ao o ok ox

Figure 1. Diversity of the plant surface geometry.

Plant surfaces studied have a wide range of textures and microsculptures (Fig. 1). They may be
smooth or structured, i.e. covered with various hairs (trichomes) or bear microscopic crystals of
epicuticular waxes (Jeffree, 1986; Barthlott et al., 1998). To study the role of different structures of a
plant surface in insect attachment, various plant surfaces were screened (Gorb and Gorb, 2002).
Attachment ability of the chrysomelid beetle Chrysolina fastuosa was tested on 99 surfaces of 83 plant
species, belonging to 45 families. Among these surfaces were smooth, dry hairy, felt-like, moist hairy
and waxy ones. Insects attached successfully to smooth, dry hairy and felt-like substrates, but they
could not attach properly to surfaces covered with wax crystals. To explain anti-adhesive properties of
plant substrates, four hypotheses were proposed (Fig. 2). (A) Roughness-hypothesis: wax crystals
and/or little trichomes cause microroughness, which considerably decreases the real contact area
between the substrate and setal tips of insect adhesive pads. (B) Contamination-hypothesis or
cohesion-failure-hypothesis: wax crystals are easily detachable structures that contaminate pads.
Alternatively, liquids covering plant surface may detach from plants and contaminated insect pads (C)
Wax-dissolving-hypothesis: Insect pad secretion may dissolve wax crystals. This would result in the
appearance of a thick layer of fluid, making the substrate slippery. (D) Fluid-absorption-hypothesis:
Structured wax coverage may absorb the fluid from the pad surface.

The influence of surface roughness on insect attachment has been tested experimentally in several
studies (Gorb, 2001; Gorb and Gorb, 2006a; Voigt et al., 2007). Centrifugal experiments on the
attachment ability of insects on artificial substrates with varying surface roughness showed that the fly
Musca domestica and beetles Gastrophysa viridula (Fig. 3)and Leptinotarsa decemlineata generated
much higher forces on either smooth or rough surfaces with an asperity size, exceeding 3.0 um
(Peressadko and Gorb, 2004; Voigt et al., 2008).

This effect may be explained by spatula-like terminal elements of setae that are able to generate
sufficient contact with large surface irregularities. The worst attachment was observed on substrates
with a roughness of 0.3 — 1.0 pm, corresponding to the size of plant wax crystals. Because of the small
size of wax crystals, the area of real contact between these substrates and the tips of insect spatulae is
very small. Since the attachment force depends on the area of real contact, insects are not able to
attach successfully to surfaces with such a microroughness.

Since many wax crystals are easily erodable structures, they may contaminate adhesive pads, and
this may reduce proper functioning of the pads. We proved the contamination-hypothesis
experimentally for several insects and a series of plant species. Our data on the contamination of
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Chrysolina fastuosa pads by wax crystals of 12 waxy plant surfaces (Gorb and Gorb, 2006b) showed
that the plants differ essentially in their contaminating effects on insect pads. Differences were found
in both the nature of the contamination, i.e. the structure of the contaminating material and the
presence of recognisable crystals, and the degree of contamination (the portion of setal tip surface,
covered with contaminating particles, and the portion of setae, covered with the wax). These
differences were hypothesised to be caused by various micromorphologies of waxes in the plant
species studied. Analysing the relationship between the contaminating ability and geometrical
parameters of wax crystals, we found that the contamination is related to both the largest dimension
and the largest aspect ratio of crystals.

G dissolved
crystals ~ crystals
secretion —| J4i4d
plant AAA A
surface

Figure 2. Hypotheses of anti-adhesive mechanisms of a waxy plant surface. A. Tenent seta of the adhesive pad of
the Chrysolina fastuosa beetle. B, C. Setal contact with a smooth surface. D — H. Setal contact with a waxy

surface. E. Roughness-hypothesis. F. Contamination-hypothesis. G. Fluid-absorption-hypothesis. H. Wax-
dissolving-hypothesis [6].
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Figure 3. Attachment forces of the beetles Gastrophysa viridula on substrates with different roughness [15].

Pad contamination was also observed in our study on the waxy surface of the slippery zone in
trapping organs (pitchers) of the carnivorous plant Nepenthes alata (Gorb et al., 2005). The wax
coverage consists of two clearly distinguished superimposed layers, differing in their structure,
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chemical composition and mechanical properties. Laboratory experiments with tethered beetles Adalia
bipunctata showed that both wax layers essentially reduce the attachment force of insects, however, in
different ways. Crystals of the upper wax layer contaminate the insects’ adhesive pads, whereas the
lower wax layer leads to the reduction of the real contact area of the insects’ feet with the pitcher
surface.

Conclusion

The attachment ability of insects to plant surfaces depends on the structure, roughness, and
mechanical stability of the substrate. Wax bloom, specialised trichomes and fluid coverage found on
some plant surfaces might be plant adaptations against insect attachment. Four hypotheses of anti-
adhesion mechanism of plant surfaces are proposed, and two of them are experimentally supported.
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xylem conduits under tension and possible consequences for
embolism
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Abstract

Gas-filling of conduits decreases hydraulic conductance of the xylem vessels. Therefore, embolism
formation and reversal is one of the crucial topics in plant water transport. The negative pressure
(=tension) in xylem water during plant transpiration may cause embolism in two ways: (i)
Homogeneous nucleation, the spontaneous formation of a water vapour bubble within the water
column due to statistical fluctuations. (ii) Heterogeneous nucleation, the development of bubbles by
air seeding, the drawing of gas present in already embolized conduits through pit membrane pores into
functioning conduits. This contribution deals with the behaviour of gas bubbles caused by
heterogeneous nucleation. These bubbles usually contain both water vapour and air and float either
freely in the xylem water (which is under tension) or attach themselves to the vessel wall (which is
characterised by its shape and contact angle). Based on the reversible free energy of this system, we
derive conditions for two kinds of equilibria: (@) Mechanical equilibrium (and its stability or
instability) between the forces which try to contract and expand bubbles containing air and water-
vapour. (b) Equilibrium with respect to the exchange of air particles between the bubble and the
surrounding xylem water by dissolution mechanisms.

The results — given as relations between xylem water pressure, bubble radius, bubble particle
content and xylem wall morphology and contact angle — allow to predict whether appearing bubbles
lead to embolism or not.

Introduction

Based on arguments from statistical physics and thermodynamics it has been shown ([4], [5]) that
for the negative pressures to be expected in plant conduits spontaneous cavitation (= homogeneous
nucleation) plays only a minor role in causing embolism because the tension values occurring in the
xylem are not high enough to permit a significant formation rate of expanding bubbles.

Embolism is usually caused by air seeding (= heterogeneous nucleation), i.e. a group of “air”
molecules finds its way into a tree water conduit through cracks and openings in the wood. If such a
passage remains open, at least one segment of the embolised conduit is permanently lost for water
transport. If it closes, however, after a limited number of “air molecules” has entered the conduit these
form one or several embryonic air bubbles which may — but need not necessarily — cause the rupture
of the water column (see Fig. 1).

As will be shown below, embryonic bubbles which do no harm as long as they are completely
immersed into the xylem fluid may, however, cause embolism if they come into contact with the
vessel wall.

The hazardousness of a given bubble is related to its ability to comply with the following
equilibrium conditions:
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() Mechanical equilibrium: (a) the randomly moving gas particles in the bubble act as an
outward directed force which tries to expand the bubble; (b) the surface tension of the
gas/liquid interface tries to contract the bubble; (c) the pressure ps of the xylem water
contributes for p; < 0 to the expanding force, for p; > 0 to the contracting force. Equilibrium
exists if these forces sum up to zero ([6], [7]).

(i) Diffusional equilibrium: the number of air molecules remains constant only if a balance with
respect to the exchange of air molecules with the bubble’s surroundings prevails between the
air partial pressure within the bubble and the concentration of air molecules dissolved in the
xylem water. Otherwise, air molecules from within the bubble either dissolve at the bubble’s
gas/liquid interface in the xylem water and diffuse towards regions of lower air molecule
concentration, or else a diffusional current through the xylem water delivers air molecules to
the bubble.

The exchange process between water vapour and water is faster than the exchange of air by a factor of

about 10°. Hence, mechanical equilibrium is a necessary prerequisite for diffusional equilibrium.

The development of a bubble is essentially controlled by the mechanical forces. We assess them
(and the equilibria they possibly adopt) by analysing the reversible free energy associated with the
formation of an embryonic bubble of radius R (see [1], [4], [5] , [6], [7]). In doing so we assume (i)
Pw= psat (Psar: Saturation pressure of water vapour): Because the exchange of water molecules between
bubble and surrounding liquid is a very intensive one, the water vapour partial pressure in the bubble
readjusts to the water vapour saturation pressure almost immediately. (ii) n, = const.: This simplifying
assumption is only valid on the very short time scale of bubble formation considered here. The
assumption is based on the low solubility of air in water, implying that only a small fraction of the air
molecules in the bubble’s interior are lost to the surrounding liquid within the considered time scale.

Results and discussion
Floating bubble

The formation energy of a bubble filled with water vapour and n, air molecules reads (see [1], [7])
4 R.’.’.! X
W=47r7R2—?]r (P — ps) B +3RT n, 10g(Ta) (1)

where Rnax 1= -2y/ps, R is the gas constant and T the temperature. The bubble radii where equilibrium
of forces prevails are found from the zeros of
ow » 3RTn

R [8 7y R] - {47? (py —Ps)R” + Ta} (2)

and their stability is assessed by evaluating 8*W/6R? at the equilibrium point(s). Notice that the term in
brackets on the right hand side of equation (2) represents the surface tension and thus the contracting
force acting on the bubble while the terms in braces represents expanding forces due to gas pressure
and negative xylem water pressure. Bubble equilibrium radii (i.e. the solutions of oW/OR = 0) are
located at

R, 1 2
Rap = 135;,; (1 —2 cos h arccos(l - nn”) + %])
crit
R, 1 2
Ring = 13ap (1 + 2 cos lg arccos(l — RHH)D (3)
crit

where Nt := 128 my*/[81RT (pw— Ps) °] and Ruap = 2y/(pw— ps). For a pure water vapour bubble (n, = 0)
the equilibrium radii simplify to Ry, = 0 and Rins = Ryep. Evaluating 6°W/0R?, we find that a bubble at
radius Rgap iS in stable, at radius Ri.g, however, in unstable equilibrium. For n, > ng; both Ry and
Rinst become undefined, meaning that the bubble expands without limits (see Figures 2(b) and 3).

The bubble behaviour is illustrated by Figure 2(b). A bubble which contains n,3 > ngqe air
molecules fulfills for all R > 0 the condition 6W/JR < 0. Equation (2) implies then that the bubble can
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Fig. 1 Left/centre left: Conduit elements connected by torus-margopits (left) and membrane pits (centre left). In
each case one embolised element has been hydraulically isolated and the water flow is redirected through its
neighbours (Drawing taken from [8]). Centre right: Conduit with stable gas bubbles. Two of them are attached
to the conduit walls forming the contact angles dand 4,. Right: Cross section through the xylem of Aristolochia
macrophylla showing an assemblage of conduits (upper right) and the ornamented inner wall of one conduit
(lower right)(Photos: Tatiana Miranda , Institute for Geosciences, University of Tlibingen).

only expand. If the bubble contains n,; < n air molecules its future depends also on its initial

radius R: in the case R > R it expands, in the case 0 < R < R, the bubble expands or contracts

towards Rgap.
Figure 3 illustrates the interdependance of initial radius and air content in a stability diagram in the

(na,R)-plane:

(1) The ability of an air-water vapour bubble to seed embolism increases with its air content (with
the water pressure ps being constant): A bubble of initial radius R, containing n; air molecules
contracts towards the stable radius Ry, a bubble of the same initial radius containing n, air
molecules (with ny > n;), however, bursts.

(i) If ps decreases (i.e. becomes more negative) the stability region which represents all bubbles
(of radius R and containing n, air molecules) drifting to stable equilibrium shrinks. Hence,
bubbles which were within the stability region at a given water pressure may become unstable
because the borderline between stability and instability has wandered across their (fixed)
location in the (n,,R)-plane, due to the drop in ps.

(iii) Immediate collapse of an air-water vapour bubble is impossible. This is because — different
to the water vapour molecules in the bubble — the air molecules cannot condensate to the
liquid state (at least not under temperatures and pressures compatible with living plants).
Hence, a stable air-water vapour bubble can only disappear by dissolution via diffusion of the
air content into the surrounding water. Whether or not this will happen depends on the
concentration C,;, of air molecules already dissolved in the surrounding water.

Bubble attached to a flat portion of the vessel wall

In order to describe an air/water vapour bubble attached to the vessel wall we have to extend
expression (1) to

4}1. le.x
W= |4nyR? - =5 (Pw=py) R*| £@)+3RTn, log( R ) @

where @ denotes the contact angle at the line where solid, liquid and gaseous phase meet, and &(0):= (2
+3¢0s 0 - cos*0) /4. Due to & (0) = 1, expression (4) reduces in the limit @ = 0 to expression (1).
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Fig. 2 Energy of bubble formation W plotted against bubble radius R. Water pressure in the conduit amounts to
ps=—IMPa. Equilibrium between expanding and contracting forces is realised only at bubble radii R
representing extrema of W(R). Maxima indicate unstable, minima stable equilibrium. (a) Bubble filled only with
water vapour. (b) Bubble filled with water vapour and air. Curves are plotted for the following numbers of air
molecules: n,; = 7.5 x10% mol, ng;; = 7.5 x 10™mol and n, 3 = 9 x 10 mol.

Thus, in the case of complete wettability a freely floating bubble and one attached to the vessel wall
behave in the same way.

Exploiting OW/0R = 0, we find that the (mechanical) equilibrium radii of an attached bubble have
exactly the same form as those (see (3)) of its freely floating counterpart, provided we include into the
critical (maximum) number nc;; the factor &@) (i.e. ngir — Neie £(6)). The other features of the
equilibrium radii (stability, the limits for n, — 0 and ny, — nc; and the behaviour for n, > ne;) are as
for a freely floating bubble.

Figure 3(c) illustrates that because of 0 < &(#) <1 an attached bubble can not accomodate as many
particles as a freely floating bubble (apart from the case € = 0° when & = 1). This feature turns out to
be potentially hazardous: Mechanically stable floating bubbles may realise during attachment that the
number of air particles they house and the vessel wall’s contact angle are incompatible. Thus, they can
not settle to a new stable mechanical equilibrium and burst. The upper bubble on the curve related to 6
= 0°in part (c) of Figure 3 will suffer this fate if it tries to attach to a wall with contact angle 8 = 90°.
The lower bubble on the same curve is more lucky: it houses less particles than ng(6 = 90°) allows
and finds a new stable mechanical equilibrium. From the family of curves depicted in Figure 3(c) it is
obvious that the radius of the attached bubble segment is always greater than the radius of the freely
floating bubble, i.e. Rgan(Na, 6) > Rean(Na, 0) for 6 > 0. (Recall that we assume that the floating bubble
attaches to an at least approximately flat vessel wall. Hence, attached bubbles are shaped like
segments of a sphere with radius R.)

Conditions for spontaneous attachment

In order to explore whether (and if so, under which conditions) a mechanically stable floating bubble

attaches spontaneously to an (approximately flat) vessel wall we have to compare the energies

associated with the formation of a floating and of an attached bubble. If the free energy of the final

state is smaller than the free energy of the initial state, the process proceeds spontaneously. The

energies related to the two bubble states have already been calculated in (1) and (4).

Since the formation energy of a floating and of an attached bubble coincide in the case 6 = 0 we may

first calculate what happens to Wyn(6) if 6 is infinitesimally increased and integrate afterwards up to

0 W.\'mb aWsmb dR 0 W.\'mb df
a0 T or do o do|“ &

the desired value of . Because we compare mechanically stable bubbles (with n, and ps fixed) the

rules of partial differentiation yield

AdWap =
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Fig. 3 Regions of stability and instability of bubbles of radius R, filled with water vapour and n, air molecules.
(a): Stability diagram for a given water pressure ps;. (b): Stability diagram for a water pressure ps, with ps, <
Ps1 (i.e. ps2 is more negative than ps;). Only bubbles lying on the curves Rya, (broken line) and Ry (solid line)
are in stable resp. unstable equilibrium. Bubbles represented by other (n,, R)-values either contract or expand
(indicated by broken arrows). Bubbles belonging to the hatched region (left and below the solid curve Rjn)
contract or expand towards the stable radius Rgg, lying on the dotted curve. Bubbles characterised by (n,, R)-
values outside the stability region expand. If ps decreases, the region of stability shrinks. Hence, bubbles which
are in equlibrium under water pressure ps; (like those inhabited by n; air molecules in part (a) of the figure) fall
outside of the equilibrium region if ps drops to ps; < ps1 (see part (b) of the figure). (c): Bubbles attached to a
flat vessel wall with contact angles & = 0°, 60°, 90°, 100°. Ry, of a completely wetting vessel wall (8 = 0°) is
identical to Rg,y Of a floating bubble.

The first two terms of the right hand side of this expression vanish because W depends not explicitly
on 6 (hence, 0W/06 = 0), and mechanical equilibrium requires 6W/oR = 0. Thus,
OWgap d 4r 3.

a‘g d—g] do = [4 myR% () - < (P - py) Rﬁmb(e)] (_Z sin’ 9) do <0 (6)
Manipulations based on the Young-Laplace-Equation imply that the expression in brackets is positive
and sin*@ is positive within the interval 0 < @ < 180°. Therefore, an increase of 6 by the amount dg >
0, is related to a decrease of the formation energy Wsan(6) by dWian(6) < 0. Thus, the formation energy
of a floating bubble (characterised by 8 = 0) which attaches to a vessel wall (characterised by 8 > 0)
changes by the necessarily negative amount

dWs!ab = [

AWy = f: AWoa < 0 )
The last relation allows the following conclusions:
Q) The attachment process of a floating bubble proceeds spontaneously and without energy input.

(i) Detachment needs energy input, spontaneous bubble detachment is therefore improbable.

(iii)  The conclusion AWgp(6) < 0 applies for any 6 > 0.

(iv) If the contact angle @ varies across the vessel wall, the bubble will show a tendency to move
(and enlarge) its contact circle towards regions of higher 4. (The contact circle is the line
where the air/water-interface touches the flat, solid vessel wall.)

Diffusional equilibrium and dissolution of bubbles

The following reasoning applies both to freely floating bubbles and to bubbles which are attached to

the conduit wall. The “long term” behaviour of an mechanically equilibrated bubble rests upon two

physical effects ([2]):

0] At the bubble’s air/water-interface, air particles dissolve into or escape from the water Thus,
the (partial) pressure p, of the air inside the bubble and the concentration Cy of the dissolved
air particles in the liquid in the near vicinity of the bubble are proportional to

36



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

each other as stated by Henry’s Law Cr = ky p, Where the constant ky depends on the gas and
liquid species involved.

(i) If the concentration Cy of dissolved gas particles close to the bubble deviates from the value
Cair farther away in the liquid, diffusional currents, directed from areas of higher to areas of
lower concentration arise

Pa

pairj

pair‘Z

Req,1 Req‘2
Fig. 4 Diagram explaining the behaviour of gas bubbles which are in equilibrium with respect to mechanical
forces but not with respect to exchange of air particles between bubble and surrounding water (for explanation

see text).

As the combined result of both processes we expect that air particles are transported either out of and
away from the gas bubble or into the opposite direction until an diffusional equilibrium situation
between the concentrations Ci and C,;, is attained. To facilitate further notation we define in analogy
to Henry’s Law a (fictitious) pressure pair := Cai/ky Which allows to state diffusional equilibrium as
Pair = Pa. The Young-Laplace-Equation

2y

p:Ps'"f (8)

connects the gas pressure p within an mechanically(!) equilibrated bubble with the surface tension vy at
the liquid/gas-interface, the bubble radius R and the pressure p, of the liquid surrounding the bubble.
Splitting the gas pressure into the partial pressures of water vapour and air according to p = py, + pa We
find from (8) for bubbles in mechanical equilibrium p, = p - py = ps - pwt+2 y/R. Observing that this
relation establishes a one-to-one correspondence between p, and R we use p,ir = pa to define an
equilibrium radius

2y
Ry = —— 9
“ Pair + Pw — Ps ®
Notice, that Ry defines an equilibrium with respect to the exchange of air particles between the bubble
and the surrounding water whereas the radii Rya and Ry (Which were defined in (3)) represent
equilibria with respect to the mechanical forces which try to expand or contract the bubble.
We can now understand the behaviour of gas bubbles which are in equilibrium with respect to

mechanical forces but not with respect to exchange of air particles between bubble and surrounding
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water (consult Figure 4): Exchange equilibrium exists if p, = par is realised. (In the lower part of

Figure 4, this case is indicated by the intersections between the broken, horizontal lines and the p,(R)-

curve at (Req1, Pair,1) @nd (Req2, Pair2).) Depending on whether R4 lies in the interval 0 < Rgtap < Rerit OF

Rerit < Rinst < Ruap, the bubble goes through qualitatively different developments:

Q) The bubble starts at position A or B, close to (Req1, Pair,1) in the interval 0 < Rgap < Rerit:

a) At position A the inequality p, > pair is valid, causing air particles to leave the bubble. This
loss entails a contraction of the bubble, as can be seen from the ny(R) diagram in the upper
part of the figure. This contraction raises the bubble’s partial air pressure p, Which accelerates
the particle loss and so on, until the bubble has dissolved.

b) At position B we have p, < pa.ir. Now air particles from the surrounding water enter the
bubble which reacts by an expansion, according to the n,(R)-diagram. The bubble’s partial air
pressure p, decreases whereupon still more air particles enter the bubble and so on. This
process continues either until n, exceeds ney, or until all air particles within the xylem water
have assembled in the bubble.

(i) The bubble starts at positions C or D, close t0 (Reg2, Pair2) in the interval Rerit < Rinst < Ryap.
Applying the same reasoning as in case (i), the bubble is found to move towards the
equilibrium position (Req 2, Pair,2)-

Obviously, equilibria with respect to the exchange of air particles related to a bubble radius Req lying

within the interval 0 < Req < Rgrir are unstable, similar equilibria within Rerit < Req < Rygp are, however,

stable.

Hence, stable mechanical and exchange equilibria preclude each other: For 0 < R < Ry the
mechanical equilibrium is stable and the exchange equilibrium is unstable, for Rt < R < Ry it is the
other way round. The different time scales on which the processes connected with the two equilibria
operate impose a clear hierarchy on their relevance: Since the exchange of air particles is a very slow
process, compared to the action of the expanding and contracting forces, a mechanically unstable
bubble with R;.s(n,) has negligible chances to settle down to a stable exchange equilibrium. It is much
more probable that it either bursts or shrinks to the corresponding stable radius Rgap(na) Where an
unstable exchange equilibrium awaits it. Depending on the relation between p, and pg; this state will
finally develop into a bubble burst due to congestion (i.e. n; > neit) or to complete bubble dissolution.

A condition which guarantees that dissolution occurs can be read off from Figure 4. If the
inequality Req > Rerit holds all bubbles in stable mechanical equilibrium dissolve. This condition can be
reformulated as a relation between the concentration C,;, of gas particles dissolved in the surrounding
liquid, the (negative) pressure ps of this liquid, and the water vapour saturation pressure p,, hamely
Cair = Ku Pair < kn (pw - ps)/2. Solving this relation for ps we find ps < -2 pair + pw. Since groundwater in
the soil is in contact with air of atmospheric pressure it is reasonable to assume Pair = Patmosphere ~ 10°
Pa. Neglecting the term p,, on the right hand side (at 25 °C we find p,, = 3167 Pa << 100 000 Pa = pi)
this equation reduces to
ps £ —2%10° Pa (10)

Hence, if condition (10) is fulfilled embryonic bubbles appearing in the stability regions depicted in

Figure 3 dissolve after a while in the surrounding water.

As stated above, the results related to bubble dissolution apply to floating and to attached bubbles.
Fig. 3 shows that the bubble radius R increases if attachment occurs and results in mechanical stability.
This increase in bubble radius entails a second potential hazard (cf. Figure 4): A floating bubble in
situation A (with p,ir = Pair1) 1S ON the route to dissolution because its radius is slightly smaller than the
equilibrium radius Reqi. If its particle content and the wall’s contact angle allow a new stable
mechanical equilibrium after attachment it may well happen, that the bubble finds itself, due to the
inevitable radius increase, after attachment at position B from where its radius and particle content
increases until it bursts.

Conclusion

Spontaneous cavitation (“homogenous nucleation™): The spontaneous emergence of a water vapour
filled bubble is extremely unlikely for the water tensions found in plants of p; > -1 MPa. Should
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homogenous nucleation occur nonetheless, the fate of the emerging bubble depends on its initial radius

R: For R < Rup=2y/(pw - Ps) the bubble disappears immediately, for R > R, it bursts, causing

cavitation of the befallen vessel segment.

Air seeding (“heterogenous nucleation”): Decisive for the fate of a bubble containing air and water

vapour are two different processes each of which may or may not lead to an equilibrium. They occur

on different time scales:

(1) Mechanical stability/instability (quick adjustment): If initial bubble radius R and initial
number of air particles n, satisfy the inequalities n, < n¢i; and R < Rjnse(n,) simultaneously the
bubble approaches mechanical stability at the radius R = Rgap(ns). Otherwise, the bubble
bursts.

(i) Diffusional stability/instability (slow adjustment): A bubble which has established
mechanical stability (i.e. R = Rqap(ny)) either loses air molecules to the surrounding xylem
water (and dissolves eventually completely) or it accumulates air from the xylem water. This
accumulation lasts until the bubble bursts (when n, = ng; is achieved) or until no more air
molecules are available in the xylem water. If the xylem water is in contact with the
atmosphere, mechanically stable bubbles dissolve completely, provided the xylem water
pressure p; satisfies p, < -2 x 10° Pa.

Bubble attachment to vessel wall: Basically, an attached bubble behaves like a freely floating

bubble. The major difference is that its maximum particle capacity may fall short of or exceed n;; of a

freely floating bubble. Whether this happens or not depends on the contact angle and one (or more

parameters) describing the vessel wall morphology.
This gives rise to two effects which make themselves felt when a floating bubble attaches to a flat

wall with contact angle 6:

Q) A bubble that is mechanically stable while it is floating, bursts during wall attachment if n, >
ncrit(e)-

(i) Depending on the value of the diffusional equilibrium bubble radius R, a floating bubble
which is mechanically stable, loses particles, and fulfills point (i), may remain stable upon
attachment but will start to accumulate particles (instead of losing them). This accumulation
lasts until the bubble bursts (when n, = niy(6) is achieved) or until no more air molecules are
available in the xylem water.

Comparison of the reversible free energies associated with the formation of a floating and an
attached bubble reveals:

Q) Bubble attachment to a flat vessel wall happens spontaneously and without energy input for
any 8 > 0.
(i) If the contact angle @ varies across a flat vessel wall, the bubble will show a tendency to move

(and enlarge) its contact circle towards regions of higher 6.
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Abstract

Pollen grains produce a cylindrical protuberance - the pollen tube - that has to invade the
apoplast of the pistillar tissues to deliver the sperm cells to the ovule embedded deep within
the ovary. To do so, the pollen tube expands exclusively at the apex resulting in tip growth.
To ensure sperm transfer, the pollen tube has to maintain its cylindrical shape and to respond
to external signals to be able to reach its target. We study the role of the cytoskeleton in the
mechanical aspects of pollen tube tip growth such as control of cellular shape and directional
growth. We show that the subapical actin fringe has a crucial role in controlling the
cylindrical shape and the diameter of the pollen tube, and in sustaining its elongation. Our
results also reveal that the actin cytoskeleton is involved in the tropic response of the pollen
tube in a calcium concentration dependent manner.

Introduction

Pollen tubes are cellular protuberances formed by pollen grains, the male gametophytes in
flowering plants. Their function is the delivery of the sperm cells from the pollen grain to the
ovule. During its passage through the stylar tissues, the pollen tube has to resist external
pressures and to produce an invasive force that allows it to elongate within the apoplast of the
transmitting tissue. To find its target, the embryo sac, it has to respond to external signals,
change direction when required, and exhibit tropic behavior (Cheung and Wu 2001). Similar
to root hairs and fungal hyphae, pollen tubes are tip growing cells. The driving force for the
growth process is generated by the turgor pressure and elongation is sustained by a continuous
supply of new cell wall material deposited at the growing apex (Bove et al. 2008; Zonia and
Munnik 2008).

While many studies have been done on the animal cell cytoskeleton and its role in cellular
extension, motility, and architecture, little is known about the mechanical role of the
cytoskeletal elements in the control of plant cellular architecture. Focus has hitherto been on
the implication of microtubules in anisotropic cell wall expansion (Baskin 2005). The reason
for this scarcity of information on cytoskeletal mechanics in plants is the fact that the
relationship between turgor pressure and cell wall has been considered to be the dominant
player determining plant cell growth in general and pollen tube tip growth in particular
(Geitmann and Steer 2006). Therefore, while the role of the cytoskeleton in vesicle and
organelle transport within the pollen tube cytoplasm is well defined (Lovy-Wheeler et al.
2007), its implication in the mechanics of the tip growth process is poorly understood.

The pollen tube cytoskeleton has two main components: microtubules and actin
microfilaments (Geitmann and Emons 2000). Microtubules do not seem to be directly
involved in pollen tube tip growth, since inhibition of their polymerization does not prevent

40



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

pollen tube elongation (Gossot and Geitmann 2007). Actin on the other hand is crucial as
revealed by inhibitors that interfere with actin polymerization (Vidali and Hepler 2001). Actin
filaments in the pollen tube are oriented longitudinally, parallel to the growth axis and they
form a fringe of fine filaments in the subapex of the tube (Lovy-Wheeler et al. 2005). It has
been shown that microfilaments play a role in the capacity of pollen tubes to invade a
mechanical obstacle and to elongate in stiffened media (Gossot and Geitmann 2007).

The configuration of the actin cytoskeleton, the dynamics of its remodeling through
polymerization, cross-linking, and bundling is controlled by the cytoplasmic Ca** and H*
concentrations through activation and inactivation of actin binding proteins. Ca** also plays a
role in exocytosis and vesicle-membrane fusion (Battey et al. 1999). A supply of Ca** in the
growth medium is, therefore, indispensable for pollen germination and pollen tube growth
(Pierson et al. 1994). Reflecting the polarized distribution of growth activity and actin
configuration in this cell, the cytoplasmic Ca** concentration displays a steep, tip high
gradient (Feijo et al. 1995). Its disruption causes the arrest of pollen tube growth (Pierson et
al. 1994). The connection between actin cytoskeleton and calcium is a two-way control
mechanism, however, since actin microfilaments were shown play an important role in the
regulation of plasma membrane located Ca®* channels and thus the Ca®* influx into the cell
(Wang et al. 2004).

Artificial displacement of the cytoplasmic calcium gradient to the side of the growing
pollen tube apex induces the tube to change direction (Malhé and Trewavas 1996). Whether
this is due to a remodeling of the apical actin cytoskeleton or to a direct effect on the location
of exocytosis is unknown, however. We want to investigate the role of the actin cytoskeleton
in controlling the shape of the growing cell and in the capacity of the pollen tube to change its
growth direction and hence to respond to an external signal. For the latter, we devised an
assay that allows us to apply a directional signal in quantitative manner and to measure the
precise time course of events associated with the cellular response. In vitro grown pollen
tubes are exposed to an electrical field and their response is monitored using brightfield and
fluorescence microscopy.

Material and methods

Plant material

Camellia japonica pollen was collected from a plant growing in the Montreal Botanical
Garden, dehydrated in gelatin capsules on anhydrous silica gel overnight and stored at -20°C.
Camellia pollen growth medium contained 1.62 mM H3BOs;, 2.54 mM Ca(NO3)2:4H,0
(unless mentioned otherwise), 1 mM KNOs, 0.81 mM MgSQO,4-7H,0, 8% sucrose (w/v).
Actin labelling

After one hour of growth, Camellia pollen tubes were fixed for 40 seconds in the
microwave (PELCO cold spot® biowave 34700) under 150 Watts in 3% formaldehyde, 0.5%
glutaraldehyde and 0.05% Triton X-100 solution in a buffer composed of 100 mM PIPES, 5
mM MgSO, and 0.5 mM CaCl, at pH 9. Pollen tubes were then washed 3 times for one
minute each in the same buffer then incubated overnight at 4°C in a rhodmine-phalloidin
(Molecular Probes) in a buffer composed of 100mM PIPES, 5 mM MgSO,, 0.5 mM CaCl,
and 10 mM EGTA at pH 7. Next day, pollen was washed 5 times for one minute each in the
same buffer. All washing steps were conducted in a microwave (model) at 150 Watts. Pollen
was then mounted on glass slides in a drop of citifluor (Electron Microscopy Sciences),
covered with a cover slip, sealed and immediately observed in the microscope.
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Microscopic observations

Confocal images were taken on a Zeiss LSM 510 META confocal microscope equipped
with a LSM 5 LIVE setup and pictures were processed with the LSM Image Examiner
software.
Time lapse series for the galvanotropic experiments were taken with a Nikon TE2000
microscope equipped with a Roper fx cooled CCD camera and ImagePro software (Media
Cybernetics, Carlsbad, CA).
Galvanotropic experiment

Camellia growth medium solidified with 1% agarose type VII (Sigma-Aldrich) was
precooled to 40°C before addition of latrunculin B. The medium was spread into a thin layer
and left for 5 minutes to solidify. Pollen was then applied in a line parallel to the electrical
field. Pollen was left to germinate in an electrophoresis chamber designed in way that can be
mounted on an inverted microscope. This chamber consisted of a petri dish with a 2x1 cm
opening sealed with a coverslip.

Results and discussion

The actin fringe controls pollen tube diameter

It is intriguing how the pollen tube is able to strictly control its diameter and form a perfectly
tubular shape. The actin cytoskeleton and in particular the subapical actin fringe are likely to
be crucial in the control of the growth process as they deliver the secretory vesicles to
precisely identified sites on the cellular surface. In order to identify the role of the actin fringe
in maintaining the tubular shape of the pollen tube, we used pharmacological agents that have
the capacity to affect the degree of crosslinking between actin filaments. Ethylene glycol
bis[sulfosuccinimidylsuccinate] (sulfo-EGS) is known to be a strong actin cross-linker (Lovy-
Wheeler et al. 2005; Gossot and Geitmann 2007). It has been used to block the advancement
of the actin fringe in poppy and lily pollen tubes (Gossot, unpublished data). We tested
different concentrations of sulfo-EGS on Camellia pollen tubes and monitored pollen tube
velocity and tip shape. At 500mM sulfo-EGS, and after just few seconds of application of the
drug, pollen tube velocity was decreased by half (from 0.2 to 0.1 um/sec) followed by a
swelling at the tip (Figure 1B). After few minutes, pollen tube recovered its original shape
(Figure 1 D) but failed to recover its original velocity during the remaining observation time.

I I
Figure 1: Time lapse series of Camellia japonica pollen tubes treated

with sulfo-EGS. (A) Before the application of the drug, (B) 1 minute
after the application, (C) 6 minutes after and (D) 15 minutes after.
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To determine how this drug affects the actin cytoskeleton, we labeled sulfo-EGS treated tubes
with rhodamine-phalloidin. At 10 minutes of treatment with sulfo-EGS, the pollen tube lost
its specific actin conformation at the tip; the actin fringe was lost and the actin arrays had an
unorganized distribution in the swelling tip (Figure 2 B). After 20 minutes actin arrays
seemed to assemble at the very tip of the apical swelling (Figure 2 C) and subsequently these
form a fringe-like structure, that allows the recovery of the pollen tube growth in its original
diameter (in less than 30 minutes) (Figure 2 D).

Figure 2: Actin cytoskeleton in Camellia pollen tubes labeled with rhodamine-phalloidin.
Growing pollen tubes were treated with 500 mM sulfo-EGS (B-D) for 10 (B), 20 (C) and 30
minutes (D). The scale bars represent 10um.

This indicates the importance of the role of this cytoskeletal structure in maintaining the
integrity of the pollen tube tubular shape and the normal growth rate.

The actin cytoskeleton controls the pollen tube’s capacity to perform directional growth

While in planta growing pollen tubes are likely to react to chemical and mechanical cues,
we wanted to devise an experimental setup that allowed us to switch on a directional trigger at
a particular point in time and at a well defined parameter setting. Chemical signals have the
disadvantage of having to diffuse which takes time, and secondly, the local concentration of
the signal is virtually impossible to determine since the diffusing chemical forms a gradient.
Therefore, we resorted to establishing an electrical trigger, which had been shown before to
induce tropic behavior in pollen tubes (Nakamura et al. 1991; Malho et al. 1992).

To assess the role of the cytoskeletal elements in the pollen tube's ability to respond to an
electrical field, we grew pollen in a solid medium and once they achieved a length of
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approximately 400 um, an electrical field perpendicular to the direction of pollen tube growth
was applied. We compared tubes growing in the control medium with tubes growing in the
presence of Latrunculin B (an inhibitor of F-actin polymerization). In addition, we tested the
effect of an increase in calcium concentration in the surrounding medium on the pollen tube
behavior.

To quantify pollen tube response, we measured the percentage of pollen tubes showing a
response (i.e. change in growth direction), the angle between new and old direction of growth
and time between application of electrical field and first visible response.

Figure 3: Camellia japonica pollen tube changing growth direction by
an angle o after the application of an electrical field perpendicular to
the growth direction.

From these data we can conclude in preliminary manner that actin has a role in mediating the
tropic response of the pollen tube. In addition, it seems clear that calcium ions in the medium
seem to be implicated as an increase in their concentration results in a faster tropic response.

Conclusion

Our experiments showed that the actin cytoskeleton in the growing pollen tube, and, more
specifically, the actin fringe is strongly implicated in the elongation and maintenance of the
cylindrical shape of the pollen tube. We also showed that the actin cytoskeleton plays an
important role in the tropic response of the pollen tube in calcium concentration dependent
manner.
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Abstract

Xylem sap transport in vascular plants can be limited by cavitation (breakage of water column) or
by the collapse of cell walls under negative pressures. Cavitation has received more attention than
collapse of cell walls but recent work has demonstrated the existence of cell wall collapse in lignin-
deficient Arabidopsis [1] but also in non-mutant structures like the xylem of pine needles [2]. In this
paper we present a study of cell wall collapse in the needles of four pine species (P. cembra, P. mugo,
P. sylvestris and P. nigra). Finite Element Modelling (FEA) has been used to predict the sequence of
events leading to the collapse of cells subjected to increasing negative pressures, typically down to — 5
MPa. The folding of cell walls and the associated reduction of lumen cross-sectional area has been
investigated and the relative importance of material properties and geometry on collapse have been
assessed. The results of the FEA simulations have been compared globally with experimental results
obtained from the four pine species investigated. The comparison has been made using the changes in
the isoperimetric coefficient and in the lumen cross-sectional area at various negative pressures and
corresponding stages of collapse.

The results suggest that the collapse of the cell walls within a given xylem tissue is a progressive
phenomenon driven by the reduction of pressure and not a sudden instability event, akin to buckling.
The "rate" of collapse with pressure differs between species, depending mainly on specific
morphological and geometrical characteristics of the xylem cells (deviation from circularity, cell-wall
thickness, diameter for given thickness), as well as on the level of heterogeneity of the tissue (cell size
and cell "roundness” distributions, in particular). The study has revealed inter-specific variability of
collapse vulnerability and demonstrated that collapse onset starts before the cavitation process, raising
the possibility of cell wall collapse as protection mechanism from cavitation, as suggested by Cochard
etal. [2].

Introduction

Xylem sap in vascular plants is transported under negative pressures in xylem lignified conduits [3].
This transport can be affected by two phenomena: collapse of the water column (cavitation) or
collapse of the conduit walls. In 2001, Hacke et al. [4] proposed the risk of conduit collapse to be
related to the dimensions of cell. They suggest that the probability of cell collapse is a function of the
ratio of cell-wall thickness (t) to cell diameter (b). Specifically:

=f t?/b? (1)

I:)col lapse
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Applying the above equation to experimental data from pine needles' xylem leads, as expected, to a
negative correlation between Pcoapse and tracheids anatomy but the correlation is weak. Moreover, the
Peoiiapse Values obtained using simple cell geometry as the predictor, were two to six times more
negative than the measured ones. The "collapse” model used by Hacke et al. is based on a regular
array of cells of rectangular cross-section, of constant dimensions and wall thickness. In their model
the force due to the pressure acts on flat cell walls which bend inwards as a plate. Indeed, for such a
system the maximum wall stress and the maximum deflection due to bending are given by [5]:

b2
o = '2—2 @)
pb*
5 = 3
——r4 B (3)

where t = cell wall thickness, b = cell wall side length, E = Young's modulus and g and y are
coefficients which depend on boundary conditions and length/side ratio of the plate.

Hacke's model implies that collapse occurs when the maximum stress in the cell wall is reached
(Equation 2). As mentioned earlier, the cell walls of observed collapsed cells can deform very
significantly without any apparent break, suggesting that excessive deformation is more important
than limit stress in relation to collapse.

The limitations of Hacke's model in explaining the results obtained on pine needles suggested that
it was necessary to take into account both the specific cellular structure of any given xylem tissue and
the heterogeneity of tracheids' geometries because collapse is likely to depend on individual cell
geometry but also on a "structure effect"” i.e. on the arrangement of cells. In this study it has also been
found that, although the Young's modulus used in the FEA simulations does have an effect on the
development of collapse, its influence is much smaller that that of the heterogeneity of shape and size
of cells. One additional interesting result of the work presented here is that the maximum strains in the
folded cell walls at the advanced stages of collapse can easily reach values of 25% or more
(predictions from FEA supported by direct measurements). No obvious "failure” can be detected in
the micrographs of collapsed xylem cell walls for the four species and it is also known that the
collapse phenomenon is to a large extent reversible [2].

Materials and methods

Experimental data for xylem wall deformation in the needles of different Pinus species
where obtained by Cochard et al [2]. In short, cut branches were dehydrated on a bench in
order to obtain a range of xylem pressures between 0 and -5MPa, as determined by the
pressure chamber technique. At regular intervals during dehydration, needles were removed
and instantly frozen by immersion in liquid nitrogen. Xylem wall deformation was observed
with a cryo-SEM on cryo-fractured cross-sections. Lumen area (A) and wall perimeter (P)
were measured using ImageJ for the different xylem tracheids and the isoperimetric
coefficient Q of individual cells is defined as:

B 47A

Q_?

(4)

where A is the lumen area and P the cell perimeter. Q = 1 for a perfectly circular lumen.
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The available experimental data give the average isoperimetric coefficient of sets of xylem
cells according negative pressure. In order to compare experimental data with simulated data
(see below) we also computed the average isoperimetric coefficient of a given needle xylem
by the means of isoperimetric coefficients of individual cells.

The FEA modelling was carried out using two different software codes, MSC/NASTRAN/MARC and
Strand7. The various assumptions and details of the models are:

Model Geometry: The cell geometry obtained from microscopy sections was converted into meshed
FEA models. Only the xylem cells were modeled in detail. In pine needles, the xylem cells are
surrounded by parenchyma tissue which, owing to its stiffness, has a restraining effect on the inward
collapse of the xylem cells. To minimize the complexity of the model, the parenchyma tissue was not
modelled as system of individual cells but, rather, as a homogeneous material having the elastic
modulus of average parenchyma tissue.

Meshing and FEA Elements: For the purpose of this study, the models used were 2D plane strain
models, meshed mainly with 4-noded quadrilaterals and a small number of triangles. The cell-wall
thickness of the four species investigated is of the order of 1um and, typically, four to six quadrilateral
elements were used across the wall thickness. Higher order 8-noded quadrilaterals were used on one
or two occasions for comparison but no significant differences between the two types of elements
could be observed and the 4-noded elements have been used for most simulations.

FEA Analysis: Large displacements during collapse and folding of the cell walls under negative
pressure can lead to contact between walls or within the same wall. MARC was used for some
simulations because of the easier way in which it deals with contact problems. With both MARC and
Strand 7 a non-linear analysis was used, with large displacements options. In our model, all xylem
cells of the portion of tissue analysed are under the same negative pressure which varies between 0
and -5 MPa in steps of 0.1 MPa in the simulations.

Material Properties: There are no data for the mechanical properties of xylem tissue in pine needles.
Because of the type of analysis used (2D plane strain), the relevant Young's modulus of the xylem
cells is the modulus in the circumferential direction. The material used in the FEA cell wall models of
the xylem is isotropic and a value of 100 MPa was chosen (Fig. 1), based on data available for the
modulus in the radial and tangential directions of wet wood [6]. This value fitted the experimental
results for Pinus Nigra quite well and was used also for the other species of pine. A Poisson's ratio of
0.35 was used in all cases. For the parenchyma tissue, a value of 5 MPa was used, typical of this type
of tissue in plants [7].

Fig. 1 Comparison of evolution of average
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Results and discussion

Successive images from the FEA analysis of deformed xylem of Pinus sylvestris needle are shown
on Fig. 2. The “degree” of collapse as a function of pressure, measured by the evolution of the
isoperimetric coefficient, hides the high heterogeneity in individual cells behaviour. Fig. 3 shows the
evolution of the isoperimetric coefficient of individual cells of Pinus nigra needle xylem presented in
Fig 2. Some cells (e.g. cell 15) exhibited almost no collapse where as some other cells, such as cell 1,
exhibited high variation of the average isoperimetric coefficient with increasing pressure. It is worth
noting that the non-collapsing cell 15 in Figure 2 is nearly circular and with thick walls. It should also
be observed that the isoperimetric coefficient may be not the best convenient variable to describe the
intensity of collapse. Indeed, some cells are highly deformed under pressure so that their cell walls
come into contact (cell 9 in Figure 2, for example). In this case the isoperimetric coefficient increased
instead of keeping decreasing with increasing pressure. In the following we thus measured the degree
of collapse using the isoperimetric coefficient but also measuring on the images the evolution of cell
lumen area.

0 MPa 2 MPa 4 MPa

Fig. 2 Images of simulated collapse for Pinus nigra at three different pressures: 0, 2 and 4 MPa.

Fig. 3 Evolution of the isoperimetric coefficient of the
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Fig. 4 shows the evolution of both average isoperimetric coefficient and average cell lumen area of
a needle xylem of Pinus cembra. The simulations were done keeping the Young's modulus of the cell
wall equal to 100 MPa and the parenchyma Young’s modulus equal to 5SMPa. To a first
approximation, the simulated data are in the range of the experimental measurements. As can be seen
in Figure 4, the average lumen area decrease with pressure gives better fit to the experimental data
than the isoperimetric coefficient.
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Fig 4 Simulated evolution of average isoperimetric coefficient and average lumen area of xylem of Pinus cembra
as a function of pressure. The experimental results are shown by the solid symbols.

The simulated data have been obtained with a Young's modulus of cell wall equal to 100 MPa and Young's
modulus of parenchyma equal to 5 MPa.

In order to test the effect of the position of a cell on its mechanical behaviour and the effect of wall
thickness, we reduced the cell-wall thickness of selected cells in the FEA analysis (by removing a
layer of elements on the lumen side) and studied the evolution of their isoperimetric coefficient
according pressure. The results obtained with cells of Pinus cembra are shown on Fig. 5. The cell
walls thickness of cells 6, 7 and 11 was reduced by about 15 %. These cells were chosen because they
are all surrounded by other xylem cells and because they had similar value of original cell wall
thickness and size of lumen and were also similar in shape. These three cells behaved very differently
in the FEA simulation: thinning of the cell wall had almost no effect on the mechanical behaviour of
cells 6 and 11 but had significant effect on the behaviour of cell 7. It should be noted that cells 6 and
11 have only one common thinned wall with cell 7, whereas cell 7 has two common thinned walls, one
with cell 6 and one with cell 11. This suggests that not only the geometry of cells influences the
collapse but that there is also a strong structure and position effect of the considered cell within the
xylem structure.

Fig 5
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Left: Digitised part of needle xylem of Pinus cembra. Cells walls of cells 6, 7 and 11 were thinned compared to
the original, before running the simulation.
Right: Comparison of evolution of the isoperimetric coefficient of “intact” and “thinned-wall ’cells of Pinus
cembra as a function of pressure. Cells 6, 7 and 11 had comparable size of lumen and cell wall thickness but
they behave differently under increasing negative pressure: thinning the cell wall has almost no effect on the

isoperimetric quotient of cells 6 and 11 but has a large effect on the collapse behaviour of cell 7.
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It would be interesting to be able to predict the propensity to collapse of cells within an heterogeneous
xylem structure using only a few geometrical parameters that could be measured. When checking the
correlation between the parameters measuring the degree of collapse (e.g. isoperimetric coefficient or
lumen area) with the square of the ratio of cell wall thickness and the diamater of the cell ( t/b)?, as in
the study of Sperry and Hacke, only about 30% (data not shown) of the heterogeneity of the degree of
collapse observed between the different cells at a given pressure can be explained. As shown on Fig.
5, the rest of the variability may be due to ”structure or position” effects. It would be thus interesting
to find a variable which could describe the “environment” of a cell within the xylem structure in order
to get a better prediction of individual cells collapse as a function of pressure pressure. In addition, the
FEA models can be refined further, introducing for example elastic moduli which vary as a function of
local strains in the cell walls during collapse. This work is currently under process.

Conclusion

In this work, we modelled the xylem collapse of pine needles. Xylem of different pine species were
digitised and imported in a Finite Elements code capable of dealing with non-linear analysis, large
displacements and large strains. Given the heterogeneity of the xylem system, the possibility of
collapse being due to an instability, such as buckling of a cylinder under negative internal pressure,
has not been pursued since the cells are not perfectly circular and their wall thickness is not uniform,
two essential assumptions for a buckling analysis. The analysis of experimental results also strongly
suggests that the collapse is more a progressive deformation than a real buckling process, except
perhaps for Pinus mugo. The results of experimental measurements and FEA simulations on the
collapse of xylem tissue under negative pressure suggest that the mechanics of the process are
controlled to a significant extent by the heterogeneity of the xylem tissue: cells of different diameters,
different shape and different wall thicknesses. As the pressure decreases, the most vulnerable cells
(large diameter/cell wall thickness ration, pronounced non-circularity) deform first with the walls
bending inwards. This leads to a redistribution of internal stresses acting on the cell walls of all the
cells, especially those in direct contact with the first deformed cells, resulting from the changes of
curvature of the cell walls during deformation. In some cases internal contact will occur and, at
extreme deformation levels, cell walls can fold onto themselves. These internal contacts can have a
stabilising effect on further cumulative development of collapse. Cells within a collapsed tissue that
very round and thick-walled, will deform only marginally. The progression of collapse with
increasing negative pressure, as measured by the reduction is lumen cross-sectional area, is
progressive in all cases studied, the rate of accumulated collapse being dependent on species.
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Abstract

Moisture transport properties of wood are highly dependent on the direction (longitudinal, radial or
tangential) due to its anisotropic material structure. The purpose of this paper is to present a
methodology to determine location dependent orthotropic moisture transport properties for study of
their influence on the global hygroscopic behavior of wood. In order to derive location dependent
moisture transport properties, micro structural images are obtained by Scanning Electron Microscopy
of a full growth ring. Based on the line configuration of the cellular structure, a triangular mesh is
generated and finite element analyses are performed using a moving window methodology to obtain
the position dependent material properties. In a second step, the location dependent moisture transport
properties are used to analyze the water vapor transport at meso- and macroscale. The macroscopic
moisture transport properties are then compared with measurements on wood. The method allows to
determine location-dependent density and water vapor permeability. These location-dependent
material properties can then be used to model the influence of growth ring structure on the total
moisture transport in the wood ignoring the actual geometry of single cells in the growth ring.

Introduction

Moisture transport in wood is complex due to its anisotropic material structure, resulting from the
cells anatomy, growth ring where early- and latewood alternate, and the presence of vessels, rays and
pits. As a result, the moisture transport properties of wooden components are highly dependent on the
direction (longitudinal, radial or tangential). Moreover, due to variations in cell geometry and growth
ring structure, the moisture transport properties, such as moisture capacity and water vapor
permeability depend on location. The purpose of this paper is to present a methodology to determine
location dependent moisture transport properties for the study of their influence on the global
hygroscopic behavior of wood.

In order to derive location dependent moisture transport properties, 2D micro structural images are
obtained by Scanning Electron Microscopy of a full growth ring. The image is then thresholded to
obtain a binary representation of the cell wall—cell lumen structure. The geometry of the cells is
extracted and the cell borders are represented by lines. Based on the line configuration, a triangular
mesh is generated. Finite element analyses are performed using a moving window methodology to
obtain the position dependent material properties. A vapor pressure difference is imposed at two
opposite sides, while the other sides remain vapor tight and the water vapor flux and water vapor
diffusion coefficient are determined. These calculations are repeated for different relative humidities.

The method allows to determine location-dependent density and water vapor permeability. These
location-dependent material properties can then be used to model the influence of growth ring
structure on the total moisture transport in the wood ignoring the actual geometry of single cells in the
growth ring.

The approach is applied here on the real cell structure measured with a visualisation method. Thus,
the work presented is two-dimensional. However, as the cell dimensions in longitudinal direction are
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long compared to the dimensions in radial and tangential directions, the influence of the third
dimension is considered negligible for the determination of radial and tangential properties.

Material and methods

Determination of the geometry

In the work presented here, we assume that the water vapor transport properties depend on the
underlying cellular structure. The cellular microstructure is thus determined using a Scanning Electron
Micrograph (SEM) of a spruce specimen. Figure 1la shows the cross section of one growth ring. The
cellular structure of earlywood and latewood can be clearly distinguished. However, the gray contrast
between wall and lumen is too limited in order to derive a binary image by thresholding. Therefore,
the lumen and the cell wall are manually marked black and white using an image editing software.
Figure 1b gives the obtained binary image. This binary image representing a full growth ring is then
further processed for numerical analysis.

s
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Fig. 1. a) at left, scanning electron micrograph (SEM) from one growth ring. (b) at right, binary representation
of the cell walls and lumens. The bold square highlights the area shown in Figure 2.

Prediction of the upscaled water vapor permeability

The water vapor permeability of a growth ring can be determined solving a stationary water vapor
transport problem. This can be simulated by imposing a water vapor pressure gradient as boundary
conditions and no flow on the perpendicular sides of the calculational domain. The solution yields the
stationary flow rate Q. The upscaled water vapor permeability, or the resistance factor, can then be
determined as:

R

~ A Ap,
with J(¢) is the water vapor permeability [s], Q the vapor flow [kg/s], A the cross section traversed by
the flow [m?], Ap, the vapor pressure differential [Pa], u(¢) the water vapor resistance factor [-] is
defined as the ratio of the vapor permeability of the material to the vapor permeability of dry air [s],
53.

This process is repeated for different moisture contents (or relative humidities) to obtain the
relationship between the water vapor resistance factor and relative humidity. Applying the boundary
conditions on the perpendicular sides and repeating the simulations, the permeability in the
perpendicular direction is obtained.

(1)

54



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

The stationary flow problem is solved using the finite element method. Therefore, the domain is
divided into finite elements and material properties have to be assigned to the elements. To generate a
mesh of elements representing the geometry of one growth ring, first the boundaries of the lumen are
determined by graphical software [1]. This results in a set of polygons describing the boundaries
between lumen and cell wall. These polygons are then used for the generation of the mesh using [2].
This process is graphically shown in Figure 2. The domain is represented by an unstructured mesh of
triangular linear elements. The final mesh consists of 147063 elements and 74654 nodes for the
domain shown in Figure 1b.
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Fig. 2 Detail views of the meshing process. a) Binary representation of the wood microstructure. b) Extracted
outlines for all cells. ¢) Finite element mesh created using the outlines.

Each lumen is defined as air with a water vapor resistance factor of 1. The remaining part is
identified as cell wall with a water vapor resistance factor of p,,. We assume that the water vapor
permeability of the cell wall is equal in the radial and tangential directions.

The only remaining unknown is the water vapor resistance factor of the cell wall. The vapor
permeability of the cell wall is determined by comparing the upscaled water vapor resistance factor for
the complete growth ring to measured values determined with the cuptest method. One way to
determine the water vapor resistance factor of the cell wall is to first determine the relationship
between the upscaled water vapor resistance factor of the growth ring and the water vapor resistance
factor of the cell wall. An almost linear relationship is obtained, as shown in Figure 3. This linear
relationship is then used to determine the water vapor resistance factors of the cell wall for the three
different relative humidities, corresponding to the RH where the water vapor resistance factors were
measured. These results are listed in Table 1. We observe that the determined water vapor resistance
factor of the wall p,, varies highly with relative humidity. It is possible to fit p,, to the measurements
in radial and tangential directions within 8% accuracy of the measurement, which is a reasonable
agreement given that the growth ring measured may not represent the “average” growth ring structure
and that rays are not included in the 2D mesh.

Table 1 Water vapor resistance factors for wood determined from the linear fit to the data shown in Figure 3.
Experimental results are given in brackets.

RH (%) 30 62.5 715
Hay 1453 329 125
™ 295 (237) | 68(72) | 27 (29)
Hr 314 (341) | 72(68) | 28(26)
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Fig. 3 Water vapor resistance factor of the total growth ring in radial and tangential directions in dependence
on the cell wall water vapor resistance factor.

Results and discussion

The upscaling method also allows determining the spatial variation of the density and water vapor
transport properties over the growth ring. This is done by subdividing the domain of 3100 x 2400 um
is subdivided into smaller parts with a side length of 100 pm and calculating the properties of the
different sub-domains.

First, the density variation over the growth ring is analyzed. Therefore the fraction of the cell wall
area to the total area is determined and multiplied by the cell wall density which, is according to
Kollmann [4], 1533 kg/m®. For the analysis, earlywood is defined from the left side of the
calculational domain and has a width of 2500 um. Latewood fills the rest of the domain. Therefore the
earlywood-latewood boarder is located at the relative ring position of 0.806. Figure 4 shows the
calculated density over the domain. The average densities for earlywood, latewood and the complete
growth ring are listed in Table 2.

sub-domain size 100 ym
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Fig. 4 Density distribution determined by the ratio of cell wall and lumen for sub-domain size of 100 pm.

56



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

The average density of 654 kg/m® is clearly higher than the average density determined by
measuring classically mass and volume, which gives values between 360 kg/m® and 460 kg/m®. This is
explained by the fact that we did not consider the porosity of the cell wall which is approximately
30%. The density of the wall is then around 1073 kg/m®. Thus, most likely, the solid matrix density of
1533 kg/m?® as given by [4] is not suitable for determination of the density by image analysis. [4] had
determined the solid matrix density by helium pycnometry and it is likely that helium can access a
bigger pore volume than the pore space recognizable by image analysis. Also Decoux [3] states that
this commonly used cell wall density is too high for determination of the density by image analysis.
They suggest a cell wall density between 1000 and 1400 kg/m®. Recalculating the cell wall density so
that the resulting density equals the measured average density results in a cell wall density of 945
kg/m?®, which is somewhat below the range mentioned by [3].

Table 2 Average density and vapor resistance factor of earlywood, latewood and the complete growth ring. The
corresponding standard deviation is given in brackets.

earlywood | latewood | total wood

density (kg/m°) 559 (108) | 1047 (209) | 654 (235)

water vapor resistance factor (-) | 294 (105) | 902 (336) | 431 (314)

In a second step, the local water vapor resistance factors are determined solving the stationary flow
problem for each sub-domain in radial direction. In Figure 5, the spatial distribution of the water vapor
resistance factors in the radial direction is shown.

sub-domain size 100 um

.

1600
' 1200
800 %
=
T 400
0

R

Fig. 5 Location dependent water vapor resistance factors in radial direction. The results are shown for a cell
wall water vapor resistance factor p,, of 815.

We observe that the p-values highly differ between earlywood and latewood. The different patterns
originated in the different sub-domain sizes correspond well to the patterns of the spatial density
distribution. Table 2 gives the average p values (the standard deviation is given in brackets) for
earlywood and latewood in radial direction.

Figure 6 shows the local water vapor resistance factors plotted against the local densities. We
observe that there is a trend showing higher water vapor resistance factors for higher density values.
An almost linear relationship is observed.
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Fig. 6 The local water vapor resistance factor in relation to local density for radial direction for sub-domain
size of 100 pm.

Conclusion

We can conclude that the real cell geometry can be used to obtain good predictions of the vapor
permeability. The work presented here was also performed for the determination of water vapour
transport property in the tangential direction. As rays can contribute to moisture transport, in a next
step, rays should be considered in the model using the wood microstructure obtained by nano-CT. The
applicability of nano-CT on wood is shown by [5] and [6]. The same methods as applied here could be
applied to a three-dimensional geometry. A further step will be to take into account the swelling of
wood with increasing moisture content.
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Abstract

Wind is a major ecological factor for plants and a major economical factor for forestry. Mechanical
analyses have revealed that the multimodal dynamic behavior of trees is central to wind — tree
interactions. Moreover, the trunk and branches influence dynamic modes, both in frequency and
location. Because of the complexity of tree architecture, finite element models (FEMs) have been used
to analyze such dynamics. However, these models require detailed geometric and architectural data
and are tree-specific. In this work, closed-form scaling laws for modal characteristics were derived
from the dimensional analysis of idealized fractal trees that sketched the major architectural and
allometrical regularities of real trees [16]. These scaling laws were compared to three-dimensional
FEM modal analyses of two completely digitized trees with maximal architectural contrast. Despite
their simplifying hypotheses, the models explained most of the spatiotemporal characteristics of
modes that involved the trunk and branches, especially for sympodial trees. These scaling laws reduce
the tree to (1) a fundamental frequency and (2) one architectural and three biometrical parameters.
They also give quantitative insights into the possible biological control of wind excitability of trees
through architecture and allometries. It is shown that the mechanical design of tree depends on
branching symmetries and allometries, and is likely to be controlled through thigmomorphogenesis.

Introduction

Wind — tree interaction is a major concern for the management of forest and urban trees because
windthrow and windbreak result in substantial economical costs and potential human risks [6, 9].
Moreover, mechanosensing by trees of wind-induced strains [2] and induced thigmomorphogenetic
responses are fundamental issues in understanding how trees can control their susceptibility to wind
hazard and acclimate to their wind climate. Over the last decades, time-dependent dynamic effects
have been found to play a major part in wind deformations and windbreaks [10]. A central question to
be investigated is then obviously the influence of branched architecture and tree geometry on the
dynamics of trees and the potential biological control of tree resistance to wind through the
morphological development of the tree.

The oscillatory elastic behavior of the structure is driven by the exchange between two forms of the
internal mechanical energy: (1) kinetic energy and (2) elastic-strain potential energy [8]. This
oscillatory elastic behavior can be analyzed as the superposition of distinct modes of deformation
through modal analysis. Each mode, numbered j, is an eigen form of oscillatory exchange between
kinetic energy and elastic-strain potential energy [8]. The mode j is defined by the modal deformation
®; (the displacement vector field defining the shape of the deformed tree), modal frequency f;.

A few authors have used modal analysis on trees [4, 12, 17]. All have concluded that modes
involving significant branch deformation could rank in between modes deforming mainly the trunk [4,
17]. [9] also showed that the measured frequency spectra of the responses under wind excitation of
four trees were also significantly dependent on the branching system.
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In view of such complex effects, it may seem that only detailed finite element models (FEM) of the
three-dimensional (3D) architecture of trees can be used [12, 17]. Such simulation studies provide a
limited perspective for generality. The geometry of trees, however, has in most cases some
architectural symmetry related to the branching pattern (monopodial vs. sympodial growth) and spatial
biometrical regularities — such as the allometry law for slenderness [11]. The geometry of a tree can
thus be approximately summarized using a few parameters. Moreover, the setting of some of these
parameters is controlled through thigmomorphogenetic processes [13]. But the issue of whether such
regularities can be reflected in general scaling laws for modal characteristics has not been addressed
yet. The hypothesis here is that simple scaling laws should occur. If they were to exist, these laws
would make the studies of tree dynamics easier and give insights into the possible biological control of
the overall tree dynamics excitability.

The aims of the present paper are thus (1) to explore the respective role of the architecture and
allometry parameters on modal characteristics and (2) to assess whether more generic scaling laws,
relating tree multimodal dynamics and architectural and geometrical parameters, can be defined and to
discuss their biological significance. In the first section, the modal characteristics of an extensively
digitized 3D model are analyzed. Then in the second section, idealized fractal tree models are defined
to explore the influence of biometrical regularities and branching patterns on the modal characteristics
of a tree. Scaling laws between the successive modes of a tree based on the global parameters
characterizing architecture and slenderness are then derived in these idealized trees. Finally, in the
third section, we show that walnut modal characteristics can be approximated using these scaling laws,
so that the general multimodal behavior of trees can be reduced as a first approximation to (1) the first
mode and to (2) general scaling laws for higher modes. The same procedure, applied on a pine tree
with a very distinguished architecture, is presented in [16].

Modal analysis of a walnut

Material and methods

A 20-yr-old walnut tree ( Juglans regia L.), Fig. 1, described in [18], is considered. It was 7.9m
high, 18cm in diameter at breast height (dbh), and had a sympodial branching pattern and eight orders
of branching. The geometry of the tree (positions, orientations, diameters of the stem segments, and
the topology of branching points) is known in great detail through 3D magnetic digitizing [18].
Because our central concern was on the effects of branch architecture and allometry, the tree is
analyzed here without considering leaves.

Fig. 1. Geometry of a walnut tree (from [18]).

In slender structures such as trees, the beam theory applies [14], and modal deformations involve
mainly bending and torsion. The mechanical model used was thus based on representing each branch
segment as a beam, assumed to be circular, with a variable diameter along the beam (taper) when
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available. Connections between branch segments were set as rigid. The root anchorage was modeled
as a perfect clamping condition at the tree basis. The green-wood material properties (density p,
Young modulus E, and Poisson ratio v) were assumed to be uniform over all branches. Their values
were estimated using Eq. 1 in [5]. Thus E=11.3GPa, p=805kg.m™, and v=0.38. A finite element
representation of the tree was built using the CASTEM v.3M software. The stiffness and the mass
matrices of the finite element formulation were then computed. By solving the equations for free
motions using these matrices, modes were fully defined.

Results

The first 25 modes were found in the range between 1.4 and 2.6 Hz, Fig 2. A small but clear
frequency gap (~ +0.4 Hz) occurred between the first two modes and the following ones. Then modal
frequencies continued to increase with mode number but at a smaller rate.

These modes can be classified according to their modal deformation ®; (Fig. 2B). The first group
of modes, labeled I, displayed a bending deformation mainly in the trunk basis. This resulted in a
lateral displacement of the upper part of the bole mostly through rigid-body rotational effect, as
sketched in Fig. 2B. In other words, deformations occurred mostly in the trunk up to the crotch, and
the branches swayed like rigid bodies. Group | included two modes, corresponded to the bending in
the x and y direction, respectively, with identical frequencies of ~1.4 Hz. The second group, labeled II,
corresponded to deformations mainly located on first-order branches, with mostly rigid-body
displacements of the branches of higher orders. Because there were six main branches bending in the x
and y directions, respectively, this second group included 12 distinct modes, each one with different
contributions of the deformation of these branches (modes 3-14). The third group, labeled IlI,
corresponded to modes 15-25 with deformations mainly localized on third order branches.

Modal frequencies were concentrated in a small frequency range. With frequencies of 1 Hz order of
magnitude and ~10 modes per Hz, the frequency spacing of the modes was typically 0.1 Hz.
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Fig. 2. (A) Mode frequencies of the walnut tree classified in terms of main localization of bending
deformations: 1, in the trunk; 11, in 2" branches; 111, in 3 branches. (B) Sketches of the mode deformations.

Theoretical considerations: Scaling laws in idealized trees

To explore the respective effects of tree architecture and allometry on modal characteristics, we
defined idealized fractal trees. Two different fractal models were built. The first model tree is inspired
from the Leeuwenberg architectural model and will be referred to as “the sympodial tree” in the
following. At each branching point, the sympodial tree has symmetric lateral segments and no axial
segment (Fig. 3A). The second model tree is a highly hierarchical tree inspired from the Rauh
architectural model (e.g., pine) and will be referred to as monopodial. It has an axial segment and
lateral segments at each branching point (Fig. 3B). Only the case of the sympodial fractal tree, with no
axial branching, is derived here. More general cases are detailed in [16].
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Tree branches were indexed using the numbers of lateral branching upstream in the direction of the
tree base (Fig. 3). A branch segment of a sympodial tree is indexed N when it has N — 1 lateral
upstream branch segments. Segments sizes were defined using three parameters (Fig. 3): (1) the
slenderness coefficient § (Fig. 3C); (2) the lateral branching ratio A, which define, respectively, the
ratio between cross-sectional areas of segments after and before branching (Fig. 3D); and (3) the angle
a of divergence of lateral branches from the axial direction of the parent segment (Fig. 3E).

The mean slenderness of the population of branch segments of both trees was thus described using
an allometric law that relates the length L and the diameter D of each segment, in the form D~L",

whereas the successive diameters at branching points were Dy 5.,y = \/ﬂ D gy -

The algorithm for generating a fractal tree, as in Fig. 3, is detailed in [16]. For the sympodial
idealized tree model (Fig. 3), the relation between successive segments is

Q-1 -1
Ly.a/Ly —3/% and Dy../Dy —2"2, 5o that Ly/L =X h and D, /D, =\ % 1)

An axis length, Iy, is defined as the sum of the lengths of the segment Ly and all successive
segments following a path of lateral branching, giving

= 1
l,=SL,.=L,——.(2)
N '\g\l N N V2B

Thus, the slenderness coefficient, B, also links an axis length to its diameter: Dy = ki Lp" = kol
Finally, in the idealized fractal trees, self-similar subsets of the tree starting from any branch
bifurcation may be identified, as illustrated in Fig. 4A. These subsets thus follow the same index as

their basal segment (i.e., N). Because of the assumption of the reiterated self-similar branching law, a
given subset is identical to the whole tree, except for its length scale, Iy , and its diameter scale dy .

Fig. 3. Examples of model fractal trees and parameters defi ning model trees. (A) Sympodial case, a=12.5°, and
(B) monopodial case, a=30° ; (C) Branch slenderness coeffi cient, £ ; (D) branching ratios, A and x ; and(E)
angle of branching connections, a , illustrated here in the case of two lateral branches.

In a mechanical model of a system in which segments are represented as beams of circular sections,
two length scales exist. The first one, I, fixes the scale of coordinates of these segments. A second one,
d, which scales the diameters of these segments, is needed. Moreover, we can assume that material
properties of the wood (density p, Young modulus E, and Poisson ratio v) are constant within the tree.
The relation between modal frequencies and these two scales may then be assessed by standard
dimensional analysis. A modal frequency f depends on lengths, scaled by I, on masses per unit length,
scaled by pdz, and on the bending stiffness k, scaled by Ed* gnd is written as

f=Fpd? Ed" .(@3)

But, because a physical law is by nature independent of units, this relation must be expressed in
terms of dimensionless parameters [15]. Considering the respective dimensions of these four variables
(f~ Time?, pd® ~ Mass Length™', Ed* ~ Mass Length® Time™), all four variables may thus be
combined in a dimensionless parameter implying:

f1? ‘)dzivz (—Id“jllz = constant. (4)

Or equivalently,
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-1/2
g 22 g a2, E
f~126€d? " €d* > ~1 -d-(;J .(5)

In a given tree, where an allometric law relates length and diameter of each segment, d/IP=constant,
i.e., d~IP. Then, from Eq. 5, the frequencies of modes are expected to follow:

p-2
f~1"2~d P  (6)

Due to the symmetries of the fractal structure, groups of modes can be deduced and classified
according to their modal deformation. Some modes involve trunk deformation (group I in sympodial
tree. Other modes involve mainly the bending deformation of the basal branch of all subsets of the
same order (e.g., modes Il for N = 2 subsets, modes Il for N = 3 subsets in the sympodial tree), with
negligible deformation of upstream segments.

For a sympodial, idealized tree, the modal deformations of three groups of symmetric modes (I, I,
and Il1) can easily be deduced from one to the other. Because of the symmetry of the branching
pattern, a mode of group Il is associated with the deformation of a subset with a fixed part at its base.
Therefore, the modal frequency of the group Il of the whole tree can be considered as the frequency of
a mode of group | of the subset if it is isolated. The dependence of f,, on |;; and d,; should therefore be
identical to the dependence of f, on |, and d,, hence yielding:

f d,l? d, | ?
o '_'2: i | (7)
fiodl d,
Using the relation between successive diameters in a fractal sympodial tree, Eq. 7 yields
f p-2 Q-1%-2
e

=1 % and f—Nzx # (8
| |
Therefore, all frequencies can be deduced from the first one, given the allometric parameter j3, and
the area reduction parameter at branching . A similar approach has been used to determine the
evolution of modal mass and modal stiffness, see [16].
The scaling laws derived in the preceding section were applied to a particular occurrence of the
idealized trees. The allometric and geometrical parameters defining itsw geometry are p=3/2, A=1/2,
a=20°.

0 N
B o 1 2 3 4 5 3 7

Fig. 4. (A) Identification of subsets in the sympodial model tree (encircled in black or gray). (B) Vibration modes
of the sympodial tree. Modal frequencies, relative to the first one, as a function of the index of the corresponding
subsets.

Thus the series of frequencies for the sympodial [ N ] idealized trees read as
f N-L
N=2% (9
fI
Frequencies of group of modes are seen to increase progressively, Fig. 4B. The organization of
frequencies is clearly dependent on the architecture, through the parameters A of area reduction at
branching, and on the slenderness allometry, through the parameter f.
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Test of the scaling laws on models of real trees

The scaling law for modal frequencies (Eqg. 9) is then applied to “real” tree model (i.e., the
sympodial walnut, Fig. 1). The results are then compared with the modal characteristics computed
using 3D finite element models (see section Modal analysis of a walnut; Fig. 2).

Orthogonal regressions were applied to estimate slenderness allometric coefficients, B, and
branching ratios, A, from the walnut geometry. Slenderness coefficient, B, was estimated from the
linear orthogonal regression log(d)=p log(l)+k. Lateral branching ratios, A, was estimated from linear
orthogonal regression (dy )* = A (dy-1)>. Regression results are reported in Table 1.

A highly significant, tight allometric relation was found between | and d (Fig. 5), capturing 87% of
the total variance. The relation between dy +; and dy was a little bit more biased, but still a highly
significant A could be defined. A mean angle of branching, «=20°, was retained.

x10°
d(m) (dy, P (m?)

7(m) (d,F (m?)
(a) 10° 10'(b)0 0.02 0.04

Fig. 5. Biometrical relations in the walnut tree. (a) Allometric relation between length and diameter of branches.
(— ) Orthogonal regression D~L” , with $=1.37. (B) Branches cross-sectional areas before and after a lateral
branching. (— ) Orthogonal regression (dy )*> = A(dy.1)*, with 2=0.25. Gray areas in the graphs correspond to
the 90% confidence level. ( o ) measured data from [18].

Using the parameters corresponding to the real tree (Table 1), we applied the scaling law derived in
the Theoretical considerations section, then compared the results to the modal characteristics
computed using the 3D finite element model. Figure 6 displays the frequencies of the three groups of
modes (I, I, and 111, see Fig. 2 and section Modal analysis of a walnut) estimated using the 3D FEM
vs. the group number N . On the same graph, the dotted lines show the frequencies predicted using Eq.
9 with the 90% confidence range of parameters as in Table 1. Though the geometry of the real walnut
is much more complex than that of the idealized fractal sympodial tree, the prediction using the
scaling laws quite closely brackets the range of modal characteristics of the FEM model.

Discussion

Branches are important to the tree dynamics — The detailed FEM modal analysis of an entirely
digitized tree confirmed and extended previous reports: modes involving significant branch
deformation could have frequencies very close to — and even rank in between — modes deforming
mainly the trunk [4, 9, 12, 17] . Although these modes are complex, they can be classified using their
frequencies and modal deformations. Branch deformation is thus an important aspect of trees
dynamics whatever the architecture and size [3, 5, 12, 17, 20].

Scaling laws can be defined — As hypothesized, and despite the aforementioned complexity of the
3D architecture and modal structure of real trees, scaling laws based on the assumptions of (1)
idealized allometric fractal trees and (2) symmetric modes of branches, are able to explain a large part
of the temporal characteristics of the modes involving the successive orders of branches relative to the
first mode deforming the trunk (Fig. 6). The distribution of modal characteristics was particularly well
predicted. The spatial characteristics of modes deduced from scaling laws are discussed in [13].

Such scaling law has two major uses. From a methodological and practical point of view, the
overall dynamics of a complex tree can be reduced to (1) the measurement or estimation of the most
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Fig. 6. Comparison of the prediction from the scaling law with the finite element results on the tree geometry.

basal mode, which is the easiest to characterize and has been studied or modeled in numerous studies
[71; (2) a standard description of the branching mode, i.e., sympodial vs monopodial mode [1]; and (3)
three simple biometrical parameters that have been measured in many biomechanical and ecological
studies [11]. This compact description of the overall dynamics of a complex tree is to be compared
with the extensive work on detailed 3D digitizing [18] followed by complete modal analysis.

Effects of architecture and biometrical characteristics on modal content: Tuning and
compartmentalization — Both area reduction ratios and the slenderness coefficient affect the relative
frequency and the location of modes. For example, in the case of the sympodial tree, variations in A
and B both influence the value of the frequency of a given group of modes. It should be noted here that
both A and B have been reported to be under similar control of wind mechanoperception through
thigmomorphogenetic secondary growth responses [21]. Thus, thigmomorphogenetic responses may
be able to tune the multimodal frequencies range of the whole tree, whatever the genetic specific traits
of its architecture.

Last but not least, a very unexpected salient conclusion that is captured by the scaling laws is that
branching and secondary growth are tuned so that the reduction of cross sectional area at branching
points induce a clear structural compartmentalization of the modal spatial distribution and a scaling
similarity between successive modes. Whatever the architecture, modes have been found to be more
and more local as their modal frequency increases.

Trees in a forest stand may have more significant shoot abrasion or crown asymmetry. At last,
competition for resources and photomorphogenetic responses to shade may interact with the
mechanoperceptive acclimation to wind [5]. But some elements affecting the biomechanical
significance of multimodal scaling of trees to the response to wind load can already be directly
discussed from our results.

Significance of multimodal dynamics and scaling laws to the responses of trees to wind — Wind
excites trees through the drag force applied to the constitutive elements of the trees, branches, and
possibly leaves or needles. From surface area considerations, most of the drag thus occurs at in the
distal, possibly leafy, segments of the tree. All the modes in this study have a common characteristic:
their larger displacements sits on the extremities of the tree. Therefore, they should reciprocally all be
excited by a force applied at the extremities, such as the wind-drag force [8]. Moreover, because wind
spectra usually have a large frequency band overlying most of the modal frequencies of the considered
modes, several modes may be excited directly by highly fluctuating winds.

[9, 20] have argued that dynamics including branch deformation with close modal frequencies
could be beneficial to the tree by enhancing aerodynamic dissipation through a mechanism called
multiple resonance damping or multiple mass damping. A prerequisite for this mechanism to occur is a
multimodal behavior of the tree, with high modal density in the frequency range and significant branch
deformations, exactly what was found here for trees with contrasting architectures. This dense
multimodal dynamics, a consequence of the branched structure, can then be interpreted as a strategy to
prevent the trunk from bending excessively until the rupture.
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Table 1. Slenderness coefficients g, lateral and axial branching ratios x and 4 , respectively, and branching
angles a estimated from walnut geometry (orthogonal regression coefficients, confidence intervals at 90% level
[C1], coefficients of determination [R?], and root mean square of the residual errors [oyes]).

Tree B A pl a
Walnut 1.37 0.25 0| 20°
Cl 1.25<pB<1.49 | 022<A<0.29
R® 0.87 0.74
Ores 0.2 0.008
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Abstract

Tendrils are structural supports that extend from a plant stem. Once the distal tip of a tendril
touches an object, contact coiling follows rapidly to tether the tendril to the support. After the tip is
secured, free coiling of the tendril occurs along the length to draw the stem closer to the support.
While these growth processes are not well understood, it is believed that free coiling results from
differential dorsal-ventral growth caused by asymmetric response to auxin distribution. Through
computational modelling and experimental observation, this study has explored the structural changes
that cause free coiling. Finite element analysis utilizing differential dorsal-ventral growth and
experimentally-measured growth patterns has been employed to determine strain patterns that
correspond to realistic coil geometries. Computational results show that even when a positive growth
stimulus is applied to both dorsal and ventral sides of a tendril under tension, total strain on the dorsal
side is positive while total strain on the ventral side is negative. Results also indicate that either i) the
previously observed equilibrium distribution of auxin alone does not produce free coiling as seen in
nature, or ii) the growth response is not linearly related to auxin concentration.

Background and motivation

Within seconds of touching an object, a tendril begins contact coiling to attach itself to the support.
After the tip of the tendril is secured, the tendril draws the plant closer to the supporting object by free
coiling along its length over a period of several hours [1]. While the physiologies of these two
thigmotropic responses are well documented, the mechanosensory events initiated by thigmotropism
are still not completely understood [2]. This paper discusses some of these mechanisms in more detail,
specifically those involved in the process of free coiling after contact coiling is complete. Through the
development of a finite element model of free coiling and experimental observation of live plant
tendrils, the potential of various biological mechanisms in free coiling has been examined.

One interesting structural component of free coiling is the formation of one or more reversals along
the length of the tendril (Figure 1). These reversals result from the need to maintain zero net twist
when both ends of the tendril are anchored (on one end by the stem and on the other by the supporting
object).

Fig. 1 Coiled tendril of Luffa cylindrica with the
appearance of multiple reversals along the length.
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Some of the first recorded observations of tendril-bearing plants were made by Charles Darwin in
The Movements and Habits of Climbing Plants published in 1865. In this work, Darwin described the
process of circumnutation that tendrils undergo when they are searching for a support [3]. In addition,
Darwin performed some preliminary marking experiments to determine if the length of the tendril
changed during coiling. He concluded that it was unlikely that the overall length of the tendril changed
and thought it probable that coiling resulted from contraction of the ventral side of the tendril.

It was not until the 1960s that experimental research on tendrils began to provide more insight into
tendril coiling. Several studies noted that auxin, a plant hormone previously thought to cause tendril
coiling, was unlikely to result in contact coiling because of the long response time for auxin (several
hours) compared to the short coiling initiation time (several seconds) [4,5]. Junker indicated that the
dorsal to ventral ratio of auxin concentration remained asymmetric (56:44) across the tendril before
and after stimulation, but he believed that this difference was too small to cause growth changes for
contact coiling [4]. Instead, Junker suggested that acid growth, brought about by an action potential or
an altered ionic environment, might be more likely to cause contact coiling.

In a different approach, Jaffe described how ethylene gradients caused by basipetal redistribution of
auxin could result in curvature in tendrils [6]. In addition, Jaffe reiterated Darwin’s suggestion of
contraction of the ventral side of the tendril. Still, these works, like most published on tendrils during
the 1960s, focused on contact coiling and not free coiling.

Several mathematical models were also developed to describe the coiling patterns of tendrils.
Raugh modeled the helical structure of a tendril without reversals, incorporating structrual variations
such as vascular bundles, and proved that this model achieved volume invariance and bilateral
symmetry [7]. This work was later modified by Keller [8] to incorporate a single reversal and recently
by Raugh himself to include analysis in higher dimensions and to relate his work to tubes in manifold
theory [9]. Goriely and Tabor showed that the appearance of a single reversal in tendrils can be
understoond through a dynamic analysis of thin elastic rods and concluded that the intrinsic curvature
of the tendril causes coiling [10]. In order to explain the appearance of multiple reversals, Domokos
and Healey developed a finite length model with boundary constraints and were able to predict the
formation of multiple reversals in an intrinsically curved rod [11]. Their model is quite good at
predicting the formation of multiple reversals but some of their geometric assumptions are not
physically accurate. Still, none of these models take into account growth within the rod as might occur
within an actual tendril.

As described above, there is no clear answer for which biological mechanism(s) or mechanical
system(s) is responsible for coiling in tendril-bearing plants. Since contact coiling is caused by a
vectorial stimulus (touch) and results in directional growth causing free coiling, other types of tropic
responses may provide insight into the mechanisms that cause free coiling. For example, the
physiology and development of root systems in plants resulting from gravitropism have been studied
more thoroughly than tendril coiling. Laskowski et al. found that curvature in root systems increases
auxin levels along the dorsal side of the root [12].

Although many articles have stated that auxin does not cause coiling in plant tendrils, these claims
are often made because of the short time period associated with contact coiling. However, it is likely
that there are two different mechanisms: one that initiates contact coiling and another that causes free
coiling. A goal of this work has been to implement growth patterns that could correspond to different
coiling stimuli in a finite element model and to compare the results to geometries of live plant tendrils.
In order to verify accurate boundary conditions for the model, the magnitude of the tension force
developed in a tendril was determined experimentally. To implement meaningful growth patterns, the
growth along the length of a tendril and across the dorsal-ventral diameter was also studied with a
marking experiment.

Material and methods
Cultivation of Luffa cylindrica
For tension force experiments, Luffa cylindrica seeds were planted in individual pots and grown in

a growth chamber. The growth chamber was set to provide 14 hours of light, during which the
temperature was 30°C, and 10 hours of darkness, during which the temperature was 24°C. Humidity
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was held constant at 40%. The plants required 50 to 60 days between planting and the formation of
mature tendrils.

Experimental determination of tension force

When coiling, the tendril develops a tension force with which it pulls the plant stem. The
magnitude of this tension force was experimentally determined by a pendulum experiment (after [13]).
A pendulum was constructed with a trapeze structure as the pendulum arm to provide a gripping
structure for the distal tip (Figure 2).

Tendril force
—_—>

Fig. 2 Diagram of the trapeze structure of pendulum arm in (a) front view and (b) side view.

The plant stem was restrained against a clamp to prevent displacement, and the distal tip of the
tendril was allowed to coil around the horizontal support of the pendulum arm. The subsequent free
coiling of the tendril caused a rotation of the pendulum. Once equilibrium was reached, the angle of
rotation ¢ was measured. Equations of static equilibrium relate the pendulum arm angle and mass to
the tension force. Note that in this experiment the stem remains stationary and the tendril pulls the
support closer. In nature the situation is typically reversed, with the support fixed and the stem
flexible, but the force developed in the tendril should be similar in both cases.

Experimental observation of growth patterns

A method for performing marking experiments was developed to observe the relative growth of the
dorsal and ventral sides of tendrils. Once an uncoiled tendril reached mature length, small dots of gel
pen ink were applied to the tendril with the side of a sewing needle. Three different colors of ink were
applied in a repeated sequence to each side of the tendril, for a total of six colors. Pictures of the
markings were taken against a graph paper backdrop (Figure 3a).

Coiling of the tendril was then induced by rubbing the distal tip against a suitable support. Once
free coiling was completed (approximately 48 hours later), the tendril was cut from the stem and
support, and pictures of the coiled tendril were taken, again with a graph paper backdrop (Figure 3b).

By comparing the before and after pictures, an estimation of growth at different points along the
length of the tendril was determined. Differences in distances due to positioning of the camera were
corrected by comparing the size of one square of the graph paper in each picture. The distances
between pairs of ink marks were estimated in the coiled tendril pictures and compared to the distances
between those same points in the uncoiled pictures to determine the extent of growth at that location
on the tendril.

While the distance between two points along the uncoiled tendril was easily determined using the
ruler tool in Adobe Photoshop, the determination of the distance between points on the coiled tendril

was more complex. The arc length of a helix, s, is given by s=6+/(22R)>+H* , where R is the radius
of the helix, H is the pitch of the helix, and @is the rotation of the helix in radians. Because the tendril
is tapered, measurements of the radius and pitch were made for every rotation along the length of the
tendril. Note that the radius of the dorsal and ventral sides of the tendril differ by the diameter, d, of
the tendril.

The number of rotations between points along the length of the tendril was determined for as many
ink points as possible on each of the dorsal and ventral sides. This measurement was the main source
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of error in determining the arc length between points; it was not possible to reliably determine t with
better than +0.1x accuracy.

This experiment was performed at the Rose Hills Foundation Conservatory for Botanical Science
(Huntington Botanical Gardens, San Marino, CA) on tendrils of Adenia lobata.

S
a

Fig. 3 Colored markings on a
tendril when (a) uncoiled and (b)
coiled (10x10 boxes is a 1 inch
square grid).

Computational model

A finite element model of a tendril was constructed in ANSYS (version 11.0, ANSYS, Inc.
Cannonsburg, PA, USA). The model utilizes specialized beam elements subject to thermal expansion
to mimic the strains caused by growth. Just as the concentration of a growth hormone dictates a certain
growth rate, the coefficient of thermal expansion (CTE) of a material dictates the strain (normalized
growth) of a material subject to a change in temperature. By constructing a gradient in the CTE across
a cross-section and then applying a temperature load T, differential dorsal and ventral elongations are
achieved.

Previous modelling employed lengthwise (x-direction) tapering of the tendril and cross-sectional
(y-direction) differential growth, but the results did not contain the correct change in the spatial
frequency of coils along the length of the tendril [14]. In this model variable growth is achieved along
the length of the tendril with a spatially-varying applied temperature (analogous to a spatially varying
growth stimulus) along the length. Temperature profiles are specified as a function of x only, where x
is the normalized length along the tendril and varies from 0 at the stem to 1 at the tip of the tendril. In
addition, the CTE is different on the dorsal and ventral halves of the cross section, so that the imposed
thermal strain &(x,y) = CTE(y)AT(X) = (Lf — Lo)/Lo, Where L¢ is the final length and L, is the original
length. In the analogy with biological growth, this strain function incorporates an assumption of a
linear growth response to hormone concentration.

The need to vary properties and geometry, as well as the large deformations involved in tendril
coiling, require the use of a specialized beam element [14]. The “Beam188” element in ANSYS is a
3D linear finite-strain beam element with six degrees of freedom per node that allows the use of user-
input cross sections and the implementation of a lengthwise taper. The user-defined cross sections in
this model are circular and specify two sets of material properties: one for the dorsal side of the beam
and one for the ventral side of the beam [14]. To improve convergence of the numerical solution, this
model uses a nonlinear stabilization method that is based on the energy dissipation ratio. The results
shown use an elastic modulus of 33 MPa [14], and a tendril length of 10 cm and radius with a linear
taper from 0.30 mm to 0.15 mm (for Luffa cylindrica) or a length of 7 cm and radius with a linear
taper from 0.52 mm to 0.40 mm (for Adenia lobata).

The simplest simulation of free coiling was demonstrated by fixing all degrees of freedom at the
large (stem) end of the beam. Using Luffa cylindrica dimensions and the experimental measurements
of tension, a force of similar magnitude was applied at small (tip) end of the tendril, along with a small
rotation (0.05 radians) in order to break symmetry. All other degrees of freedom at the small end were
fixed. The computational setup was also modified to utilize flexible boundary conditions at the large
end to simulate the experimental setup used to determine tension in the tendril or to model the stiffness
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of the stem. When a stem is used it is implemented as a cantilever with length of 3.5 cm, radius of
0.65mm (uniform along the length) and the same modulus as the tendril. It does not change length
during the simulation.

Experimental results

Tension force

Six pendulum experiments, one of which is shown in Figure 4, resulted in an average pendulum
angle of 14.0 £ 1.8 degrees after tendril coiling. The pendulum mass and trapeze support combined
had a mass of 1.39 g, resulting in an average tendril tension force of 0.0034 + 0.0002 N. Experiments
with significantly lower or higher pendulum masses did not result in satisfactorily coiled tendrils.

Fig.4 (a) Setup of tension force experiment and (b) close up of attached coiled tendril with reference vertical
indicator.

Growth patterns

The growth rate experiments provided a preliminary evaluation of the lengthwise growth pattern of
both the dorsal and ventral sides of a tendril. While over twenty tendrils were marked with ink
patterns, fewer than ten coiled appropriately for observation. Analysis of two of the best coiled tendrils
indicated that while the dorsal side of the tendril grows, the ventral side appears to shrink (Figure 5).
This result confirms Darwin’s original hypothesis about contraction along the ventral side of a tendril
during coiling [3]. Results from Tendril 1 (Figure 5a) were used for computational modelling.
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Fig. 5 Experimental strain results from two of the best tendrils. Note the trends of linearly increasing dorsal
strain (white circles, curve fit illustrated by dashed line) and linearly decreasing ventral strain (solid triangles,
curve fit illustrated by solid line). Curve fits for the dorsal strain were ¢ =0.43x+0.29 and ¢ =0.58x +0.15 for
Tendrils 1 and 2, respectively. Curve fits for the ventral strain were & =-0.25x+0.01 and ¢ =-0.87x+0.14 for
Tendrils 1 and 2, respectively.
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Computational results

Overall, the computational results could be made to closely match the geometries of actual tendrils,
including the appearance of multiple reversals and the increase in spatial frequency of coils near the
tips of the tendrils (Figure 6). The multiple reversals in Figure 6 were generated by increasing the
length of the tendril (with Adenia lobata radii) to 15 cm. Multiple reversals were also generated when
the applied tension was increased.
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Fig. 6 Computational example showing multiple reversals. Colors indicate relative rotation.

Tension force setup

An example solution of the computational model of the tension experiment using Luffa cylindrica
geometric parameters is shown in Figure 7. The force generated by the tendril in the model was 0.01 N
(compared to 0.0034 N experimentally), however varying the length of the tendril in the computational
model dramatically changes the pendulum angle, and hence the force developed, once the tendril is
coiled.

| Fig. 7 Computational solution for pendulum tension
, experiment. The black lines indicate the initial
| positions of the uncoiled tendril and pendulum.

Flexible stem

The total strain observed in the computational results was a combination of thermal strain
(analogous to growth strain) and mechanical strain due to the tension force in the tendril. Although in
the model these contributions were separable, only the total strain was measurable in experiments.
Because the main goal was to understand the differential growth required to cause realistic coiled
geometries, the exact temperature function (which dictated how growth changed along the length) was
not critical; in fact the qualitative results were insensitive to changes in slope, and quadratic functions
as well as linear produced realistic geometries. With this in mind, the temperature function used was
based on the strain measured on the dorsal side of Tendril 1 (Figure 5a). This function, T(x) = 43x +
29, in combination with a dorsal CTE of 107, produced the total dorsal strain measured. This was kept
constant for all results shown below. Only the dorsal to ventral CTE ratio was changed.

The qualitative results were very sensitive to the length of the stem because it changes the tension
in the tendril. If the tension is not sufficiently high the tendril becomes a jumble of loops instead of an
orderly helix. This is also seen in some actual growing tendrils. If the tension is too high the helix is
extremely stretched, which leads to few revolutions of the helix and multiple reversals in the model.
An actual tendril under such conditions would likely not remain connected to its support.

When a 56:44 dorsal to ventral CTE ratio (CTEs of 10 and 7.86 x 10, respectively) was used in
the computational model (following the 56:44 dorsal to ventral ratio of auxin concentration proposed
by Junker [4]), the results did not resemble natural coiling (Figure 8). This finding was confirmed for a
wide variety of temperature functions.
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Fig. 8 Contour plot of results
with 56:44 dorsal to ventral CTE
ratio with T = 43x+29. Colors
indicate relative rotation about
the longitudinal (x) axis.

However, when the dorsal to ventral ratio was increased to 10:1 (CTEs of 102 and 103

respectively) the geometry did resemble coils found in actual plant tendrils (Figure 9a).

It is

interesting to note that even though the applied thermal strains on the dorsal and ventral sides are
positive, the total strain (thermal plus mechanical) is negative on the ventral side and positive on the
dorsal side (Figure 9b). This is due to the radial contraction and commensurate increase in pitch of the
helix produced by mechanical tension.
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-.144023

0.8
0.6
044 —--

0.2

-0.2

RO

-
7.085989 .316001 .546014 LT76026

.02901 200995 .431008 .66102

881033

s - =
— -
e -
—— -

— -
o --"
— - -
— -
e --"

- -
-
Y

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Position (m)

Conclusion and future work

Fig. 9 a) Contour plot of total
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the ventral total strain is negative.

Total dorsal

- = = - Thermal dorsal
=== =Thermal ventral

Total ventral

While the biological process that causes free coiling has yet to be discovered, biomechanical
modelling provides insight into the solution. A computational model that can reproduce realistic
tendril geometries, including multiple reversals, has been developed to explore variation in growth
along the length of a tendril and relative growth on dorsal and ventral aspects of the tendril. The model
produced solutions that closely match coil geometries encountered in nature when a dorsal to ventral
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strain ratio of 10:1 was applied but not when a 56:44 ratio was used. If the 56:44 ratio is in fact an
accurate representation of the dorsal to ventral auxin concentration ratio, then this model indicates that
either i) the previously observed equilibrium distribution of auxin alone does not produce free coiling
as seen in nature, or ii) the growth response is not linearly related to auxin concentration. The latter
possibility may be explored with this model in future work by implementing a CTE that varies with
temperature. This would be analogous to a growth response that is non-linearly related to the
concentration of a growth hormone, as has been shown in many studies.

Future work will also include additional marking experiments in multiple species of tendril-bearing
plants to accurately determine growth patterns and to verify that they are similar across species.
Finally, future studies utilizing the proposed computation approach may allow for the determination of
the parameters that cause multiple reversals as well as the locations of these reversals.
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Abstract

During tree growth, mechanical stresses accumulate in the stem because of the increasing tree
weight and wood maturation. These “growth stresses” fulfil essential biomechanical functions: they
allow the control of the tree orientation and improve its resistance against bending loads. But they
generate technological problems during tree transformation, causing heart checks after cross-cutting,
checks and deformations of boards after sawing, etc... Research in this area aims at understanding
how these stresses appear during growth, in order to find solutions to reduce them.

Radial profiles of growth stress were studied by measuring the longitudinal strains due to the
release of growth stress at different radial positions on diametrical boards. A biomechanical model
based on the beam theory adapted to growing structures is presented. It allows calculating growth
stress accumulation in a cross-section of any shape, with any distribution of material properties.
Experimental profiles were compared to those simulated by the model assuming particular growth
scenarios. They were consistent with the predictions of biomechanical models, showing a maximal
tension at the periphery of the tree, and an increasing compression towards the tree centre.
Asymmetric profiles were sometimes observed, and were consistent with simulations obtained when
eccentric diameter growth and asymmetric maturation strains were taken into account. The
correspondence between experimental results and simulations provides a first validation of the
biomechanical model of growth stress accumulation in stems.

Introduction

Growth stresses are mechanical stresses accumulated in tree stems during growth. They are a
source of technological problems occurring during tree exploitation and wood processing, sometimes
causing log-end splits when felling the tree, checks or deformations in boards when processing logs.
Research in this area aims at better understanding factors that affect the growth stress patterns, in order
to find ways reducing them.

Growth stresses result from the superposition of two distinct sources of stress: “support stress” due
to the increasing weight of the tree crown and the stem itself, and “maturation stress”, due to the
physico-chemical modifications of wood occurring during its formation [2]. In a straight vertical tree,
weight applies a compressive support stress distributed over the stem section. A tensile maturation
stress appears in a newly formed wood layer in the grain direction, which applies a compressive stress
on the core of the stem. Accumulation of these different sources of stress during tree growth results in
specific stress patterns where a tensile stress is found at the tree periphery and a compressive stress is
found at its centre. It can be simulated by a simple axisymmetric biomechanical model [5].

However a tree is never perfectly straight and vertical, so that its increasing weight also applies a
bending moment on the stem, resulting in a non-axisymmetric field of support stress and changes in
stem curvature that modify its orientation. When stem orientation is disturbed by its increasing self-
weight or any external action, a higher level of maturation stress is produced on one side of the stem,
generating a bending moment that counteracts the disturbance and maintains or restores stem
orientation [1]. This reaction is often associated to eccentric diameter growth. Biomechanical models
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[3,4] allow predicting the growth stress field resulting from such complex situations, in order to
evaluate the effect of biomechanical parameters of the tree growth, such as the tilt angle of the stem,
the eccentricity of diameter growth, and the magnitude of maturation strains on each side of the tree.
In the present paper, the formulation of a biomechanical of growth stress accumulation is presented,
and its outputs are compared to profiles of residual strains measured on real trees, in order to provide a
first validation of the biomechanical models for non-axisymmetric cases.

Material and methods

Measurement of residual strains

4 poplar trees (Populus sp.) and 3 sugi trees (Cryptomeria japonica) were chosen for the study. The
trees had diameter ranging from 6 to 23 cm, and were straight or slightly tilted. Trees were fell down
and 1m-long logs were cut from the basal part and taken for the measurement of residual strain
profiles. Diametrical boards, approximately 2cm-thick, were extracted from green logs. One side of
the board was supposed to cross the pith in its center (Fig. 1b). In some cases, the pith location was
slightly shifted towards the center of the board (Fig. 2b). Strain gauges were glued in the longitudinal
direction at different radial positions on each board (Figs. 1a, 2a), onto the side the closest to the pith.

In case of eccentric logs, the pith is not in the middle of the board. We define two radii for the
stem: one for the lower side of the inclined tree, the other one for the upper side of the inclined tree.
For poplar trees, the upper side is larger than the lower side and presumably corresponds to an area of
tension wood. Sugi trees were only slightly tilted, had low eccentricity, and did not contain apparent
zones of compression wood. Table 1 indicates the respective radii for each tree, and the number of
gauges positioned onto the board.

The boards were cut on each side of the gauges (Fig. 1b), and the strains released by this operation
were recorded at each radial positions. Thus an experimental radial profile of residual growth strains is
obtained for each tree. A contraction of the wood during stress release corresponds to a tensile stress
within the tree, and an expansion corresponds to a compressive stress. To remain consistent with the
usual representation of growth stress profiles, the opposite of the residual strain is presented in the
results (i.e. a positive value corresponds to a tensile stress, and a negative value to a compressive
stress).

Table 1 Radii of boards and number of strain gauges, for 3 sugi and 4 poplar trees.
Sugi Poplar
S1 S2 S3 P1 P2 P4 P5
Lower side radius (cm) | 1225 | 10 | 4.15| 1.9 2.3 | 3.35 3
Upper side radius (cm) | 11 88 | 415 | 35 41 | 435 | 105
Number of gauges 18 19 9 7 7 8 11

V WA 3
514 éh iv_ W

Fig. 1a Poplar board with 9 strain gauges Fig. 1b same board after cutting to release residual strains
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Z

Fig. 2b The pith is located in the thickness of the board

Fig. 2a Sugi board with I sfralnaaugeé .
Biomechanical model of growth stress accumulation

The biomechanical model developed by Alméras [1,3] was used to simulate growth stress profiles.
The model is based on beam theory applied to growing structures [4]. During the growth, the weight
of the tree is increasing (growth in mass), and acts on a structure of increasing stiffness (growth in
diameter), while maturation stress is induced in wood after its formation. Therefore, the effect of a
given increment of mass of maturation stress depends on the diameter of the stem at the time it is
added. Thus, the application of the beam theory to growing tree stems is not straightforward: the state
of stress of a self-supporting stem differs from that of a beam that would be first made in an unstressed
state, and then loaded. To compute the state of stress of a growing structure, an incremental
formulation is necessary, so that changes in diameter and load are properly integrated over the tree
life. During an elementary time step associated to an elementary load increment, the change in
diameter of the beam can be neglected and its stiffness considered constant. Beam theory can be used
to compute the stress increment at the level of a cross-section associated to the load increment. The
longitudinal stress increment in response to a load increment is uniform within a homogeneous cross-
section submitted to a purely axial load, and is heterogeneous otherwise. Accumulation of stress
increments over the tree life always leads to a heterogeneous field of stress within a cross-section.
Central parts of the tree contribute to bear the load increments from the beginning of the tree life,
while peripheral parts only contribute since they have been formed.

The model allows calculating growth stress accumulation in a cross-section of any shape, with any
distribution of material properties. It is restricted to a case where the tree and the section have bilateral
symmetry (Fig. 3). The condition for static equilibrium at the level of a cross-section S implies that,
during any time step, the variations of internal loads (due to changes in the mechanical state of the
wood at the section level) equal the variations of external loads (due to the action of external forces on
the section; here external forces refer to the action of tree weight on the section). Internal and external
loads are described by the resulting force N perpendicular to the section, and the bending moments M.
The total external load due to the tree weight depends on the local orientation of the section with
respect to the gravity, ¢, on the weight of the tree applied on the section, W, and on the horizontally
projected distance between the section center and the center of mass of the tree, pg (see Fig. 3):

N, =-W .cos¢
1
My =W .pg

Variations in external loads during an elementary growth step (3Ng, 8Mg) can thus be deduced from
the increase in weight and the changes in stem configuration.

N = —(W.cosp+W.5(cosg)) @
Mg =W.pg +W.0g

Variations in internal loads depend on the variations of the field of stress do(x,y) within the section:
SN, = || so(x,y)- dx-dy

s
oM, = H y-oo(x,y)-dx-dy (3)
s
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Fig. 3 Schematic representation of the geometry of a tree bending under its own weight.

We consider here two sources of variations of internal stress in wood: the elastic stress related to
the deformation of the stem and the inelastic stress induced in peripheral wood during its maturation.
The state of stress o is related to the maturation strain ¢, the total strain &, and the elastic modulus of
wood E:

c=E-(¢—a) (4)
The variation of stress during an elementary time step can thus be expressed as:
00 = 005 — 00y = E-06—E -0x (5)

Integration of the stress over the section allows expressing the variation in internal load as the sum of
elastic and maturation loads:

(&VI j _ (&V;las J - (&v;natur J (6)
WI 5M}21as 5M;natur

We will assume that the induction of maturation stress is completed immediately after a new wood
layer is formed, i.e. that 5a=0 for internal wood layers, and da=« for the currently added wood layer
65. The maturation load can then be simply computed as:

SN :”E(x, y)-a(x,y)-dx-dy

matur (7)
M = [[y-E(x y)-a(x,y)-dx-dy
58S

The elastic load increment (MNejas, Meiss) i related to the field of strain increment de(x,y) occurring
in the section. For a slender solid such as a tree stem, this field is plane, so that the strain increment at
any point of the section can be deduced from the strain increment dg, at the reference point in the
section and the gradient of strain increment in the section (which by definition is equal to the variation
of curvature at the level of the section &C):

0e(X,y) =0g,+Yy-L (8)

From equations (3), (5) and (8), one can deduce the relation between the elastic loads and the

deformations occurring at the section’s level:

N/ (K, K )6 )
OM £ - K, K,\&C
Where K, is the axial stiffness, K, the bending stiffness and K; the coupling term, given by:

K; =[]y} -E(xy)-dx-dy (10)

The static equilibrium is achieved when internal loads balance external loads. Using equations (6)
and (9), this condition is reduced to:
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(&OJ:(KO Kljl (&VE}[&V”” tj (11)
oCc) \K, K,) \\oM,) M/

Right hand terms express the load increments due to the weight increase and wood maturation, so
that this relation can be used to compute the deformation increment at the level of the section. The
stress increment at each step can be deduced from these data and cumulated to obtain the total stress
field within the section at final time.

The final step of the calculation consists in simulating the effect of felling the tree (i.e. suppressing
the support stress due to the tree weight) and extracting the board from the log (i.e. suppressing the
growth stress of the parts of the log removed when extracting the board). Finally the residual stress
profile within the board is converted into a residual strain profile, and compared to experimental data.

Simulations and comparison to experimental results

The biomechanical model was run to find a growth scenario compatible with each set of
experimental data. The stem radii measured on each side of the tree were used to specify eccentric
growth. Eccentric stems suggest that trees were tilted from vertical. Their angle was assumed to range
between 0 and 25° and adjusted to fit experimental data. The maturation strain was supposed to differ
between the two sides of the stem in order to simulate asymmetric reaction in response to the tilt
angle. The maturation strains on each side of the stem are supposed to change with time, and their
evolution is defined by 3 parameters specifying the maturation strain at the beginning of the growth
period, at the end, and at an intermediate time. These values were adjusted in order to minimize the
difference between simulated and measured residual strain profiles. The effect of the weight was
accounted for by allometric power functions specifying the evolution of tree weight as a function of its
basal diameter. Because strains were used as input parameters (maturation strains) and output
parameters (residual growth strains), the wood elastic modulus has only a second-order influence, so
that we used an arbitrary value of 12 GPa for all trees.

Experimental profiles of residual strains

Figure 4 shows the results obtained for the 3 sugi trees and figure 5 for the 4 poplar trees. The
diagrams on the left-hand side show the experimental profiles of residual strain (squares) and the
simulated profiles obtained after fitting the evolution of maturation strains on both sides of the tree.
Adjusted values of maturations strains are shown on the right-hand side of the diagrams.

The experimental profiles obtained are consistent with the general predictions of earlier
biomechanical models [4,5], i.e. a tension at the periphery of the tree, and an increasing compression
towards the tree centre. In most cases, the compression near the section centre corresponds to a strain
of approximately -1000 microstrains (and up to -8000 microstrains for the case P5), which is
consistent with the results of previous authors [2,5]. However, many of the measured experimental
profiles showed discrepancies compared to the simplest model proposed by Kiibler [5]: the profiles are
most of the time not symmetric between the two sides (e.g. S3, P1, P2, P4, P5) and the profiles on
each side do not fit the log-shape predicted by Kilbler’s model. The maximal compressive stress was
not always found at the level of the pith (e.g. S3, P4, P5), consistently with the prediction of
biomechanical models in case of eccentric growth. Moreover, in some cases, the profile is not
monotonous, showing local minima (e.g. P1at R =+2.,5cm, P2atR =+1.8 cm, P4 at R = +2 cm, P5 at
R=+5.5cm).

Comparison between experimental profiles and simulations

The model parameters have been adjusted to fit experimental data. The optimisation yielded
satisfactory results, although the correspondence between experimental points and simulations curves
is imperfect in some instances. Note however that the optimisation problem showed multiple local
optima, so that the proposed set of parameters and simulated profiles do not always reflect the best
possible fit. They should not be interpreted as the unique solution of the problem, but rather as
plausible scenarios of the biomechanical history of the tree. Nevertheless, the simulated profiles
successfully reproduce most of the qualitative features of experimental data (asymmetric and non-
monotonous profiles) with the correct order of magnitude.
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Fig. 4 Left-hand side: Residual longitudinal strain (in microstrain) function of the radial position (in cm) for 3
sugi trees. Grey line: computed profile of residual strain in the tree (before extracting the board), black line:
computed profile of residual strain in the board, squares: experimental residual strains. Right-hand side:
hypothetic evolution of maturation strain (in microstrain) during growth as a function of relative radius (% of
final radius) on each side of the tree. The parameters were adjusted to minimize the difference between

simulated and experimental residual strain profiles.
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Fig. 5 Left-hand side: Residual longitudinal strain (in microstrain) function of the radial position (in cm) for 3
poplar trees. Grey line: computed profile of residual strain in the tree (before extracting the board), black line:
computed profile of residual strain in the board, squares: experimental residual strains. Right-hand side:
hypothetic evolution of maturation strain (in microstrain) during growth as a function of relative radius (% of
final radius) on each side of the tree. The parameters were adjusted to minimize the difference between
simulated and experimental residual strain profiles.
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Adjusted scenarios of tree reaction

The adjusted evolution of maturation strains on each side of the tree is shown in figs. 4-5 (left-hand
diagrams). The adjustment yielded realistic values of maturation strains, ranging from 0 to —2000
microstrains. Maturation strains are most of the time not symmetric between the upper and the lower
side, showing that the trees were actively reacting against gravity. For the poplar trees, large values of
tension (> 1000 pstrains in magnitude) were often found on one side, suggesting the unilateral
production of tension wood. For sugi trees, most values of maturation strains are tensile and < 1000
pstrains in magnitude, suggesting that the reaction occurred by variations of maturation strain in
normal wood, rather than by the production of compression wood, which is expected in the case of
almost straight tree with a moderate reaction. For all trees (except S2) it was necessary to assume
important changes in maturation strain along the radius on both sides, suggesting that the reaction was
not constant during the growth of the tree, and sometimes reversed from a side to another. This
suggests that the biomechanical history of the tree was complex, involving several phases of bending
and up-righting.

Assessment of the experimental method for evaluating in-situ growth stress profiles

The experimental method we used to evaluate the profile of growth stress in the tree consists in
measuring profiles of residual strain in diametrical boards. Comparison between the simulated profiles
in the log (grey lines in figs. 4-5) and in the board (black lines in figs. 4-5) shows that the strain is
generally lower in the log than in the board, i.e. that the board extended slightly during its extraction
from the log. The difference is generally small, so that this method seems reliable to obtain an
approximate evaluation of growth stress profiles.

Conclusion

Experimental profiles of growth strain have been compared to profiles computed with a
biomechanical model accounting for non-asymmetric diameter growth and wood maturation. The
scenarios of tree growth obtained to fit the experimental data seem to be quite realistic, providing a
first validation of the mechanical model. The model also confirms that the method consisting in
measuring the residual longitudinal strains on a diametrical board gives a good approximation of the
residual longitudinal strains in the standing tree, as long as the strain profile is not highly unbalanced.
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Abstract

Merciless selection pressure of evolution forces biological carrier structures, e.g. trees or bones, to
use their material efficiently. For lifetime, they try to achieve as homogeneous a stress distribution as
possible and, thus, prevent weak points as well as excessive material consumption. Design principles
of natural constructions were studied at the Forschungszentrum Karlsruhe. From them, based on the
Finite Element Method, computer methods were derived for the optimization of technical components.
By computer-simulation of adaptive growth the methods remove excessive stresses by simulated local
material deposition and, thus, homogenize the stresses on the component surface. In the computer,
components grow like trees. Due to the stress reduction the service life of the optimized component is
increased compared to the initial value.

A breakthrough towards simplicity was the development of the simple, purely graphical “Method
of Tensile Triangles” (MTT) by Mattheck for the reduction of stress concentrations by notch shape
optimization. The Method was inspired by the shape of buttress roots in trees. Like them it bridges a
corner-like notch with tensile loaded triangles. The notch shape found with the MTT may be scaled up
and down according to the individual design space limitations of the technical structure.

In this paper the Method of Tensile Triangles will be explained and the results of Finite Element
Analyses on tension loaded stepped plates with circular and by MTT formed notches will be
presented. The study shows the effect of this notch shapes on stress concentration factor due to
variation of diameter ratio and design space. It also quantifies the amount of design space and
mechanical stress which could be lowered by the use of biologic based MTT fillets compared to the
“technical” circular rounding.

Introduction

Good mechanical constructions are reliable during their estimated lifetime, light-weighted and have
a high load-capability. A main reason for failure are local stress concentrations which occur where the
force flow is disturbed, e.g. at notches even if they are rounded and not sharp. The stress
concentrations at notches on the surface of a component cause material fatigue during its lifetime.
Therefore, a prevention of such stress-raising effects is of great importance in nature as well as in
engineering design. Trees make an effort to grow into a homogeneous state of stress on their surface
[1]. The outermost annual ring tries to adapt to external loading by locally increased or reduced
growth according to high or low stresses [2]. Computer Aided Optimization CAO [3] transfers the
principle of adaptive biological growth into technical application and simulates this effect by a Finite
Element (FE) calculation. The component starts to grow in the highly loaded zones and, in analogy to
trees, forms the locally thickest growth increment. By this, the stress peaks will be reduced. The
procedure is done iteratively until a constant stress state on the surface is achieved.

Even if the grown wood has a fibrous structure and therefore mainly orthotropic material properties
and on the other hand most technical materials are almost isotropic, there is little difference in optimal
shapes. Because the wood fibre direction is largely in agreement with the force flow in the tree, the
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smaller transverse effects are somewhat falsified due to using only the Youngs-modulus in grain
direction [1].

Further studies show, that an optimized shape can also be found much easier than by use of
laborious FE-calculations. Now, about 15 years after the CAO-method the ‘Method of Tensile
Triangles’ has been developed. It is a new and easy graphic optimization method. The Tensile
Triangles contour was found in many natural structures [4] and applied with good results in terms of
stress reduction to different technical problems [5, 6]. The approach can be applied even by layperson
without a deeper mechanical understanding and without computer verification by the user. Not least
therefore the characterisation of MTT and comparison with the technological standard, like it is done
in this paper, is essential.

Material and methods

Like buttress roots in trees the Method of Tensile Triangles bridges corner-like notches with a
tensile loaded triangle (Fig. 1). The tree stem forms a sharp cornered notch with the ground surface. It
bridges and defuses this corner by the root spur (buttress), which is usually most pronounced on the
windward side. The sawn section through the root shows very large growth increments on the upper
side. This one-sided root growth forms the tensile triangle.

Technical components usually aren’t able to grow, so stress concentrations have to be minimised
early in the design process, which can easily be done by the Method of Tensile Triangles. Starting
from the 45° angle at the bottom we stick a triangle into the sharp corner (Fig. 2). This procedure
creates two notches of larger angles which are less dangerous because the more obtuse the angle of a
corner-like notch is the lower is the stress concentration there. After repeating the procedure one or
two times and smoothing the remaining kinks with radii one has a close-to-optimum notch contour or
at least a highly improved notch shape with significant stress reduction.

BRACE REDUCES
NOTCH STRESS

] | THIS IS HOW A TREE
“{ | wouLD GROW

Fig. 1 Biological inspiration for the Method of Tensile Triangles: The buttress root bridges the kink at the base
of a tree, like a rope [7]

84



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Fig. 2 Procedure of the Method of Tensile Triangles for

a corner transition [7]. First the corner is bridged with
some triangles. Finally, the remaining kinks have to be
rounded by circles

ﬁ DIRECTION OF TENSION »

In this study the stress distribution in stepped tension plates with varying dimensions and fillet
shapes have been analysed by use of the Finite Element Method, which is a numerical analysis
technique. It is mainly used to obtain solutions for differential equations that describe physical
problems. In structural mechanics it is used for simulation of the behaviour of technical components.
First a model of the construct has to be generated. Then the complex shape will be sub-divided into
series of small regions (elements) which are connected by nodes, the so-called mesh. After defining
bearing, loading, material and physical data e.g. deformation, strain and stress can be estimated.

With the FEM software ANSYS [8] models of the plates with radii and MTT fillets have been
generated (2D, Plane82-Elements) and analysed (Fig. 3). The material behaviour was set isotropic and
linear-elastic. Due to axial symmetry only the half of the structure has to be modelled. For evaluation
the v. Mises stress was used which is an equivalent stress as shown in equation (1).

Oy Mises :\/%[(O_I —Oy )2 +(0|| — Oy )2 +(0_u| -0, )2] 1)

Theoretically there is a stress singularity at the sharp kink, where the MTT fillet connects into the
broad part of the plate. The calculated result there is mesh-dependent, which means that finer meshes
with smaller elements cause higher values. In praxis this is meaningless and therefore remained out of
consideration.

V. Mises stress  Fig, 3 Finite Element mesh and v. Mises stress
Hl Low . . .
distribution

I B T

1

Ll

IAEEERRE W)

A00CRECN

High

fhﬂ\

The width-ratio D/d of the plates was varied between 1.04 and 3, the ratio of the fillet radius R/d
ranged between 0.02 and 1. The plates have been clamped at the broad end and loaded by tension at
the small end (Fig. 4).
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Fig. 4 Model of the stepped tension plates. The fillet shapes formed by radius (red) and MTT (green) are shown
in Detail

Results and discussion

Figure 5 shows the V. Mises stress distribution in three tension plates with a width ratio of D/d=2.
The red colour marks, where the highest stresses occur. This localisation of high stresses is known as
stress concentration and measured by the stress concentration factor. It is defined as the ratio of the
highest stress to a nominal or reference stress [9] and depends on the local curvature radius and the
deflection angle. In general the concentration factor raises with lower curvature radii and higher
deflection angle [10]. At the radius with R/d=0.1 it amounts to 2.49 (see Fig. 5 A). The stress
concentration factor is reduced by the MTT shaped fillet with the same lateral size Lrad/d=0.1 (B) to
the value of 1.76. Reducing the extent of the MTT fillet increases the stress concentration factor. A
laterally much smaller MTT fillet (C) with Lrad/d=0.0435 reaches the same value as the radius with
R/d=0.1.

V. Mises stress
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Fig. 5 V. Mises stress distribution in tension plates (D/d=2) with various fillet shapes and dimensions.
(A) radius, R/d=0.1; (B) MTT, Lrad/d=0.1; (C) MTT, Lrad/d=0.0435

Table 1 list the size of radius and MTT shaped fillets with equal stress concentration factors, which
decline with higher fillet sizes and rise with higher plate width ratios.

In Figure 6 is shown exemplarily for the plates with a width ratio of 3, how the stress concentration
factor is lowered by larger fillets. Thereby at equal stress levels the MTT fillets always require less
lateral design space then the radii. At small fillet sizes (compared to plate width) the longitudinal
dimensions of the MTT fillet are higher then that of the radius. But with enlarging fillets the
longitudinal dimensions of the MTT also become smaller then that of the radii.
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Table 1 Dimensions of radius and MTT shaped fillets with equal stress concentration factors in stepped tension
plates with various width ratios.

Dimensions Stress
Radius MTT concentration
R/d Lax/d Lrad/d D/d factor
0.02 0.0351 0.0106 3 5.04
0.02 0.034 0.01025 2 4.61
0.02 0.0315 0.0095 1.4 3.84
0.02 0.0288 0.0087 1.2 3.23
0.02 0.0252 0.0076 1.1 2.67
0.02 0.0194 0.00584 1.04 2.01
0.05 0.0839 0.0253 3 3.45
0.05 0.0789 0.00238 2 3.21
0.05 0.0693 0.0209 14 2.77
0.05 0.0597 0.018 1.2 2.38
0.05 0.0477 0.0144 1.1 2.05
0.1 0.1565 0.0472 3 2.63
0.1 0.1442 0.0435 2 2.49
0.1 0.121 0.0365 14 2.2
0.1 0.0971 0.0293 1.2 1.95
0.2 0.2851 0.086 3 2.04
0.2 0.2569 0.0775 2 1.96
0.2 0.1939 0.0585 1.4 1.8
0.5 0.5802 0.0175 3 1.52
0.5 0.4807 0.0145 2 151
1 0.862 0.026 3 1.28
10
: D/d=3
5 i —A— MTT, longitudinal (Lax/d)
8 5| _A—MTT, lateral (Lrad/d)
<
% 4 —e—Radius, (R/d)
T 3
[&]
5
o
‘.
)
1 \
0,01 0,1
Fillet dimension ratios (longitudinal and lateral)

Fig. 6 Stress concentration factor subject to the size of radius and MTT fillets in stepped tension plates

(logarithmic scale)
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Conclusion

With the new graphical Method of Tensile Triangles, following the design rules of nature,
reduction of stress concentrations and stress homogenisation on the surface of technical components
can be realised easily. The results of the parameter study, presented in this paper, can be used for
characterising the Method and estimating stress levels in similar technical components. Compared
with a radius fillet with equal lateral extension a MTT shaped notch reduces the maximum stress. At
equal stress concentration factors the MTT always has less lateral extension than the radius. If the
fillet dimensions relating to the plate width become large, the MTT fillet also requires less longitudinal
design space than the comparable radius.
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Abstract

Tree trunk diameter usually changes during the day and the night and along full year with both a

rainy and a dry season. Aside of cambial growth, tree trunk diameter changes is the combination of
successive layers contribution: purely passive mechanical strains of the heartwood, change in
hydrostatic pressure in the sapwood and in the living phloem, changes in the maturation stress during
the year and swelling or shrinkage of dead outer bark due to change in relative humidity of
surrounding air.
Trees were equipped with home-made dendrometers and their diameters were measured daily and
monthly almost 2 years with both a rainy and a long dry season. Change in tree trunk diameter is due
to different phenomena those operated in different successive layers. On some species, no daily
variation in the trunk diameter is observed even if large daily water fluctuations are observed.

Mechanical model based on coaxial cylindrical layers is developed and implemented in Matlab in
order to highlights these variations. The model shows apparent strains variations synchronic with daily
water variation. The effects of heartwood thickness on the tree trunk daily apparent strains variation
make in evidence small apparent strains for high values of relative heartwood thickness that can
explain the no daily variation in some species.

Introduction

Trunk variation can be pronounced in neotropical rainforest and the stem shrinkage, principally during
the dry season [1], [2], [3], and [4]. Aside of cambial growth, tree trunk diameter changes is the
combination of successive layers contribution. The function of the successive parts of the trunk section
is rather different. Firstly, the bark (outer and/or inner) appears to be the main deformable “elastic”
tissue in trunk [5] and potentially explain the great variations between dry and rainy seasons [2]. Roth
in 1981 [6] observed a dilatation growth, which was very specific of the species. This phenomenon
could occupy up to 70% of the entire bark width, and this was in axial and tangential direction.
Secondly, the sapwood have primordial role for involved water to photosynthetic apparatus. The water
content of this tissue is quite constant during the year. Sapflow is variable among species and fluctuate
among the seasons [7]. Daily trunk fluctuation were caused by development of the tensions in the
water columns of transpiring trees [8], by only the fluctuation of the bark [9] or by potential hydraulic
connection between bark and sapwood [5] and [10]. The bark content more water than sapwood and
the seasonal fluctuation is potentially more pronounced [3]. The daily and seasonal fluctuations of the
bark could also be explicated by the air humidity [9]. The bark is the thinnest and the wettest tissue. Its
external position contributes to its climatic dependent variation [11]. The bark sensitivity of the
climatic variations was already exposed and could explain also the trunk variation [9; 11; 13].
Compared with the sapwood, the heartwood appears to be relatively limited in terms of effective water
storage. Heartwood formation results from numerous physiological and biological changes, including
the death of any living cells and, with some exceptions, a decline in water content. Moreover, seasonal
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variation in water content is generally much less pronounced in the heartwood than in the sapwood
[11].

Information on the relative contributions of different stem tissues to daily and seasonal changes in
diameter is scarce in tropical rainforest. Experiments were performed in-situ to measure these
variations at Paracou in French Guiana. Trees were equipped with home-made dendrometers and their
diameters were measured daily and monthly almost 2 years with both a rainy and along dry season. A
diminution in tree trunk diameter was observed in dry season in spite of the radial growth due to the
cambium activity and a large augmentation was observed in the onset of rainy season. In addition,
daily variation in the trunk diameter was observed on some species, but not on some other species
even if large daily water fluctuations are observed, in dry and wet season [7]. This is the case of the
Vantanea sp for which circumference variation was very stable and not synchronic with the water
status (Figure 2b, red curve).

A mechanical model is performed to explain the experimental observations. The transverse section
of the tree trunk is modelled as multi-layered coaxial cylinders. The layers are the tissues including
heartwood, sapwood, inner bark (living phloem) and outer bark (non conductive phloem and cork).
We focus on daily variations in wet season such as the only daily variation is the sapwood hydrostatic
pressure dues to the circulation of the xylem. The exterior air relative humidity is always high so the
bark moisture content stands over the fibre saturation point and daily bark shrinkage is null or
negligible.

Mechanical formulation: coaxial-cylindrical model:
Problem position

A transverse section of tree trunk is composed of different layers (Fig. 1a). In addition to
dimensional variation of tree trunk due to growth by the cambium, under water tension in the sapwood
and the inner bark, and the variation of the humidity of external atmosphere, tree trunk observe
variation of its diameter. So, first tree trunk can be idealized as a cylindrical structure (Fig.1b) having
a different material proprieties in each layer.

In mechanical point of view, the problem consists in computing the state of equilibrium of cylindrical
structure composed of different layers of orthotropic material, and subjected to an internal stress and
an external constraints at its borders.

oufer outer
inner bark (phloem)
beetle habitat bark bark
inner bark
R heartwood heartwood
cambium -
: cambium|
sapwood (xylem)
stained by blue stain fungus Sapwood
(a) Transverse section of tree trunk (b) Cylindrical structure

Fig. 1 (a) Tree trunk section (b) cylindrical model
Formulation of the mechanical problem
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For a mechanical analysis of a dimensional variation of a tree trunk, the complete model must
include all the equations of the mechanics, especially equilibrium, constitutive equations, and
boundary conditions. Under the internal and external actions considered in this paper (hydrostatic
pressure principally) and an hypothetic regular cylindrical structure, the displacement, strain and stress
fields generated are only radial dependent, in addition, no shear stresses and no shear strains occurs in
the tree trunk. All these considerations simplify the mechanical equations.

In the following, we first briefly remind the essential of the mechanical equations of an
homogenous cylindrical layer and then, present solutions for a multi-layer structure. So, let’s consider
an adequate cylindrical system (R, T, L), where R, T and L are radial, tangential and longitudinal
directions respectively. At a given radial position r, the induced displacement vector and associated
strains and stresses are respectively represented by the following vectors.

u= Ug, U, u_, €= Erip & and 6= Or:01,G,

Where strains components are given by:

du, r
SRI R

M)

ug r
and g =
dr r
Ur and e are radial displacement and strain and e and ey are tangential displacement and strain.

Wood is commonly modelled as an orthotropic linear elastic material [14]. In our case, the constitutive
law is restricted to this relation:

Cer Car Ca
c=C-e+p  where C=|Cr Ci Cy )
Ce Cu Cy

C is the behaviour tensor and [ is the initially induced stresses vector, that is relate in our case to

hydrostatic pressure in the sapwood and inner bark. Itis given by: B = Bg,B.,B. -

Equilibrium equations are restricted to the following equation:

dog , Gr =01 _g 3)
dr r
Equilibrium equation can be expressed in displacement term by combining behaviour law, equation
(2), strains expressions given by equation (1) with equilibrium equation (3). It is given by:

d’u, dup, ,uj,
+——7 —=K 4
a? " dr (4)
Where y2 = ﬁ and K= BT _BR + CTL _CRL £,
Cor Car Car
The general solution of equation (4) is [2]:
U I =Ar"+Br+r 1<2 (5)
1-y

A and B are integration constants. Their values are determined using the boundary conditions of the
problem. The strain field can then directly derive from equation (1) and the associated stress field from
the constitutive law given by equation (2).

Multi-layered model
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The formulation is extended to a cylindrical layered structure composed in our case of 4 layers
numbered 1 to 4 from the inside of the cylinder. When writing equation (5) for each layer, and when
considering interface and boundary conditions, we obtained 9 equations with 9 unknown parameters (8
unknown integration constants and longitudinal strain €.). These equations form a linear system. A
Matlab program based on this cylindrical formulation was realized to resolve the linear system and to
compute all displacement, strain and stress fields through tree trunk transverse section. This model
was initially formulated by Alméras and Gril [15; 16]

Results and discussion

Daily water status and apparent strains measured in-situ are illustrated in figures (2a and b curve
red) for the Vantanea sp in wet season (se table 1). Large daily fluctuations are observed but the
measured circumference was very stable and not synchronic with the water status. Figure (2b, blue
curve) shows apparent strains daily variation given by the model in wet season. In opposition to the
experimental observations, the apparent strains daily variations given by the model are synchronic
with the water flow. This result is expectable as the model just takes in account different layers
rigidity.

0,15% +
= 10 -
a
= 0.10% —=—model
c e JE—
s 00 2 experimental
B E
‘CE :J-']
S 40 = 0,05% -
c
5 o
= : f,,N"-"\L
¢ =
& 20 * g < 0,00% " - " T e o
Q 4 8 12 16 20 24 4 8 12 16 20 24
Times (hours) )
-0,05% Times (hours)

(@) (b)

Fig. 2: (a) Daily variation of water status, (b) apparent
strains for Vantanea sp. In wet season.

The effect of heartwood thickness on the apparent strains variation given by the model (Figure 3)
shows a rapid diminution of the apparent strains with the heartwood thickness for relative thickness
values above 20%. Most of the considered species relative had a heartwood thickness above 80% (see
table 1). So, as compare to small trees with few heartwood as often described in the literature, the
daily apparent stains variation given by the model is nearly 10 times less due to the effect of
heartwood compensation of the sapwood swelling or shrinking. Then the measurements in strain
values (diameter growth divided by tree diameter) should be 10 times more accurate than for small
trees, which was not the case in this experiment.

0,15% -

0,10% -

0,05% -

Apparent Strains

0,00% T T T T \
0,0 0,2 0,4 0,6 0,8 1,0
Heartwood Relative thickness
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Fig. 3: Daily apparent strains variation with heartwood
relative thickness.

Table 1 Relative thickness of different layers of species from Paracou — French Guiana

Species Family radius Thickness (mm) Relative thickness (%)

Bark  Sapwood Headwood Bark Sapwood  Heatwood
Dicorynia guianensis Caesalpiniaceas  202.p5 3.5  19.635 179.8 1.72 9.67 88.59
Ricorynia guianensis Cagsalpiniaceas  163.05 3 32.95 127.1 1.84 20.21 77.95
DRicorynia guianensis Cagsalpiniaceag  172.65 2.5 32.62 137.5 1.45 18.89 79.64
Goupia glabrg. Celastraceae. 394,25 6.75 §1.15 326.35 1.71 15.51 82.78
Licania heteromomha  Ghrysobalanaceae  112.45 2 7.295 103.2 1.78 6.49 91.77
Recordoxylon speciosum Cassalpiniaceae  223.85 3.5 7.085 213.25 1.56 317 95.26
Sloneasp. Eagncarpaceas 234.85 5.5 21.885 207.45 2.34 59.32 88.33
Yanltaneasp Humiriaceas 201.05 5 39.27 156.8 2.49 19.53 77.99
Qeandra asheck Annonaceas 82.6 1 7.515 74.1 1.21 3.10 89.71
Vougcapougamericana  Caesalpiniaceas 139.8 1.25 6.165 132.4 0.89 441 94.71

Conclusion

Change in tree trunk diameter is due to different phenomena those operated in different successive
layers. In addition, on some species, no daily variation in the trunk diameter is observed even if large
daily water fluctuations are observed.

Mechanical model based on the analytical cylindrical model initially by Alméras and Gril is
implemented in Matlab routine, and used to explain the experimental observations by the tree trunk
transverse structure and the phenomena those operate at different layers. Contrarily to the
experimental observation, the model shows fluctuations of the apparent strains synchronic with the
water pressure in the sapwood. But the model also shows that apparent strains strongly decrease for
high heartwood relative thickness. So the no daily apparent stains variation observed in some species
can be explained by both the effect of heartwood compensation and the lack of precision of
dendrometers.

It will be interesting to verify this model on trees with different heartwood thickness ratios, in the
wet season. Then the model could be used to explain the role of external bark shrinkage durin dry
season on the surprising diameter decrease of some species in that period.
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Abstract

The analysis of the shape evolution of growing trees requires modelling accurately the interaction
between tree growth and its biomechanical response. In this work, we study the mechanics of surface
growth to model the generation of wood at the cambium. During the growth process, mass and
material points are added along a growing surface and then deform the whole tree. The main difficulty
of this purpose is to define an evolving reference configuration according to the growth velocity over
the surface. Balance equations of mass, linear and angular momentum which include the effect of
mass accretion are provided giving the basis for further studies on surface growth mechanics.

Introduction

The analysis of the shape evolution of growing trees requires modelling accurately the interaction
between tree growth and its biomechanical response, including passive deformations due to external
loads and active movements of the plant, e.g. tropisms. However, this coupling between tree growth
and tree biomechanics exceeds the traditional framework of structural mechanics due to the changing
in size of the studied domain and the resulting non-conservation of mass.

In this context, Fourcaud et al. [1] consider a solution with a discrete time model at the stem and
tree scale by separating growth effects and mechanical effects. In a more general view of mechanics
including growth effects, many works were devoted to model volumetric growth [2] which occurs
when mass is added to existing points of the body. For example, Senan et al. [3] propose a rod-based
model to model volumetric growth of plants.

Another way to model plant growth without the assumption that growth occurs only on existing
material points is to consider surface growth which is linked with the accretion of material on external
(or internal) surface of a body. Skalak et al. [4,5] consider analytical expression of surface growth for
rigid body and a review of this issue is proposed by Garikipati [6]. However, it seems very difficult to
take into account the effect of stress and strain while the body keeps growing. The main problem is to
define a mechanical response of a deformation with respect to material points that appear during the
growth [7].

The aim of this work is to model surface growth for deformable bodies. To this purpose, we first
define the reference configuration with curvilinear coordinates which are evolving according to the
growth velocity. Then, we give the balance equation of mass and with the virtual power method, the
balance equations of the linear and angular momentum. This work gives the basis to develop equations
of surface growth in structural mechanics and their implementations to study tree biomechanics.

Kinematics of a body with surface growth

Here, we describe the kinematic of surface growth based on the works of Skalak et al. and Segev &
Epstein [8]. We consider a growing surface G, at time t=0 and the grown body B = G, x[0,T] with

curvilinear coordinates denoted by (&,,8,,7). The variables (6,,8, ) are the coordinates of a point on
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the surface G, and the variable 7 is the time at which material points appears due to the displacement
of the growing surface G(t). We note v the velocity of the growing surface (bold characters represent
vector or tensor quantity) and we define the growth velocity as vy = Vg — Vi With vy the velocity of a
material point in the neighbouring of the surface G(t).

We now consider the reference configuration By at time t with cartesian coordinates (X, X,, X;)
and S, the spatial configuration (deformed configuration) with cartesian coordinates (X,, X,, X;) . The
evolution of the reference configuration is driven by the growth velocity whose direction may depend
on the deformations of the body (see Fig. 1). Then, for any fixed (6,,6,) and 0 <7 <t, we define :

X=0,(6,,6,,7) = [ v,(6,,6,,7')d7

By denoting x = ¢, (X) the deformation map, we have a complete description of the mechanics and
the growth of the body B. The spatial configuration of the growing body at time t is then given by

¢ (B) = 9. (B,) = ¢, - ©(B).

B Ot Bt Pt S
G(t
Vg(el,e2,«;)
G(0)
G(0)

Fig. 1 Evolution of the reference configuration

Balance of mass

We consider the body in the spatial configuration, and we assume that at each point X € G(t) we
have a surface growth mass rate z£(X,t). This rate is related to the growth velocity by x = PgVg N,
with o, the mass per unit volume of the newly created matter and n the normal exterior to the surface

G(t).We denote the whole body in the spatial configuration by Q(t)and its border by
oQ(t) =2 (t) W G(t). The mass balance is thus:

d
— dQ = dax
dt Jem P .[G(t) H
The development of the left side of the equation leads to:
d op
— Q = ——dQ+ v-ndX + V. -ndX>
dt IQ(t) P Q) ot o ” sw® Ve
_[ %p
=lo ot dQ+IaQ(t)pv-n dZ+.[G(t)p(VG -Vv)-ndX

96



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

d B dp .
p ij pdQ =[St pdvY) dO+ Lm o (Vg —V)-ndx

And hence, the local equation of balance of mass is:
do .
—+ pdiv(v)=0
ey (v)

p (Vg —V)-n=pnonG(t)

This is the same equation as in classical mechanics with an additional boundary condition on the
growing surface.

Balances of linear and angular momentum

We apply the virtual power principle [9,10] to obtain a weak formulation of the balance equations
of linear and angular momentum. The body Q)(t) is subject to external forces and the description is
detailed on Fig 2.

oAy

&mcemf

v=0
Fig. 2 The body €2(t) with a prescribed displacement on the surface 2 (t) , a prescribed traction on the

surface 2, (t) and a growing surface G(t).

Let V" be the space of virtual velocity field on Q(t) with the prescribed value v =0on Z, ).
Then, the virtual power principle gives :
P, (v*)=P, (v¥)+P. (v¥)
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With P, the virtual power of acceleration, P; the virtual power of internal forces and P, the virtual
power of external forces. The virtual power of the acceleration is given by the material derivative of

the virtual power of momentum:
d d
P(V*)=—P (v*)=—
AU ot « (V) 4t o
By developing the last term and using the balance of mass, we obtain:

_ VL. \x
P, (V*)_Ig(t)py v dQ+IG(t)HV v*dX

Thus, there is an additional inertial term with the supply of mass due to the growth process. The others
virtual power terms remain the same as in first grade theory of continuum mechanics:

*) _ - ND*
P, (v*) = L((;t). D*do
with o , the Cauchy stress tensor (symmetric second order tensor) and

D* = %(Vv*thVv*)

V- v*EdQ

The virtual power of external forces is:
*) — V* VA
P, (v )_meb v dQ+IzzmT v*ds

Finally, the weak formulation of the balance of momentum is:
Vi AVES —— ‘D* Rz RVE:
oy - v*dQ + Lm W-vEdE jgc(;t).D dQ+ ij b - vedQ + Izz(t)T v*dx

Q(t)

The strong formulation is thus given by :

div(c)+ b = pyonQ(t)
6 = ¢’
v = 0onX,(t)
6-n = TonXx,(t)-G(t)
W+o-n = 0onG(t)—2,(t)
W+e-n = TonG(t)n2,(1)

We have now described the dynamics of the growing body in the spatial configuration. These
equations could be express in the reference configuration using the relation defined in the
kinematic description of surface growth. Then, we have to use curvilinear coordinates [11] to
take into account the evolution of the reference configuration due to the growth process.

Conclusion

In this work we have extended the analytical description of surface growth from Skalak et al. to
take into account the deformations of the body during the growth process. On the one hand, we have
defined an evolving reference configuration with curvilinear coordinates. On the other hand, balance
equations of mass, linear and angular momentum are provided in the spatial configuration. These
results are the basis of a mechanical theory of surface growth for tree biomechanics, and further works
are needed to solve and implement the above equations.
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3. Plant and fluid mechanics
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Abstract

External flow is an essential element of the environment of plants. From a mechanical point of
view it is certainly the main abiotic stress, gravity aside. In this paper | review some mechanisms, with
a focus on the need to use proper dimensionless numbers. This is particular, when comparing the
situations of plants in air and in water, or plants of various mechanical properties. The two main
interactions that are reviewed are (a) dynamics flow interaction with plant canopies, (b) static flow
interaction with plant organs. Here the point of view is that of the mechanisms of the interactions.

Introduction

The physics of fluid-structure interaction in plants is somewhat specific [22]. This is related to the
complex geometry of plant systems and to their complex elastic behaviour, due to a large flexibility.
Moreover, plants in air and in water differ very significantly in terms or architecture and flexibility, as
they have to counterbalance gravity forces quite differently. There are still some mechanism of
interactions between plants and external flow that can be compared in air and water. The first one is
related to the interaction of flow with a canopy, which is a general situation that can be applied to
forests, crops and river beds or sea beds. The second one is that of large deformation of plants or parts
of plants, leading to a large reduction in drag. This is a feature of the utmost importance to allow
plants to withstand extreme wind or currents. Although there two cases do not cover the immense
variety of flow-plant interaction, they give some indications of how these can be analysed. The reader
is referred to [19,22,34] for further details on the results shortly presented below.

Flow interaction with plant canopies: honamis and monamis.

We focus here on the strong coupling between the dynamics of a fluid flow such as the wind or
water current and that of a plant canopy. By plant canopy, we mean a large collection of individual
plants such as a dense forest, a crop field, or an aquatic plant cover. The perspective we take on the
plants is focused on the canopy as a whole; we perceive the canopy as a poroelastic continuum [4].
Understanding the mechanisms of interactions between flow and a plant canopy is crucial in predicting
and avoiding wind-induced damage to trees [1,18,20,33] and crops [3]. Such an understanding is also
essential to properly model the heat, mass and momentum exchanges between plants and the
atmosphere or between aquatic plants and the water stream they thrive in. Other motivations for
pursuing research in this field relate to artistic rendering of realistic vegetation movements [8] and to
predicting the mechanical stimulus of wind on plants which influences the growth of plants [10,12].

The structure of the wind over a vegetation canopy is dominated by a Kelvin—Helmholtz (KH)
instability due to the difference of air velocity above and inside the canopy [6,15,16], Figure 1. A
similar phenomenon is observable in aquatic flows over fully-submerged vegetation [8]. The KH
instability, which is due to the presence of an inflection point in the velocity profile, engenders
coherent eddies of canopy scale which dominate the turbulent motion of the canopy flow. When the
vegetation canopy is flexible, these coherent eddies are responsible for wavelike motions at the canopy
top.
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These wavelike motions are called honami [9] on crop fields and monami on aquatic plants, Figure
2. Py et al. [14] showed with on-site experiments using an image correlation technique that honami
occurs at the free-vibration frequency of the plants. They also proposed an analytical model which
couples a mixing-layer flow with a vegetation canopy free to oscillate. The movements of the canopy
are coupled with the perturbation flow arising from the instability of the mean mixing-layer flow
above the canopy. The two-dimensional conservation of momentum equations are coupled to the
canopy oscillator equation through a drag term. This linear model predicts a lock-in mechanism
similar in form, but different mechanically to what is observed in vortex-induced vibration [11]. As
the mean mixing-layer flow velocity is increased from zero, its KH instability frequency increases and
as it approaches the natural frequency of the plants, it deviates and locks onto it. In this lock-in range,
the growth rate of the instability is significantly increased. By comparing their experimental
observations and the theoretical predictions of their model, Py et al. [17] concluded that “it is thus the
lock-in mechanism suggested by the analysis of the coupled model that explains why the coherent
wave-motion of the crops occurs at their eigenfrequency independently of [the wind velocity]”.

U Fig. 1 Flow over a plant canopy: large coherent
vortices result from the instability of the flow profile.

Fig. 2 Left: wind-induced waves on an alfalfa field [14]. Right : current induced oscillations on simulated
aquatic vegetation [8]

In order to understand the difference between the case of wind flow or water flow, dimensionless
numbers need to be used. The first one is the mass number which reads

M = Pruid

Psolid
It is significantly different in air and in water. The second number scales the ratio of flow velocity
with plant velocity [22]. It is therefore a reduced velocity where f is the frequency of motion and L is a
length scale of the plant.
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Y

fL
where f is the frequency of motion and L is a length scale of the plant. These two numbers can be used
in a comparative analysis of the lock-in mechanism between honamis and monamis [19], based on the
method developed in [17]. Figures 3 and 4 give the main results. In Figure 3, which corresponds to
wind flow over a crop canopy, it is seen that the range of lock-in, in terms of reduced velocity, is quite
narrow. Honamis are expected to exist only in a limited range of wind velocities. In the case of water
flow, Figure 4, lock-in is seen to exist over a very large range of flow velocities. Hence much more
significant coupling can be expected in water than in air. This is consistent with the role of the mass
number on other coupling effects such as added mass.

Ur

2.0
,/,/// Fig. 3 Lock-in of wind and plant motion [19] using a
L5 Y model coupling a flow-instability with a poroelastic
@,Ux 1.0 - = canopy. The low density of the external flow limits the
= existence of lock-in to a small range of flow velocity.
0.5 . . . .
lock-in range (a) Here U, is a dimensionless flow velocity and
0%8 ' g, o, are respectively the frequency and the growth
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Fig. 4 Same figure as Figure 3 but in the case of water
flow. Here lock-in persist over a very large range of
flow velocity
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Flow interaction with individual plants: reconfiguration

In most traditional engineering applications, structures are designed to be stiff such that the loads they
must bear do not deform them substantially. In nature, it is quite the contrary [28]. Especially when it
comes to fluid loading, natural structures tend to be compliant and flexible where man-made structures
are rigid and unyielding. Plants, which seek to maximise their surface area to capture the most sunlight
as well as to facilitate their exchanges with the surrounding fluid, make use of their flexibility by
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changing their shape when they are subjected to a fluid loading, whether water flow or wind [24]. By
bending and twisting under fluid loading, on the one hand plants reduce their projected area
perpendicular to the flow, and on the other hand they also become more streamlined [28]. This a
general feature of drag reduction by flexibility, see [21,25,26,27]. Through these two mechanisms of
reconfiguration, the drag load plants must support does not grow with the square of the velocity of the
flow they are subjected to—as it would on a rigid bluff body—Dbut rather more slowly. How much
slower is described with the VVogel exponent v such that

F e U 2+v

where F is the drag load and U the flow velocity. For example, the leaf of the tulip tree studied by
Vogel [28] rolls up in a cone with increasing wind speed, hence decreasing its cross-sectional area and
making itself more streamlined. Whereas if the leaf were rigid, its drag would increase with the square
of the velocity of the flow (v = 0), Vogel [28]found that due to its reconfiguration, the drag increases
more or less linearly with flow speed (v = —1). Experimental measurements on the reconfiguration of
plants are abundant in the literature. See for example the collection of VVogel exponents and data on the
reconfiguration efficiency of different terrestrial and aquatic plant species by Harder et al. [24] or the
wind tunnel measurements on different hardwood tree species by Vollsinger et al. [27]. However, little
theoretical interpretation is available. The issue of drag on flexible systems has obvious implications
in biology, agriculture and forestry for understanding the adaptation of plants to their habitats as well
as for predicting and preventing phenomena of lodging.

Two simple geometries of plates deforming in pure bending were tested: rectangles and disks cut
along many radii. Firstly, thin rectangular plates of length L, width W, and flexural rigidity B were
glued at their centre onto the support as depicted in the schematics of Figure 5 (a). As the air flow
velocity was increased inside the wind tunnel, the rectangular plate folded more and more as pictured
in the photograph mosaic of Figure 6. The maximum velocity reached in the experiment was limited
by the maximum static and fluctuating loads allowable for the load cell. Flutter localised at the ends of
the rectangular plate appeared when the plate was highly deformed thus causing fluctuating loads. In
Figure 6 it is possible to see that the most deformed shape is blurry because of flutter. The second
geometry tested was a thin disk of radius R cut along many radii constrained by an inner rigid disk of
radius Ri and screwed at its centre onto the support as shown in Figure 5 (b). When exposed to
increasing flow velocity, the cut-out sectors held at the centre of the disk bend downstream as shown
in the photographs taken at incrementing flow velocity in Figure 6. This pattern of deformation is
reminiscent of the petals of the daffodils bending downstream in the wind flow as studied by Etnier &
Vogel [23].

Typical results of the measured drag of rectangular plates are shown in Figure 7. In Figure 7 (a) is
represented the drag of three specimens of similar size versus flow velocity. At small flow velocity,
the drag of all three specimens is similar, but differs more and more as the flow velocity is increased.
For a rigid plate the drag follows well the quadratic fit while for a flexible plate the drag increases
more slowly, and for a more flexible plate the drag increases more slowly still. At high flow
velocities, the influence of flexibility on the drag is tremendous. The drag on the most flexible plate is
an order of magnitude smaller than that on the rigid plate. The trends observable in Figure 7 (a) are
representative of results obtained for rectangular and disk-shaped specimens. In Figure 7 (b) the
evolution of drag with flow velocity is shown for three plates of similar width W and rigidity B but
differing length L. At small flow velocities, where the plates are not significantly deformed, the
longest plate (diamonds) and hence the one with the largest surface area has the largest drag; the
second longest has the second largest drag; and the shortest plate has the least amount of drag. At high
flow velocities, the shortest plate has the largest drag and the longest plate has the smallest one.
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i])j

Fig. 5 : Experiments of drag reduction of flexible systems. Left: flexible plates. Right, Flexible disk

Fig. 6 : Deformation of specimen as the flow velocity is increased from left to right. Top : rectangular plate,
Bottom Disk.

These results can be analysed in terms of dimensionless number. First, the drag reduction can be
expressed as a ratio between the drag of the flexible system and the drag of the same system if it were
rigid. This defines the reconfiguration number

~ Drag F
Drag rigid pU?SC,/2’

where F is the drag, U is the flow velocity p is the flow density , S is the original cross-flow area
and C, is the drag coefficient of the rigid system. The flexibility of the system to flow is expressed
through the Cauchy number [22].
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_ Fluidforce pU°
Y Stiffness E

Note that the Cauchy number must be defined more precisely for slender systems such as those
considered here, see the discussion in [19] and [22].

Figure 8 shows the evolution of the reconfiguration number as a function of the Cauchy number for all
tests, with plates and with disks. These dimensionless numbers allow gathering all data from various
geometries and various stiffness. On the same graph is shown the prediction using a simple fluid-
structure interaction model based on the following ingredients [34] : the deformation of the plate is
described using non-linear elasticity theory (elastica model) and the fluid loading is approximated by
the dynamic pressure defined with the normal velocity p = pU?cos* @ where@ is the angle of the
plate to the impinging flow. Clearly, the evolution of drag reduction with the flow is well reproduced.
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Fig. 7 : Evolution of drag with flow velocity. Left : plates of identical geometries but different flelxibilities.
Right: plates of identical flexibilities but different width. The widest plate has the lowest drag at higher flow-
velocity.

10°

10}

Fig. 8 : Drag reduction effect on a rectangular plate, left, and on disk, right. The reconfiguration number is
seen to decrease with the Cauchy number. Symbols correspond to experiments with various sizes and
flexibilities. The continuous line results from a fluid-structure interaction model [34].
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In water, a similar approach may be defined. Here, we model the data of Harder on drag on
seaweed [24]. In that case the mechanism of drag reduction differs: neither area reduction nor
streamlining are involved, but rather packing of the branched system [32]. As the flow increases, drag
on elements induced tension and thereby bending of the upstream parts of the plant. This results in

packing of the system, and consequently a lower flow velocity inside the bundle. Let U be the

effective velocity in the bundle: the corresponding pressure gradients varies as Ué /H where H is

the cross-flow distance between elements. As the pressure gradient outside the bundle varies as U ?
and is independent of H , one may state that

UZ/HocU?,

Note that this equation only related the form of variations with U,U. ,H and is not an equality.
Similarly, the distance H varies with the drag F because of the flexibility of the bundle results in
packing. If it is assumed that flexibility is mainly due to bending effects, the essential variable that
scales the deformation energy of the system is the moment M = FH . yIn the limit where the system
is densely packed, the deformation energy of the system reaches a limit and becomes independent of
the moment M , so that in terms of variation we have H oc 1/ F . Considering that the drag is related
to the effective velocity yields F oc Ué. By combining these equations the drag is found to vary
linearly with the external flow :

FoU.
A more elaborate model, [35], based on these simple approximations, lead to a drag force that

progressively switches from a U? dependence to a U dependence. This is illustrated Figure 8 in
comparison with the experimental data from [24].

total force per unit lenght

Fig. 8 : Drag reduction effect on a seaweed in bundle. Left, experiments on Antartica durvillae [24]. Right:
drag as a function of flow velocity. Squares are experimental points. The continious line is the drag of a rigid
body. The broken line corresponds to the model described in the text.
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Conclusion

By analysing these two cases we have shown that even in simplified geometries the interaction of
flow with a flexible plant system is quite complex. The use of adapted dimensionless numbers are a
necessary step to organize and compare experimental data, and to develop simple mechanistic models.
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Abstract

Red mangrove (Rhizophora mangle L.) is the dominant tree species in the intertidal zone of
ecosystems on the Atlantic shores of the Caribbean and tropical western Atlantic. The propagules of
this species are initially buoyant, then become negatively buoyant before rooting in a variety of
substrates. While established mangrove communities assist in stabilizing coastlines, seedlings are
susceptible to wave, current and wind energy and this limits the habitats that they can successfully
colonize. This experiment is part of a larger study of mangrove disturbance and regeneration
dynamics. In this experiment, we measured seedling form and mechanical resistance at five sites with
different substrate and canopy conditions at Turneffe Atoll, Belize. The 78 seedlings tested ranged in
height from 27 to 47 cm, had between one to ten pairs of leaves but had not yet formed aerial roots.
Seedlings growing under mangrove canopies were more slender than open grown seedlings. We
applied a horizontal force to failure in the landward direction. Seventy-five percent of the seedlings
failed at the root system and the remainder failed near the base of the stem. Seedlings growing outside
of mangrove overstory on coral rubble were 3.5 times more resistant to failure than those growing
within the mangrove overstory on sand.

Introduction

Mangroves are a specialized group of woody plants that form intertidal fringing communities along
the coastlines of continents, islands and atolls throughout the tropics. They grow in one of the most
mechanically challenging environments of all plants, being subject to a gradient of wind and wave
energy from quiet lagoon environments to shorelines with full exposure to tropical storms [1]. These
communities provide a number of critical ecosystem services including shoreline protection from
waves, storms and tsunamis, fisheries, carbon fixation and tourism. They are under considerable
pressure from development, and the projected consequences of global warming, sea level rise and
increased storm severity, will place these ecosystems under further stress [2]. While established
mangrove communities appear mechanically robust and dissipate routine wind and wave energy [e.g.
3], they are periodically damaged by extreme winds, wind driven waves, and storm surge during
severe storms. For example, Hurricane Mitch in 1999 destroyed over 90 percent of the mangroves on
islands in Honduras through defoliation, uprooting, burial, and erosion [4].

The red mangrove (Rhizophora mangle L.) grows in tropical and subtropical regions of the Atlantic
and Pacific Oceans and is the dominant mangrove species in the Caribbean. It is a typical mangrove
species, well adapted to growing in the intertidal zone with high salt tolerance, aerial roots, and
viviparous reproduction [1]. Recolonization by red mangrove seedlings requires the arrival of
propagules from dispersal sites. These seedlings must take root before being buoyed away by tidal or
wave action[5]. One might think that this would limit recruitment to zones with very low energy, but
mangroves do establish across a gradient of substrates and wave energy [6].During the early stages of
colonization, seedlings are single-stemmed and individually isolated. Sometime after establishment,
seedlings begin forming aerial roots and secondary branching, and where seedling densities are high
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enough, this leads to communities of plants with complex, intercrossing networks of branches and
aerial roots.

This study is part of a larger program of research on red mangrove disturbance and regeneration
dynamics. The main objective of this study was to characterize the nature and mode of seedling
resistance to horizontal loads as a function of seedling size, substrate and overstory canopy condition.
We examined i) seedling size-resistance relationships, ii) whether anchorage differs between different
substrates and within or outside of overstory canopies; and iii) whether the mode of failure varies with
seedling size, substrate or canopy condition.

Material and methods

This study was conducted on Turneffe Atoll, 50km east of mainland Belize, outside the
Mesoamerican Barrier Reef. The atoll is ca 48 km long and 16 km wide and is composed of low
elevation islands or cays. Our study sites were on reef-crest cayes along the eastern, storm-exposed
side of the atoll. These low profile cayes are composed of sands and rubble and are fringed by red
mangrove forests that are still expanding following the de-vegetation caused by Hurricane Hattie in
1961[7]. The tides in this area are classified as mixed semidiurnal with an average range of less than
30 cm [8]. The occurrence of heavy rains and strong to catastrophic winds increases between July and
November as a result of seasonal tropical storms and hurricanes typical of the Caribbean Region. The
main coastal current flows from south-east to northward. However, the Gulf of Honduras is influenced
by a anti-clockwise counter-current resulting in predominantly southerly water movements over the
coastal shelf [7].

Populations of seedlings of R. mangle were sampled at five locations in close proximity of
Calabash Caye (17°16'57.76"N, 87°48'41.96"W) on the east side of the atoll. The bathymetry and
substrate size distribution within the study area indicates that energy due to tides and waves attenuates
with distance from the reef [e.g. 9]. The five sampling sites differed in the type of substrate (coral
sand, unconsolidated coral rubble and peat) and the degree of overstory red mangrove canopy under
which they grew (canopy or open). Sand and rubble substrates are found both outside and within
mangrove forests. However, since the peat is formed by leaf and fine root deposition, it is not found
outside areas of established mangrove canopy. The rubble locations are closer to the reef crest than the
sand locations.

Each sampling location was approximately 30 m x 40 m wide. Sample seedlings, substrate
attributes, and canopy cover were obtained throughout each sampling location. Mangrove canopy
cover was estimated with a convex spherical densiometer. Within each sampling location, six
sediment cores were taken with an aluminium cylinder coring device (7.5 cm diameter X 40 cm
depth). Particle size distribution analysis (PSDA) was performed using sieves. Cores extracted from
plots within canopies were processed prior to sieving to separate the peat and root fraction from coral
sediment.

Seedlings growing in isolation from each other, and with no damage, branching or aerial roots were
selected to represent a range of stem height classes. Prior to pulling, seedling height was measured
from the substrate surface to the base of the terminal bud. Diameters were measured as follows: basal
diameter just above the substrate surface, at the hypocotyl apex, midway along the first stem internode
above the hypocotyl. We also measured the number of internodes, and the number of leaves.
Slenderness was calculated as the stem height divided by the basal stem diameter (slenderness 1) and
the stem height divided by the first intenode diameter (slenderness 2). Only one seedling had
secondary branching. No seedlings had aerial roots. Fresh weight was measured in the field
immediately after pulling with a precision spring-scale. A spring-scale (1 kg) was attached to the
seedling with a binder clip lined with rubber tubing to prevent damage to the seedling stem. This
attachment point was at five-sixth of the stem height, typically this was just below the first pair of
leaves. Two pieces of flat webbing were woven around the stem for 10-20 cm. This webbing was tied
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into a loop at the top, at 5/6 of the stem height, to which a spring scale was attached (Fig. 1). This
method, which mimicked a Yale Grip™, allowed us to maintain a firm grip, avoiding slippage along
the stem during pulling. Seedlings were manually pulled except for the largest ones which were pulled
using a hand powered winch. Seedlings were pulled horizontally to failure at a constant rate (approx.
1-2 cm/sec) in the direction of the prevailing incoming waves and winds (e.g. pulled toward the west).
The force at failure and failure mode (root failure or stem failure) were recorded.

spring scale

Fig. 1 Schematics of spring scale attachment to seedling showing flat webbing woven around seedling stem.

Statistical analyses were carried out on a sample of 78 seedlings, which included only seedling size
classes present at all 5 sites (stem height ranging from 27.5 to 47.5 cm). One-way ANOVA was used
to test for difference in failure resistance among locations. Pearson’s correlation coefficients were
calculated to investigate linear realtionships between failure resistance and each morphological
variables. Contingency table and logit log-linear analyses were used to compare mode of failure
among substrates and between canopy cover. All statistical analyses were performed using SPSS V.11
(SPSS Inc. Chicago, Illinois). The level of significance for all statistical tests was evaluated using a
value of o=0.05.

Results and discussion

The five sampling locations are referred to as Rubble-Open (e.g. rubble substrate, no-canopy),
Sand-Open, Rubble-Canopy, Sand-Canopy, Peat-Canopy. Differences in stem heights among
locations were minimal, however other morphometric parameters differed between locations (Fig. 2).

Larger seedlings required more force to be uprooted than smaller ones. The force required to uproot
seedlings was positively correlated with height, diameter (basal and of first internode) and mass (Table
1). The force for stem break was positively correlated with the diameter of the stem at the first
internode and with mass.

The percentage of seedlings that uprooted vs broke in the stem varied between locations. Uprooting
was the dominant mode of failure for seedlings growing in open locations (Fig. 3). Force at failure
differed significantly among locations (p<0.004) when seedlings with both failure modes are pooled

(Fig. 4).

As expected, resistance to failure increased with increases in plant size, particularly with plant
weight. A strong association between failure resistance and plant weight has been observed in many
studies with terrestrial trees [e.g. 10], but there is as yet no biomechanical explanation for this
relationship. The five locations examined differed in light regime and substrate properties, and
presumably in the competition and mechanical stresses experienced by the seedlings. The difference in
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mean failure resistance between sites is substantial and it appears that the presence of canopy is more
important than substrate type in failure resistance.
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Fig. 2 Rhizophora mangle morphometrics a) stem height and fresh weight, b) stem diameters, c) total number
of internodes, d) slenderness (1-height/basal diameter, 2-height/1st internode diameter). Sample sizes were 19
rubble-open, 20 sand-open, 15 rubble-canopy, 15 sand-canopy, and 9 peat-canopy.

Table 1. Pearson’s correlation coefficients (r) between the force at failure and morphological variables for
significant relationships.

Force at failure Morphological variables r
Stem Failure Height ns
n=18 Basal diameter ns

First internode diameter 0.50

Fresh weight 0.50

Root Failure Height 0.29

n=60 Basal diameter 0.44

First internode diameter 0.56

Fresh weight 0.66

We restricted our sample to seedlings over comparable height range, and the range and mean of
seedling basal diameters were also similar. However, the seedlings growing under the canopy had
smaller diameters at the first internode (above the pod) and were in consequence more slender than
open grown seedlings. Overhead shade has been found to result in increased slenderness and reduced
bending resistance in conifer seedlings [11]. It is also possible that the remaining seedlings in the open
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study locations represented a subset of all of the seedlings that initially colonized the site. Seedlings
that were less resistant to failure have already been broken or uprooted by routine wave activity in
these more exposed locations.
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Fig. 3 Percent occurrence of stem break and uprooting at each of the five locations.
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Fig. 4. Mean force to failure of Rhizophora mangle seedlings at each of the five locations.
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Conclusion

In this study we have gained insights into the size dependence of mechanical resistance in
mangrove seedlings and the variability that exists between sites with different substrates and canopy
cover. In our companion paper we measure seedling deflection and drag forces as a function of current
velocity. The forces required to uproot or break seedlings are substantial relative to the size of the
seedlings, for the seedlings that have successfully colonized these sites to-date. It is probable that for
seedlings of this size, without aerial roots or secondary branching, that substrate scour and abrasion by
moving debris are more important sources of mortality than direct loading of winds and waves during
storms.
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Abstract

Landscape heterogeneities such as forest edges, clearings or gaps, as well as the presence of
topography, induce spatial variations in turbulence properties that may have considerable impact on
the aerodynamic sollications exerted on plants. The heterogeneity in the damages caused by
windstorms in forested landscapes can be partly attributed to such spatial variations in windload. We
investigate here the impact of landscape heterogeneity on tree motion using a coupled flow-tree
modelling approach. The simulation of flow fields is provided at fine spatial and temporal resolution
by a large-eddy simulation (LES) model and the simulation of tree movements induced by
instantaneous wind forces is provided by a mechanistic, dynamic model of tree behaviour. One-way
coupling of the models is ensured by forcing the mechanical tree model with instantaneous velocity
fields computed by the LES model, so that the tree response to a fluctuating wind field can be
predicted at any location in a virtual landscape. Using this coupled model we illustrate the influence of
canopy architecture on the streamwise variations in tree motion in two cases: a forest edge flow and a
flow over a forested hill. The ultimate aim of the approach is to provide guidance for sustainable forest
management practices.

Introduction

Landscape heterogeneities such as forest edges, clearings or gaps, as well as the presence of
topography, substantially alter mean velocity and turbulence fields. They induce spatial variations in
turbulence properties that may have considerable impact on the aerodynamic sollications exerted on
the trees. The observed heterogeneity in the damages caused by windstorms in forested landscapes can
be partly attributed to such spatial variations in windload. In the perspective of designing sustainable
forest management practices, it is therefore of importance to better understand the coupling between
wind flow and tree motion.

Because of the complexity of the processes responsible for windthrow in heterogeneous
landscapes, modelling both plant and flow dynamics should provide adequate tools for allowing tree
vulnerability to windload to be quantified at any position in heterogeneous environments. Over the
past few years it has been shown that Large-Eddy Simulation (LES) of flow dynamics can reproduce
the main features of canopy flow in horizontally homogeneous canopies [1], across canopy edges [2]
[3] [4] and over forested hills [5]. In parallel, mechanistic models have been developed to simulate
plant dynamics [6] [7]. More recently a new model has been developed to simulate the dynamics of a
tree forced by a field of fluctuating velocities [8]. This model has been validated using field
measurements of turbulent velocities and tree movements.

Here we couple a LES flow model with this latter model for tree dynamics, in order to simulate tree
motion at any given position in a heterogeneous forested landscape. We use the coupled model in two
distinct situations: a forest edge flow and a flow over a forested hill. In both cases we illustrate the
influence of stand density and canopy architecture on the streamwise variations in tree motion and
mechanical stresses.

116



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Material and methods

LES provides instantaneous dynamical fields and is consequently able to simulate the wind gusts
responsible for plant motions. The LES model used in this study (ARPS) was initially developed to
simulate convective and cold-season storms as well as weather systems at larger scales. It is a three-
dimensional (3D), non-hydrostatic, compressible model where Navier-Stokes equations are written in
terrain-following coordinates. The model solves the conservation equations for the three wind velocity
components, pressure and potential temperature. At such high spatial resolution as is required here,
these equations are filtered so that all turbulent structures larger than the filter scale are explicitly
solved by the model (which is the case of most turbulent eddies generated by wind shear), while
smaller turbulent structures (subgrid-scale turbulent motions) are modelled through a 1.5-order
turbulence closure scheme. A detailed description of the standard version of the model and its
validation cases is available in the ARPS User’s Manual. The model was modified so as to simulate
turbulent flows over plant canopies at very fine scales (Dupont et al.,, 2008a). The canopy is
implemented in the model by adding a pressure and viscous drag-force term in the momentum
equation and by adding a sink term in the equations for subgrid-scale turbulent kinetic energy and its
dissipation. The latter term accounts for the acceleration of the dissipation of turbulent eddies in the
inertial subrange. The grid is orthogonal in the horizontal direction and stretched in the vertical
direction. This modified model has been validated in various cases: homogeneous canopy flow [1],
edge flow [2] and flow over a forested hill [5].

A dynamic model has also been developed to analyse the mechanical response of trees submitted to
a turbulent airflow [8]. It is based on a standard motion equation written in matrix form:

Mq"+Dq +Kq=F+G

where M, D and K are the inertia, damping and stiffness matrices of the structure, respectively; F is
the column vector of the aerodynamic drag and G the column vector of gravitational forces; q”, q" and
g are the column vectors of acceleration, velocity and displacement, respectively. The terms Mq” and
Dq’ represent the inertia forces and dissipative forces, respectively. This equation is solved at all
places on a given 3D tree structure, using the finite-element method, after the structure has been
divided into a finite number of 3D beam elements with associated elastic properties. The term allow-
ing coupling with the flow is the drag term F, that is a function of the drag coefficient, the plant area
exposed to the wind (frontal area density), the wind velocity and the displacement velocity of the tree
elements. Instantaneous values can be ascribed to the wind velocity, so that the dynamic model can be
forced by wind values recorded at high frequency. The model was validated against experimental data
collected during 30 min in a pine forest canopy [8]. In the original version of the model the equation
system was solved using the Abaqus software. In the present study the open-access Cast3m software
has been used. At the current stage only small displacements have been considered, so that non-linear
processes cannot be properly accounted for.

Forcing the tree model by measured turbulent time series is adequate for validation purposes.
However this approach becomes limiting for characterizing the tree behaviour in various environments
or for performing sensitivity studies to tree architecture for example. Indeed, velocity fields strongly
depend on canopy structure and landscape heterogeneities. In other words, the forcing functions have
to be adapted to each case. LES provides a powerful solution to this problem: for a given tree
architecture and plantation pattern, it can indeed generate time series of instantaneous 3D wind
velocity that can be used to generate adequate forcing drag terms. The procedure is then as follows: (1)
choose a particular tree architecture (tree 1 of [8] was used here); (2) assume a plantation density, that
can be variable in space, throughout the LES domain; (3) run the LES model over a certain time
period, after the leaf area density has been calculated at each grid point; (4) run the dynamic model at
given locations of interest, using the velocity field calculated locally as a forcing function to the drag
term on all tree elements. Two types of heterogeneities have been treated here using this procedure: a
forest edge flow and a flow over a forested hill.
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Results and discussion

For the edge and hill flow studies the density of the pine forest was chosen so as to correspond to
the forest canopy described in [8], where the leaf area index (LAI) was 1.83. Two cases were
considered, i.e. with and without an understorey. The understorey was obtained by adding leaf area
uniformly between the soil surface and the crown basis, so that the added frontal area density was
equal to that of the crown.

In both cases of the edge flow study, 30-min time series were computed at various locations
downstream of the edge, for variables such as tree deflection at various heights, axial stress, shearing
stress, torsional stress, flexural stress, Von Mises stress, etc. As trees may adapt their structure to local
mean conditions, tree vulnerability may be estimated to a first approximation from the ratio between
extreme and mean values of these variables [3]. As an example, Fig. 1 represents maximum tree
displacement and VVon Mises stress observed over the simulated period at height z = 17 m (middle of
the crown layer), normalised by their mean value. Both variables exhibit similar patterns. With no
understorey they show a slight increase down to about x/h = 8, and they tend to stabilize further
downstream to an equilibrium value. In the presence of a thick understorey they both show a marked
peak at x/h = 6 where they take about twice their value with no understorey. They then quickly
decrease down to x/h = 8, where they take an equilibrium value. These results can be interpreted by
looking at the spatial variations in the velocity statistics (not shown here): in the first case the absence
of understorey allows the flow to adapt slowly and smoothly to the canopy, due to the presence of a
sub-canopy wind jet starting at the edge, in the sparsest layers of the canopy, whereas in the second
case the tree behaviour results from the combination of the strong intermittency observed in the upper
canopy in the region 1 < x/h < 6 and the development of a region of strong turbulence after x/h = 4. Tt
is interesting to note that this peak at x/h = 6 cannot be seen on related variables such as the gust factor
[8], often used as a surrogate for tree vulnerability. This underlines the interest of our coupled flow-
tree approach.

0g 5 7] 5 8 10 17 14

Fig. 1 Top: streamwise variation in the streamwise tree displacement ratio (maximum/mean),
downstream from the forest edge. Bottom: streamwise variation in the Von Mises stress ratio
(maximum/mean), downstream from the forest edge. Case of a pine forest canopy of LAl = 1.83, with
(solid line) or without (broken line) an understorey. The edge is located at x/h = 0.
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In the hill flow study we focus on the forested hill considered by Dupont et al. [5] after the work of
Finnigan and Brunet [9]. The simulated hill is 30 m in height H and 84 m in length L (half hill width at
mid-hill height). The forest canopy has the same characteristics as those considered in the edge flow
study. Two cases, with and without an understorey, were also considered.
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Fig. 2 Top: streamwise variation in the streamwise tree displacement ratio (maximum/mean), along
the hill. Bottom: streamwise variation in the Von Mises strain ratio (maximum/mean), along the hill.
Case of a pine forest canopy with (solid line) or without (broken line) an understorey. The hill top is
located at x/L = 0.

Fig. 2 shows the same variables as Fig. 1, for this hill flow. In both understorey cases the tree
deflection and Von Mises stress ratios tend to decrease slightly from positions upstream of the foot of
the hill up to the top of it. The absolute magnitude of the displacement and stress slightly increases
but, as the flow velocity increases within the canopy on its way up to the hill top, their mean values
increase too, at a slightly larger rate. In the understorey case both variables exhibit a marked peak at
about x/L = 2.5, i.e. near the downwind foot of the hill. This region is located somewhat upstream than
the region identified by Dupont et al. (2008) as being particularly intermittent and strongly dominated
by sweep motions. With no understorey a slight maximum is visible on the Von Mises stress ratio, but
a little less downstream (x/L = 2) than in the previous case.

Conclusion

A one-way coupled model between turbulent flow and plant motion has been presented. It consists
in using a LES model in various landscape and canopy configurations to produce time series of
instantaneous velocity components, and later use these velocities to force a dynamic tree model. Two
cases have been explored, an edge flow and a flow over a forested hill. In the absence of any
understorey (which is typically the case of a maritime pine forest) the streamwise variations in tree
displacement and internal stress are fairly smooth. However, when the leaf area is distributed over the
whole depth of the canopy, regions of larger tree vulnerability to windload were identified, at a few
canopy heights downstream of the edge in the first case, and at 2-3 hill length scales in the second one.
This preliminary study shows the potential of this approach since these particular regions could not be
a priori identified on the sole basis of the mean wind and turbulence fields. A more systematic study
will be carried out in the future, in order to cover a wider range of canopy and landscape
configurations.
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Abstract

Previous analyses of stomatal mechanics have demonstraed, that the turgor - generated force of the
epidermal cells dominates that of the guard cells in determining stomatal aperture (DeMichele, Sharpe,
1973, 1974, Sharpe and Wu, 1978, 1979). It was interpreted based upon geometric relationships
calculated from anatomical dimensions of guard and epidermal cells (Wu et al. 1984).
Domination of epidermal cells was seen as transient increase in stomatal conductance in our
experiments with rapid desiccation of leaves and occurred in wide range of deciduous tree species.
These transients in stomatal conductance were different in different species, as it was expected from
different cell dimensions, measured for these species (Aasamaa, S~ober, 2001). In general, transient
stomatal opening during leaf desiccation was more pronounced in shade tolerant tree species (with
bigger values of leaf hydraulic resistance) than in pioneer species with smaller hydraulic resistance of
leaves. However, these transients in stomatal conductance also widely varied in one species
(dependently on leaf position in canopy light gradient and initial transpiration rate).
We used a simple mathematical model to analyse transient changes of gs in desiccation experiments.
The mechanical advantage of epidermal cells over guard cells.
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Abstract

We studied the effect of the tree architecture on the tapering of the xylem conduits along the water
transport pathway from roots (diameter > 2 mm) to distal shoots or leaf petioles in Pinus sylvestris L.,
Picea abies (L.) H. Karst., and Betula pendula Roth. We determined the difference in the mean
conduit size between the different organs i.e. lateral roots, main root, stem, branches, and leaf petioles.
We also applied the general scaling model of plant vascular anatomy (WBE model) to our data in
order to examine its assumption of the conduit size dependence on the branch generation (BG). The
average conduit diameter decreased at whole tree level when moving from roots to stem and branches
in all the studied species, and further to leaf petioles in B. pendula. This pattern was illustrated by the
significant relationship between BG and the mean conduit diameter in all species. However,
aboveground, stem and branches had different patterns; conduit tapering was steeper in branches than
in stems. Conduit diameter at the beginning of each branch was independent of its position in the
crown and, therefore, the WBE-like pattern was possible to observe only when the first segment of the
each branch was assigned BG=1 i.e. the effect of stem furcations below the branch on BG was
removed. After this modification, observed pattern in P. sylvestris and B. pendula corresponded the
predictions of the WBE model quite well, whereas in P. abies, conduits tapered more slowly than
predicted by the WBE model. In the aboveground woody compartments, mean conduit diameter
decreased clearly in all species with increasing Gravelius order (GO). Belowground, similar pattern
was observed clearly in B. pendula and slightly in P. sylvestris, while conduit diameter was rather
stable in P. abies. In leaf petioles, mean conduit diameter was not affected by GO.

Introduction

Xylem conduits have been observed to taper along the water pathway from the roots to stem base,
and finally to the leaves, e.g. [1, 2, 3]. Sanio in 1872 [4] found that tracheid diameters in Pinus
sylvestris increased from the apex downwards until a maximum was reached and declined thereafter
until to the stem base, but there was also differences in conduit characteristics between branches,
stems and roots. Zimmermann [5, 6] deduced the reason for conduit tapering to be in controlling the
water distribution. By having the lowest conductivities in the minor branches at the end of the flow
path, plant can control the distribution of water regardless of the transport distance, which would lead
to similar values of total root-shoot conductance despite of different path lengths.

West, Brown and Enquist [7, 8], recently stated in their model of universal scaling of vascular
networks (hereafter referred as WBE model) that the plant vascular architecture conforms to the
energy minimization principle leading to the tapering of conduits from the stem base to the
photosynthesizing organs. WBE-model employs several assumptions about tree architecture e.g.
crown is constituted with self-similar branching pattern, leaves are situated at a terminal branching
generation (BG), and conduits furcate in each step to next BG, and thus conduit tapering appears to be
continuous on a tree level. Branch generation follows the developmental sequence starting from
proximal segment at stem base as generation 1, its children as generation 2 etc. At whole tree level, the
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first two assumptions correspond Leeuwenberg's model in the tree architecture classification of Hallé
[9].

The obtained empirical results seem to both support and question the general hypothesis of conduit
tapering along the BG. In stems of both angio- and gymnosperms more or less WBE-like tapering
have been observed, e.g. [4, 10, 11, 12]. However, only in a few studies also side branches [13, 14]
and root systems [15] have been accounted for. Nygren and Pallardy [15] tested the WBE-predictions
with Populus deltoides and found WBE-like tapering at tree level. Yet tapering was not continuous
along the BGs, but occured rather as leaps from one morphological level to the next. This kind of
pattern was observed also in studies concerning B. pendula [13, 14]. In fact, Mencuccini et al. [4]
concluded that their model produced more precise congruence with data, when they let the tapering
ratio change along the pathway. Their model suggested also steeper tapering in the roots compared to
stems. Moreover, tapering of conduits may vary within individual trees during ontogeny [12], and
between different species growing in different environments [11].

Since the architecture of our study species does not follow Leeuwenberg's model, and also self-
similarity assumption is violated [16], question could be raised if, or how well, the tapering of
conduits follows the pattern predicted by WBE model. Therefore, our general objective was to study
how tree architecture affects the conduit diameter along the whole water pathway from roots to distal
shoots in Pinus sylvestris L., Picea abies (L.) H. Karst., and Betula pendula Roth. The specific study
guestion was to determine the effect of organ and branching pattern on conduit diameter.

Material and methods

Study material: Our study species were Pinus sylvestris, Picea abies and Betula pendula. The
mixed study stands were located in Southern Finland around the Hyytiala Forestry Field Station (61°
50'N, 24° 18'E, 160 m a.s.l.). The stands represented varying stand productivities according to Finnish
forest type system [17]. Three individuals per species from dominant trees were sampled with mean
age of 35 years, Table 1.

Table 1. Characteristics of the studied, naturally born boreal tree species growing in mixed forests.

Stand characteristics, per species/total Study tree information
Study Tree
Tree Forest  No of trees per Mean Mean Tree Do,
tree . ) age,
species type ha height, m Discm H, m cm
number years
1 P. sylvestris VT 390/1900 8.7/8.2 10.4/8.8 37 1123 171
2 P. sylvestris VT 390/1900 8.7/8.2 10.4/8.8 33 10.33 149
3 P. abies VT 920/1900 7.9/8.2 8.7/8.8 43 7.91 15.5
4 P. abies VT 920/1900 7.9/8.2 8.7/8.8 40 10.88 16.6
5 B. pendula VT 480/1900 8.8/8.2 7.9/8.8 31 1152 135
6 B. pendula MT 480/5690 12.9/8.2 11.5/8 26 1158 122
7 P. sylvestris oMT 3150*/4380 14.4/8.8 14.4/8.4 39 1554 193
8 P. abies OMT 270/4380 5.8/8.8 6.0/8.4 34 1410 155
9 B. pendula OMT 530/4380 14.0/8.8 12.6/8.4 31 18.46  20.0

* Planted

Architectural measurements : The study trees were felled gently after which both their above-
and belowground architecture was measured. The crown 3D-architecture was determined by digitizing
five sample branches shoot by shoot. Sample branches were systematically chosen to represent all
sections of the crown from the lowest branch to the top. Digitizing was done with Polhemus Fastrak,
equipped with a digitizing pen and Longranger-transmitter (Polhemus Inc., Colchester, VT, USA). All
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roots attached to the root collar were exposed to the first branching event, and 1-3 sample roots per
tree were selected. Main branch and all lateral branches of sample roots were excavated down to the
preset minimum diameter of 2 mm. Excavation was carried out by a pneumatic Soil-Pick tool (MBW
SP125; M-B-W, Ltd., Bolton, UK). Details of the root field data are described by Kalliokoski et al.
[18]. We characterized the tree architecture using tree organs, Gravelius ordering (GO) [19] and
branching generation (BG), Fig 1.

k; n+3

k; h+2

k+2; n+2
k+1; n+2 k; n+1

k+1; n+1
ki n

k+1; n+1 k+1: n+2 .
ke2: a3 k+1; n+3

k+2; n+3

Fig. 1 Schematic figure of the structural hierarchy patterns used in this paper. Gravelius order (GO) assigns the
same order number (k) to segments belonging to the same axis and one order number higher to lateral segments
(k+1, k+2). Stem is the main axis assigned the order 1 (k); lateral branches attached to stems are assigned the
order 2 (k+1) etc. (Barthélémy and Caraglio 2007). Similarly in belowground parts, main axis of the root is
assigned the order 2 (k+1), and lateral branches get one order higher (k+2) etc. Branching generation (BG) of a
segment, in turn, follows the developmental sequence starting with proximal segment at stem base as generation
1 (n), its children as generation 2 (n+1) etc. BGs are negative values belowground.

Sampling: Vascular samples were taken so that the whole water pathway was covered i.e. from
the 2-mm lower limit in roots to the final segment in branches (leaf petioles in B. pendula, distal
shoots in conifers). Six stem discs were collected: the first disc just above the root collar and one
below each sample branch. Analogously, from the sample roots, 5-6 discs were collected along the
main axis. From lateral branches three discs were sampled from each existing GO both in the above-
and belowground compartments. Total number of sample discs was 547 and 313 in above- and
belowground, respectively.

The tissue samples were stored in a freezer, petioles in liquid nitrogen. Transverse sections of
defreezed aboveground samples were taken with sledge microtome with a thickness of 100-150 pm.
The root samples were sectioned with a cryomicrotome fitted with disposable microtome blades at
thickness of 16 um. The petioles were embedded into the paraffin, and cut with rotary microtome at
thickness of 8 um [20]. All the sections from stem, branches and petioles were stained with the
mixture of safranin and Alcian blue (ratio 1:2).

Digital images were taken with digital cameras mounted on a microscope. The petiole samples
were imaged as a whole, whereas from other samples a subsample was taken from pith to bark; in
roots a path of successive images with even distances, and in stem discs and branches same growth
rings were followed trough the different heights. Early and late wood of conifers was separated. In
stem discs, three images were taken following a south line from early to late wood: from the second
outer most growth ring, from one ring in the middle of the disc, and from the second innermost growth
ring. In branches, even distances were used in selection of the measured growth rings. If the reaction
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wood was observed in the sample, the effect of it was avoided by taking images from the side of it
[21].

Image and data analysis: The images were analyzed with Image-Pro Plus imaging software
(Media Cybernetics Inc., Bethesda, Maryland, USA). From the images of the crown samples, the area
of the conduit lumen was measured. Conduit diameter was calculated assuming conduits to be circular.
In roots and petioles, lumen diameter was directly measured as a mean of several directions. The
number of measured conduits per image was 101-613 in leaf petioles, 8-71 in branches, 25-273 in
stem and 4-145 in roots. Total number of measured conduits in the study was 114 699.

According to the WBE-model conduit radius (v) tapers (1):

b

V —

ko2 (1)

Vi
where n is the number of links formed in a branching point, k is the link order, and b is a parameter.
Since we did not take samples at all branching generations and n varied between 2 and 6, equation (1)
was modified:

@

6 @
Vieg :vkz fn 2 (2)
2

where f is the observed relative frequency of each n class and q is the number of BG between two
subsequent diameter measurements [15]. Non-linear regression was used to iterate the value of
parameter b from measurements of each tree species. Value 1/6 [8] was used as an initial guess for the
iterations. The observed conduit radius at the 2 mm limit in roots was used as initial v.. Values for
initial v, was 21 um, 16.5 um, and 40 um for P. sylvestris, P. abies, and B. pendula, respectively.

Statistical analyzes were carried out with SAS Statistical Software v. 9.1 (SAS Institute, Cary,
North Carolina, USA). Differences between organs and gravelius orders were tested by analysis of
variance. Tukey-Kramer paired comparisons method was used for multiple comparisons. In statistical
testing, variables were transformed logarithmically in order to normalize variables and remove
heteroscedasticity of residuals if needed.

Results and discussion

The average conduit diameter decreased at whole tree level when moving along the water pathway
from roots to stem and branches in all the studied species, and further to leaf petioles in B. pendula,
Fig 2. In P. sylvestris and B. pendula also lateral and main roots distinguished from each other,
conduits being larger in main roots, Fig 2. This result corresponds the well-known general
phenomenon that conduit dimensions differ between different tree organs [1, 2, 3, 6, 22, 23].

100
'E lateral rook
= .
& a0 Bmainroots
2 W=tem Fig. 2 Average conduit diameter in different
C gy | Bbranches organs of Pinus sylvestris, Picea abies and
- Hpetiole Betula pendula. In stems and branches, only
b spring wood was measured. Error bars
40t a a P o =
a 22ah indicate standard deviation. Distinct letters
& Il c indicate to significant differences (P<0.05)
s 20 b s :
= etween organs within each species based on
g Tukey's test made with log-transformed
o values.
P . ayvhesthis P . ahies B. pendula

The more detailed characterization of tree architecture revealed that in the aboveground woody
compartments, mean conduit diameter decreased clearly in all species with increasing GO, Fig 3.
Belowground, similar pattern was observed clearly in B. pendula and slightly in P. sylvestris, while
conduit diameter was rather stable in P. abies, Fig 3. The pattern of decreasing conduit diameter
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between hierarchical branch levels has been observed earlier in the crown of B. pendula by Atala and
Lusk [13] as well as by Sellin et al. [14], and in the crown of P. deltoides by Nygren and Pallardy [15].
In the studies of Atala and Lusk as well as Nygren and Pallardy, branch hierarchy was described with
morphological level instead of organs and GO. In small trees, the difference between morphological
level and GO is rather small, the only difference being the grouping of those "terminal”/"leafy"
branches that are located at the end of each "primary"/"main™ branch as an extension of the main axis
(compare the Fig. 2 in Nygren and Pallardy [15]). Nygren and Pallardy [15] reported also decrease in
conduit diameter when moving from lateral roots to main roots i.e. opposite trend than in our dataset.

120 +
-O- P. sylvestris
- P. abies
100 1 & B. pendula
—— Petioles

(o]
o
I

N
o
Il

Mean diameter of the conduit (um)
N »
o o

-7 -6 -5 -4 -3 -2 1 2 3 4 5 6
Gravelius order

Fig. 3 The effect of Gravelius order on mean conduit diameter in Pinus sylvestris, Picea abies and Betula
pendula. The markers denote to mean conduit diameter and the error bars denote to standard deviations. GOs
are positive aboveground and negative belowground. Vessel diameter in the petioles of B. pendula is presented
separately.

We did not find difference in the diameter of petiole vessels related to GO or BG, although
measured petioles were found at GO levels from 1 to 6. Invariant vessel radius in petioles was found
also in P. deltoides [15]. Petioles are mechanically supported by turgor pressure and collenchyma and
thus vessels are free from any mechanical task [24] other than that caused by water pressure. The
constant vessel size in terminal units is in accordance with the assumptions of the WBE model [25],
althoug the terminal units can be in birch at any existing BG contradictory to that assumed in WBE [7,
8].
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Mean conduit diameter decreased along the increasing BG from roots towards the crown top in all
species, Fig 4. However, tapering of the conduits was different in different compartments and thus
continuous tapering along the BG predicted by the WBE model [8] applied only for roots in our data.
Nevertheless, at whole tree level, tapering can be seen as the conduit diameter changes when moving
from organs and orders to another [13, 15]. A distinct deviation from the WBE model predictions was
that conduit tapering was much slower in stem than predicted by the model; values of parameter b
were essentially zero in stems of all species. Therefore, we calculated values of b parameter for dataset
consisted only of the roots and branches. In addition, conduit diameter at the beginning of each branch
was independent of its position in the crown, and therefore WBE-like curve was possible to observe
only when the first segment of each branch was assigned with BG=1 i.e. the effect of stem on BG was
removed. After this modification, observed tapering patterns corresponded the predictions of the WBE
model more closely. Yet, in all species, conduits tapered more slowly than predicted by the WBE
model, Fig. 5.
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Fig. 5 The effect of branching generation (BG) on
mean conduit diameter in roots and branches of a)
Pinus sylvestris, b) Picea abies, and c) Betula pendula.
In branches, the first segment was assigned as BG=1
in order to remove the effect of stem. Solid curves
represent WBE estimations with best-fit b-parameter
values and mean n values; 0.1032 and 3 for P.
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As the architecture of our study species does not fulfill the assumptions of WBE, it is not
unexpected to have results that differ from its predictions. The fitted values of parameter b; 0.1032,
0.0205 and 0.1047 for P. sylvestris, P. abies, and B. pendula respectively, did not correspond to the
value 1/6 predicted by the WBE model [8]. The exception was branches of B. pendula, in which b had
the value of 0.1413. Mé&keld and Valentine [26] have shown that the hydrodynamic significance of this
factor is debatable, because the value 1/6 of b does not result in invariant resistance to water flow as
claimed by West et al. [8]. Yet, when only roots and branches were accounted for, curves derived with
b value 1/6 conformed to data quite well. Thus, although the actual interpretation of 1/6 power
tapering is debatable, it seems to grasp something essential of conduit tapering between plant organs.
The results of this study are in line with some earlier results that while the WBE model has gained
considerable support in tests considering general patterns in plants, testing it on real trees presents a
challenge [27]. Observed deviation of the WBE model in this study may be explained as a result of
different crown structures from that assumed in it: branches were not of equal radii in branching points
and terminal units had not the same BG. Also the extension of the measurements to side branches in
addition to the main pathway clearly showed that assumption of the constant tapering at whole tree
level may be oversimplification of the complex structure.

In a previous paper [4], steeper anatomical scaling has been predicted in roots compared to stems,
because of the lower construction costs of thinner walled root conduits. Roots have lower mechanical
requirements and lower risk of implosion following from less negative water potentials. Our results
support this hypothesis in conifers. However, in B. pendula, tapering of the conduits was steeper in the
branches than in roots. In the crown, tracheids and to some extent also vessels of diffuse-porous trees
participate into mechanical task, which is probably one of the explanations of why the tapering in the
stem strongly deviated from that predicted by the WBE model for optimal water transportation.
Perhaps the vascular network in plants is a compromise between optimization of production with
minimum costs and survival under limiting water conditions, since efficient water transportation and
survival under high negative pressures are best achieved in different water transport systems [13].

Conduits increase in the stem from pith outwards, from juvenile to mature wood [28]. When
conduits from the second growth ring from stem surface were analyzed separately in the trunk and
plotted against relative height from the stem base, the decrease in the vessel size in B. pendula from
stem base to the top was clear, but in conifers, no trend occured, Fig 6. In roots, no clear pattern from
pith outwards was observed; conduit size increased, was quite stable, or even decreased. This could be
the result of different mechanical demands of the proximal and distal parts of the roots [29].
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Conclusion

It is a well known phenomenon in the studied tree species that dimensions of the xylem conduits
change in main stem from stem base to leaves. Nevertheless, the pattern of conduit tapering within a
whole pathway from roots to shoots trough branches of varying hierarchies was not determined earlier.
We have presented here the conduit tapering inside different compartments of three boreal tree
species, two conifers and one broadleaved species. At a whole tree level, we did not find tapering
according to the WBE model. However, considering only roots and branches, and removing the effect
of the branch position within crown, tapering followed predictions of the WBE model more closely. It
is an interesting question for further studies, if the found pattern of decreasing conduit diameter
between GOs is a general pattern in trees of similar architecture with the studied trees.
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Abstract

In order to investigate the possibility of modelling plant motion at the landscape scale, an equation
for crop plant motion, forced by the instantaneous wind flow, is introduced in a large-eddy simulation
(LES) airflow model that was previously validated over homogeneous and heterogeneous canopies.
The canopy is simply represented as a poroelastic continuum medium, which is similar in its discrete
form to an infinite row of identical rigid stems. Only one linear mode of plant vibration is considered.
The two-way coupling between the plant motion and the wind flow occurs through the drag force
term. This coupling model is validated on a crop canopy of alfalfa whose motions have been
previously analysed in great details from video recordings. It is shown that the model is able to
reproduce the well-known phenomenon of honami. Moreover, the wavelength of the main coherent
waving patches, extracted using a bi-orthogonal decomposition (BOD) of the crop velocity fields, is in
agreement with that deduced from video recordings. The spatial and temporal main characteristics of
these waving patches exhibit the same dependence on the magnitude of the mean wind velocity as in
the in-situ measurements. Also they differ from the coherent eddy structures of the canopy-top wind
flow. Finally, it is observed that the impact of crop motion on the wind flow is negligible for current
wind speed values.

Introduction

Turbulent wind flows over vegetation canopies are dominated by intermittent, energetic downward-
moving gusts, known as large coherent eddy structures, which evolve in unorganised random
background turbulence. It has been demonstrated that these coherent structures are generated by
processes similar to those occurring in a plane-mixing layer flow [1]. Under the passage of those
structures, plants sway like damped harmonic oscillators subjected to intermittent impulsive loading
[2][3]. A striking visualisation of the interaction between wind flow coherent structures and plant
motions on windy days is known as honami, which refers to wavelike crop motions [4][2]. While
turbulent wind flow over canopies has been widely studied (see [5] for a review), coherent motions of
plant canopies and their strong interactions with the wind flow have received so far little attention.
Possibly the most detailed study on wind-plant interaction was performed by [6] and [7] from a video
recording experiment of alfalfa and wheat crop motions, which allowed them to characterise the
spatio-temporal motion of crops subjected to wind. Their experiment was completed with a linear
stability analysis done with an analytical model coupling a mixing-layer flow with an oscillating
vegetation canopy through a drag force [7]. With their linear stability analysis, they observed a lock-in
mechanism similar in form to what is observed in vortex-induced vibrations. Hence, for a specific
range of flow velocities, flow and vegetation canopy may move in phase. This lock-in mechanism was
further studied by [8] for a water stream over aquatic plants from a revisited version of [7]'s model

The main motivations for better understanding wind-induced plant motion in a fully-coupled way
are, as reported in the recent review of [9], (i) environmental applications such as agricultural
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management for limiting forest and crop damage due to windthrow and lodging under high wind
conditions, (ii) agronomical applications for improving plant growth and biomass production due to
the thigmomorphogenesis effect [10], and (iii) biological or image production applications.

The wind-induced plant motion is all the more complex as agricultural landscapes often exhibit
large spatial variability caused by the presence of different crops, clearings, roads, forest patches of
various height, etc. Such heterogeneities influence turbulent structures of the lower atmosphere and so
canopy motions. Because of the complexity of the various processes responsible for plant motions in
heterogeneous landscapes, modelling both plant and flow dynamics appears necessary to quantify
plant motion following their position in an heterogeneous environment.

Developing and validating such computational tool for better understanding wind-plant interaction
is the subject of the present study. For that purpose, an equation of plant motion has been introduced
into an atmospheric Large-Eddy Simulation (LES) model. Provided that the grid is fine enough, the
LES technique allows one to have access to instantaneous dynamic fields and consequently is capable
of reproducing wind gusts in a plant canopy since eddy motions larger than twice the grid mesh are
explicitly solved, whereas only subgrid-scale eddy motions are modelled. In this modified LES model,
the canopy is represented as a poroelastic continuum. This representation is similar in its discrete form
to an infinite row of identical mechanical oscillators where only one linear mode of plant vibration is
considered. The two-way coupling between plant motion and wind flow occurs through the drag force
term. This modified LES model is validated against video recording of alfalfa crop motion performed
previously by [6].

Material and methods

The Advanced Regional Prediction System (ARPS) used in this study was developed at the Center
for Analysis and Prediction of Storms (CAPS) at the University of Oklahoma to simulate convective
and cold-season storms as well as weather systems at larger scales. A detailed description of the
standard version of the model and its validation cases are available in the ARPS User’s Manual [11].

Recently, [12] modified the model so as to simulate turbulent flows at very fine scales (0.1h, where
h is the mean canopy height) within canopies of fixed plants with the LES approach. To this purpose, a
drag force approach was implemented by adding a pressure and viscous drag force term in the
momentum equation and by adding a sink term in the equation for subgrid-scale turbulent kinetic
energy in order to represent the acceleration of the dissipation of turbulent eddies in the inertial
subrange. The mean turbulent fields and the development of coherent structures, as simulated by this
modified version of ARPS, were successfully validated against field and wind-tunnel measurements,
over homogeneous canopies [12], a simple forest-clearing-forest pattern [13][14][15] and a forested
hill [16]. Here, the model is further extended so as to simulate plant motion and its strong interaction
with the wind flow.

Fig. 1 Schematic representation of crop plants as rigid
q stems under wind where q; is the canopy-top plant
i displacement in the i direction.

Nl

Plants of crop canopy can be seen as identical mechanical oscillating stems with two degrees of
freedom, as verified by [17] and confirmed by vibration tests performed by [6] on alfalfa and wheat
crops. Following the modal analysis, the deformation of plant stems can be decomposed into a set of
different vibration modes such as its displacement g; in the i direction is the sum of the contributions
of each vibration modes: gi(2)=3.4i"(t)oi", where ¢;" represents the mode shape n of the stem and A" its
associated displacement. As the architecture of crop plants considered in this study is “simple”, only
one mode of vibration, i.e. the linear mode shape ¢;=z/h, is considered (see Fig. 1). This crop plant

2

z/h
=
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representation is consistent with previous studies [7][18][19]. Plant displacements associated to higher
modes should be unlikely significant. With this approach, plant stems are only characterized by their
height h, mass m, non-dimensional damping coefficient &, and natural vibration frequency f,.

At crop scale, the canopy can be seen as a succession of infinite rows of identical bi-dimensional
mechanical oscillating rigid stems, where each stem displacement is resolved from a simple mass-
spring-damper equation. In order to use the same horizontal resolution between wind flow and plant
motion, the canopy is not seen as a succession of individual stems but as a poroelastic continuum

medium whose motion is described by the grid volume-averaged displacement a Xyt

The continuous form of a mass-spring-damper equation writes as follows:

%G, o0 .~
M9 c% R -5fc
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where e 12 ; tis time; X; (Xy = X, Xo = Y, X3 = z) refer to the streamwise, lateral, and vertical
directions, respectively; u; (uy = u, U = v, us = w) is the instantaneous velocity component along x;;
M=m/3; C=c/h®, and R=r/h’>-mg/(2h), where g is the acceleration due to gravity. The damping
coefficient ¢ is computed from c=4zmh?*f,(/3, and the stiffness coefficient r is deduced from the
relationship fy=R/(47°M), which leads to r=4z°mh*,2/3+mgh/2. The terms on the left-hand side of
equation (1) represent, respectively, the inertia, damping, stiffness and gravity terms. The term on the
right hand side represent the wind-induced load term. This latter term is proportional to the relative
velocity between the wind u; and the plant deflection velocity (xs/h)0qi/0Ot. In this term,
Co=C" ™A™ where C4"*™ and AP®™ are the mean plant drag coefficient and frontal area density.
For simplicity, the vertical profile of Cp is assumed constant with wind velocity and plant deflection,
which is quite reasonable as only small wind speeds are considered within the canopy in this study.

Interactions between neighboring plants are neglected as they were found negligible by [7] for
alfalfa crop canopy. Nevertheless, with this continuous form of crop motion equation, elastic contacts
between plants could be in future easily considered as shown by [18] through an additional term
depending on the second spatial derivative of plant displacement, transforming equation (1) to a wave
like equation.

The two-way coupling between plant motion and wind flow occurs through the drag force term.
Using the Einstein summation convention, the momentum equation, written for a Boussinesq fluid, is:

u - ou - opu. 9" ¢, p"
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95 Gy
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where the overtilde indicates the filtered variables or grid volume-averaged variables, | is the average
plant spacing, djj is the Kronecker delta, aqiy a damping coefficient meant to attenuate acoustic waves,
p the air pressure, p the air density, 0 the potential temperature, zjj the subgrid stress tensor, ¢, and C,
are the specific heat of air at constant pressure and volume, respectively. The terms on the right-hand
side of equation (2) represent, respectively, the pressure-gradient force term, the buoyancy term, the
turbulent transport term, and the drag force term induced by the vegetation.

In order to validate the present LES model on a homogeneous continuous alfalfa crop canopy
against measurements of [6] and [7], four three-dimensional simulations were performed with different
values of canopy-top wind speed Uy: 1.0, 2.0, 2.9 and 3.8 ms™. These wind speed values represent
usual values observed over crop canopies. Extreme values of wind speed were not considered in this
study. These four simulations are referred hereafter as case 1 to case 4. Properties of alfalfa plant were
chosen similar as those deduced by [7] from an average of measured properties of six individual plants
(h =0.69 m, m = 0.014 kg, fo=1.05 Hz, | = 0.05 m, & = 0.55). The vertical distribution of the frontal
area density of the alfalfa plant A”®™ was assumed identical to the average vertical mass distribution
of the six plants measured by [7]. The magnitude of A" was chosen so as to respect a leaf-area index
(LAI) of about 3, which is typical of alfalfa crop [20]. The drag coefficient C4"*™ was taken as 0.2.

U —1-5,
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All simulations were performed with the same computational domain. This latter one extends over
30x15x8 m®, corresponding to 200x100x65 grid points in the x, y and z directions, respectively, and
with a horizontal resolution of 0.15 m. The vertical grid resolution is 0.08 m below 3.5 m, above the
grid is stretched using a hyperbolic tangent function. The lateral boundary conditions are periodic, the
bottom boundaries are treated as rigid and surface momentum flux is parameterised by using bulk
aerodynamic drag laws. A 2.5 m deep Rayleigh damping layer is used at the upper boundary in order
to absorb upward propagating wave disturbances and to eliminate wave reflection at the top of the
domain. Additionally, the flow is driven by a depth-constant geostrophic wind corresponding to a
base-state wind at the upper boundary. The velocity fields are initialised using a meteorological pre-
processor with a constant vertical profile of potential temperature and a dry atmosphere.
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Fig. 2 Streamwise cross section of instantaneous wind-plant interaction at 0.30 second intervals during a
period of 0.90 seconds (case 4). The background color represents the magnitude of the streamwise wind
velocity, arrows wind vectors, and white stems sketch plant displacement under wind. For a better visualization,
angular plant displacement was multiplied by a factor of 5.
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Results and discussion

It is interesting at first to have a qualitative look at instantaneous wind-plant interaction simulated
by our LES model. To that purpose, Fig. 2 shows a time sequence of wind-plant interaction in a
vertical streamwise slice over a 0.90 second period for the high wind speed case (case 4). The
background color indicates the intensity of the streamwise wind velocity component, the arrows the
wind direction, and the white stems sketch canopy plants where plant displacements have been
accentuated in order to have a better view of the waving structures. At t = 0 s, a wind gust penetrates
within the canopy around x = 8h inducing a forward deflection of a group of plants. Then, after the
gust passage, plants spring back (t = 0.30 s), and vibrate around their axis (t = 0.60 and 0.90 s), before
being damped and hit by another gust. Fig. 3 shows an instantaneous three dimensional view of the
simulated alfalfa crop motion. The dark patches appearing on the crop surface correspond to regions
where plants are highly deflected downwind with the passage of strong wind gusts as observed in Fig.
2. We observed from crop motion animation that these patches move essentially in the wind direction.
Wind gusts inducing plant swaying are characterized by large positive values of u and large negative
values of w (figure not shown). This is the signature of sweep motions, i.e. downward turbulent
structures, which constitutes a part of the sweep-ejection cycle of canopy flow coherent structures.
They are induced by the development or impingement of wind flow coherent structures at canopy top.
These wavelike crop motions are known as honami waves; they also look like cat's-paws observed on
water surfaces. Furthermore, unlike wind velocity, we observed that plant deflection (amplitude and
velocity) exhibits a dominant periodicity of about 1 second (figure not shown), which corresponds to
the natural vibration frequency of alfalfa plant, f, = 1.05 Hz.

Fig. 3 Snapshot of the simulated alfalfa crop motion for case 4. For a better visualization, angular plant
displacement was multiplied by a factor of 5.

The amplitude of plant deflection is about 0.1 m for a canopy top wind speed of about 10 ms™. This
value is in agreement with the 0.1 m deflection observed by [7] for alfalfa stems under a vertically
average windload of 3 ms™, which corresponds, from the average wind profile, to a canopy-top wind
speed of about 9 ms™. The velocity of plant deflection is slightly more than one order lower than that
of the wind flow. Fig. 4 compares for various canopy-top wind speed Uy the standard deviation of
plant velocity o, (where {'is the scalar plant velocity at canopy top) simulated by our model with those
deduced from measurements of [7]. The magnitudes of the simulated o are in agreement with
measurement values. Like the measurements, o, increases with Uy, due to the enhancement of the wind
turbulence induced by the larger canopy-top wind shear.
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0.12p Fig. 4 Comparison between observed (stars) and
i simulated (squares) average standard deviation of
0.09k " alfalfa plant velocity against the canopy-top wind
L " % speed. The experimental dataset is from [7].
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The main spatio-temporal features of plant waving structures identified in Fig. 3 were extracted for
the four simulated cases, similarly as [6], from a bi-orthogonal decomposition (BOD) of the crop
velocity fields, which were recorded during a 30-second period with a 10 Hz frequency. The Reader
could refer to [21] for a complete review of the BOD approach and to [6] for its application on plant
motion. The normalised wavelength 4,/h and frequency f,/f, of the main spatial organised crop
structures deduced from the BOD technique, are plotted in Fig. 5 against the reduced velocity
U,=U./(foh). Compared to values obtained from video-recorded alfalfa crop motion by [7], simulated
values of A,/h and f/f are in relative good agreement although ,/h is slightly overestimated by the
model. The ratio A,/h appears to increase with U, while f,/fy is independent on U,. The reason for the
slight overestimation of A,/h by our model is not clear but it could be related to the homogeneity of
alfalfa plant properties considered in our simulation compared to the variability of plant properties in
the real crop. These coherent motions are characterized by a frequency close to the natural vibration
frequency of the plants and by a wavelength that increases with canopy-top wind speed.
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Fig. 5 Comparison between experimental measurements (stars) and LES (squares) of the normalised
wavelength (a) and frequency (b) of coherent waving patches (extracted from bi-orthogonal decomposition
(BOD) of alfalfa plant velocity field) versus the reduced velocity. The experimental dataset is from [7].

The wavelength A,, of wind flow coherent structures was deduced for the four simulated cases from
the peak wavenumber of the resolved-scaled spectrum of the vertical wind velocity at canopy top. In
the four cases, the spectra exhibit the same peak A, around 3.8h (figure not shown). As a consequence,
even though wavelengths of organised crop motion 4, and turbulent structures 4, are of the same order,
they behave differently with increasing wind speed Uy. The wavelength of crop motion increases with
Uy, while its frequency is independent of U,. Conversely, turbulent coherent structure wavelength is
independent on Uy, as predicted by the plane-mixing layer analogy [1], while their frequency increases
with U,. Consequently, organised crop motion are not a direct signature of coherent eddy structures of
the flow although the latter may initiate the former.

In order to estimate the importance of plant motion on wind flow, an additional simulation has been
performed similarly as case 4 one, but with fixed plants. Plant motion has been found negligible on the
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wind flow. As a consequence of this independence of the turbulent wind flow on plant motion, the
increase of crop motion wavelength with wind speed obtained from our LES model results from
passive motion of crop plants under the wind: a larger group of plant deflects downwind the passage of
a coherent eddy as this latter one goes faster (higher wind speed) while the frequency of plant
vibration remains unchanged. This result appears in contradiction with the lock-in mechanism
predicted by the linear stability analysis performed by [7]. In a forthcoming paper [22], we observed
that an improved version of the linear stability analysis of [7] and [8], including a realistic wind profile
and an eddy viscosity deduced from LES, still turns out to predict a lock-in phenomenon in the
velocity range where coherent canopy motions are observed. This discrepancy between linear stability
analysis and LES may be attributed to the presence of a non-linear saturation mechanism in LES,
independent on canopy motion, which is not considered in the linear stability analysis.

Conclusion

A three-dimensional two-way coupling model between wind flow and crop plant motion has been
presented for the first time. This model consists of an atmospheric large-eddy simulation (LES)
coupled with a simple mechanical oscillator equation for crop plant motion. The canopy is represented
as a poroelastic continuum medium, which is similar in its discrete form to an infinite row of identical
rigid stems. Only one linear mode of plant vibration is considered. We think that this simplified
representation of crop plants is reasonable and should not impact significantly the realism of model
results as only small plant displacements were considered in the present study.

This model has been validated successfully against video-recording measurement performed
previously by [6][7]. The magnitude of plant displacement and velocity were simulated accurately by
our model for various wind speed values. The bi-orthogonal decomposition (BOD) of plant velocity
field has revealed the presence of coherent waving motion with spatial and time characteristics in
agreement with those obtained by [7]. These structures correspond to honami motion usually observed
over wheat crop in windy days. They have a time frequency close to the natural vibration frequency of
the crop plants and a spatial wavelength of few canopy height that increases with the canopy-top wind
speed. Although these organised structures of crop movements are initiated by wind-flow coherent
eddy structures, their spatial and temporal characteristics differ. Indeed, spatial wavelength of canopy-
top coherent eddy structures were observed independent on wind speed as predicted by the plane-
mixing layer analogy of the canopy wind flow [1], while their frequency increases with wind speed.
Hence, organised crop motions are not a mere footprint of coherent eddy structures. As a consequence,
extracting wind flow information from crop motion is not straightforward.

Furthermore, for the range of wind speed considered in this study, up to 4 ms™, corresponding to
usual values observed over crop fields, we observed that alfalfa plant motion has a negligible impact
on wind flow and no lock-in mechanism was observed between wind flow and plant motion. The next
steps of this study should consist in (i) studying with the LES the transient growth of the Kelvin-
Helmholtz instability and its saturation over a canopy and (ii) developing a weakly non-linear stability
analysis in order to confirm the importance of non-linear terms in minimizing the lock-in mechanism.

Finally, the LES model was only applied in the present study on crop canopy where plant structure
is quite “simple” compared to tree one. In future, this model could be extended to forest canopy by
representing tree as flexible stem with various modes of vibration and with interaction between
neighboring trees. Such model should be able to simulate vegetated canopy motion at an
heterogeneous landscape scale, and, therefore, should be able to quantify plant vulnerability to
windload or wind stimulus on plant and its consequence on plant growth (thigmomorphogenesis)
following plant position in the landscape.
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Abstract

The water and solute uptake by plant roots is investigated on the basis of multiphase continuum
mechanics. The transport from the environment to the xylem is considered as the flow of a two-phase
fluid through a solid framework. Two fluid phases, both containing a generalized solute, are identified
with the intra- and extracellular fluids that fill the symplast and apoplast. The interphase mass
exchange is regulated by membrane-type relations that take into account the active solute transport,
the interface permeability to solute and water, and the osmotic water transfer. Calculations
demonstrate good agreement with experimental data if the presence of active transport only in the
outer (cortical) part of the root, a non-uniform radial distribution of the membrane permeability to the
solute (higher in the outer part), and the presence of a localized inner barrier impermeable to the
extracellular phase (Casparian bands) are assumed.

Introduction

We cannot assert that the mechanisms responsible for water and solute uptake by plant roots are in
full measure known. It is agreed that the active solute transport and the osmotic displacement of water
play an important part in this process but the sufficiency of these mechanisms, as well as the spatial
organization of their operation, are a subject of discussion.

In order to explain various effects observed in experiments on xylem sap exudation from excised
roots, the radial flow through the non-specialized root tissues that separate the xylem from the
environment has been described using lumped parameter models in which coaxial root layers are
treated as compartments separated from one another, the environment, and the xylem by membranes
with different characteristics (see [1] and references thereafter) that include the rates of active
transmembrane solute transport. This approach is fairly empirical and does not take into account the
essential features of the functioning of the root as a distributed mechanical system [2].

Actually, the root tissues between the environment and the xylem are a complex mechanical system
formed by cellular walls with two ways for water and solutes: extracellular (apoplastic) and
intracellular (symplastic). The latter includes the inner spaces of the cells connected by
plasmodesmata. There is mass exchange between the intra- and extracellular spaces.

In the radial direction the root mainly consist of a layer of cortex parenchyma cells and a layer of
steal cells separated from the cortex by an endodermis layer. In the inner steal region, the conducting
elements of the xylem through which water and salts dissolved in it are transported into the above
plant organs are located. An important characteristic of the endodermal cells is the presence of so-
called Casparian bands formed by thickenings of the cell walls. It is commonly agreed that the
Casparian bands are a barrier impermeable to the radial solute and water displacement via the cell
walls and the intercellular space, so that the displacement is here only possible via the intracellular
way. However, the physiological role of this barrier is nowadays a subject of discussions: some
authors assume that it may be partly permeable, and in different degrees for water and solutes.

We here present a continual model that takes into account the realistic anatomical structure of the
root and the main physical mechanisms that affect mass transfer. We first formulated the basic concept
of this model in [3]. We compare the results of calculations based on the model with experimental data
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available and, considering the impermeable or permeable Casparian bands, demonstrate the
mechanical role of this barrier.

Material and methods

The approach we develop is based on the representation of the water and solute transport from the
environment to the xylem as the flow of a two-phase fluid through a solid matrix. Two fluid phases are
identified with the intra- and extracellular fluids that fill the symplast and apoplast. Thus, within the
framework of the macroscopic model, each of these fluids, spatially separated at the microscopic level,
fills the entire tissue space. We will assume that in each phase a generalized chemical component with
the mass concentration ¢, (i =21,2) is dissolved. Here and in what follows we use the subscripts 1 and

2 for the extra- and intracellular fluids, respectively. We here ignore the fact of the presence of various
solute species that differ in molar mass, permeability and active behavior. The solute considered is, so
to say, an average solute with average characteristics, and its molar concentration is the sum of the
molar concentrations of all its components.

Assuming that the root is axially symmetric, we will consider the domain which occupies the
region r, <r <r, where r is the radial coordinate and r; and r, are the coordinates of the boundaries

with an inner reservoir identified with the xylem vessels and the environment, respectively (Fig. 1).

CB

Fig. 1 Calculation domain.
I,, I, - radial coordinates of the domain boundaries
with the xylem and the environment, respectively; I, -

radial coordinates of the Casparian bands; X — xylem,
S —stele, C — cortex, CB — Casparian bands.

The interphase water exchange is here considered to be controlled by only hydraulic and osmotic
mechanisms. Therefore we can write down the phase mass conservation laws in the form:

T RLTI Y @
where p. are the apparent densities of the phases (neglecting the water compressibility, p. = p,; ,
where ¢; is the volume phase concentration and p, is the water density), v, are the velocities of the
corresponding phases (i =1,2), and the water exchange rate J is regulated by the relation
J=L,[p,—p,+0RT ¢, —c, | 2)
where p, are the pressures of the phases, T is the absolute temperature, R=p,R,/u (R, is the
absolute gas constant and 4 is the effective molar mass of the solute), L, is the hydraulic memrane

permeability recalculated for the volume flow, and o is the membrane reflection coefficient. The
densities p, and p, do not add up to unity since the solid phase (cell wall material) is present. The

concentrations are assumed to be small.

We will write the dynamic equations of the fluid phase flow through the solid framework in the
quasi-static form neglecting inertial effects. The extracellular phase is treated as only viscous, whereas
for the intracellular fluid, taking into account that in its way it crosses membranes, a form that implies
the presence of a distributed osmotic force is assumed. Thus, the dynamic equations for the phases
take the following, solved for the phase velocities, form:
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The coefficients 4, and g, are the phase permeabilities and the dimensionless coefficient ¢

depends on the characteristics of the distributed membranes and the intracellular space between them.
This coefficient is positive and less than unity. Strictly speaking, the symplastic way includes narrow
apoplast interlayers between the membranes of adjacent cells (in addition to the plasmodesmata),
whereas on the apoplastic way there are no membranes.

We will describe the motion of the solute in each phase by the equations

oc, 1501V1rj _ 1 a( aclj
Sy 2PN k4 d¢-¢ +(1-0) +pD, = —| rL 4
pl(at ror ,—C¢ +(1-0) P rarl or ( )
oc, 10 1-¢ cV,r _ 1 a( oc j
P2 22775 2k jc,-¢ —(1-0)c +p,D,-—| rZ2 5
pz(@t+r or ,—C —(-0o) +p, 2 arl o (5)

Here, k is the active interphase solute flux, A is the permeability of the phase-separating cell
membranes to the solute (recalculated to volume flow), and D, are the diffusion coefficients in the

apoplast (i=1) and in the symplast (i =2). The second term in the brackets on the left side of
equation (5) is related with the imperfection of the membranes crossed by the solute on the symplastic
way and the presence of the intracellular space. It disappears if ¢ =21. The third terms on the right

sides of equations (4) and (5) represent convective solute mass exchange between the phases. These
terms contain the mean transmembrane concentration € which can on certain assumptions be in a
standard way expressed in terms of ¢, and c, [4]. We note that in equations (2) and (3) we could,
instead of the concentrations, use directly the osmotic pressures but it would then be necessary to
recalculate the concentrations to the osmotic pressures in (4) and (5).

In [2, 5] we developed the model of a cellular unit which consists of the intracellular space of an
individual cells and two cell walls adjacent to it. Within the framework of that model, expressions for
the coefficients characterizing the symplastic transport fg,, ¢, and D, can be obtained in terms of
cellular-level model parameters.

In accordance with the known fact that the plant cell membranes have a very large reflection
coefficient, we will assume o to be equal to unity. Since in the symplast the distributed reflection
coefficient ¢ is smeared over the entire cell length, we will assume it different from unity but close to
it.

Equations (1) — (5) form a closed system for six variables v,, v,, p,, p,, ¢, and c,. The
boundary conditions vary depending on the specific problem we consider.

In all the problems solved in the present study we fix the pressures in the apoplast p, on the both
boundaries. We thus assume that the extracellular space directly contacts the environment and the
xylem space, whereas the intracellular space does not. These conditions correspond to experiments
with excised roots. If we consider the root in the whole plant, the apoplast pressure on the inner
surface must be linked with the xylem sap parameters.

We will assume that the concentration in the outer solute around the root is also given. In so doing,
we neglect the boundary diffusion layer near the root surface and assume the surface concentration to
be equal to that in the ambient medium. This assumption is also realizable under laboratory conditions
and must generally be replaced by certain relations specifying the regularities of solute exchange with
the environment. The concentration ¢, is thus fixed on the outer boundary.

For the intracellular fluid and solute characteristics we generally must assign the conditions that
describe the osmotic water transfer and the active and diffusion solute transport across the membranes

separating the intracellular space from the environment (r =r,)
oc
pZVZZLpeI: P — Pe +RT C.—C, ]’ pz(l_g CZVZ_DZa_ij:_ke-i_ie C, —C, (6)

and from the xylem (r =)

142



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

pZVZZLpXI: p,—p, +RT ¢,-c, ]' pz(l_g C2V2_Dz%):kx+ﬂx C,—C (7

In relations (6) and (7) the reflection coefficients of the domain-bounding membranes that separate
the intracellular space from the environment and the xylem are assumed to be equal to unity. Here, by
the subscripts e and x we denote the quantities characterizing the outer space and the xylem, as well
as the coefficients corresponding to the domain-bounding membranes.

Since the apoplast-symplast contact area is much greater than the area of the symplast contact with
the environment (even taking the root hairs into account) or the xylem, one could expect that the role
of mass exchange between the symplast and these compartments is unimportant as compared with the
exchange on the symplast-apoplast interface. Our calculations confirm this. Therefore, we will here
neglect the right sides of relations (6) and (7). The set of boundary equations thus takes the form:

oc
r=r: p,=p, C=C, pV,=0, pz(l—g czvz—Dza—rzj:O (8)

oc
r=1n: P= P, PV, =0, pz(l_g C2V2_Dza_r2jzo 9)

The system of boundary conditions (8) — (9) is incomplete. Additional conditions are required to
regulate the solute behavior on the boundary with the xylem. Experiments are possible when the solute
concentration (or osmotic pressure) on the inner boundary (at r = I) is maintained. In this case, we
just have to fix the corresponding constant:

Cl = Cx (10)

However, in experiments with free exudate outflow from the root cut this condition is inapplicable.
This is also very far from what can be assumed on this boundary for the whole plant. If we assume that
the solution inflows with the same concentration over the entire boundary of the xylem vessel, then,
for natural conditions for the concentration at its ends, the concentration inside the vessel will be
constant (independent of the radial and axial coordinates). Taking into account the continuity
conditions for the concentration, the flow velocity and the solute flux on the interface with the xylem
vessels, we obtain the boundary condition analogous to the condition of convective solute entrainment
on the interface with the xylem, which is common in compartmental models [1]

% g
or

If we assign condition (11), the output concentration ¢, remains to be found. In the calculations
here presented we will use either condition (10) or (11), depending on the specific problem
considered.

If we treat the Casparian bands as a barrier impermeable to both the fluid and the solute, then we
must formulate the following additional boundary conditions on the inner and outer sides of the
surface with the radius r=r, (Fig. 1; by the superscripts "+ " and "—" we denote the values on
different sides):

v, =v; =0, %:%:0 (12)

which should be completed by the continuity conditions at r =r, for the symplast parameters v, , p,,

c,,and oc,/or.

The form of the relations formulated makes it sometimes possible to eliminate chemical
components that cannot be transported through the cell membranes. For example, let high-molecular
components present in the intracellular fluid create a uniform osmotic pressure 7z, in the
corresponding phase. We can then identify the generalized solute with only the low-molecular
components and just redefine the pressure p, replacing it by the difference p, —oz,, since in this
case the presence of the high-molecular components affects only relation (2) which regulates the
interphase water exchange and this component thus manifests itself only in a uniform increase in the
intracellular pressure. It can be shown that such elimination is also possible in an arbitrary case of

(11)
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high-molecular components transportable only inside the symplast if both the reflection coefficients o
and ¢ are equal to unity [5]. Therefore, we will imply the presence in the generalized solute of only
low-molecular species.

In this study we restrict our consideration to stationary problems (in (4) and (5) the derivatives with
respect to time vanish), which removes the problem of formulating the initial conditions.

In order to estimate the possible mechanical role of the Casparian bands, we will here seek
solutions both discontinuous for the apoplast with conditions (12) and continuous over the entire
interval [, 1,]. The two regimes determined by the boundary conditions (10) or (11) will be analyzed.

For the coefficients present in the model the orders of magnitude can be estimated from both local
and global (tissue) measurements. Such estimation requires, especially in the case of tissue-level data,
a detailed analysis, including the solution of corresponding problems within the framework of our
model itself. We will here reproduce only rough estimates that can be made immediately.

The hydraulic permeability is often estimated experimentally from the pressure-flux curves for
high pressure differences when the active and osmotic processes can be neglected [6, 7]. The flux is
usually specified as the volume flux per unit root cut area. The hydraulic permeability so found, which
obviously is a certain integral characteristic of the system as a whole, is of the order of
10 —10™" m/(Pa s). Attributing the entire permeability to the symplast, taking into account that
(ptp,) py = p,1 py U 1, recalculating the flow J, to the velocity and using the geometrical parameters

of the root given in [7], we can very roughly find that £, 1107° —10™" m%(Pa s). However, we do

not know how the permeability is distributed between the symplast and apoplast. Our numerical
experiments have shown that better agreement with the experimental data [6] can be achieved for

S, > B,. The formally defined effective pore diameter of the symplastic way determined by the cell

size is much greater than that of the apoplastic way. Most probably, the latter inequality means that in
the symplast the resistance is mainly created by the membranes across which water passes.
The characteristics of membrane permeability to water and solute L, and A calculated per unit

volume, present in relations (2), (4), and (5), differ from the similar parameters L;D and P; measured

in experiments at the cellular level [8-10] (L;D 05.10714 -9.10713 m/(Pas), Pl 3.1011_7.107°
m/s), which are calculated per unit membrane surface area. The following formulas

hold: L ~vLiOp0/I, A~vPypp/l, where | is the characteristic cell size (diameter) and v is a

geometrical coefficient equal to unity for a cubic cell if the diameter is identified with the cube edge
length. Taking this coefficient to be of the order of unity and the cell diameter of the order of 30 pm,

we obtain from the data presented in the papers cited L|[,~2-1O_6—3-10_5 s/m* and

4~10"3-2.1071 kg/(m®s). It is of interest that in order of magnitude the above estimate for g,
based on the hydraulic whole-root experiments is more or less consistent with the estimate that can be
obtained from the data on membrane permeability if the hydraulic permeability of the symplast way is
attributed to the permeability of the membranes.

For the diffusion coefficient in the apoplast we assume values of the order (or somewhat smaller)
of the low-molecular diffusion coefficient in free water. Assuming that in the symplast the main
resistance to solute flow is concentrated in the cell-separating membranes, very narrow as compared
with the cell length, and smearing this resistance over the entire cell length, we can estimate the
diffusion coefficient in apoplast as Dy ~ Pgl ~ 1077 10719 ms.

The intensity of active transport k must be recalculated from the molar fluxes Ig, determined
experimentally and divided by unit cell surface area, in accordance with the formula k ~vlgu/I.

Summing the data given in [11, 12] for K™ (Ig0 3.108-36-1077 mol/(m?s)), we obtain the

estimate k[13-10™ -3.6-107 kg/(m®s) which cannot be considered as the upper one due to the
presence of other actively transported species.
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The above consideration yields only rough and initial estimates for the model parameters since,
firstly, the constants were obtained from indirect data (for example, we cannot be sure that diffusion in
the apoplast is similar to that in a free fluid) and, secondly, these constants may significantly vary for
different species: our estimates based on scare data available evidence in favor of this assertion.

In calculations all the coefficients of the system were assumed to be constant, except for k and A
that characterize the intensity of solute mass exchange between the intra- and extracellular spaces. For
these quantities we took values different in the cortex and in the stele. We will denote the k and 2

values by the superscripts “+” in the cortex (I >r,) and “—“ in the stele (r <r,). It is natural to

assume that there are no active transport in the inner region, that is, k~ = 0. Calculation with 2~ =4"
lead to inappropriate results; therefore, the difference in A is also important.

The calculations were carried out numerically using the stabilization method based on the solution
of the nonstationary equations.

Results and discussion

We calculated the flow over a wide range of parameters of the same orders as discussed above.
Here we reproduce the results for a set of values that ensure satisfactory agreement with the
experimental data presented in [6] (Table 1).

Table 1 Parameter values used in the calculation.

Parameter Value Parameter Value
ol g 0.07 A 1.4-107 kg/(m®s)
Pl py 0.63 A 2103 kg/(m®s)
L, 3.3-10° s/m? D, 310710 miss
RT 3.3-107 Pa D, 5.1071 m%s
o 1 S 0.9
B 8-10718 m¥(Pa s) o 0.07 mm
B, 1110718 m(Pas) I 0.28 mm
Kk 6.25-10° kg/(m®s) r, 0.1 mm
k™ 0 7, 1.5-10° Pa

In the calculations the Casparian bands were first assumed to be totally impermeable to water and
solute. From Fig. 1 it can be seen that the integral characteristics of the excised root are satisfactorily
reproduced by our model with the above parameter values. The root operates as a pump and can
provide an inward flow even in the absence of pressure gradient (Ap =0). The system can also ensure
a certain solute concentration in the xylem different from that in the environment, for sufficiently slow
flows higher.

Our numerical experiments showed that a necessary condition of agreement with the experiment is
a significantly lower permeability to the solute of the symplast-apoplast separating membranes in the
inner part of the root as compared with the outer one, close to the lower estimate for 4 given above.
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Fig. 2 (a) Dependence of the xylem sap osmotic pressure on the fluid velocity across the root cut. The broken
curve corresponds to the experimental data and the continuous curve to the model-based calculations. The
horizontal line shows the osmotic pressure in the environment.

(b) Dependence of the fluid velocity across the root cut on the hydrostatic pressure difference between the
environment and the xylem. The broken curve corresponds to the experimental data and the continuous curve to
the model-based calculations. The practically straight line represents the calculation result in the absence of an
apoplastic barrier.

We also carried out calculations assuming that the Casparian bands are totally permeable to water
and solute. In this case, for the same parameter values given in Table 1, the Ap dependence of v is

almost straight line that practically passes through the point Ap =0 on the abscissa axis (Fig. 1b).

Thus, the system cannot ensure the presence of a positive root pressure, which is related with the fact
that the large diffusion coefficient in the apoplast now provides an almost uniform distribution of the
solute concentration in the apoplast and, as a result, the practical coincidence of the inner and outer
osmotic pressures. This form of the dependence of the velocity on the pressure drop was obtained in
the absence of a permeable barrier over a wide range of the calculation parameters varying within the
above-estimated limits.

Solutions obtained under the free outflow condition (11) were considered so far. If the output solute
concentration is maintained, which corresponds to boundary condition (10), even in the absence of an
apoplastic barrier the system operates as an osmotic pump (for example, if the output-input difference
in osmotic pressure is equal to Az =1 at, then the flow velocity v=0.4-10"° m/s). However, these
conditions are inconsistent with the physiological situation and the presence of an impermeable barrier
on the apoplastic way turns out to be mechanically necessary.

Conclusion

It is shown that the known experimental data can be satisfactorily described if we assume the
presence of active solute pumping only in the outer (cortical) part of the root, a non-uniform radial
distribution of the membrane permeability to solute (higher in the outer part), and the presence of a
localized barrier impermeable to the extracellular phase and the solute contained in it (Casparian
bands). In the absence of this barrier the system, though can work as an “osmotic pump” if an input-
output osmotic pressure difference is maintained, is not able to pump water efficiently under the
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conditions of free outflow with convective entrainment of the solute. From the continual model
developed various compartmental models can be obtained using averaging procedures.

It is of importance that our model is, so to say, open. It can easily be generalized to include
different additional possible mechanisms. Since the model developed adequately reproduces the main
characteristics of the root as a physical system, it may be a useful and universal tool in analyzing
various aspects of transport in the root. However, in its minimal form here presented, it is sufficient for
describing at least certain integral characteristics of water and solute transport from the environment to
the xylem. In future it can be built in the model of root-xylem-leaf flow in the whole plant, with output
boundary conditions that mate the flow characteristics with those in the xylem.
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Wave propagation in the conducting systems of plants
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Abstract

Plant sensitivity to the external physical and chemical factors is determined by chemical, electrical and
hydraulic signalling. A brief review of the wave phenomena in the conducting systems of plants is
given. Wave-mediated mechanisms of the long distance root-to-shoot signalling are discussed. The
pressure and concentration waves, oscillations of the surface electric potentials and acoustic waves
observed in experiments play an important role in the organ-to-organ communication while the
corresponding mathematical formalism and biomechanical explanation of the measured parameters are
absent. In this paper the steady transpiration flux and wave propagation along the conducting elements
are considered as a model of the plant sensitivity to the osmotic pressure in the soil solution. Nonlinear
concentration distribution along the tube and the parabolic velocity profiles are computed. The range
U=20-60 m/s is obtained for the wave velocity, which correspond to the measurement data.

Introduction. Mechanisms of the long-distance signalling: an overview.

Wave phenomena in long-distance liquid motion and signalling in high plants are widely discussed
in the recent literature. Pressure and concentration waves propagating along the xylem,
electromagnetic waves in the phloem, acoustic waves propagating in the plant tissues have been
discussed as possible mechanisms of the long distance communication. Plants are continuously
exposed to different perturbations including variation of light and temperature, mechanical load by
wind, water, snow or fruits, gravity and electromagnetic waves, air and soil pollution, drought,
deficiency of nutrients, attacks by insects, etc. Like animals, plants can sense and respond to external
physical and chemical stimuli. Gravitropic, thigmomorphic and thigmotropic reactions in plants, their
ability to percept the turgor pressure, growth strains, xylem water potential, wave propagation, warmth
and cold and a variety of chemical signals are confirmed in numerous experiments.

The gravitropic reactions of plants result in differential cell elongation on opposite sides of the
displaced organ (in primary growth) and in formation of reaction wood, tension wood in porous
angiosperms and compression wood in nonporous angiosperms and gymnosperms (in secondary
growth). Besides two approved mechanisms of gravisensing (the starch—statolith hypothesis and the
hydrostatic model) a theory of the gravity-induced waves controlling plant shapes by the wave
velocity, vertical to horizontal velocity ratios, and the stepwise change in velocity from horizontal to
vertical values has been proposed [1-3].

Long distance root-to-shoot signalling regulating the shoot branching, the root-derived hormonal
signals regulating leaf growth and development ensure everyday communication between distant plant
organs [4]. Plant roots can sense variations in soil water [5,6] and soil oxygen contents [7], soil bulk
density [8], and changes in the nutrient composition of soil (both enrichment and depletion) [9]. The
soil water deficit induces a sequential reduction of tissue water content, stomatal conductance and leaf
growth. Jones [10] has suggested that this might involve transfer of root-sourced chemical signals via
the xylem from the roots to shoots, which is termed non-hydraulic or chemical signalling. Chemical
messengers can be transferred acropetally at the rate of the transpiration stream [11]. Abscisic acid,
pH, cytokinins, malate and some other factors are discussed as possible chemical messengers of the
soil water contents [12]. Fast xylem transport of the fluorescent dye applied on cut petiole of the
upper leaf has been detected in tobacco plants [13], which indicates that some signalling chemicals can
be quickly delivered from shoots to leaves or from the damaged into the undamaged leaves with xylem
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flow. Evidence of the fast chemical root-to-shoot signalling of partial soil drying has been shown in
many studies [14,15], but in some plants the hydraulic mechanism precedes the chemical signalling
[16], as it was confirmed for bell pepper and some woody plants [17]. It was shown the soil drying-
induced reduction in leaf conductance could be progressively reversed by the pressurization of the root
system [18] and the leaf conductance could return to its pre-pressurization level within minutes after
the pressurization.

Long distance signalling on attacks of the microbial pathogens and herbivorous insects includes
jasmonic and salicylic acid, ethylene and the peptide messenger systemin [19]. The root-to-shoot
transmission of signals provides the long-distance signalling for leaf senescence [20]. Putative
candidates of the chemical signalling in plant development, flowering and tuberization are discussed in
[21]. The presence of the pesticides can be rapidly detected by the soybeans [22], which makes them
high sensitive environmental biosensors.

Plant cells can detect variations in the osmotic pressure and respond with compensatory molecular
adaptations reestablishing homeostasis of osmotically disturbed parameters of cell structure and
function [23]. When cells are no longer able to compensate for osmotic stress and the amount of
damage is too great, they trigger a self-destruction program called programmed cell death (apoptosis)
[24]. The mitogen-activated protein kinase cascade was found an important intracellular signal-
transduction pathways activated in response to the variations in the osmotic pressure [23]. In tobacco
cells, osmotic stress induced the rapid activation of two protein kinases [25]. For the first one the
reaction was detected 5 to 10 min after the cells were exposed to osmotic stresses, and its activity
persisted for 30 min while another was activated within 1 min after osmotic stress and its activity was
maintained for 2 hr.

When a part of the plant is mechanically damaged other leaves accumulate various proteinase
inhibitors which are toxic to insects [26]. The reaction is fast (minutes to hours); a rapid increase in
concentration of the inhibitors can be detected in the potato leaves remote from the wound in 20 min
after the damage [11]. In other plants the inhibition of photosynthetic rate and stomata conductance
were observed in the undamaged distant leaves within 1 hour [13] and jasmonic and abscisic acids
were found to be involved as chemical signals. Mass transfer with the sap flow is insufficient for the
rapid signalling and some combinations of the physical, chemical and local tissue mechanisms are
proposed [11, 13, 27-29]. Among the physical factors the electrical [30] and hydraulic [11] (stimulated
by water release at the wound site) signalling are discussed.

Plants can generate various types of intracellular and intercellular electrical signals mostly in the
form of action and variation potentials in response to the environmental changes. A hypothesis of the
electrical transmission of the signals involving membrane activity of living cells was suggested by
Bose (1928). The action potential appears usually as a single pulse or as several repeated pulses that
propagate along the conducting bundles of stem inducing functional responses in distant organs. There
is no unanimous view on whether the action potential propagates over the root and the leaf directly or
as a transformed signal or whether it acts via a series of mediators [31]. In soybeans the speed of the
propagation of action potentials is up to 2 m/s, which is 5 to 10 times faster than the speed of action
potential propagation in Dionaea flytrap (0.2 m/s) [32], and the duration time of single action
potentials is typically 20 ms [22]. Spontaneous action potentials have been shown to correlate with
turgor-controlled growth movements [28].

Hydraulic signalling represents the root-to-shoot or leaf-to-leaf transmission of information via
changes in the xylem sap tension. A hypothesis of the positive pressure hydraulic transfer through the
xylem was proposed by Haberlandt (1914). The stomatal conductance is correlated with soil water
potential, which can be determined by the hydraulic signalling via the interconnected water system
soil-root-stem-leaf. Since root is in direct contact with soli and variations in the soil water status could
have had a hydrostatic impact of the xylem system of the entire plant, it gives the dependence between

the stomatal conductance g, the hydraulic conductance h of the plant and the soil water potential /g :

g=(ws—w)g/h, where | is the leaf water potential [27]. Rapid variations in the xylem pressure

could produce changes in the hydraulic conductivity of the whole plant by alterations of the
conductivity of the microchannels in the membranes of the intervessel bordered pits [33].

Some plants like Mimosa exhibit fast mechanical reaction of the leafs to touching, warming or
shaking and both electrical and hydraulic hypothesis have been considered as possible mechanisms of
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the phenomenon. When the plant is disturbed by a knocking almost all the mimosa leaves at once fold
inward and close up simultaneously. In the case the knocking-generated acoustical wave can be a
direct mechanical messenger providing rapid long-distance signalling [11]. A strong evidence of
wound-induced hydraulic signals in Mimosa has also been shown [11]. When a leaf is damaged by a
flame, the distant basal leaves swell up almost at once after the damage, which could be produced by a
water flow from the damaged leaf towards the distant regions of the plant. The presence of the
hydraulic mechanism rather than electrical one was confirmed by the observation that swelling of the
distant leaves was not accompanied by the closure of the pairs of leaflets. The observing hydraulic
signal can be separated into a fast pressure wave and a slower mass flow of the sap from the wound
site [11]. The hydraulically-induced basipetal mass flow transfers the signalling molecules from the
wound at rates of v=10-15 mm/s and a possibility of the fast waves with v=300 mm/s is also
discussed.

The mechanisms of the wound and non-wound (touching) signalling in plants are different. The
non-wound signalling is usually slow (I mm/s) and can propagate to the neighbouring leaves and
through alive tissues, while the wound-induced signalling is faster (> 10 mm/s) and can even propagate
through the dead (frozen or scorched) tissues involving the plant into the systemic reaction [11]. Mass
transfer with transpiration flow is insufficient for explanation of the wound-induced signalling,
because the wound signals can travel both acro- and basipetally and are faster than the transpiration
stream which is acropetal. Apparently, basipetal and acropetal hydraulic signalling dominates in the
plants with significant xylem tension existing prior to the damage and is produced by rapid rupture of
the water threads in the xylem conduits [11].

Hydrodynamic phenomena have also been discussed as a mechanism of restoration of the xylem
conductivity after its embolization [33]. Cavitation of the gas bubbles and acoustic emission are
detected in plants at low temperatures [34] and dehydratation [35, 36]. Propagation of the waves
generated by the oscillated pressure applied to the stem or the roots as well as the acoustic emission
parameters are useful for determination the quality of the wood and physiological state of the plant
organs [34, 35, 37].

Continuous monitoring of the water potential y in plants at different experimental conditions
reveals short- and long-wave oscillations. Auto-oscillatory mode of ground-water absorption by roots
[38] and short-period (t~15-80 min) oscillations of water exchange [39] have been observed in
experiments with pot plants. Rapid variations of osmotic pressure of the root solution produce quick
alterations of the stem diameter. The alterations have been observed at rather small variations of the
concentration (C~0.01 M) and pass ahead of the bioelectric reaction that is noticeable at C~0.3-0.5 M
only. The alterations of the stem diameter propagates along the stem in a wave-like way with velocity
v~10"-1 m/s, that considerably exceeds the rate of the transpiration flow v~10"* m/s. Possible
explanation of the quick reaction of the plants is connected with wave propagation in the tissues [39,
40]. Similar slow waves with v~96 cm/s that can carry information (molecules of phytohormones and
other regulatory substances) along the plant have been observed in experiments [1, 2]. The relation
between the rates of movement of the slow waves in longitudinal and transverse directions is the same
as for acoustic waves. In this paper possible role of the concentration waves in the long-distance
signalling of the osmotic pressure of the root solution [41, 42] and the pressure waves providing the
wound-induced hydraulic signals [11] is studied on the mathematical model.

Mathematical model

Conducting elements of plants can be considered as long thin vertical tubes (xylem vessels) and
long chains of elongated cells separated by porous plates (phloem vessels). The radius a and the
length L of the tube are constant values and a/L <<1 (fig.2). The coordinates x=0 and x=L
correspond to the inlet and outlet of the phloem vessel and the outlet and inlet of the xylem vessel
accordingly. The propelling force of the sap motion through the xylem is provided by water pumping
by the roots and water evaporation by the leaves. Water pumping due to the osmotic effect at the inlet
of the phloem vessels (x=0) increases the hydrostatic pressure p at x=0 that causes the descending
motion of the phloem sap to the roots, growing leaves, flowers and fruits (the Miinch hypothesis). The
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1d axisymmetric flow of a viscous compressible liquid with an osmotically active dissolved
component through the long thin tube (a<<L) with impermeable rigid wall is considered. The model
corresponds to the sap motion along the part of stem or shoots between the side branches. The
governing equations are the following [41, 42]:

@.F%:O (1)
ot 0X

2 2
Ny g N __Lap [V, 13V, 2, o
ot ox p OX o2 roor ox2
oC 0 0 oC
—+—(VC)=—| D— 3
ot 8X(X)6x( axJ ®)

where V, is the axial velocity, p,v are density and kinematic viscosity of the sap, C,D are

concentration and diffusion coefficient of the dissolved component. According to the Miinch
hypothesis, the hydrodynamic pressure p inside the vessel is maintained by the live cells at an osmotic
equilibrium with respect to the surrounding water-containing tissues where the hydrodynamic pressure

po is held constant so that
pP=7m+po 4)

Here m is the osmotic pressure that can be calculated from the van’t Hoff equation for a dilute
solution:
RT
T=— 5
M

where M, is the molar mass of the dissolved component, R is the gas constant, T is the absolute

temperature. The boundary conditions for the problem (1)-(5) are given by

r=0 OVy/or=0, r=a: V=0 (6)
x=0: C=Ci(1), x=L: C=Cy(1) (7
t=0 C=C0(X) (3)

Steady flow in the tube

When D,C; , are constant the nondimensional parameters ¢ =C/ C°, v=V,/V°, X=x/L,

z=r/a, T=t/T° can be introduced and the equations (2)-(3) can be rewritten as

2
1 dc 0 (VC)_ 1 ﬂ
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St T o0X Pe gx? ©
lov ov 1oc 1[e* lov (ajzﬁzv
V= — | —— | — | —— (10)
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where St=V°T°/L, Pe=V°L/D, Re=V‘a/v, a= pMC(VO)Z /(RTC®). Typical values for
the  parameters are a=10"-10"* m, L=102 —10_1m, D=10"19_-107"° mz/s,

Ve=10"-1073 m/s, v =(0.9-3)- 1070 m¥s [41, 43]. One can obtain here the estimations of the
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Reynolds and Peclet numbers Re = 1072 -107"! , Pe= 10* ~10°. When Re <<1 the derivatives of
v with respect to X can be neglected as compared to the derivatives of v with respect to z and the
nonlinear term in (10) can be omitted. Solution of (1)-(9) can be considered as a series expansion

C=C0+018+C282+...,V=V0+V1€+V282+... (11)
where € =1/Pe is the small parameter.

Substituting (11) in (9)-(10), assuming 0v/0T =0 and comparing the values of the same order on
€ give the equations for c(y, v instead of (9)-(10) (subscripts are omitted for simplicity):

2
18c_1 6V+18V (12)
adX Re|p2 zoz

104 0 (ve)=0

13
StoT  oX (13)

The system (12)-(13) describes Poiseuille-like flow with concentration gradient as a driving force
instead of the pressure drop. In that way the solution of the system is:

v(Z, X)——(l 72 g)"( c=Js12—(s12—s§)X (14)

where 1 5 =C1,2/C . The model (1)-(5),(7)-(9) has been studied in [41] for investigation the
stationary flow of the phloem sap at some simplifying conditions. Now we can substitute (14) into the
equations for ¢y, c7,... and calculate the high-order terms in (9)-(10). Some results of numerical
calculations of distributions ¢(X), v(X) are presented in Fig.1-2.

C v
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Fig.1. Dependences c(X) for C,/C;=0.9, 0.7, 0.5, 0.3 Fig.2. Dependences v(X) for X=1, 0.8, 0.6, 04 02
(curves 1-4 respectively). (curves 1-5 respectively).

Wave propagation in the tube

We consider here the wave propagation through the tube as possible biophysical mechanism of
long-distance signaling in high plants. The linearized equations (1)-(2) when they are considered as a

system for Vy,p,p(p) describe propagation of small excitations in the form f=f [glo(t=x/w) ,

where f = {Vx,p}, £/ are small amplitudes, W :(dp/ dp)_1 is the wave velocity. Numerical
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estimations give the values w ~ 10° m/s. That sort of waves can carry information between the
leaves and the roots of the plant at rapid variations of the pressure conditions at the ends of the tube,
for instance in experiments with plants in pressure bomb chamber [37]. The relatively slow

concentration waves can be investigated by assuming ¢=s, +C/, V=V, +V/ in (9)-(10), where

Sc =S1 =S and v =0 are unperturbed values, C/, v/ are small perturbations that can be introduced
as

o =t @(T-X/0) o/ _ Fio(T-X/u) (15)

where u is the wave velocity. Substituting (15) in (12)-(13) we obtain the uniform algebraic system of

* *
equations for the small amplitudes ¢ ,v in the form:

c 0 -~ T

Al =, A=| St u (16)

LV j (O] _1 1
ou

The solvability condition for (16) is det(A) =0 that gives the next expression for the wave
velocity (in dimension form):

u= RIG (17)
M¢p
In the phloem vessels the sucrose solution moves through the tubes and for that case
M, =0.3423kg/mol, p=1300kg/m>, C;=200-300kg/m> [41]. Assuming the
temperature variations T =283-303 K we can obtain from (17) the range of the wave
velocities U =20 —60 m/s . The wave is rather small one as compared to the longitudinal wave in

compressible liquid. When the plant stem has the total length Ly =0.1—1m, the slow wave passes
the distance Ly in t ~1.7 —50 ms.

Results and discussions

At dynamical equilibrium conditions the concentration gradient between the inlet and outlet of the
conducting vessel that is maintained by active synthesis (absorption) of the dissolved component in
different vegetative organs of the plant defines the propelling force of the liquid motion through the
vessel. The governing equations give the parabolic velocity profiles and nonlinear concentration
distribution along the vessel for the stationary flow.

Slow concentration waves can be caused by variation of the concentration of the dissolved
component at the inlet of the tube. At variation of the parameters of the model within the physiological
limits for high plants the wave velocity U=20-60m/s is obtained. For the stem length

Ly =0.1-1m the time delay between application of the stimuli and reaction of the distant

vegetative organs is t ~ 1.7 —50 ms, which is comparable to the experimental data [39, 40]. In that
way the slow waves can mediate long-distance high-speed transferring information between the organs

that can not be carried by convective flow of the liquid which moves at V ~ 10> =107 m/s and
reaches its maxima V =0.02-0.04 m/s in lianas. The small variations C(t)as well as the small

concentration gradients VC can be sensed by leaf cells far from the source of the osmotic stress.
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Propagation of the concentration jump JC; along the vessel as well as non-stationary conditions

C;(t),Cy(t) at the ends of the vessel can be investigated on the basis of the developed model. The

results can be generalized to the model of the conducting system as a bundle of thin tubes with porous
walls [44] with different geometrical parameters [45].
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Abstract

The axial conduction of the vascular system is supplied by specialized conducting cells of stems and
roots. Such cells are present in the xylem as well as in phloem rays, and are denominated, respectively,
as perforated ray cells (PRC) and sieve ray cells (SRC).

There are reports of their presence in the secondary xylem of more than 40 families of trees and lianas
in the literature, whereas for the presence of SRC in the secondary phloem, there are only few
previous reports. This could be due, in part, to the difficulty in studying this tissue with a functional-
structural approach. We have observed that the presence of PRC is associated with the presence of
SRC, and that this close association is linked to “the mirror effect” of the vascular cambium. That is,
that the same radial initials forming the PRC in the xylem, give rise to the SRC in the phloem.
Because of this mirror effect, those radial conducting cells of xylem and phloem present the same
form of connection with the axial system, i.e., they form a bridge connecting two axial conducts at
each side of a ray, via the perforation plate or the sieve plate, depending if they are in the xylem (in the
first case) or in the phloem (in the latter). The perforated ray cells (PRC) are strongly related with the
absence of parenchyma around the vessels in arboreous species, and connect the smallest vessel
elements in trees and the smallest with the largest vessel elements in lianas. Micro casting of the
vascular system of some tree and liana species, showing the network formed between PRC, SRC, and
the axial vascular system of woody plants, give additional clues about the way in which the secondary
phloem can play an important role in the refilling of embolized vessels in the secondary xylem.

Key words: Perforated ray cells; ray sieve cells, xylem, phloem, radial water transport.

Introduction

The axial conduction of the vascular system is supplemented by specialized conducting cells of the
shoot and root radial systems, which originate from the radial initial cells of the cambium. In the
secondary xylem, these cells, termed perforated ray cells (PRC), were described for the first time, in a
very detailed manner, by Chalk & Chattaway [8] in the stem of 64 species comprising different, non-
related families. After 40 years, presence of these cells started to be observed in different tree species
by several authors, predominantly in tropical species [1, 6, 8, 11, 13, 15, 17, 20, 21, 22, 23, 24, 25, 27,
30, 31, 34, 35, 36].

Observations made by the above mentioned authors confirmed what was described by Chalk &
Chattaway [9] and by the IAWA Committee [16], i.e., that the perforation plates of PRC could be of
the same type, or different, as those of the vessel elements they make contact with; and that they occur
in the upright and square cells of the uniseriate portion of multiseriate rays and, less frequently, can
occur in the multiseriate portion of multiseriate rays (lianas, Cactaceae) where rays are very wide.
With respect to the phloem, such cells are denominated sieve ray cells (SRC), and their presence is
less well documented than that of PRC, being the work of Chavan et al. [10] one of the first to
document them in the phloem rays, where they were observed in isolated form, along with their
companion cells, in species of three woody families. Later, Lev-Yaudin & Aloni [19] discussed their
presence in rays in development; Rajput & Rao [29] observed them isolated or in groups in five
woody species; finally, Pace et al. [28] observed them in some Bignoniaceae lianas.

156



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Even though a lot of evidence accumulates on the presence of radial conducting cells in the xylem and
phloem, our objective is to provide here more information on the connections between these radial
cells and their neighbors, as well as to suggest a role for them in forming an integral vascular network.

Material and methods

For this study, we examined the wood of four arboreous species and the stem of two liana’s species.
Three species belong to Siparuna Aubl. (Monimiaceae), from the Brazilian Amazon Forest: S.
amazonica Mart. ex A. DC.; S. decipiens (Tul.) A. DC; S. guianensis Aubl.. One Cerrado species
Styrax camporum Pohl, Styracaceae, Sdo Paulo, Brazil. Two lianas species of the Bignonieae tribe,
Bignoniaceae: Stizophyllum riparium (Kunth) Sandwith and Tynanthus cognatus (Cham.) Miers from
Reserva Florestal Sdo Paulo, Brazil, and from the tropical rainforest of Los Tuxtlas, Veracruz,
Mexico.

For the wood samples, the histological sections were prepared according to standard techniques (18),
stained with safranin and mounted in synthetic resin. The secondary xylem and phloem of liana stems
were examined in detail. Therefore, in order to guarantee the integrity of these tissues, stem segments
were fixed in FAA 70% [5]. After this procedure, the stems were sectioned after embedding them with
polyethyleneglycol 1500 (10-25um thickness), following Rupp [32]. Smaller portions of
approximately 9 mm? with phloem, cambium, and xylem were embedded in Historesin® (Leica
Mycrosystem), to obtain anatomical sections with less than 10 pum, that were stained in 0.05%
toluidine blue in glacial acetic buffer at pH 4.7 [26].

Microcasting of the vascular system. Stems were left to dry in an oven at 80 °C for several days. Then,
they were trimmed carefully with a razor blade, to expose open the vessels and sieve tube members.
For the Stizophyllum lianas (Bignoniaceae) the regions of indented phloem (wedges of phloem) were
treated separately from the regions of pure xylem (inter wedges). A mixture of Rhodorsil RTV 141
silicone was made following the package instructions, combining solutions A and B 10:1, respectively
(by weight). Samples were immersed in this mixture in a tall, transparent plastic bag, and placed under
vacuum for 20-25 minutes. After releasing the vacuum slowly, the samples were taken out, wiped with
paper towels, and left in the freezer for 24 hours, at -30 °C, to allow the silicon to penetrate the tissues.
Then, samples were placed in the oven at 60 °C for 24 hours, to allow the reticulation process to occur
[4]. The tissues were exposed by removing the excess of hard silicon from around the samples, leaving
intact only the transverse surfaces. This is a convenient way to avoid the silicon molds to disperse,
after releasing them. After exposing the tissue, the sample is immersed in sulphuric acid 70% , diluted
with frappé ice. The samples were left to digest in the acid solution, in an ice bath, for 24-36 hours,
depending on the sample volume. When the samples were completely black and soft, they are
immersed in a saturated solution of sodium bicarbonate in water, to neutralize the acid. When the
solution stopped bubbling, the samples were washed in clean water, placed in an ultrasonic bath, to
release the debris of tissue. Finally, the samples were placed in a solution of 50% sodium hypochlorite
overnight, to complete the digestion process. Once the molds were released completely, they were
oven-dry at 70 °C for 24 hours. After drying the molds in the air, they were mounted on SEM Stubbs,
sputter-coated with Au-Pd, and observed under the SEM at an accelerating voltage of 25 Kv.

Results and discussion

The study of liana stems showed the “mirror effect” of the cambium, since the radial conducting cells
were present at both sides of the cambium. The abundant literature on the subject mentions the
presence of PRC in ca. 40 plant families, and Sonsin [34] confirmed that the occurrence of this
character has neither a taxonomic nor a phylogenetic value. Its importance resides on functional
aspects, as the role that they could play in assisting and adding to the axial transport, which is
evidenced in the way the radial conducting elements are connected to the axial vessel elements.

In the case of the tree species analyzed, the perforated ray cells (PRC) are connected to the minor
diameter vessels, as shown in Fig. 1. They are generally found isolated or in groups of two-three cells,
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which are found in the uniseriate portion, beside to upright and/or square cells in multiseriate rays, as
mentioned in the literature [9]. Furthermore, one other feature which is intimately related to the
presence of PRC, is the presence of scarce to diffuse apotracheal parenchyma (Fig. 1). That is, there is
a direct relationship between the absence of parenchyma abutting the vessels, and the presence of
PRC, indicating that PRC must have a role as accessory tissue, sensu Braun [7].
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Fig. 1. Siparuna guianensis Tree. Wood.
a.Transversal

Section (TA). b. Tangential section (TG).
Perforated rav cell (arrow) comunicatina two

On the other hand, in the two lianas species (Tynanthus cognatus and Stizophyllum riparium), the PRC
are common in the xylem and confirm the observation of [12] for the species of the tribe Bignonieae.
We observed that PRC are isolated or grouped, and are haphazardly distributed in the rays, since most
of them are multiseriate; they could be in the lateral portion of rays (Fig. 2a), as well as in their central
portion (Fig. 2b), in contact with square or upright cells. In these species very wide vessels are
common and are associated to very thin vessels. An interesting finding was that PRC’s have a
strategic position within the radial cells, establishing a connection between wide and narrow
vessels (Fig. 2). These cells have simple perforation plates at the contact areas between the
two vessel elements touching them, and also have bordered pits on their lateral walls (Fig. 4).
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Fig. 2. Tynanthus cognatus. Liana. Wood. a.Transversal

section. b. Radial section. c. Tangential section. Very small
vessels are connected to the large vessels by the perforated
rav cells. V. Laroe vessels. R. Rav. Yellow arrow: small

The sieve ray cells (SRC) observed in the tree and liana species are smaller than the sieve tube
elements, they show a sieve plate similar or different to that of the axial conducting element in the
phloem. In the tree species Styrax camporum (Angyalossy and Machado in prep.), the SRC are found
by the uniseriate portion of multiseriate rays, in contact with the upright and/or square cells (Fig. 4), in
a similar way to that of PRC, as shown in Fig. 1b.
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Fig.3. Styrax camporum. Tree. Phloem. Tangential Fig. 4. Tynanthus cognatus. Liana.
section. Two sieve ray cells (SRC) connecting two sieve Detail of a perforated ray cell, with
tube elements (SE). Note the compound sieve plate  sjmple

(arrow) communicating these two SRC. Ray (R): note  perforation plate and bordered pits. 700x.
that the SRC are present at the uniseriate portion of the

multiseriate ray. Scale: 30um
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In the liana species, the position of the SRC varies, and they can be found on the lateral portion of the
ray, or inside of it, in contact with square and/or upright cells. The lianas of the Bignoniaceae family
have very huge sieve tube elements, as seen in Fig. 5, which was also mentioned by Pace et al [28]. In
the microcasting of the conducting cell of the liana shown in (Fig. 6), its large volume and compound
sieve plate made of several sieve areas can be clearly observed.

Fig. 6. Stizophylum riparium. Liana.

Variant Phloem. Transversal section. Variant Phloem. Microcasting of a

Sieve tubes elements (SE), with sieve tube element with a compound
companion cells immerse on fibers sieve plate. Arrow indicates a sieve
matrix. Scale: 100um area of the sieve plate. Scale: 50um

Redundancy in the vascular system is a key issue in hydraulic safety for the plant [14, 33]. This
redundancy has been described as it only existed in the axial system. However, there is a complex
network of radial conducting elements in the radial system that contributes significantly with this
redundancy. The presence of radial conducting elements in the ray parenchyma of the secondary
xylem of trees, lianas and shrubs is well established, but there are only few reports that these elements
have a counterpart in the secondary phloem. We hypothesized that, because of the mirror effect of the
vascular cambium differentiation, they have to occur radial sieve elements in the secondary phloem, of
the reported species that present them on the xylem. Interestingly, we found that the radial cambial
initial gives rise to the phloem and xylem radial conducting elements at the same position and on the
vicinity of the same kind of ray cells, as a consequence of the mirror effect.

In spite of the mirror effect of the cambium, there is a marked difference in the frequency of radial
conducting cells, those at the secondary xylem being more frequent than those at the secondary
phloem. That difference could have two explanations: 1) the minor amount of tissue normally
produced towards the phloem, as compared with the xylem, and 2) it could be a response to a
condition of water stress in the axial system, as a measure to reinforce the axial hydraulic transport.
The latter explanation is supported by experiments done by Aloni and Peterson [2] in which they
induced the interruption of the axial phloem transport in Dahlia pinnata, causing the activation of the
lateral phloem connections of the stems for the translocation of the assimilations [3]. Under natural
conditions these phloem anastomoses are inactive.
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Conclusion

As a consequence of the mirror effect of the activity of the radial initials of the cambium, we
conclude: 1) the species reported as having perforated ray cells they have to possess also sieve ray
cells as a network of radial conduction; 2) xylem and phloem radial conducting elements arise at the
same position and on the vicinity of the same kind of ray cells; 3) the “mirror effect” is apparent only
in the shape and position of the radial conducting elements, but not in the amount of tissue produced al
both sides of the vascular cambium. PCR predominate of SCR.
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Abstract

We aimed at analysing some functional trade-off or associations between wood traits among
the diversity of tree species in a tropical rain-forest and how they are related to the ecological
functioning of species, along a gradient from pioneer to shade tolerant species. 22 species
have been studied at the early sapling stage in the natural site of Paracou in French Guiana .
Wood basic density, hydraulic traits (specific conductivity and vulnerability to embolism) and
mechanical traits (modulus of elasticity and maximal strain at fracture limit) have been
measured. Species sampling cover a wide range of mechanical and hydraulic performances.
Wood basic density varies from 0.4 to 1. There is a narrow, and not strongly associated to the
species ecology, relation between the modulus of elasticity and the wood density. As known
by wood technologists, such a relation is strongly determined by physical causes, as wood
density mainly represent the material porosity. Mechanical safety measured by the maximal
strain at fracture limit, which is quite independent to the modulus of elasticity, is also
positively correlated with wood density. As expected since specific conductivity is linked to
the fourth power of lumen diameter, specific conductivity is negatively but less strongly
correlated to basic density. All the species are hydraulically vulnerable that is not surprising
in a wet environment as the tropical rainforest, but the pioneer species are less vulnerable.
Thus, the less hydraulically vulnerable woods are also the more conducting and the less
mechanically stiff and deformable. At this level of sampling (the range of tree species that
coexist in a wet tropical rainforest), there is no absolute physical necessity of trade-off
between hydraulic safety and performance, neither between hydraulic performance and
mechanical stiffness. Therefore, results obtained at wider scale, i.e. by comparing species on a
wide range of environmental conditions from wet to dry forests, cannot be extrapolated :
some trade-off or associations depend strongly on the sampled environment variations, while
others as association between density and Young's modulus are more stable . According to
their needs in their environment, pioneer species in the Paracou site combine a low wood
density, a high hydraulic performance and a lower hydraulic vulnerability of wood. The
relations are mainly influenced by some extreme behaviour and actually, traits varies quite
independently with a great variability. Such results concerning wood are discussed in relation
with the stem performance that integrate wood and geometrical or size effects.
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Abstract

The mechanical properties of lignin have long been studied. However, there has been little research into how
lignification of the cell wall affects hydraulic properties in water conducting cells. Most experiments that have
looked into this have focused on comparing hydraulic properties across species and wood density could be used
as a proxy for lignin content. Observed differences in these experiments could be attributed to differences in
vascular anatomy and not solely differences in lignin composition. The ability to genetically manipulate the
ratios of lignin monomers present in tissues allows us to examine the role of lignin content and lignin monomers
in hydraulic movement of vascular tissues without modifying the overall anatomy of the vascular system. In this
experiment, we used a line of poplar (Populus tremula x P. alba) clones genetically modified to over-express the
Ferulate 5-Hydroxylase (F5H) enzyme. Over-expression of the F5H enzyme resulted in an increased
syringyl:guaiacyl ratio within the plants' cell walls. The F5H clones and wild type poplars were subjected to
water stress over a 4 week period, and hydraulic conductivity and vulnerability to embolism were measured.

Gas exchange was monitored throughout the experiment to assess stress levels in the plants. Initial
measurements have shown an increased initial hydraulic conductivity in the F5H clones over the wild type
before water stress was induced. However, as water stress increased the F5H clones showed an increase in
vulnerability to embolism and a decreased hydraulic conductivity compared to the clones. This may suggest an
increased brittleness and vulnerability to cavitation in the modified cell walls. No differences in gas exchange
values have been observed between the F5H and wild type clones.

Introduction

Lignin's role in growth and development has mainly been attributed to providing structural support,
mechanical strength, and protection from pests (Jung and Ni 1998). However, Boyce et al. 2004, suggested that
lignification of cell walls may also play a role in a plants hydraulic properties. There have been a number of
experiments that have examined the trade offs between mechanical strength and hydraulic conductivity in plants.
However, most of these experiments have found only a weak relationship between mechanics and hydraulics
(Kern et al. 2004; Wagner et al. 1998; Woodrum et al. 2003; Rosner et al. 2008). None of these experiments
have looked at a the role of wall cytochemistry in their analyses. It has been postulated in the literature that the
evolutionary development of syringyl lignin was a functional response of the cells shifting specialization from
water movement to mechanical strength (Yoshinaga et al. 1992). This would suggest that an increase in syringyl
lignin in the vessel elements would actually decrease hydraulic conductivity since syringyl is a main component
of fiber cells and the primary monomer in vessels elements is guaiacyl in wild type plants. The genetic
modification of plants to produce lower lignin contents or a higher syringyl to guaiacyl, S:G, ratio have been
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developed as an alternative (Baucher et al. 2003). The modification of the lignin biosynthetic pathway provides
an easier way to process cellulose pulp for paper and biofuel crop manufacturers. Yet, concerns over how this
manipulation may affect the functional ecology and fitness of these plants have arisen. Many experiments on
modifying the lignin biosynthetic pathway have focused on how manipulation affects biomechanical and carbon
fixation properties. Coleman et al. 2008, recently examined how a decrease in overall lignin content affects
hydraulic conductivity and gas exchange properties in hybrid poplar. The results showed an overall decrease in
gas exchange properties and hydraulic conductivity. This experiment is one of the first to look at how
manipulation of lignin monomer ratios in hybrid poplar changes the plant's ability to transport water effectively.
The experiment was approached with three overarching objectives. First, to quantify the affects of modified
lignin monomer ratios on the overall hydraulic conductivity and resistance to embolism. Second, to examine the
role of lignin monomers in providing mechanical strength and water transport and whether there is evidence for
trade offs between mechanics and hydraulics. Finally, to further elucidate the possible role of lignin monomer
evolution in the adaptation of separate conducting and supporting tissues of Angiosperms.

We hypothesized that modifying the S:G lignin monomer ratio will significantly affect the water
relations in hybrid poplar. More specifically, the F5H clones, with increased S:G lignin monomer ratios, will
show increased hydraulic conductivity and resistance to embolism. This was informed by preliminary tests done
by the Telewski lab during biomechanical testing (unpublished; Al-Haddad).

Material and methods

For this experiment hybrid poplars (P. tremula x P. alba) modified to over-express the Arabidopsis gene
encoding Ferulate 5-Hydroxylase enzyme driven by the cinnamate-4-hydroxylase promotor were used (Franke et
al. 2000; Humphreys et al. 1999). The over-expression of F5H increases the syringyl:guaiacyl ratio within the
cell walls. The plant material was obtained from Dr. David Ellis (CellFor Inc., Vancouver, BC).

The experiment involved a two way test between the wild type clones and clones over-expressing F5H.
There were 30 clones per treatment for a total of 60 trees in all (30 clones x 2 treatments). The clones were
propagated by root stock and allowed to grow for 4 months. This method has been used in our lab before and
tests have shown the lignin content and monomer ratios to stay constant through this method. The clones were
set up in a randomized 6 x 10 block in a greenhouse at Michigan State University.

At the beginning of the experiment, all trees were watered to field capacity. Initial measurements were
taken and samples (n=6) were harvested on the first day (t=0) to quantify values for well watered trees. Water
was then withheld from the trees to examine the effects of water stress on the trees. Preliminary tests on the
clones' response to water stress have shown a minimum of 30 days until the clones reached permanent wilting
point, PWP. This can be largely affected by both temperature and humidity during the stress period and so the
time until PWP may change throughout the experiment. For this experiment, the clones underwent water stress
for approximately 24 days. Throughout this time, measurements on gas exchange, pressure potential, and
chlorophyll fluorescence were taken every 2-3 days. Samples were also collected every 12 days for
measurements of hydraulic conductivity and vulnerability to embolism (n=6 per clone per measurement; n=12
per clone in total). After 24 days, 6 plants from each clone were randomly selected to be watered and 6 plants
remained under water stress. This was used to examine the clones' ability to refill cavitated vessels and the
effects of cavitation fatigue. Clones selected for re-watering were watered to field capacity every day for six
days. All remaining trees, both stressed and re-watered, were then harvested after the six days (t=30).

Hydraulic conductivity was measured using a Sperry apparatus (Sperry et al. 1988). Samples were
harvested underwater to ensure no air infiltration into the xylem during cutting. The samples were cut down to
14cm segments underwater. Stem samples were tested for initial hydraulic conductivity and then flushed with
pressurized water to clear any embolism. After flushing the stems were measured again to calculate the
maximum hydraulic conductivity. Vulnerability curves were constructed to examine the clones' resistance to
embolism. The samples were attached to a centrifuge and then placed under varying levels of negative pressure.
The samples were measured for hydraulic conductivity again to calculate the percent loss of conductivity, PLC at
each negative pressure. The methods for both hydraulic conductivity and vulnerability curves were the same as
those used in previous experiments (Alder et al. 1996; Jacobsen et al. 2005; Sperry et al. 1988).
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In order to monitor the degree of stress within the trees, as well as, measure how the water stress affects
the trees a number of physiological parameters were measured. The stomatal conductance and transpiration of
the clones were measured using a Li-Corr 1600 steady state porometer. Leaves from each clone were harvested
and used to measure pressure potentials using a Scholander pressure chamber. Finally, the chlorophyll
fluorescence of each clone was monitored using a Li-Corr 6400. The Li-Corr 6400, also measures
transpiration,E, assimilation, A, and internal carbon, Ci, but these values may be influenced by the saturating
light pulse delivered during measurement of chlorophyll fluorescence. Further testing is under way to see if the
Li-Corr 6400 can be effectively utilized to take these additional measurements simultaneously with fluorescence
measurements.

The gas exchange and chlorophyll fluorescence measurements were taken every 2 days. Pressure
potential measurements require the destructive harvesting of leaves. Reducing leaf area can affect the degree of
water stress a plant experiences. To avoid over harvest of leaves pressure potentials were measured every 4
days.

Results and discussion

Experiments on the well-watered plants have shown an increase in hydraulic conductivity in the F5H
clones compared to the wild type. It is unclear at this time if this is due to the increase in syringyl within the
vessel elements or due to changes in the overall vessel cell wall anatomy. Jacobsen et al. 2005 examined the role
of xylem fiber cells in providing resistance to embolism in vessels. They found that modulus of elasticity
(MOE) and modulus of rupture (MOR) had a strong correlation with xylem pressure at 50% loss of conductivity,
P50. These results suggest that fiber strength may play a key role in protecting vessel elements from cavitation.
Increasing the S:G ratio and thereby increasing the mechanical strength of the stem, may be effectively
increasing the protection the fibers contribute to resistance to cavitation. It is unclear if the observed increase is
due to changes in the fibers or vessel elements. Analyses done by our lab have shown that over-expression of
F5H causes an increase in the overall S:G monomer ratio but relative proportions of S:G ratios according to cell
type and function are still maintained. That is, vessel elements will still maintain a higher guaicyl to syringyl
ratio. The conservation of this gradient suggests a possible importance of balancing mechanical strength and
hydraulic conductivity between vessels and fibers (Koehler and Telewski 2006).

While an increase in S:G ratio will increase hydraulic conductivity and resistance to embolism in well
watered plants, the F5H clones have actually shown decreased hydraulic conductivity and resistance to
embolism compared to the wild type while under water stress. Our initial tests on the hydraulic conductivity and
resistance to embolism in the F5H clones and wild type during water stress has shown that the wild type has a
higher hydraulic conductivity and resistance to embolism. These results are opposite to the tests on well watered
treatments. We have speculated that the increase in strength and rigidity in the vessel elements may make the
vessels more brittle and therefore more susceptible to microfractures and implosion due to high negative
pressures associated with water stress. This may increase the incidence of air seeding and/or cavitation fatigue
experienced by clones expressing increased S:G ratios. Examination of the anatomical structure of the clones
experiencing water stress may clarify this further.
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Abstract

To create a driving force for water upward movement, the water potental of upper part of shoot must
be more negative than water potential at the shoot base. Usually water potentioal of upper leaves is
also more negative compared to that of lower leaves. However, our measurements showed reverse
gradient of water potential between upper and lower leaves on terminal branches of 3 year old
trembling aspen and hybrid aspen trees (in average -0,6 for upper and -2 MPa for lower leaves). To
explain the reverse gradient in leaf water potential we proposed, that the difference in water potential
between brshoot xylem and leaf must be much less in upper, developing leaves than in lower mature
leaves. Also hydraulic resistance of leaves must be significant compared to hydraulic resistance in tree
roots and trunk, The degree how low water potential drops in leaves depends on leaf hydraulic
conductance and transpiration rate. Leaf hydraulic conductance and stomatal conductance were
estimated and significant differences between developing and mature leaves were found. Hydraulic
conductance was higher and stomatal conductance was lower in upper developing leaves compared to
lower mature leaves. Differences in pathways of water movement in developing and mature leaves
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4. Biomechanics aspects of plant development
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Abstract

A process difficult to perform within the channels of a miniaturized lab, called Lab on a chip, is the
sudden transfer of a small sample of fluid in a closed container. This operation is naturally found in
the vegetal kingdom when considering the aquatic carnivorous plants Utricularia (common name
bladderwort). This plants are gifted with suction traps [1]: a contact opens a door, the trap sucks in
liquid, and then the door closes hermetically, all this sequence within the impressive time of a few
milliseconds, barely visible with the naked eye. We present an on-going experimental study of the
biomechanics of the trap. The motion of the trap door is recorded by a high-speed camera. We could
record the natural activation of the trap (using different fresh water crustaceans), and then provoked
activation of the trap with a fine needle. With this artificial triggering, we could focus on the
succession of the two distinct phases of the suction : first the door opens, and second the door closes
hermetically after suction. The motion is therefore different from the close-only traps of the Venus
flytrap [2]. We also record the associated fluid motion. We find that the door is curved inwards at
opening, and that an intense flow of liquid (1 m/s) is generated during a very short time (0.4 ms).
These observations are interpreted with a biomechanical approach involving elasticity and flow. The
door opening is described as a buckling of the door under the a preexisting pressure, because of a
softening of the door following the touch of sensitive trigger hairs. The door closure results from the
equilibration of pressures, and from the fact that the relaxed shape of the door is the closed position.
An original behavior was also recorded: after a few hours the trap activates spontaneously. If the
precise biological function of this phenomenon is unclear, it expresses the fact that the sensibility of
the plant increases considerably at time of 5 hours, and is trigger by very small fluctuations. We
conclude by the presentation of a simple analytical model that will prove useful for the design of a
biomimetic reproduction of the trap, and its implementation in a microfluidic circuit as a miniaturized
pipette.

Introduction
Carnivorous plants

It exist more than 600 species of know carnivorous plants, resulting from a spectacular adaptation
to difficult environmental conditions (lack of nutriments or poor lightning [3]). These plants present
different kind of traps to catch animals. It is possible to classify these traps into two groups:

. Passive traps, where the plant is immobile, such as the one from the Nepenthes (fig. 1a)

. Active traps, such as the one from the Dionea (fig 1b).
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Fig. 1 Two kinds of carnivorous plants (a) Nepenthes with a passive trap (taken from [4]), (b) Dionea with an
active trap (taken from [2]).

A complementary approach between physicists and biologists has recently helped to elucidate the
mechanisms of certain traps, such as the use of an elastic instability to maximize the speed of capture
with the Dionea [2] or the presence of a visco-elastic fluid in the receptacle of the [4].

Bladderwort (Utricularia)

The bladderworts are a type of aquatic carnivorous plant that regroups 180 species, including the
one we study, Utricularia inflata. Numerous biologists have contributed to their description, and to the
explanation of their mechanism. First studied in the 19th century, their carnivorous character has been
discovered in 1876 [5]. A first detailed study is due to Lloyd [6], who described the plant constitution
and proposed an electromechanical analogy to describe its behaviour. This model was later abandoned
by the author himself, because of its extreme complexity.

The plant consists in a long stem, from which ramifications are attached, and where the traps are
situated. The traps, sometimes called utricules have a size of the order of 1mm.

trap door or valve \

door, face

500 pm

(@) (b)
Fig. 2. Description of the trap of the Utricularia (a) Cutview of the trap, taken from Juniper 1989, (b) The three
main view of the trap.

It is possible to distinguish two main parts:
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. the wall, made of only two layers of cells. Its thickness is sensibly constant all over the
surface (we measured 60 micrometers), and increases near the door to form a quasi-circular (ring)
rigid structure, whose bottom part is called the threshold.

. the door is attached to the upper part of this ring. The bottom part is in compression
against a threshold called the velum whose role is to avoid any leaks when the door is closed. The door
is also composed of only two cell layers, thinner than in the wall. The precise structure is complex.
Several trigger hairs are located on the door wall, and are responsible for the triggering of the door.
The thickness of the door is around 15 micrometers.

Summary of the literature on the trap mechanism

We now sum up a few results that generally admitted concerning the trap mechanism of the
bladderwort.

Trap setting. The plant is able to pump water from the inside to the outside of the trap, probably
through the action of glands situated in the wall (bifide and quadrifide glands, see [7]). The utricle is
waterproof, and this deflates the trap, with a depression of the water inside as low as 0.17 bars. The
time need to set the trap varies from 30 minutes to 4 hours. The plants resist the pressure thanks to its
reaction on the velum [8].

Trap activation. When a prey approaches the trap, it can trigger the trap by touching one of the
sensitive hairs situated at the bottom of the door, which provokes its aperture and the suction of the
water, the prey included. The door then closes back, which impedes the prey from escaping and
renders the utricle waterproof again. The capture time is evaluated to be 30 milliseconds
approximately [6,9]. The door opening and closing mechanism remains poorly understood, and two
main hypothesis are generally put forward:

1. Mechanical hypothesis: the trigger hairs act as levers, and un-block the door, which
provokes the entrance of water, until the pressures are established again [10]. We showed that this
hypothesis remains un-probable in view of our observations.

2. Active hypothesis: touching the hair triggers a stimulus that propagates in
neighbouring cells, and provokes a softening of the door, that is therefore not able to resist the applied
pressure anymore [11]. Measurements have shown a change of electrical potential [12], which would
corroborate this hypothesis.

The originality and complexity of the trap arise from the fact that, contrary to the other carnivorous
plants that have only a closing phase, the bladderwort are able to open and close in a fraction of a
second.

The comprehension of the trap triggering is limited by several aspects: the observation of ultra-fast
phenomena, and a modelisation of the physical phenomena at play.

Material and methods

Plants were cultivated indoors, in deionized water, in order to reproduce their natural inhabitat.. Traps
were placed in a Petri dish and were observed under an inverted microscope (up to 10x, with an 1X70,
Olympus), or under a stereomicroscope (up to 8x, Discovery V8, Carl Zeiss).

The dynamics of the trap were studied with two kinds of imaging techniques:

. time-lapse, with a ‘slow’ camera operated at 1 frame every 100s (0.01 Hz)

. high-speed, with a camera that could operate up to 8000 frames per seconds (8000 Hz,
Phantom Miro 4, Vision Research).

Image analysis was performed with ImageJ (freeware) and Matlab (Mathworks, Inc.).
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A more detailed study can be read in the master thesis by Olivier Vincent (in French, [13]).

Results and discussion

We present results obtained from the analysis of image sequences, for the two phases of the trap.

3.1 Trap setting

Seen from the top, it is convenient to evaluate the volume diminution of the trap measured by its
thickness e, at the waist of the trap profile (figure 3). The shape evolves with time, with an exponential
decrease of the thickness (figure 4), with a characteristic time of 52 minutes.

pumping
7~ ™\

emax 1

Fig. 3. Evolution of the trap profile, monitored by the thickness e.
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Fig. 4 exponential decrease of the thickness, represented in linear units (left) and in logarithmic units (right).

3.2 Trap suction

The door is activated manually with the tip of a needle, by touching one of the sensitive hairs. We
could show that a very small bending of the trigger hair is enough to trigger the response. The duration
of the suction is extremely short: around 2 ms, see figure 5.
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Fig. 5. Fast inflation of the plant after trap activation.

The aspiration is monitored using tracer particles (hollow glass beads), placed near the door. The
maximum fluid velocity measured is extremely high: 1.5 m/s at the largest.

We distinguish two zones:

. an aspiration zone, where the particles, followed during their motion are completely
trapped (red particles on figure 6),
. the outer zone, where particles are moved by the suction, but do not enter (black

particles on figure 6).

Fig. 6. Aspiration zone.

Moreover, the examination of the sequence of images reveals that the door closes completely after
a short time (estimated as 20 ms).

Conclusion

A low-speed and high-speed video study revealed the huge dissymmetry of time scales at play
during the trap setting and activation. The trap setting can be interpreted as a storage of elastic energy,

and is similar to the bending of an arc.

The release of the energy is violent and occurs with a few milliseconds, suggesting large amplitude
bifurcation of the behaviour, triggered by touching the hair. We could confirm that the species
Utricularia inflata, has an active mechanism, since a slight touch, not enough to create a lever effect,

was at the origin of the trap triggering.
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The door opens and closes in a very short time interval of around 20 ms: we are currently
undertaking detailed experiments of the phases of the door opening. In our presentation we will play
high-speed recordings, that help see the succession of the door opening and closing.

The spontaneous activation of the trap was also recorded. In our presentation, we will show that
even in the absence of manual trigger, small fluctuations (from instance from tiny swimming
paramecium present in the medium, or maybe just thermal fluctuations) were enough to trigger the
trap, on average after 5 hours.

As a perspective, this work is also at the source of a biomimetical inspiration to design a miniature
suction apparatus, helpful to isolate very small quantities of liquid. This biomimetical design would
find its place within the realm of Lab-on-chip devices, that need to treat very small amounts of liquid.

Acknowledgements

We would like to acknowledge fruitful discussions with Yoél Forterre.

References

1. Skotheim, J.M. and L. Mahadevan (2005): Physical limits and design principles for plant and fungal
movements. Science, 308 (5726): 1308-1310.

2. Forterre, Y, and J. M. Skotheim, Jan M., Dumais, and L. Mahadevan. (2005): How the venus flytrap snaps.
Nature, 433(7024): 421-425.

3. Juniper, B.E., R.J. Robins, and D. M. Joel (1989): The carnivorous plants. Academic Press.

4. Gaume, L. and Y. Forterre (2007): A viscoelastic deadly fluid in carnivorous pitcher plants. PLoS One 2:
1185.

5. Treat. M (1876) Is the valve of utricularia sensitive ? Harper’s New Monthly Magazine, 52: 382-387.

6. Lloyd, F.E. (1942) The carnivorous plants. Chronica Botanica Company.

7. Sasago, A., and T. Sibaoka (1985) Water extrusion in the trap bladders of utricularia vulgaris i. a possible
pathway of water across the bladder wall. Bot. Mat. Tokyo, 98: 55-66.

8. Lloyd, F.E. (1929) The mechanism of the water tight door of the utricularia trap. Plant Physiol., 4(1) :87-102.
9. Sydenham, P.H. and G. P. Findlay (1973) The rapid movement of the bladder of utricularia sp. Aust. J. biol.
Sci., 26: 1115-1126.

10. Heide-Jorgensen, H.S. (1981) Parasitisme og carnivoi. Kompedium, Institut for Planteanatomi og Cytologi,
Kobenhavns Universitet.

11. Stuhlman, O Jr and E. B. Darder (1950) The action potentials obtained from venus’s-flytrap. Science, 111:
491-492.

12. Sydenham, P.H and G.P Findlay (1975) Transport of solutes and water by resetting bladders of utricularia.
Functional Plant Biol., 2(3): 335-351.

13. Vincent, O. (2009) Une approche physique du fonctionnement du piége d’une plante carnivore aquatique:
I"Utriculaire, Master thesis, University of Grenable I.

175



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Effect of fracture behaviour of crystalline plant waxes on insect pad
contamination

Elena V. Gorb 1, Feodor M. Borodich 2 and Stanislav N. Gorb 3

IMax Planck Institute for Metals Research, Stuttgart, Germany; 2Cardiff University, UK;
3University of Kiel, Germany

Abstract

Attachment ability of insects depends on various factors. Thus, depending on the texture of the
substrate, insects use different mechanisms of attachment. For example, they can apply their claws to
interlock with surface irregularities on rough (at the mesoscale) surfaces. On smooth and microrough
substrates, insects rely on specialised attachment organs called adhesive pads [1].

In the case of attachment to plant surfaces, roughness and other surface features affect the adhesion
of insects. It is well known that most of aerial surfaces of land plants are covered by epicuticular
waxes. Microscopically small crystals often emerge from the wax film, covering the plant cuticle, and
cause the pruinosity or powdery appearance of the surface in many plant species (Fig. 1) [1-4]. Length
of the wax crystals ranges from few hundred nanometres to several micrometers. Such pruinose waxy
surfaces are found on stems, leaves, flowers, seeds and fruits in many plants [4].

Fig. 1 Prunus domestica fruits (left) covered by tubular
wax crystals (right, SEM-micrograph).

The plant crystalline waxes perform different functions (see reviews [5] and [6]). In particular, they
can protect plants by reducing insect attachment to plant surfaces covered by wax crystals. This
phenomenon is very important, because most of insect species are associated with plants, and hence,
they should be able to attach successfully to plant surfaces [7].

Dealing with insect attachment to plant substrates, one has to consider a problem of interaction
between insect adhesive organs and the plant surface. Contacting surfaces of many insect adhesive
devices and pruinose waxy plant surfaces possess various patterns of micro- or nanostructures. The
reduction of insect adhesion on the plant surfaces, covered with the crystalline epicuticular wax, may
be explained by (1) the decrease of the real contact area between the substrate and insect adhesive
pads caused by plant surface microroughness (roughness-hypothesis); (2) the absorption of the pad
fluid from the pad surface by the structured wax coverage (fluid-absorption-hypothesis); (3) the
dissolving of the wax by the pad secretion, resulting in hydroplaning and substrate slipperiness (wax-
dissolving-hypothesis); and (4) the contamination of pads by wax crystals (contamination-hypothesis)

8].
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The contamination-hypothesis has been proven experimentally for several insects and a series of
plant species [9,10]. In this study, the possible mechanisms of the plant wax crystals fracture during
adhesive contact formation between insect adhesive organs and plant surface were examined, in order
to explain the contamination of insect pads by wax crystals. The crystals with high and low
slenderness (aspect) ratios were investigated. The models are presented for crystals of a tubular shape,
but the general approach is valid also for crystals of other shapes.

It is shown that mechanisms of the wax crystal fracture may be rather different, depending on the
slenderness ratio of the crystals. If the values of the slenderness ratio are higher than the critical
values, one has to apply the formulae of either elastic or elastic-plastic buckling. For five plants
species under consideration (Aquilegia vulgaris, Berberis vulgaris, Chelidonium majus, Prunus
domestica, and Aristolochia fimbriata), the critical value of the slenderness ratio for elastic buckling is
26.5, while for elastic-plastic buckling it is 18.7. If the values of the slenderness ratio are lower than
the critical values, one has to consider bending of the crystals, because rather short crystals may be
bent under the weight of insects as elastic-plastic beams. The bending moment in the crystal at the
fixed end is proportional to the crystal length. These conclusions are not only in agreement with our
previous observations [10] that the contamination ability of insects is related to both the largest
dimension and the largest aspect ratio of crystals, but they give also more quantitative insight into
these observations. The calculations show that from all considered plant wax crystals having tubular
shapes, only crystals of A. fimbriata (Fig. 2) could buckle elastically. In this plant species, wax
crystals on specialised weir trichomes in flowers contribute to trapping and retention of insects and
consequently, to cross-pollination [11]. Failure behaviour of wax crystals of A. fimbriata is important,
in order to capture extremely small brachyceran flies, associated with this plant.

Fig. 2. Aristolochia fimbriata flower. A. Flower. B.
SEM-micrograph of trichomes on the inner surface of
the flower trap. C. Wax crystals covering the trichome
surface (SEM-micrograph). from [11]

However, since the calculated values of the slenderness ratio for most tubular plant crystals are
lower than the critical value and, therefore, formulae of the elastic-plastic buckling can not be applied,
these crystals should be examined for their resistance to elastic-plastic bending. The examination of
possible fracture mechanisms of plant waxes showed that it is very unlikely that plant crystals could
buckle, while it is likely that an insect may break crystals by elastic-plastic bending and contaminate
attachment pads.

The full length paper on this topic is submitted to the Journal of Theoretical Biology (2009).
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Abstract

We study the mechanism of spore discharge in ferns. It consists in the fast released of a spring-like
structure, the sporangium, a capsule which contains the spores, after its opening due to dehydration.
Thirteen cells constitute the annulus, the elastic structure that surrounds the capsule containing the
spores. The water inside these cells evaporates through a thin membrane. The resulting decrease in
volume, along with cohesive induced forces, lead to a change in the curvature of the annulus. We
study here in detail the opening dynamics for natural, isolated sporangia dipped into osmotic solutions.
We compare our results with a model and the corresponding numerical simulations. This allows us to
extract the different physical parameters characteristic of the annulus. We also look at the cavitation
threshold and deduce from our results on the opening dynamics the negative pressure reached in the
cells which was up to 10 MPa. This work will allow a better understanding of the fast closing
dynamics of fern sporangia which eject the spores.

Introduction

The catapult-like motion of sporangia ejecting fern spores is among the fastest in plant kingdom. It
relies uncommonly on the use of water under large negative pressure more than a hundred times the
atmospheric pressure, which generates initial spores speed higher than 10 m/s. Common ferns
reproduce by mean of spores that develop in a spherical shape capsule: the sporangium. These spores,
40 microns in size, are quickly ejected by the release of a spring-like structure: the annulus that
surrounds a part of the circumference of the sporangium (see Fig. 1). By an astonishing mechanism,
the water contained in the cells of the annulus evaporates under dry condition leading to a large
deformation of the annulus. Due the cohesion of water, high tension states are reached. When the
water in the cell can no more sustain such negative pressures, a cavitation bubble nucleates, the
tension is quickly released. As in a catapult, the elastic energy thus stored is converted into kinetic
energy for the spores and for the annulus as it springs back. The annulus closes then very rapidly to its
initial curvature.

Fern reproduction has been studied for centuries and it has been known for a long time that
sporangia act as a catapult (see [1], [2]). Almost a century ago, it has been shown that high negative
pressures were reached in the annulus cells ([3]-[4]). Later the only theoretical study of the mechanism
was performed by King [2], which was able to predict ejection speed for the spores based on an energy
balance. Ritman and Milburn have confirmed that cavitation event triggers the spring release by using
ultrasound method to detect cavitation bubbles [5].
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To better understand the physical properties of the annulus, we focus here on the mechanical
mechanism responsible for the opening of fern sporangia under dehydration. Depending on the
external imposed water potential, we have looked at the dynamics of opening and the elastic energy
storage in the annulus. We have also study the cavitation threshold and the negative pressure built in
the cells.

We have studied experimentally isolated sporangia dipped into osmotic solution of given water
potential ¥',. We have measured the evolution of their curvature as function of time and we have

focused on the characteristics time of the process and the limiting curvature reached as function of
Y, . We have considered a particular species: polypodium aureum which presents sporangia with only

13 cells, leading to easier observation and analysis. By comparing to our theoretical model, we have
extracted the numerical values of the important parameters and compared them to expected values for
this system. Our model also allows us to determine the negative pressure built in the cells which can
reach more than 10 Mpa. We discuss the works of Renner [3] and Ursprung [4] in the light of our
results. We emphasize the difference between the external osmotic potential needed to cavitate and the
actual negative pressure at which cavitation is observed because of the existence of an internal osmotic
potential in cells of fern annuli that our study reveal. We present in the next section the materials and
methods, then our results on the experiments and on the model, along with a discussion before the
conclusion.

Fig. 1. Left: A fern sporangium and annulus in open state after spore discharge,ESEM image
under controlled humidity. Right: Autofluorescence image showing deformation of the annulus under
evaporation during the opening process. During the fast release, spores on the internal side of the
annulus are ejected by its fast closure.
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Material and methods

Sample preparation

We studied a particular species of a common fern polypodium aureum. Sori of mature plants were
removed from leaves, and sporangia were separated and stored in pure water, one by one. The
sporangia pedicels were rapidly glued to a glass pipet in ambient air and put back in water. When
experiment is to be done, their spores release is provoked by placing the sporangia in ambient air. As
in nature, water evaporation from the annulus cells induces strong annulus deformation which gets
curved outward. When the tension in the cells overcomes a certain threshold, bubbles appear in cells.
This releases the tension in the cells and the whole annulus springs back in some milliseconds,
throwing away spores which were stuck together on the internal annulus wall.

Once the spores have been released, the sporangium is put back in water, until used for other
experiments. The sporangium then comes back to a complete closed shape, as bubbles dissolve in pure
water after a few minutes.

Opening experiments

During the opening experiments, we used such sporangia free of spores; we took them out of pure
water to dip them into calcium chloride solutions at different concentration. At time t=0 we start to
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film the sporangium, using a numerical camera (PCO) connected to a microscope objective (10X)
through an optical tube. The sporangium is filmed from the side to observe the deformation of the
annulus (see Fig. 1). Time lapse imaging is used, with movies lasting in general 25 minutes, and with a
few seconds between each frame.

The annulus deformation speed and amplitude are modified by changing the difference in water
potential between inside and outside of the cells. The water potential inside the cells ¥, have two

components: the hydrostatic pressure P, and the osmotic term &,. Outside of the natural cells, the

water potential ¥, is controlled by humidity: ¥, =RT In RH /V,,. To have a better control on

humidity, instead of putting the sporangia in humid air, we have used osmotic solutions in the range 0
- 2M of calcium chloride (CaCly) which corresponds roughly to a humidity range between 100 % and
80 %. In that case, the external water potential is mainly controlled by the osmotic

potential: ¥, =—6,, where 6, is the osmotic pressure (we will use this positive quantity later on).

Instead of having water evaporating from the cells into the atmosphere as in the natural case, we
observe water flow out of the cells toward the solution.

Fig. 2. Left: Experimental setup. Right: Curvilinear abscissa.
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By using image analysis, we determined the deformation of the annulus, that is the curvilinear
abscissa S @ as shown in Fig. 2. The intersection between lateral cell walls and annulus is
determined, leading to a set of N+1 points with N the number of cells.

We determine from this analysis the mean curvature of the whole annulus. The local curvature is
given by: K(s)=d@/ds. And the mean curvature as function of s s

K= ff dé/ds ds/ff ds= 0(s)—6, S;. We performed different experiment for increasing

osmotic pressure of the solution, which correspond to different concentration of CaCl,, from 0 Mol/l to
2 Mol/l.

Force measurements
We have performed force measurement to determine the bending rigidity of the annulus. The
experiment consists in measuring the force required to bend the annulus using a glass micropipet. To
simplify the analysis, we have measured the average curvature K of a deformed annulus for different
forces F, in a limited range of curvature variation. The annulus shape is assumed to be a half circle, the
change in curvature is about 10 %. Following the calculation detailed in appendix, for small
deformations around the initial curvature K, =1/R,, the relation force-curvature is linear and given
by (see [6] for detail):
1 2R
K=—-—2F @)
R, ~El
We found for the annulus stiffness: El[10.97.10™ N.m?. Using the relationship:

B:2EI/ Ib? | using the value for b deduced from the fit: b =66 um, and 1=80 um, we
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found B[ 570 N.m™. This is close to the value deduced from the fit for B (B[] 444 N.m™, see

later). Significant errors are made in those measurements in addition to the effect of turgor pressure
since the cells are dipped into pure water, leading to an increase of the rigidity.

Results and discussion
Curvature versus time

We have performed experiments to study the dynamics of opening of sporangia in osmotic
solutions, as described in the materials and method section. We present in Fig. 3 different curves for
the mean curvature for increasing concentrations. The general trend is the same for all the
experiments: the mean curvature increases rapidly at the beginning, then the opening slows down, and

the curvature saturates for long time to a value : K 6, . As expected, the higher is the concentration,

the higher is the deformation reached by the annulus, and the faster is the opening. For high
concentrations, a cavitation event stop the opening process, in that case we have used the data before
the closing phase. The characteristic time for the opening range between 20 s and 200 s in our
experiments. In a natural environment (80 %RH), it takes then a few tens of seconds for the annulus to
open. The opening is observed only above a threshold value for the external osmotic pressure, this is a
clear evidence of an initial osmotic potential in the cells.

As we will see in the model, we could extract from our experimental data the value of the different
parameters involved in the opening process. The stiffness B , the initial osmotic pressure in cells &,
and the membrane permeability L .

Fig. 3 (left) Mean curvature (#m™) versus time for osmotic pressures: 27.15, 43.39, 61.80, 83.24,
107.61 bar

Fig. 4 (right) Limit curvature vs. osmotic pressure of the solution. The three colors represent three
experimental data series with different sporangia. The plain curve(black) represents a fit by Eq. (13).
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Limit curvature versus solute concentration

We have traced the asymptotic deformation reached by the annulus as function of osmotic pressure
(in Pa) in Fig. 4. We can check that it increases with increasing osmotic pressure. The plain curve in
black is a fit from Eq. (10). We can note that a threshold osmotic pressure must be overcame to

observe an actual opening of the sporangium: 6. > 6, . Its value is determined from the fit to be
6, [113.9+3.6 bar . This must be due to the presence of solutes in the cells, which get more an more
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concentrated as water leaks. This internal potential in the cells induces different consequences for the
mechanism.

Firstly it gives a certain resistance to opening, for instance in order to avoid an early opening of
non-matures sporangia. Secondly it modifies the way the pressure decreases in cells, in particular, for
high potential; it reduces the dependency of the negative pressure over the external potential (or
relative humidity). This ensures a sufficient deformation when critical negative pressure for cavitation
is reached.

Cavitation threshold

When the cells are submitted to highly negative pressure, i.e. when the annulus gets very deformed,
one or several cavitation events may occur and trigger the fast release of the annular spring. What we
call events consists more generally in the growth of a vaporized water bubble in a cell. As the bubble
grows, the tension is released, and the water can no more sustain the annulus spring far from its rest
position, inducing its fast motion and spore dispersal. The exact microscopic mechanism for the
nucleation of the bubble remains difficult to determine with our observation method and the poor
spatial resolution associated with high speed imaging. A pre-existing bubble may grow, being inside
the wall or coming from an air seeding phenomenon through the wall [7]. Spontaneous nucleation on
the wall/liquid interface may also explain the appearance of the bubble [8].

We have analyzed in several experiments the probability of appearance of a cavitation event in at
least one of the cells for different osmotic pressures. We have performed experiments during 850 s and
calculated the ratio of cavitation events over the total number of trials for each osmotic pressure. We
found a characteristic S-shape curve presented on Fig. 5.

Fig. 5 (left) Cavitation probability as function ofhe negative pressure estimated from our model.
Fig. 6 (right) Cell characteristic dimension.
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We find a threshold for 50 % cavitation around 8.9 MPa. Thus clearly here we see the difference
between the external osmotic pressure (15 MPa) and the negative pressure at cavitation threshold (8.9
MPa).

Model

We note the concentration of solute inside the cell: C; t , with an initial value : C,. The volume

of the cell is: V t , with initial value: V. We have the relation:

C,tVt =C\V, (2)

The water potential ¥, in the solution, has only an osmotic component since the pressure outside
the cells is the atmospheric pressure P,. In the low concentration regime, we have the
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relation ¥, = —RT «,C, [9], C, being the solute concentration. In our case, the general - nonlinear -
relation has to be used, taken from [10] for CacCl,:

¥, =-0, C, 3)

The pressure inside the cells is P, the water potential noted: Y¥,. We have:

Y, =-60, C;, +P —-PF,. We will make here the low concentration assumption, since the
concentration inside the cell remains small. In the assumption:

¥, =-RTa,C, +P -P, (4)

The water flux out of cell is noted: J,, in m*%(m*s). We have:
=Ly vi-v. ®)

L, is the effective permeability, in m.sbar™, A is the area of the membrane. We will take L to be
only the permeability of the membrane L.

The water is assumed incompressible, the volume change is then: V (t) -V, = —£JV (tHA(tHdt'

and: S =—3 A= LA y,—y, =LA -0, C, = 0.C, +R-P
Finally:

(1]—\:=LAt (RM{%}—@ C. - P-P, j (6)

Water leakage induces a change in volume and cell walls deformation through a decrease
of the pressure in the cell. We write the balance between bending moment from the annular
spring and the moment from negative pressure on sidewalls, the other contributions are
neglected.

For a simple trapezoidal geometry (see Fig. 6), the force due to pressure integrated over the height

. 1 . .
b of the cell lead to a torque of moment at its baseEdPiIb2 which is balanced by the elastic response

of the annulus E1dK : %dF’iIb2 =—EldK

We have assumed that the material deforms linearly under stress. In case of large deformations, the
cell walls can touch, leading to a non linear relation between K and P.
We deduce:

2El
Ib®
For such our idealized geometry, we can relate the change in volume to the change in curvature:

alb’dK =—dV . Then, dV/dt=-alb’dK/dt, and K(t)-K,= V,-V(t) /alb*. Finally:

R(-PR=-

K(t)-K, )

V(t)=alb® K(t)-K, +V,.For K =0, we have V =alb, we can then write:
V(t)=alb 1-bK(t) (8)

Inserting Eq. (7), (8) in eq. (6), and introducing: k=K -K,, A=al assumed constant,
B =2El /b’ and 8, = aRTC, , we find :
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0, 1-bK
d _ L {9 - 9 Bk] (9)

dt b 1-bK,—bk

This equation describes the relaxation of the curvature towards opening. Writing dk / dt =0, this

leads to an equation for the equilibrium value of the curvature. From the two possible solutions, we

keep the one that leads to k, =0 when 8, = 6, . Thus we have:

. b6, +B 1-bK, —\/ bd,+B 1-bK, “+4Bb 1-bK, 6,6,
> 2Bb

We have used a simple least square method to fit the Eq. (10) with our experimental results for
k, as function of the external osmotic potential. The value for K, is determined by averaging the

(10)

asymptotic value. The fit gives us 6, , b and B (first method)

We have also used a least square regression method to find the best combination of parameters that
fits our data for the curvature versus time during opening: b, B, &, and L. We varied the different

parameters and solved numerically Eq. (9) using a shooting method to explore the parameters space.
This method allows in addition to measure the permeability L.

We have studied three sporangia, giving 3 series: (s1, s2, s3). We found from the first and second
method the results in tables 1 and 2 respectively:

Table 1 Parameters deduced from the fit of Eq. (10) Table 2 Parameters deduced from the
" Parameter value unit
m b 52.7(1 13,3 pm
e B 307 [ 85 N.m*
r 0o 23610 51 bar
i L 6.9 13.6 10°| pum/(bar.s)
T

al resolution of Eq. (9).

Parameter value unit

b 65.7 8 um
B 444 1172 N.m*
0o 139 | 3.6 bar

Due to the complex optimization process (a very large parameter space), the parameters deduced
from the second method are not completely coherent with the values deduced from the first method.
The reason is that for each curve of curvature versus time, four parameters are determined
independently. An improve method have to be used to fit at the same time the data for the different
concentrations in the same optimization procedure.

We comment on the results from the first method and the result for L from the second method.

We found b=65,7 #m, which is a little larger than the actual distance measured on images

50 um) for the height of walls separating cells. This light discrepancy can be explained because the

precise cell geometry is not trapezoidal and this leads to an effective value for b slightly higher than
actual maximum height.

We found B =444 N.m™, as mentioned this can be compared to our force measurements of the
flexural rigidity EI times the geometrical parameters deduced from the fit for b, and measured for |
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which leads to B, =570 N.m™. The discrepancy can be explained by the large error in these
measurements, and the fact that force experiments were done on turgid annuli (in water) that are stiffer
than annuli in osmotic solution

We found 6, =13.9 bar . That represents a quite high osmotic pressure. This has different interests.
The first is that the opening occurs only when humidity is below a threshold, preventing early opening.
A second is that if it would be null, the decrease in water potential to equilibrate an outside dry air
would be taken only be the negative pressure leading to very high values that cannot be sustain by the
water in the cells, leading to an early cavitation event.

We found L =0.0069 x#m/(bar.s). Most plant tissues present permeabilities in the range
0,01-0,2 um/(bar.s) [9]. Our value is then comparatively low, but very close to observed values

in plant systems, in addition the use of an improve method for the fit may increase slightly this value.
This relative low value prevents a too early water leakage from the cell when the sporangium is not
mature yet to discharge its spores.

From our model, we can determine the pressure during the opening process by
Pt)=P,-B K()-K, . At equilibium, K=K_  and we have the relation:

0, : e
P=F-B K, -K, =R, -6, +1 o . The osmotic term of the water potential inside the cells

leads to less negative pressure than the external osmotic potential imposed. Hence care has to be taken
when discussing experiments from Ursprung, Renner... where the value at cavitation threshold in bar
(up to 350 bar) is the equilibrium value of the external osmotic pressure, and it is not necessarily equal
to the negative pressure. As detailed by Milburn in the study of cavitation in ascopores, the osmotic
and negative pressure term (cavitation pressure) are of the same order. Here when the external
potential is below -200 bars, the negative pressure does not continue to decrease a lot and saturates
around 11 MPa. This ensures a not too early cavitation so that when it happens, the annulus
deformation is almost complete. In fact, cavitation occurs when the sporangium is almost fully open.
Geometrical and physical parameters are then optimized to match the tension the walls can sustain. In
case of air-seeding, this corresponds to pore in the cell wall of size of order 15 nm which is a
reasonable value for such plant cell wall structure [7].

Conclusion

We have described and modelled quantitatively the opening of fern sporangia using a controlled
experiment in osmotic solution. We measured the cavitation threshold, and analyzed the data in term
of the actual negative hydrostatic pressure built in the cells. Our model explains the opening dynamics
and equilibrium state with parameter in good agreement with expected values from the sporangia
properties. An improve method for the optimization procedure will be develop in a future study [6].
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Abstract

Bursting of plant fruit is very interesting phenomenon in viewpoint of plant biomechanics,
because it is mechanical phenomenon directly related to reproduce of the plant. If a kind of plant has
fruit, which can burst powerfully and scatter seed widely, it has the advantage to expand breeding
grounds of the plant in natural selection. Many types of plant fruit probably have been optimized
mechanically and structurally in evolutional process. We have studied on mechanics of bursting fruit
dealing with impatiens as a research subject. Strain energy is stored in impatiens fruit due to swelling
just before bursting. Mechanical stress of the fruit occurs in self-equivalent condition at that time.
Then, stored strain energy of the fruit is released in very short time while bursting. Quickly and large
motion of the fruit pericarp in a certain direction is advantageous to throw the seed far away. The
bursting motion and deformation of fruit depend strongly on their mechanical stress just before burst.
We analyzed the pre-burst stress generated in a pericarp of impatiens by using finite-element method
based on its deformation history taken by high-speed video camera, in previous study. We treated one
pericarp in the study, but impatience fruit is composed of five pericarps. In this study, finite-element
model of the total fruit composed of five pericarps was created, and then swelling and bursting
simulation of the fruit was performed. That is, we gave assuming temperature distribution on fruit
surface of the FE model to generate thermal stress simulating swelling stress. Burst motion simulation
of the fruit was performed by releasing a pericarp boundary after swelling. We considered an
optimization problem to maximize peak velocity of the pericarp tip with varying swelling stress
distribution as design variables under stress constrain. Optimal burst motion of the fruit was obtained
by solving the problem, and compared with the real fruit motion. Optimality of the stress distribution
was discussed.

Introduction

The plant seeds are moved by a variety ways, for example, carrying on the window, water, insect or
animal. Dispersion of plant seed by bursting fruit is a typical moving way that is self-active and
independent on other creature [1][2][3]. Fruit, which can burst powerfully and spread the seeds widely,
are advantageous to extend breeding grounds of the plant in natural selection process [4]. So, fruit
burst mechanism of survived plants in natural selection seems to be optimized mechanically and
structurally. The bursting motion of fruit is important to throw the seeds far away and widely, and the
motion strongly depends on mechanical stress just before burst. The pre-burst stress is considered as
residual stress in viewpoint of mechanical engineering. The residual stress is which should be avoided
in productive industry, e.g. welding or casting, because it often cause unexpected high stress. On the
other hand, in living body, the residual stress is adapted to achieve favorable stress condition. For
example, it is well known that stress concentration is cancelled by residual stress in outer wall of
artery [5]. So, it is meaningful to study residual stress in living body for considering their fine
biomechanical function. The residual stress of bursting fruit is also probably optimized to make fast
bursting motion, which is advantageous to throw the seeds far away and widely. In order to clarify the
bursting mechanism, it is necessary to evaluate residual stress distribution in the fruit.

187



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

We have studied the residual stress, in other word, the pre-burst stress generated in the fruit of
Impatiens. Impatiens is a typical plant, which has fruits bursting and dispersing seeds. The pre-burst
stress in a pericarp of Impatiens fruit was obtained by the reverse deformation procedure using finite-
element method based on pre and post burst shape of the pericarp, in previous study [6]. The stress
distribution was adequate to describe actual pericarp deformation with large bending on the stalk side
half, and it was effective to lead the pericarp motion to fling the seeds far away. Although the
simulation model of previous study was very faithful to actual shape of the pericarp, the fruit
constructed of five pericarps was not considered. It has not been cleared that obtained pre-burst stress
distribution was optimum to throw off the seeds. In this study, we constructed a finite-element model
of Impatiens fruit, which has five pericarps. Computer simulation of burst of the fruit was performed
by giving the pre-burst stress to pericarps. Furthermore, an optimization problem was formulated to
maximize throw speed of the seed as varying the pre-burst stress distribution. The problem was solved
by using response surface method, and optimality of the stress distribution was discussed.

Material and methods

We focused on burst fruit of Impatiens in this study. Fruit of Impatiens has five sheets of pericarp
as shown in Fig.1. The pericarps are connected each other and their boundary is stiffer than the body
of pericarps. According to visual observation, bursting process of the pericarps is considered as
follows. Pericarps start to absorb water and swell at the bursting season. Fig.2 shows micrographs of
cells in transverse section of the Impatiens pericarp at the bursting season. It is observed that outside
cell is larger than inside cell due to swell in the figure. Pericarps restrain their deformation each other,
so swelling generate mechanical stress in pericarps. Tensile stress occurs inside and compressive stress
occurs outside, because swelling of inside cell is larger. Such stress distribution was ensured by
analysis in previous study. Once a pericarp boundary is ruptured by the stress, the pericarps deform
quickly and throw the seeds outside.

Fig.1 Shape of Impatiens fruit before and after burst.

Fig.2 Micrographs of cells in transverse section of the Impatiens pericarp at the bursting season.
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To obtain basic mechanical property of Impatiens fruit, tensile loading experiment of the pericarp
was performed by using microscope and micro-motion stage. Experimental apparatus and stress-strain
relation are shown in Fig.3. The pericarp was hold by micro vascular clips at both ends. The clips
were attached to micro-motion stage by wire strings. Tensile load was measured by load cell attached
to micro-motion stage. Displacement of the pericarp was measured at sampling points plotted on the
specimen by using microscope images, and strain was calculated. Experiment data of several
specimens were plotted in the graph of stress-strain relation. Young’s modulus of the pericarp was
evaluated about 17KPa by assuming linear stress-strain relationship.

(a) Experimental apparatus (b) Stress-Strain relationship
Fig.3 Tensile loading experiment of a pericarp of Impatiens at the bursting season.

Fig. 4 Sequential images during fruit burst taken by high-speed video camcorder. Time interval is
about 0.3msec.
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The burst motion of the fruit of Impatiens was recorded by a high-speed video camcorder (nac
Image Technology, MEMRECAM fx-k3) with 300 frames per second. An example of burst motion
images of a fruit is shown in Fig.4. In the experiment, a pericarp was picked with stalk just before
bursting, and the stalk of the pericarp was fixed on a steel rod using adhesive tape. The pericarp sheet
junction was stimulated by a needle to induce pericarp burst. According to the images, after the
pericarp sheet junction was ruptured, the pericarp opened circumferentially and then the pericarp
sheets simultaneously curled inwardly in parallel. The remarkable motion of pericarp sheets was
observed when seeds were catapulted. The bases of the pericarp sheet, where the stalk is located, bend,
and this results in a large motion at their tip where the seeds are found. Figuratively speaking, the
motion looks like a straight-arm rotation on its root joint. It seems advantageous to throw the seeds far
away. The burst motion happens in a very short period. The elapsed time from rupture of the pericarp
sheet junction to the end of the first curl of pericarp sheets is less than 9 msec.

The finite-element model of Impatiens fruit was shown in Fig.5. A pericarp model was created by
reference to actual fruit and CT based model in previous study [6]. Shape of the pericarp model was
simplified from previous CT based model in order to construct total fruit model by five pericarps
without increase of computational time. Five models of pericarp were created by copying the pericarp
model, and they were arranged circumferentially and connected each other. Each pericarp has
common nodes in their inside boundary, except for the rupture boundary. Nodes on the rupture
boundary are fixed before burst. Then, we simulate burst motion of the fruit and seeds by using finite-
element analysis considering large deformation. In this analysis, Young’s modulus and Poisson’ s
ratio were given as 17KPa and 0.3 respectively in according to the tensile loading experiment of a
pericarp shown in Fig.3. Although the pericarp has nonlinear anisotropic material property, we
assumed linear elastic and isotropic material property because it was difficult to obtain in the
experiment precisely. Pre-burst stress was generated by swelling of fruit. Thermal expansion was
given to the fruit instead of swelling in the simulation. The temperature was set to each node to make
pre-burst stress in the model. After thermal expansion of each pericarp was given, then the fixed
rupture boundary was released in a moment. Bursting motion of pericarps started by releasing the
boundary. Nodes at stalk side of the pericarp were always fixed. Contact condition without friction
was considered between each pericarp.

Fig.5 FE model of Impatiens fruit (after swelling)

Due to assuming that the pre-burst stress was optimized to catapult seeds farther, optimization
problem of the stress distribution maximize seeds velocity was considered. Peak velocity of pericarp
tip was defined objective function F, because catapulting seed velocity depends on speed of the
pericarp. We divide a pericarp into 5 regions as shown in Fig.6 and set temperature to each region. We
defined dimensionless value, which is obtained by dividing temperatures of each region by maximum
temperature, as Xi, Xz, X3, Xs. Swelling was low in tip region, so temperature of the region was set to
zero. An optimization problem can be formulated in the following form:
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Maximum F =V(X,;, X,, X3, X,) 1)
Subjectto oy, <0,, 0=X, =1 2)

Where F represents objective function. F is function of velocity with respect to the independent
variables. o, is strength of pericarp tissue.

Fig.6 Design variable definition region on a pericarp (side view)

Response surface method with radial basis function (RBF) was applied to the optimum problem.
RBF network is two layers feed forward network, which can approximate arbitrary non-linear function.
Function of hidden layer is Gaussian function. RBF network superpose basis function, and then it
create reaction surface. It is formulated as following form:

exil XH

f (x)=iwjhj(x), h; (x) =exp - ©)

Where, x is design variable vector, x; is sample date, w; is weighting coefficient and r; is radial
function of basis function [7]. Temperatures of sampling points were set as three levels as 0, 10, 20
[°C]. That is, x;=0, 0.5, 1. Peak velocity of pericarp tip F was calculated at the sampling points, and we
get response surface of F by using RBF. Total number of sampling points is 3*=81 as three levels of
four variables. Net number of sampling points is less than 81 because any convergence solution was
not obtained at some sampling points.

Results and discussion

Fig.7 shows response surface plotted by using xs and X, include an optimal point. The response
surface is multimodal functions, which has a lot of local optimal points. The best objective value of
the response surface is 4.8 [m/sec] at {Xi, X2, X3, X4}={0, 0.5, 1, 0.5}. We simulate bursting of fruit for
the optimal case. Fig.8 shows the simulation of bursting motion of the fruit and its distribution of
principal stress major. Principal stress has three components, which is maximum, intermediate,
minimum stress in three-dimensional problem. In usual case, maximum principal stress is tensile stress
expressed as positive value, and minimum principal stress is compressive stress expressed as negative
value. Principal stress major means the principal stress in which absolute value is largest in the three
components. It is obvious that compressive stress occurs outside of the fruit, and tensile stress occurs
inside of the fruit as shown in Fig.8. Large stress occurs in the central part corresponding to Xs region.
Before bursting (t=0), pericarps compress each other particularly in the central part, so that outside
boundaries of the pericarps are closed. On the other hand, expansion of x, and X, region is not so large,
so their outside boundaries are not closed. Just after opening the top boundary (t=0.8 ms), the split
open widely in the central part. Then the pericarps open circumferentially and curl in axial direction
simultaneously (t=1.2, 1.6 and 2 ms). Such bursting motion of the pericarps is similar to actual one as
shown in Fig.4. It is suggested that the bursting fruit motion is optimized to catapult seeds fast by
controlling distribution of pre-burst stress caused of swelling. It is considered that circumferential
deformation is important to achieve optimum motion to throw the seed faster. If the circumferential
deformation of the pericarps is not enough, longitudinal curl of the pericarps is constrained each other.
As {x1, X2, X3, X4a}={1, 1, 1, 1}, strain energy stored in the fruit is absolutely maximum and larger pre-
burst stress must occurs in each pericarp. Although larger stress occurs in the case, adequate
circumferential deformation does not happen. Incline stress distribution from tip side to center shown
in Fig.8 seems good for providing adequate circumferential deformation. That is one of reason why
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{Xx1, X2, X3, X4}={0, 0.5, 1, 0.5} is optimal solution. Fig.9 shows side view of fruit deformation after
burst in the optimal case {Xi, X2, X3, X4}={0, 0.5, 1, 0.5} and quasi optimal case {xi, X2, X3, Xa}={1, 0, 0,
1}. The objective value of quasi optimal is 3.4 [m/sec], that is 70% of the optimal. Although
circumferential deformation occurs in the quasi optimal case, bending deformation is small at middle
part of fruit in comparison with optimal case. It is suggested that pre-burst stress in the middle regin of
fruit is effective to enhance catapulting seed fast.

Fig.7 Response surface obtained by RBF network at x;=0, x,=0.5.

Fig.8 Simulation of fruit bursting motion (optimal case)

Fig.9 Deformation of fruit after burst in the optimal and quasi optimal case.
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Extreme deformation is observed in tip of stalk side in the optimal case. Cause of the extreme
deformation is related to fixed condition. Perfect fixation was given at the stalk side in the simulation,
but actual stalk is not rigid. Deformable boundary condition should be given to stalk side of the fruit.
The extreme deformation of stalk side seems not to be influenced to total behavior of the fruit because
it is just local deformation.

There are some limitations in this analysis. First of all, it was assumed same swelling condition in
each pericarp. Magnitude of swelling must be different in each pericarp. Top boundary of the pericarp
is ruptured usually, and the pericarps with ruptured boundary are looked swelling larger, in fact. It is
necessary to set different design variables for different pericarp to get more optimal solution. It is not
so easy because number of sampling points to make response surface increase exponentially as
increase of number of design variables. Dynamic non-linear analysis with contact problem has to be
carried out to get a sampling point. As same reason, it is difficult to consider more precise swelling
distribution. Efficient setting of design variables is required to over the limitation. Secondary, isotropic
expansion was assumed in the analysis. Shape of cell in the pericarp is slender but not spherical. So,
anisotropic expansion should be considered in future study.

Conclusion

Optimality of pre-burst stress of Impatiens fruit to scatter seed was studied. Mechanical property of
Impatiens pericarp tissue was obtained by tensile loading experiment. Burst motion of Impatiens fruit
was taken by high-speed video camera. Finite-element model of the Impatiens fruit constructed of five
pericarps was created, and dynamic simulation of the burst motion was performed by giving thermal
expansion that is equivalent to swelling. Simulation of the burst motion shows good correspondence
with actual one. We formulated optimization problem to clarify optimal stress distribution of fruit for
catapulting seed, and the problem was solved by response surface method using the RBF network.
Burst motion of the optimal solution was similar to actual one. It suggests that Impatience fruit
optimize its pre-burst stress distribution to maximize velocity of catapult seed.
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Abstract

Branch- or leaf-angle-climbers are climbing plants interlocking with their supporting structures via
wide-angled branches or leaves. Their leaves often display particular friction properties. Here we
present two methods developed for quantitative analysis of such friction properties and initial results
obtained for the herbaceous species Galium aparine (a leaf-angle-climber) and for the woody species
Croton nuntians (a branch-angle-climber).

Introduction

Branch- or leaf-angle-climbers are climbing plants which attach to their neighboring plants by
wide-angled stiff branches or leaf petioles interlocking with the branches of the neighboring plants.
Compared to the firmer attachment provided by twining stems or tendrils the attachment with wide-
angled branches or leaves is less secure [1, 2, 3].

In field studies we observed that the leaves of several of such leaf- and branch-angle-climbers
display particular friction properties. We hypothesize, that such leaves fortify the anchorage in the
surrounding vegetation by increasing the frictional contact with neighbouring plants and represent an
adaptation in the special growth form developed in branch- and leaf-angle-climbers [1]. In this study
we have begun to analyse the structure and friction properties of the leaves of different temperate and
tropical leaf- and branch-angle-climbers in comparison to twiners and tendril climbers.

In order to quantify the friction properties of leaves we have developed experimental setups for
studies either at laboratory or field conditions. Here we present these methods and initial results
obtained in the herbaceous species Galium aparine L. (Rubiaceae), a typical leaf-angle-climber
attaching to neighbouring plants by whorls of wide-angled leaves, and in Croton nuntians Croizat
(Euphorbiaceae), a tropical branch-angle-climber of the lowland rainforest in French Guyana
developing imposing woody stems with up to 14 cm in diameter. Furthermore we discuss the
relationship between microstructure on leaf surfaces and the friction properties of the leaves in the
studied species [4].

Material and methods
Laboratory experiment

Friction force was measured by moving Galium aparine-leaves over different artifical surfaces
(VELCRO® Vel-Loop and Spurr resin mouldings of abrasive paper (types P100 and P60). Plants were
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collected in July on the border of a woodland path. Intact fresh leaves were attached to a load cell
force transducer (100 g capacity, Biopac Systems Ltd.) combined with a step motor drive which
moved plant samples over the test surfaces at a constant speed of 3.1 mm-s™ (Fig. 1). The distance
between the force transducer and the test surface was 1.5 mm for the mouldings of abrasive paper and
3.3 mm for Velcro loops. Leaves were tested within 20 seconds after cutting them from the plant.

Abaxial and adaxial leaf surfaces were tested. Force-time-curves were recorded and processed
using Biopac AcgKnowledge® Version 3.7.0 software (Biopac systems Inc.). For each test run the
mean value of the ten maximum force peaks was calculated (cf. Fig. 4).

X

Fig. 1 Experimental set-up of a friction experiment with leaves of Galium aparine. A) Leaves (1) were attached
to a load cell force transducer (2) and moved over a test surface (3). B) Schematic drawing of the experimental
situation during friction measurements, where the abaxial leaf surface (grey) is moved over the test surface
(hatched) in the direction (arrow) of the orientation of the abaxial leaf hooks. From [4].

Field experiments

In the field experiments we have positioned leaves on a test surface and measured the friction force
necessary to produce sliding. The apparatus developed for these friction experiments under field
conditions consists of two panels between which leaves can be clamped (Fig. 2). The leaf surface is
accessible through a rectangular opening in the upper panel. Brass blocks fitting in the opening
without touching the panel are used for the application of a normal force Fy pressing the test surface
(glued to the brass block) against the leaf surface. Fy can be varied using brass blocks of different
weight (2.5, 8.5, 17.0, 25.5 and 42.1 g).

For the application of a tangential force Fr required to move the brass block two methods were
tested: 1) force application via a tension spring balance, and 2) force application via pipetting water in
a recipient. Both the spring balance and the water recipient are connected to the brass block via a small
pulley. The friction of the pulley proved to be minimal and is assumed to be zero in all calculations of
tangential force Fr. Fr is increased up to the moment the brass block starts sliding and determined at
this point as friction force Fr. Horizontal alignment of the apparatus is verified using a water-level.
Load application via a spring balance proved to be inadequate because 1) jerking movements occur, 2)
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precise reading of the force values is difficult (in particular if the experiment is carried out by one
single person) and 3) steps of force increment are too high. Load application by pipetting water in the
recipient proved to be the much more convenient and reliable method because the force increment is
steadier, more precise and practicable in smaller steps, and was therefore used in all following
experiments.

-

Fig. 2 Measurement of the friction force generated
between a leaf and a 8,59 brass block covered with a
Vel-Loop surface. l:tested leaf, r:water recipient for the
force application, t: tension spring balance as
alternative for the force application, b: brass block for
the application of a normal force, covered with a test
surface on the side in contact with the leaf, p: pulley, s:
stopper.

Friction between abaxial and adaxial leaf surfaces of Croton nuntians was tested in the two
directions parallel to the mid rib. Furthermore the friction between leaf surfaces and different technical
surfaces and the friction between leaf surfaces was tested. Here we present initial results of friction
tests between abaxial leaf surface (clamped into the apparatus) and adaxial leaf surface (glued to the
brass block) of Croton nuntians.

Coefficient of friction p was calculated using the equation

Fe=uFy (1)

where Fr is the friction force (measured as force necessary to produce sliding), Fy is the normal
force pressing the two parallel surfaces together, calculated as Fy = mg (m= mass, g = acceleration due
to gravity) [5].

Results and discussion

Structure and friction properties of Galium aparine leaves (tested under lab conditions)

The friction properties of the leaves of Galium aparine are due to the existence of hooks on the
abaxial and adaxial leaf surface.

The structure and properties of the leaf hooks differ conspicuously between hooks on the abaxial
and adaxial leaf surface (Fig 3). On the abaxial leaf surface hooks are curved towards the leaf basis,
are situated exclusively on the midrib and on the margins of the leaf, continuously lignified and are
hollow (Fig 3) [4]. On the adaxial leaf surface hooks are curved towards the leaf tip, distributed evenly
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over the whole leaf surface, lignified predominantly at the apex and are smaller in diameter than the
hooks of the abaxial leaf surface (Fig 4) [4, cf. 6, 7].

/ \’“\S

- e 2
Gimm | HEmm

Fig. 3 Leaf hooks of Galium aparine. A) Lateral view of a leaf: hooks on the abaxial surface (AB) of the leaves
are curved towards the leaf basis (LB), hooks on the adaxial surface (AD) are curved towards the leaf tip (LT),
B) distribution of hooks: Adaxial hooks (AD) are distributed evenly over the surface area, abaxial hooks (AB)
occur exclusively on the midrib and the leaf margins (Cryo-SEM micrograph), C) adaxial hook, stained with
acridine orange, revealing the lignification of the tip in fluorescence microscopy, D) adaxial hook, SEM, E)
freeze fractureat the base of an adaxial hook, F) fluorescence of an entirely lignified abaxial hook, stained with
acridine orange, G) abaxial hook,Cryo-SEM micrograph and H) abaxial hook, stained with toluidine blue. From

[4].

In accordance with these differences in orientation, distribution, structure and mechanical
properties of the hooks, friction properties of the G. aparine leaves 1) depend on the direction of the
applied force and 2) differ substantially between abaxial and adaxial leaf surfaces (Fig 4) [4]. When
leaves are moved over a test surface in the direction opposite to the orientation of the hooks the
generated frictional forces are minimal or not measurable at all. On the contrary, when leaves are
moved in the direction of the orientation of the hooks (cf. Fig 2), considerable frictional forces are
generated (Fig 4). When tested in the direction of the orientation of the hooks friction of the abaxial
leaf surface is significantly higher then friction of the adaxial leaf surface (Fig 4).
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Fig. 4 Force-time curves obtained in the friction experiments with leaves of Galium aparine, moved over a Vel-
Loop surface. A) adaxial leaf surface, mean value of the 10 maximum peaks =17.3 + 2.4 mN, B) abaxial leaf
surface, mean value of the 10 maximum peaks =101.0 £ 14.1 mN. Both surfaces were moved in the direction of
the orientation of the leaf hooks. The forces generated by moving the leaves in the direction opposite to the
orientation of the leaf hooks are minimal or too small to be measured (data not shown).

Friction properties of Croton nuntians-leaves (tested under field conditions)

Leaves of Croton nuntians are covered with trichomes that can be qualified as stellate-lepidote [8]
(Fig 5) on the abaxial and on the adaxial surface. Due to these trichomes the leaves interlock with
other rough surfaces. Leaves of Croton nuntians clinging to each other or to leaves of other plants with
both their abaxial and adaxial surface are observed in the field. Often only the lobes of the compound
leaves interlock with neighbouring plants structures (Fig 6).

20KU WD-9MM  S:88666 P:00004 Fig. 5 Stellate-lepidote trichomes on the abaxial
3o : NN 2 surface of a Croton nuntians-leaf, SEM micrograph.

0
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of a neighbouring plant with a part of the abaxial
L surface and a part of the adaxial surface (arrows,) B)
Croton nuntians leaves clinging to each other.

Tests of the friction between abaxial and adaxial surfaces of Croton nuntians leaves revealed that
the variation between different leaves is very small (Fig 7). When data of the frictional force Fg
obtained with different leaves are grouped and plotted against the normal force Fy the linearity
following equation (1) becomes apparent (Fig 8). Based on these results we conclude that the
measuring precision of the apparatus is adequate to analyse the friction properties of leaves under field
conditions. In the tested system (abaxial leaf surface / adaxial leaf surface) the coefficient of static
friction p = 1.06, which can be considered as relatively high (Fig 8). For comparison p (ski/ice) =
0.005 [9], and p (tire/dry road surface) = 1.0 [10].

Initial results suggest that in Croton nuntians no differences are found in the friction properties
when friction in different force directions or between abaxial and adaxial leaf surfaces is compared
(data not shown). This is in accordance with the observation, that abaxial and adaxial leaf trichomes
are morphologically similar.

500 r .
: a A e . A A i . a
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— [ Ad42,1g
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I a255¢g
200 F . * . & . . pe * > . . 17'0 g
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0 1 2 3 4 5 6 7 8 9 10
test series (leaf 1-10)

Fig. 7 Maximum friction forces generated in the field experiments by abaxial leaf surfaces of Croton nuntians
on adaxial leaf surfaces of Croton nuntians. Each data point represents the mean value of 10 measurements
performed with one leaf. Data are presented as mean values and standard deviations. For several test series the
standard deviation is too small to be visible in the diagram.
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Fig.8 Maximum friction forces generated in the field experiments by abaxial surfaces of leaves of Croton
nuntians on adaxial leaf surfaces of Croton nuntians pooled for different leaf specimen, presented as mean
values (n = 100) and standard deviations and plotted against the normal force Fy. For several mean values the
standard deviation is too small to be visible in the diagram. The slope of the linear regression line represents the
coefficient of friction .

Conclusion

Galium aparine is an herbaceous plant and a typical leaf-angle-climber. When growing individuals
reach a certain size and loose mechanical stability, attachment to supporting structures is provided
mainly by the leaves. Due to the dependence of the attachment properties on the force direction and
the differences between abaxial and adaxial leaf surface, the leaves of G. aparine interlock only with
their abaxial surfaces on the leaves of neighboring plants. On the contrary, the adaxial surfaces of the
leaves slip of the leaves of neighboring plants. This entails that the leaves of G. aparine are always
positioned upon the leaves of the neighboring plants and do not get attached underneath them.
Therefore, the leaves of G. aparine can function as attachment organs, and simultaneously orientate
themselves properly for their photosynthetic function: they are “always on the bright side” [4].

In Croton nuntians, the situation is different. Its woody stems can reach considerable dimensions
with lengths over 30 m and diameters up to 14 cm. As characteristic branch-angle climbers older
individuals interlock with the surrounding vegetation via wide angled woody branches. The leaves are
not the only “attachment organs” in this species but help securing the attachment provided by the
branches. This is probably of particular importance when growing branches get into a first contact
with the surrounding vegetation. In this species abaxial and adaxial leaf surfaces do not differ
significantly in structure and friction properties.

The growth form of leaf- and branch-angle climbers has evolved in different Angiosperm families.
Thus another example with leaves interlocking with other surfaces is found in the family of
Cyperaceae. Leaves of Scleria secans L. (Urb.) are covered with hooks and display cutting edges
(interpreted as defence against herbivores) and surfaces which attach strongly to nearly every surface
they get in contact with even without a normal force pressing them against it (Kubinski et al. in prep).

With our initial results an overall picture starts to form, showing that leaves interlocking with
different contact surfaces are characteristic of branch- and leaf-angle climbers. However, in different
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taxa different structures have evolved, resulting in different functionalities of the leaves as attachment
devices.
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Abstract

Plants are able to adapt the geometry of their organs and tissue properties to cope with
external and internal stresses and to actuate organ movement [1-4]. Actuated movements due to
moisture changes in cell walls are often controlled by stiff cellulose fibrils embedded in a swellable
matrix [4]. Notably, many of these actuated movements function in the absence of an active
metabolism, making them not only a fascinating natural phenomenon, but also an attractive model
system for biomimetic technology transfer. A prime example of this actuation behavior is observed in
the mature (non-living) seed capsules of Aizoaceae, which undergo complex hydration-dependent
movements in which protective valves reversibly fold open when wetted and close when dried [5].
This movement permits a special mode of seed dispersal known as ombrohydrochory in which the
plant utilizes the kinetic energy from raindrops to eject seeds long distances and which has been
suggested to be a major factor in the rapid evolution and success of this plant group in arid and semi-
arid climates [5,6]. Here, we explore the macroscale to nanoscale hierarchical organization of the seed
capsule, as well as the molecular level mechanisms that control their sophisticated hydration-
dependent unfolding. This was achieved through the use of several in situ characterization techniques
including environmental SEM and Raman spectroscopy.

While the seed capsules of the Aizoaceae can be quite complex, the capsules of the species
Delosperma nakurense (Engl.) Herre have a relatively simple design and were thus chosen as our
model system. There are five protective valves that fit tightly together covering the five loculi where
the seeds are stored, preventing the premature release of seeds in the dry state (Fig. 1). When capsules
are moistened, the valves fold outwards and backwards over an angle of >90° in a matter of minutes,
exposing the loculi. In the moistened state, one can see a prominent tissue running along the center of
the extended valve known as the hygroscopic keel (Fig. 1), which has been previously suggested to
mediate water-dependent movements in the seed capsule [7]. By dissecting the keel away from the rest
of the tissue it was possible to observe the reversible water dependent expansion of this tissue.

A\
/{- A = Fig. 1 Mature seed capsules of D. nakurense
Y in the dried and hydrated states. Hydrating
seed capsules actuates the opening of the
five protective valves and exposes the seed
loculi.
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Light microscopy and environmental scanning electron microscopy (E-SEM) were employed
to further investigate the suspected role of the hygroscopic keel at the level of the cellular architecture.
E-SEM permits high resolution imaging at the submicron scale under hydrated conditions and allows
one to regulate local humidity of the sample by controlling the pressure and temperature within the
chamber. Using these microscopy techniques on extracted keel tissue, it was observed that the shape
of cells within the hygroscopic keel is greatly influenced by the level of hydration. When viewed from
above, cells changed from an expanded hexagonal shape in the hydrated state to a flat, collapsed shape
in the dehydrated state (Fig. 2). Nearby cells that are not part of the keel do not undergo this same
transition. Based on the geometrical and hierarchical organization of the cells within the keel, it seems
likely that the water-dependent shape change of the cells is driving the macroscopic unfolding of the
valves, but the molecular-level mechanism of cell expansion is still unclear. To further investigate this
question, we utilize cellular staining techniques and Raman spectroscopy confocal imaging of thin
sections of hygroscopic keel tissue in order to determine the identity and organization of the cellular

constituents.
-

Fig. 2 (A)Light microscopy image of the
cells of the hygroscopic keel in the hydrated
state viewed from above. In the hydrated
state, cells appear as expanded hexagonal
or diamond shapes. (B)E-SEM image of the
hygroscopic keel in the dried state viewed
from above. When dried, the cells collapse
and flatten causing the entire keel structure
to contract.
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Abstract

English vy (Hedera helix L.) is a prominent root climber the attachment mechanisms of which are
not yet fully understood. This article gives an overview on the methods used in a systematic approach
to analyse the functional morphology and the biomechanics of the attachment structures of English lvy
and presents some initial results. Mechanical as well as chemical components make up a four phase
attachment mechanism which enables English lvy to climb on various structured substrates and also
on some smooth ones.

Introduction

As a common representative of the European flora,
English Ivy (Hedera helix L.) has been studied
thoroughly in respect to various aspects such as
ecology [cf.1], pharmaceutical properties [cf.2] and
physiology [cf.3].

An interesting attribute of Hedera helix is its
climbing ability, which has not yet been studied in
detail. During the juvenile life phase the ivy shoots
develop adventitious climbing roots. They start
growing at nodes on the shaded side of the shoot [4],
forming root clusters sometimes stretching across the
entire internode. These climbing roots enable the
plants to climb up to 30 m on various substrates such
as tree barks, rocks and house fineries [1]. The
climbing roots are covered with root hairs, which
probably play an important role in the attachment
process. The different size scales of the involved
attachment structures are shown in Fig. 1. Already
Malpighi [5] described the excretion of a glue-like
substance from the climbing roots which was recently
subject of a first analysis [6].

The present paper discusses some of the methods Fig. 1 Different levels involved in the
used in a systematic approach to analyse

attachment process. A, Attached shoot of
English lvy, B, climbing roots with root
hairs, C, root hairs
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quantitatively the biomechanical and the morphological properties of the attachment of English Ivy
mechanisms and gives a short overview on some of the results.

Material and methods
Plant Material

In this study English Ivy plants grown outdoors as well as indoors were investigated. The outdoor
grown specimen of Hedera helix used in this study represent established plants climbing on various
substrates such as house fineries from two different locations and various tree barks. Some plants at
the house finery sites were presented with test substrates (PVC, aluminium, steel, ceramic, glass,
sponge rubber, cork, spruce wood, beech wood) in form of 5cm x 10 cm plates attached to the finery
with double sided tape. Plants grown indoors were presented with commercial cork wallpaper as a
basic climbing substrate, on which 5 cm x 10 cm plates of different test substrates (construction paper,
Mylar foil, PVC, Plexiglas, glass) were mounted. The substrates were chosen to test whether structural
(sRqg via WLI), physical (stiffness) or chemical (inorganic/organic) characteristics (Table 1) have an
influence on the ability of English Ivy to attach to a climbing substrate.

To characterise the attachment of nodal root clusters of English Ivy under outdoor conditions,
established climbing plants were chosen. The tests started at the most apical attached node and
continued node by node until either of the following situations were encountered:

Another lvy stem crossed the probed stem

More than two consecutive nodes were not attached
Other plants got in the way of the testing device
Technical problems with the testing device occurred

Cross section of Ivy stem
Climbing root

Climbing substrate

LA

Howphe

%

For testing the attachment of single roots a micro-tensile testing device

was constructed. For these tests attached stems with the climbing substrate
will be collected. The tests will be performed with samples of plants growing
outdoors in the Botanical Garden Freiburg attached to various tree barks and
samples of plants growing indoors attached to different artificial substrates.
Pieces of stem with single attached roots will be prepared (Fig.2).

Aluminum pads

Force gauge

Mechanical Tests

Outdoor tests were performed with a custom made, portable force-
displacement gauge, the ‘Ivy plucker’ which is described in detail in [7]. The
Ivy plucker was positioned at the growing site of the study object and set up
so that the forcipes could be fastened at the Ivy stem at the middle of the
probed attaching root cluster and a force perpendicular to the climbing
substrate could be introduced. After positioning and connecting the gauge,
the stem was cut above and below of the root cluster and the displacement
forces were recorded.

The indoor tests with single attachment roots will be conducted with a

Fig 2 A, Schematic cross section of an
Ivy stem with one attached climbing root.
Scissors indicate cutting sites during the
preparation, blue glue tubes indicate
application areas of glue to fasten the
sample onto aluminium pads. B, The
mounted sample in the micro-tensile
testing gauge

modified custom made micro-tensile testing gauge [8]. The substrate and the stem piece are glued each
to an aluminium pad. The pads are mounted in the micro-tensile testing gauge and the displacement
forces are measured (Fig.2). With this device different relative angles between stem and substrate can
be achieved and the influence of the angle on the attachment force can be tested.
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SEM and ESEM-Analyses

Samples for the SEM-analyses were taken from outdoor plants as well as from indoor grown
specimens of English lvy. The samples were cut, transported and prepared in a moist environment and
put into methanol [9] as soon as possible to avoid artefacts. After the process of critical point drying
the samples were mounted on aluminium stubs, gold coated and analysed with a LEO 435 VP. For
ESEM-analyses fresh samples were taken from outdoor plants, transported and prepared in a moist
environment and studied with a Phillips FEI ESEM XL 30 FEG at a base pressure of 133 Pa.

Light-Microscope-Analyses

Samples of indoor grown specimens of English Ivy attached to cork were taken, prepared and fixed
in a solution of formaldehyde, ethanol and acetic acid. The samples were then embedded in paraffin,
cut via microtome into 10um thick slices and mounted on microscope slides. After removing the
paraffin the samples where PAS stained, which is sensitive to polysaccharides. The samples were
studied with an automated Olympus BX61, images were taken with an Olympus DP71.

Results and discussion

Climbing substrates

As shown in Table 1 English lvy is able to attach
itself onto various structured surfaces. This seems to
point to a mechanical interaction between the Ivy’s
climbing roots/root hairs and the surfaces rather than
exclusively to a chemical adhesion.

s

A very strong attachment also occurs on Mylar o o BV
foil (Fig.3), a smooth plastic material. This F19- 3 Dried root hairs of English lvy on Mylar
attachment is either possible due to the relative low  [Oil- The box accents strands of glue between the
Young’s modulus (ca. 3GPa) of the Mylar foil undermost of the hairs and the substrate
compared to the other tested smooth surfaces and/or
a very strong chemical adhesion between the climbing roots and the usually quite inert Mylar.

Table 1 Attachment of English Ivy (Hedera helix L.) on various climbing substrates.

Attachment Attachment
Material Material
Yes No Yes No
Aluminium (0.36 Mylar foil (0.245um,
pm, stiff, inorganic- X A - X
metallic) resilient, inorganic-polymer)
Beech wood (9.465 X Plexiglas (0.531um, stiff, X
pm, resilient, organic) inorganic-polymer)
Ceramic (0.079 um, X PVC (0.246um, stiff, X
stiff, inorganic) inorganic-polymer)

Construction paper

(6.404 pm, resilient, X Sponge rubber (4.948um, X

resilient, inorganic-polymer)

organic)
Cork (13.459um, X Spruce wood (4.425um, X
resilient, organic) resilient, organic)
Glass (0.014 pm, stiff, X Steel (0.389um, stiff, X
inorganic) inorganic-metallic)
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Biomechanical Data

The outdoor displacement tests showed different modes
of attachment failure:

- Failure of the substrate (Fig. 4a). Most often
the house finery the Ivy was climbing on, cannot
withstand the stresses applied during the tests. Pieces

of it brake and remained at the root. Some tree barks
such as the bark of firs brake in layers and parts of b
the bark remain at the climbing roots.
- Failure of the connection between substrate
and root. The connection is broken (Fig. 4b), leaving
the substrate and the climbing root undamaged. This
mode of failure occurs most often in lvies attached to

house fineries. C
- Failure of the root (Fig. 4c). The climbing
root rips apart, leaving attached remains on the
substrate. This failure mode is seen most often in
Ivies climbing on tree barks.
- Failure of the Ivy stem (Fig. 4d). The lvy
stem is longitudinal ripped apart, leaving the d
attached underside of the stem on the substrate. This
failure mode occurs most often in lvies attached to
tree barks.
- Combinations of the above modes of failure.

Mixed failure occurred in most tests. i .
Fig 4 Modes of failure

In tensile tests of root-clusters the force-displacement
curves showed in their initial phase typically a steep increase of the force until the maximal force is
reached and the attachment of the root cluster starts to fail (Fig. 5). In most of the cases the curves
showed not a continuous decrease until failure but a step-like drop of the force. This suggests a
subsequent failure of single roots or small regions of the root cluster before the entire attachment
structure finally fails (Fig. 5).

Max [N]:
4.76

Force [N]

Distance [mm]

Fig. 5 Typical force-displacement diagram of a mixed failure mode
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The indoor force-displacement tests of single climbing roots are expected to give insight to the

contribution of the single climbing root to the
combined attachment system of root clusters. Also
the use of different testing angles will give data to
analyse the effectiveness of the partial attachment
system against component stresses.

Morphology

The roots excrete a glue-like substance which
consists at least partly of polysaccharides (Fig.6).
Source of the excrete are most likely roundish
excrescences on the surface area of the climbing roots
root hairs (Fig.7).

Fresh turgescent root hairs have a cylindrical
shape with rounded tips (Fig.7).

When the root hairs dry they change into either a
shoehorn-like shape (Fig.3), which is the only form
found on Mylar foil as a climbing substrate, or a

spiral shape (Fig. 8), which is predominately found on
structured climbing substrates. The climbing roots, too,

dry out after some time and shrink in girth and length.

Based on these observations, we suggest a four

phase process for the English Ivy attachment:

- At the contact of the root hairs with the

climbing substrate a first attachment is
established. The contact area is increased due
to the started flattening of the root hair. This
may act as a starting signal for the following
phases.

- The second phase consists of the
chemical adhesion between the root hairs and
the climbing substrate. The excretion of the
glue substance is likely to be triggered due to
the initial contact in the first phase.

- In the third phase the passive shape
change of the root hairs, due to the drying
process, provides additional hold. On smooth
surfaces the shoehorn-like shape braces the
rims of the hair with strands of glue against the
substrate. On structured substrates the fresh
root hair grows into gaps in the surface. When
it dries out the spiral shape anchors the
shrinking hair at protrusions within the gap.

- The fourth phase is the shrinking of the
climbing root itself, also driven by the passive
loss of water. Due to the attachment provided

__ s00um

‘ G
R %3 3

Fig. 6 PAS stained thin section of a climbing
root growing in a cork gap

Fig. 7 Tip of a fresh root hair with roundish
excrescences (SEM)

Fig. 8 Spiral shape of a dried root hair (SEM)

by the earlier phases, this shrinking process pulls the stem of the Ivy closer to the substrate

and thereby further secures the attachment.
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Conclusion

The attachment strength of English Ivy root clusters was investigated. After an initial force
increase, Force-displacement curves of tensile tests show a stepwise decrease of force until final
failure occurs. Four different failure modes were observed dependent on the climbing substrate.
Mechanical experiments with single roots will clarify the contribution of single climbing roots and the
influence of the angle of the root.

The morphological studies revealed biomechanical active components of the attachment system.
This led to a suggested four phase model for the attachment process: (1) initial contact (2) chemical
adhesion (3) shape change of the root hairs and (4) shrinking of the climbing roots.
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Abstract

The three-dimensional trap of the plant Roridula gorgonias Planch. (Roridulaceae) consists of
several functional units of various levels. It's glandular trichomes release adhesive, visco-
elastic, resinous secretion that traps variety of insects including those having a considerable
body mass. In spite of such an elaborate trapping system of the plant, specialized mutualistic
mirid bugs Pameridea roridulae Reut. (Heteroptera, Miridae) live on this sticky plant surface
an feed on glued insects without being trapped by plant.

In this study we have analyzed (1) the role of different trichome types of R. gorgonias in
insect trapping mechanism, and (2) the mechanism responsible for the non-sticky properties
of the bug cuticle. We have visualized intact plant surfaces and insect cuticle using Cryo-
SEM and measured adhesive properties of plant secretion in contact with different surfaces.
Additionally, in a separate experiment we have estimated the stiffness of three different
trichome types of the plant trap. A combination of structural and experimental results let us
suggest that various trichome types with their different dimensions, stiffness and adhesive
properties fulfil different functions in a complex trapping mechanism.

SEM study of cryo-fractures of the fresh cuticle of flies, representing typical prey of
R. gorgonias, and P. roridulae bugs, has revealed a thin, fragmentary layer of epicuticular
grease in flies. This result led us suggest that the plant adhesive may form proper contact with
solid islands of the fly cuticle free of epicuticular grease. On the contrary, a thick and
cohesively weak epicuticular greasy film in bugs acts as a sloughing off layer preventing
contact formation between sticky plant secretion and solid insect cuticle.

211



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Biomechanics of isolated cherry tomato fruit cuticles during
growing

Laura Espafia’, Eva Dominguez?®, Jests Cuartero® and Antonio Heredia®

1 Departamento de Biologia Molecular y Bioquimica, Universidad de Malaga, E-

29071 Malaga, Spain; 2Estacion Experimental ‘La Mayora’ (CSIC) Algarrobo-Costa,
E-29750 Mélaga, Spain

Abstract

Aerial parts of higher plants are covered by a continuous extra-cellular layer, the cuticle or
cuticular membrane (CM). The CM is a complex composite biopolymer basically composed of
a cutin matrix, waxes, and hydrolysable polysaccharides. CM samples were stressed by uniaxial
tension loads to determine their tensile modulus, breaking stress and maximum elongation.
These biomechanical parameters of cuticle isolated from cherry tomato fruits have already been
studied in mature green and red ripe CM. The present work focuses on the biomechanical
parameters of cuticle isolated from cherry tomato fruits during growing. In general terms, the
tendency observed in the tensile modulus was to increase during the tomato fruit development
and the maximum value corresponded to red ripe stage.

Introduction

Aerial parts of higher plants are covered by a continuous extra-cellular layer, the cuticle or
cuticular membrane. The main function ascribed to the cuticle is to minimize water loss [1].
Besides, it limits the loss of substances from plant internal tissues and also protects the plant
against physical, chemical, and biological impacts, providing also mechanical support to
maintain organ integrity [2]. Cuticles of higher plants are chemically heterogeneous in nature,
basically consisting of a wax fraction, soluble in common organic solvents, and an insoluble
cuticular matrix, that forms the framework of the cuticle. This cuticular matrix is mainly formed
by the biopolymer cutin, a high-molecular weight polyester composed of various inter-esterified
C16 and C18 polyhydroxyalkanoic acids [3]. In addition, some polysaccharide material is also
present in variable amounts, mainly in the inner side of the cuticular matrix, as well as
flavonoids in some species.

The structure-function relationship of the cuticle, together with the influence of its
composition and organisation on the biomechanical properties is still poorly understood. The
biomechanical properties of the isolated cuticle from leaves of several plant species and from
tomato fruits were studied in some detail by [4], revealing a large variation between species and,
important for tomato fruit, indicating that the cuticle provides structural support to fruits without
hard internal tissues. In addition, the viscoelastic nature of plant cuticles and its physiological
importance has been described [5,6,7,8] together with the effect of hydration and temperature on
the mechanical properties of the isolated tomato fruit cuticles [7,8,9]. Recently our group
documented the relative contribution of specific components of plant cuticle such as cutin and
polysaccharides to its biomechanical properties. Polysaccharides incorporated into the cutin
matrix were responsible for the elastic modulus, stiffness and the linear elastic behavior of the
cuticle, while the viscoelastic behavior, characterized by low elastic modulus and high strain
values, could be assigned to the cutin matrix[10]. It was also showed that the cutin elastic
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modulus, independently of the temperature and hydration degree, was always significantly
higher in red ripe cuticles than in the mature green ones, assuming that phenolics, mostly
flavonoids, in the cuticle network could be the main candidates to explain the increase of
rigidity from the mature green to the red ripe stage [10].

Material and methods

Solanum lycopersicum L. cv. Cascada plants were grown in a polyethylene greenhouse
during spring at the Estacion Experimental La Mayora, CSIC, in the south-east of Spain.
Flowers were labelled at anthesis, hand-pollinated and fruits harvested every 10 days after
anthesis (daa) from 15 daa until red ripe (55daa).

Cuticles were enzymatically isolated from tomato fruits at different stages of development
following the protocol of [11] as modified by [12] using an aqueous solution of a mixture of
fungal cellulase (0.2% wi/v, Sigma) and pectinase (2.0% w/v, Sigma), and 1 mM NaNj; to
prevent microbial growth, in sodium citrate buffer (50 mM, pH 3.7). Vacuum was used to
facilitate enzyme penetration, and fruit samples were incubated with continuous agitation at
35°C for at least 14 d. The cuticle was then separated from the epidermis, rinsed in distilled
water and stored under dry conditions.

Small pericarp pieces from three fruits per developmental stage were fixed in a
formaldehyde, acetic acid and ethanol solution (1:1:18); later on dehydrated in an ethanol
dilution series (70-95%) and embedded in a commercial resin (Leica Historesin Embedding Kit,
Heidelberg, Germany). Samples were cross-sectioned into slices 4 um thick using a Leica
microtome (RM2125, Germany). Sudan 1V was employed to differentially stain the cuticle.
Cuticle thickness was estimated from a minimum of 30 to 50 measurements from the cross-
sectioned samples using an image capture analysis program (Visilog-Noesis 6.3, France). It was
assessed from the central region between pegs since this area remains almost constant and is not
affected by cuticle invaginations. Cuticular area was calculated using the same program and a
minimum of 20 measures per stage.

The mechanical properties of the cuticle were measured following the previous work of [8]
using an extensometer equipped with a linear displacement transducer (Mitutoyo, Kawasaki,
Japan) that was customized to work with cuticle samples. Rectangular uniform segments (3 mm
x 9 mm) of isolated cuticles were sectioned using a metal block and fixed between the ends of
two hollow stainless- steel needles, by a small amount of fast-drying super glue. The system
was enclosed in an environment controlled chamber that allowed the control of temperature and
relative humidity (RH). Each cuticle sample was held inside the extensometer chamber for at
least 30 min to equilibrate the temperature and humidity before beginning the extension test.

The cross-sectional area of the samples was measured by optical microscopy and image
analysis software (Visilog-Noiesis v 6.3) and the length of the exposed surface of the sample
between the two supports was measured before mechanical extension tests. The mechanical
tests were performed as a transient creep test to determine the changes in length of a cuticle
segment by maintaining samples in uniaxial tension, under a constant load for 1200 s, with the
longitudinal extension of each sample being recorded by a computer system every 3 s. Each
sample was tested repeatedly using an ascending sequence of sustained tensile forces (from
0.098 N to breaking-point by 0.098 N load increments) without recovery time [8]. To determine
stresses, the tensile force exerted along the sample was divided by the representative cross-
sectional area of the sample. To obtain the corresponding stress—strain curve and elastic
modulus (E), the applied stress was plotted against the total change in length (%) after 20 min.
Breaking stress and maximum strain at the breaking stress were also determined for each
sample. All the strain-time and the corresponding stress—strain curves were calculated for a set
of 5-7 samples of the corresponding cuticles equilibrated at 25°C and 40% RH.
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Results and discussion

Tomato fruit suffers dramatic increases in size during its development, especially in the first
stages of growth during the immature — mature green period. This expansion is withstood by
pericarp cell walls plus the cuticle. Thus, in these stages a fruit needs to withstand the internal
pressure but at the same time expand their tissues. In a previous work [13] we described that
cuticle accumulation in cherry tomatoes (expressed as micrograms per square centimetre)
reached its maximum very early in fruit development (Table 1), around 15 days after anthesis
(daa). Nevertheless, cuticle synthesis continued in order to maintain its amount as fruit
increased size during development.

In the present work we describe the biomechanical behaviour of cherry tomato cuticles at
different stages of growth. Table 2 shows the biomechanical parameters thus obtained. The
comparison of mature green (MG) and red ripe (RR) cuticles showed a significant increase in
the elastic modulus implying a much higher stiffness of the cuticle material once it reaches the
mature stage. A statistically significant increase in the elastic modulus between MG and RR has
recently been shown for cuticles derived from tomatoes that accumulate flavonoids at the onset
of ripening [14]. Thus, a role in modulating cuticle stiffness was demonstrated for flavonoids
accumulated in tomato cuticle during ripening. Interestingly, at 45daa, when the cuticle is
already accumulating flavonoids (breaker-orange stage), the elastic modulus was higher than in
MG but still much lower than for the RR, suggesting an intermediate stage in flavonoid
accumulation.

Tablel Micrograms per square centimetre of Cascada cuticle at five stages of fruit development. Cuticle
thickness (in microns), determined by microscopic observation, is also included. Data are presented as
mean + standard error. Data from [13].

Stage Amount of cuticle Thickness
15 daa 1307.4 + 62.5 44+0.1
25 daa 1455.8 + 70.7 6.7+0.1
35 daa (MG) 1446.2 + 49.7 7.2+0.1
45 daa 1443.0 £ 79.7 6.5+0.1
55 daa (RR) 1332.4+67.1 6.2+0.1

Table 2 Cuticle biomechanical parameters studied in five developmental stages of fruit development.
Elastic modulus and maximum stress are measured in MPa, maximum strain is expressed as a
percentage. Data are presented as mean * standard error.

Stage Young modulus Breaking stress Maximum strain
15 daa 487.8 £ 23.9 409+ 7.7 179+45
25 daa 235.0+7.6 25.7+54 20.0+5.3
35 daa (MG) 289.1+16.5 33.8+23 309+1.9
45 daa 536.2+8.6 50.6+0.1 18.1+1.0
55 daa (RR) 995.8 + 64.6 62.7 £+ 10.9 14.0+4.2

Following this hypothesis, a low elastic modulus would be expected at developmental stages
before the MG since fruits are at full growth and expansion. Nevertheless, this seemed to be
only partially true. At 25 daa a low elastic modulus, similar to the MG, is observed but at 15 daa
the elastic modulus was 2-fold higher. At this stage the modulus value is similar to that of
tomatoes at 45 daa. Thus, a high elastic modulus at a very early stage of development followed
by a decay and further increase during ripening is observed in cherry tomatoes. Two possible
explanations for this behaviour early in development could be postulated. First, a putative rapid
accumulation of some phenolic material other than flavonoids at 15 daa that would later in
development decrease its concentration as the fruit expands and synthesises more cuticle. This
phenolic material would have a similar biomechanical role as that already described for
flavonoids. Another explanation would be related to the rapid accumulation of cuticle material
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that happens in the period between 10 and 15 daa [13]. Maybe this fast deposition leads to the
formation of a very dense material that unfolds during the following stages. The increase in
cuticle thickness during this period (Table 1) while maintaining the amount of cuticle per square
centimetre points towards this possibility. Yet, further research is needed to clarify this point.

A similar behaviour during development was observed for another biomechanical parameter,
the breaking stress. At 15 daa the cuticle needed a higher stress to produce a break than in the
following 2 stages and only after the fruit had reached the onset of ripening the stress increased
to values higher to those of 15 daa. On the other hand, the maximum stress, the ability of the
cuticle to deform, followed a more logical behaviour according to the role of flavonoids above
discussed [14]. The percentage of deformation increased during development and then
decreased during ripening. However, the significant increase between 15 and 35 daa again
points to the presence of some molecular compounds and/or molecular arrangement of cuticle
components that constrains cuticle deformation making it stiffer. Thus, an in-depth study of the
nature and molecular arrangement of the cuticle at 15daa it will be needed.

Conclusion

The biomechanical properties of the cuticle changed during fruit growth and ripening despite
the amount of cuticle expressed as micrograms per square centimetre was similar among the
different stages of development. The stiffness of the material, together with the stress needed to
break the cuticle, increased significantly during growth until they reached a maximum at red
ripe.

Acknowledgements

The authors would like to thank Ana Rico for technical assistance. This work has been
partially supported by grant AGL2006-12494 from Plan Nacional de 1+D, Ministerio de
Educacion y Ciencia, Spain.

References

1. Riederer, M. and L. Schreiber, (2001): Protecting against water loss: analysis of the barrier properties
of plant cuticles. Journal of Experimental Botany. 52: 2023-2032.

2. Niklas, K..J. (1992): Plant Biomechanics. An Engineering Approach to Plant Form and Function.
Editors. The University of Chicago Press: Chicago.

3. Heredia, A. (2003): Biophysical and biochemical characteristics of cutin, a plant barrier biopolymer.
Biochimica et Biophysica Acta. 1620: 1-7.

4. Wiedemann, P. and C. Neinhuis, (1998): Biomechanics of isolated plant cuticles. Botanica Acta. 111:
28-34.

5. Marga, F., Pesacreta, T.C. and K.H. Hasenstein, (2001) Biochemical analysis of elastic and rigid
cuticles of Cirsium horridulum. Planta. 213: 841-848.

6. Petracek, P.D. and M.J. Bukovac, (1995): Rheological properties of enzymatically isolated tomato fruit
cuticle. Plant Physiology. 109: 675-679.

7. Round, A.N., Yan, B., Dang, S., Estephan, R., Stark, R.E. and J.D. Batteas, (2000): The influence of
water on the nanomechanical behavior of the plant biopolyester cutin as studied by AFM and solid-
state NMR. Biophysical Journal. 79: 2761-2767.

8. Matas, A.J., Lopez-Casado, G., Cuartero, J. and A. Heredia, (2005): Relative humidity and temperature
modify the mechanical properties of isolated tomato fruit cuticles. American Journal of Botany. 92:
462-468.

215



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

9. Edelmann, H.G., Neinhuis, C. and H. Bargel, (2005): Influence of hydration and temperature on the
rheological properties of plant cuticles and their impact on plant organ integrity. Journal of Plant
Growth Regulation. 24: 116-126.

10. Lépez-Casado, G., Matas, A.J., Dominguez, E., Cuartero, J. and A. Heredia, (2007): Biomechanics of
isolated tomato (Solanum lycopersicum L.) fruit cuticles: the role of cutin matrix. Journal of
Experimental Botany. 58: 3875-3883.

11. Orgell, W.H. (1955): The isolation of plant cuticle with pectic enzymes. Plant Physiology. 30: 78-80.

12. Yamada, Y., Wittwer, S.H. and M.J. Bukovac, (1964): Penetration of organic compounds through
isolated cuticles with special reference to urea. Plant Physiology. 39: R11-& Suppl. S.

13. Dominguez, E., Lépez-Casado, G., Cuartero, J. and A. Heredia, (2008) Development of fruit cuticle in
cherry tomato (Solanum lycopersicum). Functional Plant Biology. 35(5): 403-411.

14. Dominguez, E., Espafia, L., Lépez-Casado, G., Cuartero, J. and A. Heredia, (2009) Biomechanics of

isolated tomato fruit cuticles during ripening: the role of flavonoids. Functional Plant Biology. in
press.

216



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009
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Abstract

Cellular growth is one of the fundamental underpinnings of morphogenesis. In plant cells,
expansive growth is ultimately determined by the mechanics of the primary cell wall. Given that the
driving force for cellular expansion, the turgor pressure, is isotropic, the generation of complex cell
geometries relies on local differences and anisotropic distribution of cell wall mechanical properties at
subcellular scale. Global changes in cell shape such as preferential elongation in one direction is
greatly determined by the orientation of cellulose microfibrils. However, while the mechanics of the
microfibrils is essential, overall cell wall extensibility is largely determined by the links between them
and by the matrix surrounding them. Local growth events on the other hand are generated by the
spatially confined reduction in cell wall stiffness involving changes to the mechanical properties of the
matrix components. The geometry and mechanics of these spatially confined growth events is
discussed and a categorization of cellular expansion patterns is presented.

Introduction

Plant development is the result of three essential processes: cell expansive growth, cell division,
and cellular differentiation. Cellular expansion is involved both in increase in size and in the
generation of changes to cell shape. Increase of cell volume during the differentiation of a
meristematic cell into its destination cell type is typically between 10 and 1000-fold [1], but can reach
up to 30 000-fold, for example in the case of xylem vessels [2]. While the increase in cellular surface
(L? with L being the length of the cell) is smaller than the increase in cytoplasmic volume (L), the
amount of additional cell wall that has to be generated is still impressive.

Implicit in cell expansive growth is a mechanical process that balances turgor generated tensile
stress in the cell wall with the opposing force resisting stretching to allow expansion [3,4]. The
balanced counterforce of primary wall stress to turgor pressure has prompted the comparison of plant
cells with "hydraulic machines" [5]. Turgor pressure, however, is isotropic. Therefore, the only shape
a cell with uniformly distributed and isotropic cell wall mechanical properties would be able to
achieve is a sphere with ever increasing diameter. Differentiated plant cells come in a multitude of
shapes ranging from simple cylindrical cells (e.g. palisade mesophyll) to star-shaped complex
structures (e.g. astro-sclereids) [6,7]. The generation of complex geometries requires the mechanical
properties of the cell wall to be non-uniformly distributed or to exhibit anisotropy. The fact that even
complex shapes are determined by the cell wall can easily be demonstrated by enzymatic digestion of
the latter resulting in a perfectly spherical protoplast. In the following, different types of cell shapes
are categorized and the manner in which the cell wall controls their generation is discussed.

218



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Cellulose mediated anisotropy of cellular expansion

For the cell to globally elongate in a particular direction, cell wall deformability in this direction
must be lower. Once a geometry different from a sphere has been established, this mechanical
anisotropy may have to be even bigger to sustain directional expansion since both surface geometry
and local mechanical properties contribute to the spatial distribution of stresses on the cellular surface
(Fig. 1) [8]. The orientation of cellulose microfibrils in the cell wall is generally recognized as a
crucial parameter determining anisotropy in cell wall deformability under tensile stress [9,10]. Other
cell wall components such as arabinogalactan proteins seem to mechanically influence cell wall
anisotropy, but the mechanical principles of their molecular action is not understood [11]. Microfibrils
are formed from crystalline cellulose polymers [12] and they are embedded in a matrix composed of
hemicellulose and other polysaccharides. The comparison with a fiber reinforced composite material
has been helpful for modeling this material behavior [13,14] and it seems logical that the microfibrils
confer rigidity and strength to the cell material particularly in the direction of their principal
orientation. Hence, in cells exhibiting elongation growth, microfibrils are typically oriented
perpendicular to the long axis on the inner surface of the cell wall thus restricting deformation to the
larger stresses in the circumferential direction [9,15-19].

A B Cc
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Fig. 1. Geometry dependence of surface stress patterns in thin-
shelled pressure vessels. A. A spherical shell experiences isotropic
stress patterns. B. In a cylindrical body the stress in circumferential
direction is twice as large as the longitudinal stress. C. The largest
stress in a body with local outgrowth is located at concave bend
between the main body and the outgrowth. Arrows in dark blue
represent relatively larger stress than arrows in light blue.

Modeling the plant cell wall by defining a two-term strain energy function, one term each for the
matrix and the microfibril phases, Chaplain established that in addition to microfibril extensibility the
matrix shear modulus is an important variable [20]. This aspect is occasionally neglected when
discussing the effect of cellulose microfibrils on cell wall deformability. During elongation growth,
the primary wall deforms predominately in the long axis, separating the space between the essentially
transverse microfibrils and passively reorienting slightly tilted microfibrils toward the longitudinal
axis. The latter process has been termed multi-net growth and is proposed to be responsible for the
changing orientation of microfibrils through the thickness of the cell wall [17-19]. The multi-net
concept has been challenged by Marga et al. [21] who did not find significant reorientation of
microfibrils upon application of strain up to 30% during in vitro creep experiments. However, simple
geometrical calculations based on the influence of the initial microfibril angle and the applied strain on
the final microfibril orientation demonstrated that the expected reorientation would have been too
small to be recognized in this experimental setup [22]. Hence, these experiments are not necessarily
inconsistent with the classical multi-net growth hypothesis. In anisotropic elongation growth it is
apparent that stretching and/or breaking of the hemicellulose connections between the microfibrils,
and hence the mechanical properties of these linkages, must be an important limiting factor regulating
extensibility. However, even in the case of tensile stress parallel to the direction of microfibril
orientation, the cellulose fibers can only provide mechanical resistance if they are connected to each
other - either directly, via hemicellulose tethers or by generating friction between each other, or
indirectly, by generating shear within the polymer matrix. The reason for this is that unless the
microfibrils form complete hoops or spirals around the cell, tensile stress would simply cause them to
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slide against each other (Fig. 2). Since the typical length for microfibrils seems to be below 10 um
[23], it is unlikely that individual microfibrils form complete hoops around the cellular perimeter.
Hence, the mechanical properties of the connecting matrix tethers, their abundance relative to the
density of microfibrils, the deformability of the gel composed of the other matrix components, as well
as the length of the microfibrils should be important parameters determining mechanical behavior of
the cell wall not only perpendicular, but also parallel to microfibril orientation (Fig. 2). It has been
proposed that matrix molecules do not actually act so much as a tether but rather as a spacer between
the microfibril rods [24]. However, both functions are not mutually exclusive and the mechanical role
of matrix molecules might depend on the particular situation and the angle of the microfibrils versus
the direction of cell wall expansion [22]. The list of biophysical parameters determining extensibility
will certainly have to be revised in the future, once the hierarchical organization and the
interconnections between individual types of molecules are better understood (for a review of different
conceptual models see [25]).
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Fig. 2. Mechanics of a composite material with parallel arrangement of the fiber component.

A. Hypothetical composite material in which the fiber elements form hoops around the cellular
circumference. Wall extensibility in the direction parallel to the fibers would be largely determined by the
mechanical properties of the fibers and their relative density. B. Composite material consisting of fibers
of limited length embedded and bonded to the matrix. Wall extensibility in direction parallel to the fibers
is largely limited by the shear modulus of the matrix and the density of the fibers. D. Composite material
in which the fibers (microfibrils) are connected by tethers (e.g. hemicellulose polymers) in addition to
being embedded and bonded to the matrix. The mechanics of the tethers and their attachments largely
influences both wall extensibility parallel to and perpendicular to the fiber orientation. The shade of red
of the arrows indicates the overall wall extensibility of the material in the indicated direction (red - high
extensibility). The terms between the arrows indicate the biophysical and structural parameters limiting
extensibility in the indicated direction. The parameters represent the mechanical properties of
fibers/microfibrils (red), tethers/hemicellulose links (green), and other matrix components (yellow).
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Microtubule-microfibril interaction

For developmental biologists the question arises how cells control the orientation of their
microfibrils. The importance of the role of the microtubule cytoskeleton is undisputed in this context
[15,26,27], but our understanding of the mechanism of the interaction and mutual control between
microtubules and microfibrils is still rather poor. In many plant cells microtubule arrays are arranged
parallel to the main microfibril orientation which led to the concept that movement of cellulose
synthase enzyme complexes in the plasma membrane is constrained by interactions with the cortical
microtubules [28]. However, this concept turned out to be inconsistent with observations of continued
synthesis of organized cellulose microfibrils following the disruption of cortical microtubules by
pharmacological agents [15,29] or mutation [30,31]. In morl mutants microtubules are shortened and
disorganized in a temperature-sensitive manner leading to a loss in growth anisotropy. However,
cellulose microfibrils continue to be deposited transverse to the long axis of the plant organ even after
prolonged disruption of cortical microtubule arrays and the onset of radial expansion. This is true for
both mutation and drug induced interference with microtubules. Even more dramatically, change in
growth anisotropy of root cells occurred in rsw4 and rsw7 mutants despite the unaltered, horizontal
orientation and abundance of both microtubules and microfibrils [32].

Several conceptual models have been proposed that could explain the role of microtubules in
controlling cellular expansion other than by determining microfibril orientation. Microtubules might
be required to concentrate and organize cellulose synthase complexes to ensure efficient cellulose
assembly into higher order clusters of fibers [33]. Alternatively, microtubules might ensure the
coordination between cellulose deposition and the delivery of proteins and other molecules to optimize
cell wall structure [34]. Microtubule control of the mechanical cell wall properties might also be based
on their influence on cellulose synthase turnover thus through the determination of microfibril length
[35]. Shorter microfibrils might lead to an altered mechanical behavior of the cell wall thus allowing
more expansion in the direction parallel to cellulose orientation. The number of microtubule mutants
known to affect growth anisotropy is staggering [36] and hopefully the mechanics of the interaction
between cytoskeleton and microtubules will be elucidated in the near future. Determining the actual
length of microfibrils and their degree of clustering in the cells of these mutants will most certainly be
necessary to validate any of the above models or allow the generation of better ones. There have been
attempts to explain the orientation of microfibrils in cylindrical cells without the necessity of a
guidance mechanism. These are essentially based on geometrical considerations, the hypothetical
limitation of space into which microfibrils can be deposited, and the dynamics of cellulose synthases
dispatching into the membrane [37-40]. These models have certainly provided food for thought and
will help to develop experimental approaches that will be able to provide answers.

Spatially confined growth events

Cellulose-mediated anisotropy in the deformability of the cell wall is generally associated and most
intensively studied with overall anisotropic cellular expansion. Approximately spherical or polyhedric
cells derived from the apical meristem elongate by anisotropic deformation of large portions of their
surface. Typically, cells that have differentiated through this mechanism do not have any sharp
concave bends in their surface. Numerous cell types, however, do have such concave bends or exhibit
other types of complex geometries. Dramatic examples include star-shaped trichoblasts, astro-
sclereids, stellate aerenchyma cells, lobed leaf epidermis cells, and the cylindrical protrusions typical
for pollen tubes and root hairs. How then are these more complex geometries generated? The common
feature of many of these cells types is a relatively large cell body producing one or several roughly
cylindrical or finger-like extensions that may be branched. These extension are generated by spatially
confined growth events that must rely on locally increased rates of cell wall deformation and
deposition. To distinguish spatially confined growth events from global cell growth, I have propose
earlier [41] to name the former heterotropic and the latter homotropic (Fig. 3). The mechanics and
geometry of heterotropic growth events varies largely between cell types and not in all cases have
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surface expansion rates been assessed quantitatively. Spatial gradients in the biochemistry and
distribution of the matrix polymers such as pectin play an essential role in the generation of these
shapes [42].

In the stellate aerenchyma, the star-shaped cells are initiated by the detachment of adjacent cells
parenchymatic at three or four way junctions. The resulting intercellular spaces increase in size to
eventually become an anastomosing network. While developmental information is scarce and cell wall
deformation patterns for this cell type have not been published to my knowledge, it is likely that the
site of cell wall expansion is initially located at the concave bend and subsequently in the cylindrical
walls of the branches (Fig. 3). On the contrary, lobe formation in the jigsaw puzzle shaped leaf
epidermis cells seems to be generated by a cellulose-based reinforcement of non-growing regions and
tip-growth like outgrowths of the lobes [43]. How "tip-focused" this growth really is remains to be
seen. A high rate of cell wall expansion at the very pole of the lobes would generate friction with the
adjacent concave bend of the neighboring cell and it is thus more likely that the side walls of the lobes
represent the sites of highest expansion (Fig. 3).
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Fig. 3. Overview of cell wall expansion patterns resulting in various cellular geometries. Different types of cell
wall expansion patterns can be combined in a single cell. They can occur simultaneously or at different times
during differentiation. Areas on the cell surface undergoing expansion are marked in red. Question marks
indicate lack of quantitative data on surface expansion patterns. For some categories alternative terms are
provided. Typical cell types for each expansion pattern are listed on the right.
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Branch formation in Arabidopsis trichomes is initiated by a highly spatially confined growth event
on the surface of an existing trichome and branches elongate by large-surface expansion of the
cylindrical side walls [7,44](Fig. 3). In contrast, cell wall expansion in pollen tubes and root hairs is
confined to the apical tip of the cylindrical extension during the entire growth period, the cylindrical
walls of these cells do not expand [45-47]. To distinguish cells with a single site of increased growth
activity from those with multiple sites, such as the lobed epidermal cells, | have proposed the terms
monotropic for the former and pleiotropic for the latter (Fig. 3).

This tip-focused pattern of surface expansion in pollen tubes is in part explained by the non-
uniform distribution of different configurations of pectins [42] and the reinforcement of the cylindrical
shank by callose [48] and cellulose. Recent evidence revealed, however, that tip growth in pollen tubes
does not occur at the extreme tip or pole of the cell, but rather at an annular region around it [49]. The
differences between "tip" growth and other growth patterns might therefore be quantitative rather than
qualitative, with a growing region that is more spatially confined but not principally different from that
in other cell types. This illustrates that despite being hailed for a long time as a very distinct growth
mechanism, tip-growing cells might actually only represent the extreme end of a gradual spectrum
defining the geometry of plant cell growth.

The question is what defines the more or less spatially confined surface areas that are subject to
expansion in heterotropic growth events and what prevents adjacent areas from being deformed?
Intriguingly, these stable, adjacent areas often have to resist higher tensile stress than the growing
regions due to cellular geometry resulting in differential distribution of stress patterns on the cellular
surface [47] (Fig. 1). Clearly, spatially confined sites of cellular expension require the establishment
of local differences in cell wall mechanical properties [8] and theoretical models of the geometry and
structure provide information on the exact degree of difference in mechanical properties that is
necessary to generate a particular heterotropic shape.

The simple radial symmetry of cylindrical, tip-growing protrusions such as those formed by pollen
tubes, root hairs, and fungal hyphae, has made these cell types the subject of numerous theoretical
models and, more recently, of cytomechanical studies. Ranging from relatively simple geometrical
considerations [50,51] most treat the expanding cell using an elastic membrane model [52-56]. Micro-
indentation has revealed that the growing apical region in pollen has indeed lower cellular elastic
stiffness than the distal region of the same cell, which is at least in part due to the differences in cell
wall mechanical properties [42,48,57,58]. The degree of apical stiffness also correlates with the
dynamics of the growth rate, a relationship that is likely to be causal [59] .

The question arises how the cell generates and controls such spatially confined areas of higher cell
wall deformability. Root trichoblasts about to form root hairs show localized cell wall regions of
lowered pH [60], high xyloglucan endotransglycosylase activity [61] and increased expansin
concentration [62,63]. Pollen grains about to germinate exhibit an increased accumulation of methyl-
esterified pectin at the aperture [48]. Clearly, the biochemistry of the cell wall can change over
distances as small as few micrometers. The mechanism that is likely to be responsible for the
establishment of a local "hot spot" of mechanically different cell wall are localized activation of proton
pumps and/or targeted secretion. Other than the secretion of proteins affecting the degree of cross-
linking between cell wall polymers, secretion induced cell wall softening may also be due to a lack of
alignment and loose coiling of newly delivered cell wall polymers or a lack of gel formation due to
their methyl-esterification or absence of calcium ions [42,64,65]. The targeting of vesicles containing
cell wall precursor material or agents influencing cell wall properties is controlled by the cytoskeleton
[7]. Contrary to the predominant role of microtubules in cellulose deposition, heterotropic growth is
often accompanied by characteristic configurations of the actin cytoskeleton or a combination of the
actin- and microtubule arrays at the future site of a polar outgrowth. This has been observed in pollen
tubes, root hairs, algal zygotes and fungal hyphae [6,62,66-73]. This prominence of actin is consistent
with the fact that in these cell types, contrary to animal cells, the actin microfilaments play an
important and sometimes dominant role in cytoplasmic organelle transport. In pollen tubes both
microtubule and actin arrays are involved in organelle transport, but the former is not critical for
vesicle delivery [74]. Trichome branch initiation in Arabidopsis is dependent on actin- and
microtubule-mediated Golgi transport to the cell cortex [75]. Drug or mutation induced interference
with microtubule functioning affects the initiation of a new branch whereas the actin cytoskeleton
seems to be responsible for maintaining the polarity [69,76,77]. Root hair initiation is preceded by a
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reorientation of the microtubule cytoskeleton [78], but the disruption of the latter does not inhibit the
process [79]. Drugs causing actin depolymerization or fragmentation on the other hand successfully
interfere with root hair initiation [79-81] and germination in algal zygotes [82]. derl plants, which
possess a point mutation in the gene encoding actin2, have enlarged or misplaced root hair initiation
sites [83,84].

While interference with the cytoskeleton and hence the delivery of cell wall material is sufficient to
hamper or alter growth [69], it is important to note that the simple piling on of cell wall polymers
through secretion cannot by itself produce the formation of a protuberance even when it is highly
localized. This is evident from tip growing cells in which growth is arrested while secretion is still
ongoing [85,86]. A force causing tensile stress in the cell wall is still a prerequisite to explain
expansion. Models that base cellular expansion solely on material addition [87,88] therefore only
reflect one aspect of cellular reality, just as do those that focus exclusively on cell wall deformation.
Our increasingly precise knowledge about vesicle delivery [89,90] and surface expansion [52] during
heterotropic growth events should therefore make their way into the theoretical models that attempt to
have the ability to reflect cellular biology and predict its behavior.

Conclusion

Cells are physical entities and as such they have to obey the laws of physics. The spatio-termporal
patterns of plant cell growth can only be understood if the mechanical principles underlying cell wall
mechanics are fully elucidated. Despite our increasing knowledge of the molecular players influencing
cell wall mechanics our understanding of the interactions between these components is still sketchy.
Advancement in theoretical modeling approaches and quantitative micro-mechanical studies will help
in testing conceptual models and explaining the intriguing cellular shapes we can observe in plants.
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Abstract

Improved knowledge on the way cell wall stiffness changes during the maturation process is of
great importance to feed and help theoretical modelling on growth stress generation in trees. This
paper outlines one of the most promising techniques to measure viscoelastic properties within the
different layers of the developing cell wall based on the so-called Resonant Contact mode using an
Atomic Force Microscope. This mode and the required calibrations are briefly described here and an
application on chestnut mature tension wood is shown. It demonstrates the ability of the technique for
drawing qualitative viscoelastic maps within a cell wall layer. Limitations and necessary development
of this method to do quantitative measurements are briefly discussed.

Introduction

The elastic properties of wood originate mainly in those of its secondary cell wall layers.
Secondary walls are formed during cell differentiation by addition of constitutive material (i.e.,
cellulose, hemicellulose and lignin) extruded from the plasma membrane and progressively
incorporated into the wall. The mechanical properties of the wall depend on the amount of constitutive
polymers, their spatial organisation, and also on the way they are bound to each other during cell
development. To date, very little is known about how the mechanical properties of a wall layer
progressively change during the early stages of its formation. Improved knowledge of the timing of
wall stiffening may be useful to understand its assembly process. More specifically, it is necessary for
understanding and modelling the apparition of maturation stress in wood [1-5], because wall stiffness
determines the amount of stress generated by an impeded dimensional change of its constituents. In
this context, our goal is to measure mechanical properties within the different cell wall layers and their
evolution during wall formation, in order to understand, for example: i) if the stiffening of the
secondary layers occurs immediately after their deposition; ii) if there is a time lag between wall
formation and stiffening; or iii) if the whole wall stiffens simultaneously at the end of its formation. In
an other words, is there a gradient in mechanical properties within the cell wall during its formation?
How does this gradient change during the time course of the maturation process? This can be assessed
by mapping the viscoelastic properties of cell walls taken along a differentiation sequence, from the
cambium to the mature wood.

Mechanical property measurements at the cell wall level can be estimated using numerical
computations of the properties of its constituents or are more usually carried out experimentally on
chemical compounds extracted from cell walls and on mechanically or chemically isolated fibres [6].
Other measurements consisted in “classical” tensile tests on the scale of the tree rings with specific
strain fields’ measurements. These techniques require a reverse identification of the local stress fields
from the overall loading to yield the mechanical properties of the material. In the present case, it is
necessary to have access to the in situ mechanical properties within cell walls with as few
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modifications as possible. Moreover, because of the weak nature of developing cells it is almost
impossible to work on extracted fibres. Thus, one of the most promising techniques for this work is
nanoindentation [7]. It has already been applied to estimate average elastic modulus of some wall
layers of mature cells [8-10] or to compare elastic properties of S, layers during the lignification
process with those of mature cells [11]. However, this technique requires the layer thickness to be
greater than the indent size [12], i.e., typically greater than some micrometres. As the width of the cell
wall layers varies from ~0.1 um (primary wall) to less than 10 um (mature S, or G layer),
interpretation of measurements obtained by nanoindentation in the presence of a properties gradient or
within a thin layer is not straightforward due to boundary effects [13]. Mechanical measurements done
by Atomic Force Microscopy (AFM), using force-distance curves, force modulation microscopy, etc.,
require similar approaches as in nanoindentation but with a spatial resolution of the order of some tens
of nanometre or less [14]. It should then be well adapted for measuring property variations within a
developing cell wall layer. In our case, we used a specific mode of an AFM, sometimes called
Resonant Contact-AFM (RC-AFM) that has already been applied on wood [15]. It has been more
recently improved with a mathematical processing that allows us to perform a quite fast mapping of
mean viscoelastic properties [16]. The present article is restricted to the case of mature cells of
chestnut tension wood and mainly focused on demonstrating the ability of this technique to obtain
local semi-quantitative measurement and qualitative mapping of the viscoelastic properties at the
ultrastructural level.

Material and methods

laser
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photodiode Lock-in

é / ampllifier
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holder
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=
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sinusoidal
electrostatic
excitation \/

feedback
close-loop control

.%

topography

conductive
sample holder

piezoelectric scanner
frequency spectra
Fig. 1 Schematic view of the basic principle of an AFM and its modification for doing Resonant Contact
measurements with the use of a sinusoidal electrostatic excitation of the cantilever and a “lock-in"> amplifier.

The basic principle of an AFM relies on measuring the interaction(s) of a physical probe, i.e., a tip,
with a sample surface (Fig. 1). This interaction induces the bending of a very soft cantilever (i.e.,
stiffness usually between 0.01 and 100N/m) at the end of which the tip is. The angular deflection of
this cantilever is measured through the reflection of a laser on its back onto a position-sensitive
photodetector. Relative in-plane (X, y) and out of plane (z) displacement of the sample vs. the probe is
achieved through piezoelectric material actuators with a resolution better than 0.1 nm. There is a large
variety of utilisation of AFM and way to measure the sample surface viscoelastic properties [14]. In
the so-called contact mode, the tip remains in contact with the sample and the cantilever deflection is
proportional to the applied contact force. As the tip scans the surface, a feedback loop keeps the
contact force constant by adjusting the z-displacement of the actuator that is recorded and corresponds
mainly to the surface topography. In that mode, since the tip touches the sample, it is sensitive to the
sample viscoelastic properties. In this work, a specific operating contact mode, sometime called RC-
AFM, was used [14].
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It consists in applying a small periodic force to the cantilever by means of an electrostatic potential
between the tip and the sample holder (Fig. 1). When the excitation frequency is close to the natural
frequency of the cantilever, in contact with the sample surface through its tip, a resonance occurs.
Basically, the measurement is based on performing a frequency sweep in a given point on the surface
and recording the cantilever vibrations through the photodetector. According to several authors [14,
17], the resonance frequency, fo, and the quality factor, Q, of the obtained frequency spectrum can be
related respectively to the real, k’, and imaginary, k”, parts of the normal contact stiffness at the
resonance frequency. It is then necessary to use the appropriated contact model [14] to derive the
elastic contact modulus M of the tested volume of material from k’. The tangent of the loss angle, tan &
= k”/k’, which characterizes the viscous dissipation of the material in the tested volume (if all other
dissipations like tip sliding are negligible) is, in our case, close to Q* for value of the quality factor
higher than unity [16] and is not dependant on the contact model. The last step, as in all
nanoindentation measurements, is to identify the material viscoelastic parameter(s). This is not so
obvious in the case of an anisotropic fibrous material such as the wood cell wall layers [12, 18]. This
aspect will not be presented in this paper. Finally, without any significant modification in the AFM
device, this method theoretically offers nanometre spatial resolution, as the mean and vibrating applied
forces can be tuned as low as possible, and reduced lateral force effect due to the cantilever tilt angle.
Moreover, by scanning the surface at a constant mean force and excitation frequency, close to the
resonance of the different materials composing the area of interest, it is possible to do a reasonably fast
mapping of the resonance frequency and quality factor whilst acquiring the sample topography
without doing a frequency sweep at each point. This imaging technique is based on the cantilever
vibration parameters (i.e., the real and imaginary parts) that are directly linked to the parameters of the
resonant spectrum of Lorentzian shape [16].

In our case, a commercial AFM (Veeco Enviroscope) is used and its photodetector signal analysed
by a lock-in amplifier (EG & G model 5302) to extract the real and the imaginary part of the cantilever
vibration generated by the electrostatic excitation through an external generator (FLUKE PM5138A).
In order to achieve the frequency sweep and resonance spectra acquisitions, an automated
measurement was realized using Labview software and GPIB National Instruments interface. Our
experiments show that the use of a theoretical model of cantilever vibration is not so obvious. This is
why we decided here to use a series of “reference” materials like more or less stiff polymers
(Polyurethane PU, Polyester PE, PMMA) and stiffer and less viscous materials like glass. Frequency
spectra are carried out on them and compared to the theoretical contact stiffness. This stiffness is
computed using a contact model (i.e., Hertz) and macroscopic elastic modulus obtained at different
frequencies (DMA, ultrasonic wave propagation, etc.). The strongest assumption here is that these
reference samples are assumed to be homogeneous even at the submicrometre scale and that properties
at this scale are equal to those at the macroscopic level.

In order to obtain as quantitative as possible viscoelastic properties, it is moreover necessary to
calibrate the cantilever stiffness (or spring constant) and the shape (i.e., mean radius of curvature) of
its tip apex. As the optimal cantilever stiffness is between some N/m to some tens of N/m and after
comparing some classical calibration techniques [19], we decided to do it by using calibrated reference
cantilevers (CLFC-NOBO Veeco Probes). This calibration protocol relies on measuring the deflection
of the cantilever when applied on a known spring constant [20]. For the tip apex shape, we compared
different calibration gratings and SEM images. The main problem arising during the experiment is
that, as the tip is always in contact with the surface during imaging, more or less wear occurs and can
lead to a drastic change in the tip apex shape. It is then necessary to have a fast way to characterise the
shape between two measurements. We have finally chosen a calibration grating (NT-MDT TGT-01)
that consists in an array of very sharp spikes with a radius lower than about 8 nm. It allows for some
kind of (fast) reverse imaging of the actual apex shape with enough accuracy in the present case. The
(average) technical specifications of the cantilever used for the experiments (Nanoworld Arrow FMR)
are: thickness 3 um, length 240 um, width 35 um, stiffness 2.8 N/m, free natural frequency 75 kHz.
The average tip radius is estimated to be around 55 nm during the measurements. The mean applied
force is estimated to be around 180 nN and the sinusoidal electrostatic excitation is applied with
amplitude of 10 V.

In order to investigate the RC-AFM imaging technique in the case of wood, chestnut (Castanea
sativa) mature wood containing normal as well as tension wood was used. Tension wood is
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characterized, in the case of chestnut, by the presence of a so-called G layer with a microfibril angle
close to zero and a thin S; layer. All mechanical measurement based on indentation requires samples
with a surface as flat as possible compared to the contact radius in order to be able to estimate
accurately the contact area. Moreover, in the case of AFM, the tip is very brittle and surface roughness
(or holes) must be as low as possible to reduce breakage risks. Wood samples were then embedded in
a resin in order to fill the lumen and to decrease the surface roughness by reducing deformation during
the cutting process. Sticks (1 cm in longitudinal direction, 1 x 1 mm? in transverse section) were
obtained by splitting to guarantee a good axial direction. They were then cut manually with a razor
blade to produce a clear transverse surface and to obtain cubes of about 1 mm? in size. Samples were
dehydrated with an ethanol series (50%, 75%, 90% and 100%) under vacuum and embedded in
increasing ratio of LR White medium resin. The whole resin block with the sample was then machined
to reduce its cross section. A rotary microtome (Leica RM2235) was then used first with a glass knife
to remove the first 100 um of material containing the border effects that occurs during initial sample
preparation [21]. Then a diamond knife (Diatom Histo) was used to cut a series of very thin section
(about 500 nm in thickness) at the lowest cutting speed to minimize compression during the cutting
process. The resulting topography of the remaining wood block sample surface is obtained during the
mechanical measurement in RC-AFM mode and shown in Fig. 2. Some steps in the topography due to
difference in the stiffness of the different layers are observed. However, the typical Root-Mean-Square
(RMS) roughness in the thicker, G and S,, layers is usually around 10 nm. Note that the transverse
sections are not used for the mechanical measurements as they are too thin and lead to artefacts.

100

A

Fig. 2 AFM topography (256 x 256 points) in contact mode of the chestnut tension wood cross section.
Identification of the different cell wall layers and of the embedding LR White resin in the cell lumina. The box
corresponds to the area of interest in Fig. 5. The scale bar corresponds to the height in nm.

Results and discussion

The RC-AFM experiments are done in two steps. The first step is to engage the tip in contact with
the sample and to carry out frequency spectra at different points. In Fig. 3, the amplitude of the output
signal of the photodetector is plotted as a function of the electrostatic excitation frequency. The
resonance frequency f, and the quality factor Q of the frequency spectrum in each layer are then
deduced. The indentation modulus in the longitudinal direction M. is then computed using the
different calibrations done (as depicted in the previous chapter). The results are given in Table 1. They
correspond to the mean values obtained from at least 3 spectra done in 3 different positions within the
same layer. The uncertainty in this table only represents the variation in the value computed from one
point to another. It doesn’t take into account all the uncertainty coming from the different calibration
steps and measurements accuracy that can be much higher and must be estimated soon. These results
are consistent with those obtain previously on oak [15] and other S, cell wall layer [8-10]. Moreover,
using an elastic anisotropic indentation model [18] and a multi-scale cell wall model [3] with the
estimated elastic properties of the cell wall constituents given in [6] and a given composition of the S,
or G layer (i.e., 30% crystalline cellulose and 70% amorphous cellulose and matrix material), leads to

231



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

an indentation modulus around 16 GPa for an MFA of 0°. The results obtained by RC-AFM seem
quite good given all the assumption made on the composition of the layer, the properties of its
constituent and the fact that the MFA of the S, layer is not known. The fact that they are lower may be
explained by the fibrous nature of the material that could lead to different contact behaviour even
when anisotropy is taken into account. Moreover, this fibrous structure leads to nanometre topography
during the cutting process [22] (Fig. 5a). This nano-roughness can lead to an underestimation of the
real contact area using a classical contact model that assumes a perfectly flat surface, and yields an
estimated indentation modulus lower than the real one. Moreover, the indentation model used is
developed for pyramidal (deep) indentation and not for a sphere-plane contact. Finally, measurements
in progress show that the accuracy and sensitivity of the RC-AFM to the elastic modulus can be
improved by using a stiffer cantilever.

The last step of the measurement is to do mapping at a given excitation frequency fi,. To be able to
compute the resonance frequency and quality factor from the real and imaginary parts of the cantilever
vibration, fi,, must be chosen as close as possible to the resonance frequency on each layer. In the
present case, as we want to demonstrate the ability of this technique to sense differences in mechanical
properties mainly in the S; and G layers, the imaging frequency is chosen close to that obtained on
these layers (Fig. 3). As a result, the mechanical properties of the embedding resin and, to a less
extent, that of the CML will be poorly estimated.
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Fig. 3 Amplitude frequency spectrum for the different layers. Definition of the resonance frequency f, and
quality factor Q in the case of the embedding resin. Choice of the imaging frequency fi,, for Figs. 4 and 5.

Table 1 Indentation modulus M, and reverse of the quality factor Q( ~ tan & at the resonance frequency) in the
longitudinal direction for the different layers of the cell wall computed from the spectra of Fig. 3. Specified
uncertainties only correspond to the variations between 3 measurement locations.

M, (GPa) Q*
Resin 6+1.5 [0.013+0.002
CML 6.5+£0.5 [0.009+0.003
S; 12+0.5 |0.006+0.003
G 14+1.5 |0.009+0.003

The resulting indentation modulus and reverse of the quality factor maps are given in Fig. 4 for an
imaging frequency of 350 kHz. In Fig. 4a, the S, and G layers clearly appear to be the stiffest ones
whereas the S; and CML layers are the softest as in Table 1. Layers appear far more clearly than in the
topography image of Fig. 2. Variations in the indentation modulus of the S, layer are observed. These
variations could be due to natural gradient properties within the layer (e.g., tangential vs. radial wall),
or to a slightly oblique cross section combined with the MFA that induce a different type of loading
with respect to the microfibrils axis: the highest frequencies would then mean a loading closer to the
microfibril axis than the lowest values. In the latter case, contribution of the matrix in the measured
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frequency is higher. Furthermore, G layers sometime appear to be composed of two slightly different
stiffness parts (see the two arrows in Fig. 4). We don’t know if it’s a real property variation in the
layer or if it’s due to the embedding protocol as resin penetration within the cell wall may change the
measured viscoelastic properties. The evaluation of this resin penetration is in progress by using
Raman spectroscopy [23] and first results tend to confirm such a situation in the inner layer. However,
it can be inferred that resin presence in the gel of the G layer should increase the elastic modulus.
Lastly, it can be seen that topography (e.g., scratches due to the cutting and step height to a less extent,
see Fig. 2) has an effect on the measurement such as roughness. Whatever the real origin of all these
observations, it demonstrates the ability of the RC-AFM to highlight elastic properties variations
within a single cell wall layer.

0.03

5 0.005

Fig. 4 Qualitative mapping at 350 kHz in the same area as in Fig. 2: a) indentation modulus M, — scale bar in
GPa; b) reverse of the quality factor Q* (~ tan Sat the resonance frequency).

For the viscous parameter, tan o in Fig. 4b, results are not so clear as the CML seems to be
surprisingly less viscous than the S, layer whereas the S; is more. This contradicts the values of Q*
obtained in Table 1 and it seems to be mostly due to the choice in the imaging frequency that is too far
from the resonance of the CML (e.g., see the noise in the resin part). It is interesting to note that, on
average, the G layer is more viscous than the S, as in Table 1. The assumption we made above on the
origin of the elastic variations in the S, layer due to a slightly oblique cross section is not really
confirmed here. If the indentation modulus increased because the microfibril axis is closer to the
contact normal, the mechanical contribution of the matrix is lower and then the dissipation too. Again,
the effect of the fibrous nature of the layers, and the resulting cutting nano-roughness, on the contact
properties are questioned. Note that topography has a stronger effect in that case. Lastly, one can
wonder what is the physical meaning (in the frame of tree biomechanics or usual use of wood as a
material) of a viscous parameter obtained at a so high frequency. More work has to be done on this
aspect of the measurements.

Fig. 5 shows closer views of the G layer topography, indentation modulus and dissipation in the
same experimental conditions as in Fig. 4. Similar conclusions can be drawn and the ability of the RC-
AFM mode to highlight the layer structure at this scale as observed on Fig. 5b when compared to
Fig. 5a. In the latter case, a slight topography linked with the cutting scratches can be seen whereas, in
the former, structures with typical size around 50 to 100 nm appear. They could be ascribed to
microfibrils bundles whose size is typically around 20 nm in softwoods [22] and hardwoods [24]. The
fact they appear larger here can be mainly due to the classical tip dilation effect: the apparent
maximum size of the microfibrils bundles is roughly equal to its real size plus the tip radius. This leads
to an apparent size around 75 nm. The effect of the nano-roughness is clearly highlighted here: the
indentation modulus is higher when on the top of a roughness ridge (lower contact area than expected)
and lower in the groove between two ridges (higher contact area). The difference in the elastic moduli
between the microfibrils bundles and the matrix could have an effect here particularly in the ridge. But
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considering the quite large tip radius size and the space available between two bundles [22], it’s not
likely that the tip is in contact with the matrix in the present measurements.

10.03

5 0

b) c)

Fig. 5 Measurements done on a smaller scale as depicted by the box in Fig. 2. a) AFM topography (256 x 256
points) in contact mode. Qualitative mapping at 350 kHz of b) indentation modulus M, — scale bar in GPa;
c) reverse of the quality factor Q* (~ tan §at the resonance frequency).

Conclusion

This study shows that RC-AFM allows for semi-quantitative estimation of stiffness in a given point
and qualitative estimation of its variations at a submicrometre scale. Studies are in progress on
improving its calibration and the experimental conditions to make it more quantitative for the
estimation of viscoelastic properties. Concerning the estimates of viscous properties of the material,
some questions remain on their significance during these kinds of measurements. This technique
should be able to provide data on the stiffness gradient within the cell wall and its evolution during the
maturation process. In the case of developing cells, the sample preparation is not so obvious as for
mature cells. Resin penetration can be stronger in that case and have a higher effect on the
measurement as the cell wall is softer. First samples of developing cells taken along a differentiation
sequence, from the cambium to the mature wood, are currently prepared using the above embedding
technique. Further development with less invasive protocol must then be conducted.
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Abstract

An efficient posture control system based on the development of mechanical stress during the
maturation of wood cell walls allows trees to achieve successful height growth and adaptive
reorientations. In some hardwood species, a tensile stress is generated by a specialized wall layer, the
G-layer, made of a polysaccharide hydrogel reinforced by cellulose microfibrils aligned with the cell
axis.

The mechanism generating this tension has long been a matter of debate. It seems doubtful that
stress is induced in crystalline microfibrils after their deposition, because of their high stiffness and
chemical stability. Alternative hypotheses involve cellulose re-crystallisation or interaction between
the G-layer and other layers.

In vivo investigation on the state of stress of these components was necessary to elucidate this
mechanism. Here we provide experimental evidence that tension appears in crystalline microfibrils of
cellulose shortly after their deposition.

Using microbeam synchrotron X-ray diffraction, we measured how the lattice spacing of cellulose
changes from the cambium to the mature wood of poplar trees, and found it to increase before
formation of G-layer. These observations contrast with current conceptions of maturation stress
generation, exclusively based on the action of the G-layer.

Introduction

Wood cells are produced in the cambium at the periphery of the stem. The formation of the
secondary wall occurs at the end of cell elongation by the deposition of successive layers made of
cellulose microfibrils bounded by amorphous material. Each layer has potentially a specific chemical
composition and is characterised by a particular orientation of the microfibrils relative to the cell axis
[1]. Microfibrils are made of crystalline cellulose, and are by large the stiffest constituent of the cell
wall. The microfibril angle (MFA) in each layer is determinant for cell wall architecture and wood
mechanical properties.

During the formation of wood cells, a mechanical stress of large magnitude, called “maturation
stress” or growth stress [2,3] appears in the walls. This stress fulfils essential biomechanical functions
for the tree. It provides the tree with a motor system [4], necessary to maintain the stem at a constant
angle during growth [5] or to achieve adaptive reorientations. In angiosperms a large tensile
maturation stress is generated by a specialized tissue called tension wood. In poplar, as in most
temperate tree species, tension wood fibers are characterized by the presence of a specific layer, called
the G-layer [6,7], where the matrix is almost devoid of lignin [8] and the microfibrils are oriented
parallel to the fiber axis [9]. This type of cells is also widespread in plant organs whose function
involves the bending or contraction of axes, such as tendrils, twinning wines [10] or roots [11].

The mechanism at the origin of this tensile stress has been the subject of a lot of controversy and is
still not fully understood. However, several recent publications have greatly improved our knowledge
about the ultra-structure, chemical composition, molecular activity and the mechanical state and
behaviour of tension wood. Different models have been proposed and discussed to explain the origin
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of maturation stress [12-23]. The specific organisation of the G-layer suggests that a tensile force
induced in the microfibrils during the maturation process. Different hypotheses have been proposed to
explain this mechanism, e.g. the contraction of amorphous zones within the cellulose microfibrils [23],
action of xyloglucans [24] during the formation of microfibril aggregates [19,24] or the effect of
changes in moisture content stimulated by pectine-like substances [16]. A recent work [18] argued for
an alternative model, initially proposed by Miinch [25], assuming that the maturation stress originates
in the swelling of the G-layer and is transmitted to the adjacent secondary layers in which the larger
microfibril angle allows an efficient conversion of lateral stress into axial tensile stress. Although
several observations allow to reject this model, this hypothesis attracted attention on a possible role of
cell-wall layers other than the G-layer. As a matter of fact, many types of wood fibers lacking a G-
layer are known to produce axial tensile stress, e.g. normal wood of angiosperms and conifers [2], or
the tension wood of many tropical species [26-28], so that mechanisms strictly based on an action of
the G-layer cannot provide a general explanation for the origin of tensile maturation stress in wood.

In order to progress on this issue, direct observations are needed about the mechanical state of the
different cell wall layers, and their evolution during the formation of the tension wood fibers. X-Ray
diffraction can be used to investigate the orientation of microfibrils [29-34] and the lattice spacing of
crystalline cellulose. The axial lattice spacing doo is the distance between successive monomers along
a cellulose microfibril, and reflects its state of mechanical stress [32,35]. If cellulose microfibrils
indeed support a tensile stress, they should be found in an extended configuration. Under this
assumption, the progressive development of maturation stress during the cell wall formation should be
accompanied by an increase in cellulose lattice spacing. Here, we report on a first experiment where a
microbeam was used to analyze the structural changes of cellulose in the cell wall layers of tension
wood and normal wood fibers along the sequence of xylem cell differentiation extending from the
cambium to mature wood (Fig. 1).

beam scan

camera

Fig. 1: Schematic of the
experimental setup,
showing the X-Ray beam
impacting perpendicular
to the longitudinal-radial
plane of wood, and the
contribution of the (004)
crystal plane to the
diffraction pattern
recorded by the camera

" X-ray beam

phloem g

TR cambial zone 4
wood J

Material and Methods

Plant material and sample preparation: Experiments were performed on young tilted poplar trees
(Populus deltoides x P. trichocarpa cv. 145-51). Sample preparation was designed to prevent the
release of mechanical stress within the segment, in order to keep the sample as close as possible from
its in planta mechanical state [35]. On each tree, a 40-cm long stem segment (approximately 3 cm in
diameter) was taken from the curved basal part of the stem. The segment was then prepared so as to
leave a thin strip (400 um tick) of peripheral wood on its mid-part of one side (Fig. 1), including the
bark and the cambial area, and extended 2 mm within wood. The samples were kept wet during the
whole preparation.

X-ray setup and experimental method: The experiment was carried out at the ID13 beamline of
the ESRF using a 5 um beam [36]. The wavelength of the monochromatic X-Ray beam was
1=0.961176 A. The sample holder was designed to maintain the stem segment perpendicular to the
beam, while allowing precisely monitored vertical and lateral displacements. On each wood strip 3
radial profiles (distant 1 mm from each other along the fiber direction) were recorded in the transition
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zone between bark and mature wood (Fig. 1). Each profile contains 150 shots at successive radial
positions separated by 10 um, extending from outer bark to mature wood. Samples were kept wet
during the measurements using a micro-drop system fixed to the wood segment.

Data processing Diffraction patterns were processed using the Fit2D software (http://www.esrf.eu)
and home made software procedures programmed with Microsoft Excel/Visual Basic. Despite the very
small amount of wood material crossed by the X-Ray beam (low thickness and small beam size) the
data yielded a high quality signal with very low noise, allowing a detailed analysis of the 004
reflections.

The 004 reflection was used to obtain information about cellulose lattice spacing. The diffraction
patterns were integrated on a defined azimuthal sector and the intensity was plotted as a function of
the radial position on the image. The radial position of maximal intensity (rma) Was determined using
local polynomial fitting. Any radial position r on the pattern corresponds to a value of the Bragg
angle: 6,04 = Y2atan(r/L), where L is the distance between the sample and the camera. The Bragg angle
of the cellulose 004 reflection is approximately equal to 10.73° at the experimental wavelength, but
variations in cellulose lattice spacing dgs induce slight changes according to the equation of
diffraction: dges = A(2SiN6y,). The mean lattice spacing was therefore computed as
doos=A/(2sIn[(atan(rmax/L))/2]).

A given microfibril contributes to the 004 reflection at an azimuthal position that depends on the
microfibril orientation. Therefore, the lattice spacing of cellulose can be computed separately for
different classes of MFA, by analyzing the signal in specific azimuthal sectors. The above-mentioned
calculations were carried out for 2 distinct azimuthal integration sectors (£0°-12° and +12°-24°)
yielding two distinct sets of lattice spacings. The first is representative of the fraction of cellulose with
MFA <16°, and the second of the fraction with MFA >16°. This value has been chosen because it
corresponds to the median value of MFA in normal wood.

Microscopic observations: One-pum thick transverse sections of the studied wood strips were
stained with methylene blue/Azurll mix and observed under a light microscope. Microscopic sections
allowed comparison between X-ray diffraction signal and anatomical structure. In particular,
anatomical observations show that formation of G-layer appears 650 um away from cambium in
tension wood sample and confirm the absence of G-layer in the cell wall of normal wood.

Results

Changes in amount of cellulose along a development sequence

Typical diffraction patterns observed from one tension wood and one normal wood strip are shown
in Figs. 2.

The intensity of the 004 reflection depends on the amount of diffracting microfibrils crossed by the
beam. Therefore local variations in density (for example related to the presence of vessels) create
slight fluctuations of the intensity profiles (but this does not affect the position of the peak, i.e. the
lattice spacing of cellulose). The contributions to the intensity profiles of low MFA (<16°) and large
MFA (>16°) are shown separately in Figs. 2. Intensity is shown on a log scale so that variations at low
intensity can be seen despite the high intensity reached in mature wood. Comparison between these
profiles indicates the relative abundance of cellulose oriented with low and large angle at each
position.

After the first peak in the periphloem fibers, the cambial zone is characterized by a very low signal
due the absence of secondary walls. The intensity increases along 400 um after the cambium, parallel
to the thickening of the cell wall. During this phase, similar intensity profiles are observed for low
MFA and large MFA, for both normal wood and tension wood. After this phase, the signal of normal
wood and tension wood clearly differ. In normal wood, low and large angles have similar low-
intensity patterns, consistent with the fact that the cell walls have reached their final thickness. In
tension wood, the signal emerging from low angle microfibrils deviates from the large MFA signal
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and becomes 3 to 5 time higher. This steep increase in intensity for low MFA starts approximately
420 pm after cambium, much before any G-layer has become visible.
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Fig. 2: Profiles of the 004
reflection intensity and
dooslattice spacing along a
sequence of development of
normal wood (A) and
tension wood (B). Intensity
(in log scale) and lattice
spacing are given with
distinction between
contribution of microfibrils
oriented with large angle
(>16°, red circles) and low
angle (<16°, green squares).
Doted line at 650 um
indicate the appearance of
G-layer.

Changes in axial lattice spacing of cellulose along a development sequence

The evolution of the (004) planes mean lattice spacing is shown separately for the low MFA (<16°)
and large MFA (>16°) classes (Figs. 2). The graph displays only the points with a signal high enough
to accurately determine the lattice spacing.

In normal wood, dog, remains constant along the profile for both low and large angle microfibrils.
In tension wood, the dgo4 profile for large angles is also roughly constant, although more scattered
because of the comparatively lower intensity of the signal for this category of angles. For low
microfibril angle in tension wood, one can clearly see a progressive increase in lattice spacing in the
first 550 pm after cambium. This increase occurs before the G-layer being visible. It is particularly
steep in the area where the innermost part of the S2 layer, dominated by low MFA, diverges on the

intensity signal.

A tentative of measurement of the lattice spacing after release of tensile stresses by isolating fibre
from both sides has been done, however, the displacement of the thin wood strip due to sectioning
made impossible the use of data for lattice spacing measurements.

The axial strain of cellulose was computed as the relative change in dgy0bserved in this area. For
low angle microfibrils in tension wood, it ranged between +0.1 to +0.3 % with a mean of +0.18 % on
tension wood profiles. No or very few delay was observable between the deposition of cellulose
(detected by intensity) and the increase in mean lattice spacing.
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Discussion

X-Ray micro-diffraction allowed exploring changes in cellulose ultrastructure along sequences of
cell walls development in normal and tension wood. Variations in intensity were consistent with the
progressive thickening of the cell walls.

Our procedure was designed to measure the evolution of cellulose axial lattice spacing along a
sequence of cell wall development. We assume that the dqo4 Of cellulose at mechanical equilibrium is a
constant, so that its variations are reflecting mechanical strain and stress in the cellulose crystal, as was
previously demonstrated [35]. The major result we obtained is a clear difference between the patterns
of changes in dys between normal wood and tension wood. We evidenced that the cellulose lattice
spacing increases in the inner part of the S2 layer only in tension wood. Moreover, we could
demonstrate that this increase was correlated to the deposition of microfibrils with very low MFA, that
occurred before G-layer formation. This may indicate that, inside the inner part of the S2 layer of
tension wood, cellulose is put under tension just after its deposition. Furthermore, the magnitude of the
strain deduced from our experiments (between 0.1% and 0.3%) is very close to the macroscopic
released strain of maturation stress usually reported for poplar tension wood [6].
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Silica distribution in wheat awns to improve dispersal
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Abstract

Seed dispersal is a central stage in the life cycle of higher plants. It is important for the growth and
collection of agricultural products, and in understanding the spread of invasive weeds. Plants develop
specific structures that help their seeds move from the mother plant to a germination site, such as
hairs, wings, thorns and edible parts, among others. Many grasses have awns, which are long, narrow
appendages to the dispersal unit. The awns passively affect the course taken by the seeds as they fall
from the mother plant, and in addition they may actively push the seeds along and into the soil via a
hygroscopic mechanism. Wheat awns bend at their base when dry and straighten when damp, and so a
long lever arm is created. This movement causes locomotion of the dispersal unit when the surface of
the awns, acting as a ratchet, interacts with surfaces.

Using electron microscopy, | identified a continuous silica layer deposited at the epidermis, and
covering hairs and papillae. The silicified surface appears to induce low friction when the awns slide
in the direction of the seeds, and high friction when they slide in the opposite direction. Together with
a sophisticated hygroscopic mechanism, the awns' structure is optimized for assisting the seed in
moving short distances through plant litter, along and into the soil, increasing its chances of reaching a
safe germination site.

Introduction

Seeds are the plants' emissaries to the next generation. As such, they set the starting point for
renewal of annual populations and survival of perennial ones. For successful propagation, they need to
find a position in the soil in which they can germinate and thrive [1], [2]. This requires some
mobilization mechanisms, often involving animals, wind, or water, combined with specific forms of
the dispersal unit [3], [4], [5]. Soil structures also affect seed distribution and successful germination
[6] [7]. Seeds may stay on the mother plant until it wilts, or until they are picked. More often the seed-
dispersal unit develops a special tissue at its base that allows the seed to separate from the mother
plant [8]. This tissue is called abscission tissue when the whole dispersal unit is shed, and dehiscence
tissue if the fruit, still connected to the plant, opens and the seeds themselves are shed. After
disconnecting, the dispersal unit desiccates and dies, but even in this state it can direct the seed to a
germination position through specific morphologies that interact with the environment [9], [10], [11].
These can be wings and feathers or simply a small size for flying, hooks and thorns for clinging to fur,
mucilage for attaching to surfaces, an oily compartment (elaiosome) for attracting ants, or autonomous
dispersal mechanisms. Some seeds have a simple round shape and thus disperse via the soil's random
movements. Others have elaborate appendages, which often operate via changes in the hydration of
the cell wall.

In drying plant tissues, stress develops when one part of the tissue shrinks in a specific direction
more than a neighboring part. The organs move so as to relieve this stress. The direction of the
movement reflects the orientation of the cellulose fibrils that make up the cell wall: as the cell wall
dries, the matrix between the fibrils shrinks but the fibrils themselves do not. Therefore, the cell wall
contracts in a direction perpendicular to fibril orientation. This phenomenon has been described in a
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wide variety of dry-dispersal mechanisms [12], [13], [8], [14]. The actuating tissue divides into active
and resistant parts. The active part contains fibrils at an angle to the cell axis, and therefore while
drying, the cell length decreases. The cell wall in the resistant part consists of fibrils lying along the
cells axis. This part resists the movement and stabilizes the moving structure [15].

Self-dispersal (autochory) using hygroscopic mechanisms

To study the mechanism of pod dehiscence in relation to the evolution of the legume family, nearly
100 legume pods were investigated [16]. In this classic work, the cellulose fibril orientation was
estimated using polarized light microscopy. It was found that to achieve dehiscence, the valves must
contain layered sclerenchymatous tissue with cellulose fibrils in orthogonal directions. The fully
dehiscent pods were found to represent the most primitive members of the family and with evolution,
dehiscence was partially or fully lost.

The dehiscence tissue controls the explosive ejection of seeds in the subfamily Acanthaceae [15].
In this case the fruit opens very rapidly due to the sudden release of tension stored in the septum.
Using polarized light microscopy, the septum was found to contain active parts with cellulose fibrils
tilted 30° to 40° relative to the septum axis, and parts that resist the bending with fibrils running
parallel to the septum.

A slow-moving hygroscopic dispersal mechanism exists in pine cones, in which the scales open as
the cone dries up. Polarized light microscopy of macerated cells showed that the sclerenchymatous
cell wall in the lower part of the scales is built of cellulose fibrils running at an angle of 74+5° to the
scale axis. These cells contract when they dry. Fiber cells appear at the center of the scale. They
consist of fibrils tilted 30° to the cell axis. Under humid conditions, the fiber cells' extension
coefficient is only about a third that of the sclerenchyma cells, and their stiffness is about five times
that of the sclerenchyma. This suggests that the pine cone scale is built of an active part that responds
to humidity changes, and an adjacent part that resists this movement [14]. These examples show that
groups of plants with remote evolutionary histories use a similar strategy when building a hygroscopic
device, and that these structures are common in self-dispersal mechanisms.

Hygroscopic movement in wheat awns

| studied the micro- and nanostructure of the active and resistant parts in awns of wheat. Wheat
awns are long, stiff filaments attached to the dispersal unit (Fig 1). When green, they function as a
photosynthetic unit, supplying 10 to 40% of the seed's nutrients [17]. The base of each awn bends as it
dries and conversely, straightens in a humid environment. The active part in the actuating region was
found to contain cellulose fibrils arranged in rotated plywood-like layers. This highly anisotropic
microscopic arrangement was thought to make it hypersensitive to ambient changes in humidity. In
contrast, the resistant part was found to contain fibrils aligned along the awn, which are packed
densely and bind water molecules more strongly than the active part. Thus, the awns respond to
moderate changes in humidity, and have an adaptive advantage under diverse humidity conditions
[18]. The fibril orientation governs the tissue's rigidity. In wheat awns, the fibrils' organization in the
active part is optimized for high stiffness, which allows them to push the seed-dispersal unit against
tough surfaces without changing their form [19].

The movement of wheat awns enables dispersal-unit crawling, possibly to optimize germination
[20]. In order to slide along a surface, friction forces must be created. In this work, | show that the
awns are encapsulated in a silica crust and suggest that this allows the dispersal unit to slide in the
seed direction.
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Fig. 1 (a) Wild wheat dispersal
unit. The distal and proximal
sides of the awn are indicated.
The arrow points to the seed
case, which contains two seeds.
Inset: a schematic diagram
showing a wheat inflorescence
with awned seeds. (b) Scanning
electron micrograph of
longitudinally sectioned wild
wheat awn. White arrow
indicates a silicified hair. Note
the dense mechanical tissue at
the periphery of the awn, and the
chlorenchyma porous tissue at
the center.

Materials and methods

Plant material

Wild emmer wheat plants, Triticum turgidum ssp. dicoccoides, accession TTD 12, from Ammiad,
Eastern Galilee, Israel, were grown in the net greenhouse of the Max Planck Institute for Molecular
Plant Physiology in Golm, Germany, starting on Feb 21 2006, for about 4 months. Dry inflorescences
and seed-dispersal units were collected and kept under ambient conditions until analysis. Additional
awns from a large wild wheat collection [21] were analyzed using electron microscopy.

Electron microscopy

Samples of mature and dry awns were prepared via three methods. To examine the surface of the
awns, pieces of about 2 mm in length were cut from the base. Samples were mounted as is on an
aluminium stub using double-sided carbon tape. To study the awn in cross section, thin sections of 50
um were obtained as described in Elbaum et al. [20]. Lastly, samples were embedded in a plastic
material to create a smooth cross section, thereby eliminating the SEM contrast that originates from
sample topography. Pieces of about 1 cm were placed in a 70% ethanol solution overnight. The
samples were dried by washing them twice for 10 min each in 90% then 96% ethanol, twice for 20
min each in 100% ethanol, and twice for 10 min each in 100% propylene oxide. The samples were
immersed overnight in 50% propylene oxide in Epon (SPI-Pon™ 812 Epoxy Embedding Kit, SPI-
CHEM, hard mixture). The vials were then opened for 2 h to allow the propylene oxide to evaporate,
and the samples were moved to pure Epon solution for overnight incubation. The Epon solution was
replaced twice, after 1 h incubation each time, and then the samples were placed in fresh Epon for
final curing at 60°C for 3 days. The blocks were sectioned transversely and the cross sections of the
awns were cut on a microtome (Reichert-Leica Ultracut E) using a glass knife.

Images were scanned in a Philips XL-30 environmental scanning electron microscope (ESEM). We
used two detectors in low-vacuum mode: the back-scattered electron (BSE) detector, in which the
signal intensity increases with the atomic number of the elements composing the scanned area, and the
energy-dispersive spectrometer (EDS) that identifies the elements according to the X-ray photons they
emit under excitation of the electron beam. Image processing was performed with ImageJ (NIH).

X-ray micro computed tomography (micro-CT)
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Pieces of about 2 cm were cut from the bases of mature and dry awns. The samples were measured
in a micro-CT system (Skyscan-1072) operated at 100 kV and 100 pA. Data reconstruction was
performed using a filtered back-projection algorithm for cone beam tomography including corrections
for beam hardening (NRecon, Skyscan). Three-dimensional (3D) representations were rendered using
ImageJ (NIH) and the plugin “Volume Viewer”.

Results and discussion

In our previous work, we showed that wheat awns bend as a reaction to drying, and straighten back
up at high humidity [20]. We suggested that this movement is initiated by the daily humidity cycle,
and enables the crawling of wheat seeds along and into the soil. The bending can generate movement
only if a friction force is created between the soil and the awn. In this work, | show that the awns are
covered with a continuous layer of silica, and discuss its roles in seed dispersal.

In Figures 1 and 2, one can see the unidirectional silica hairs that point away from the seed case.
The distribution of the hairs is not even around the awn: they are present at higher density along a
ridge facing the distal direction of the dispersal unit. This ridge is probably responsible for most of the
contact of the dispersal unit with surfaces. The hairs and papillae, known to contain silica [22], can
withstand significant friction forces. In addition, we can discern a row of stomata on either side of the
ridge, as previously described [23].

The distribution of silica in cross section was characterized by SEM using a BSE detector, and an
EDS. A tight correlation was found between regions of high brightness in the BSE micrographs and
regions with high silicon concentrations (Fig 3). | therefore associated the high-brightness regions
detected by BSE with highly silicified regions, and concluded that the major mineral in the sample is
silica. Silica was found to form a crust on top of the epidermal cells, and to integrate into their cell
walls (Fig 4). In the ridge region, more of the epidermal cell wall is silicified.

The high-atomic-weight components, which are visible through BSE detection, attenuate X-ray
radiation most efficiently. As most of these materials contain silicon, we can obtain a 3D distribution
of silica using micro-CT. Figure 5 shows a 3D reconstruction of the epidermal silicification. The
silicified hairs and papillae are connected through an almost continuous layer of the mineral, which is
disturbed in the stomatal regions. This may have a physiological explanation, because deposition of
silica in the stomata might exclude them from opening during photosynthesis and closing at other
times.

i Fig. 2 Scanning electron
A Micrograph of a wild
wheat awn. (a) A cross
section of an awn. One
can recognize a narrower
region (arrow), which
forms a ridge on the awn
surface. Stomata can be
identified on both sides of
the ridge (arrowheads).
(b) The surface of the awn
is imaged from the ridge
direction. Silica hairs and
papillae can be
recognized. The hairs are
more abundant on the
seeds  ridge, while the papillae
cover uniformly the awn.
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8 Fig. 3 Scanning electron micrographs of
a transverse section of a wheat awn
embedded in Epon, showing the
correlation between high-brightness
regions in back-scattering mode (left),
and the silicon X-ray emission line, as
detected by the energy dispersive
spectrophotometer (right). The width of
tha images is 40 gm.

* f'wl
Fig. 4 Scanning electron micrographs of a cross section of a wheat awn. The left image shows the
complete cross section, the middle image shows the ridge region of the same cross section, and the
right image magnifies a region at the epidermis. The brightness levels reflect the atomic number of
the elements and in this case, the bright regions correspond to regions that are rich in silica. Note
the accumulation of silica above the epidermis, in the papillae and hairs. Silica is also incorporated
in the epidermal cell wall.

Fig. 5 A 3D rendering
of a wild wheat awn
reconstructed from
micro-computed
tomography data. The
mineralized silica
hairs can be easily
observed as they
absorb the X-ray
radiation, in contrast
to the row of black
stomata that contain
small amounts of the
mineral (arrow).

Conclusion

In this work, | show that a crust of silica covers the wild wheat awns. Silica is carried with the
water evaporation stream [24]. In green awns, the mineralized crust may reduce evaporation from the
cuticle and add to their ability to photosynthesize under drought. The stomata are not silicified. As a
major evaporation locus, we would expect to find silica in the stomatal region; on the other hand, solid
silica would disturb the free movement of the guard cells and prevent their function. Therefore, we
conclude that silica is actively directed away from the stomata. These findings indicate that silica is
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deposited under cellular control, and that the silica crust plays a physiological role in the awn's
structure.

The silica layer is thicker on the ridge, which is distinguished by a higher density of silica hairs.
The ridge faces the distal direction of the awns, and is therefore more likely to interact by friction with
surfaces than other regions on the awn surface. The thicker silica layer protects it from damage that
may occur during physical interaction with surfaces. The silica solidifies as an amorphous mineral that
forms a smooth durable surface, and the stiff hairs, acting as a ratchet, prevent backsliding of the
seeds. This design thus restricts the awns' movement through plant litter and along and into the soil to
the seed direction.
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A new interpretation of plant cell growth mechanics:
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Abstract

We propose replacing Preston and Probine’s creep/viscoelasticity-based model for cell wall stress-
relaxation with a newer and more predictive model based on the Eulerian concept of Loss of Stability.
This model, derived from physical first principles, permits the prediction of working turgor pressures
for any growing plant cell for which the geometry, wall thickness, and wall modulus can be
determined. Our model eliminates experimental inconsistencies inherent in the viscoelastic/creep
model and makes it possible to define a critical pressure (Pcr) for cell wall stress-relaxation as turgor
pressure rises gradually, implying that turgor pressures in all growing plant cells must necessarily be
hovering at or near their critical pressures.

Introduction

Our work separates the biophysical from the biochemical aspects of growth by outlining a
theory of plant cell-wall stress-relaxation which can stand on its own. The physical approach is
embodied in the notion of stress-relaxation which describes the physical process by which load
induced mechanical stresses relax after loading, whether by catastrophic failure or by some more
controlled process. Our starting premise is that since stress-relaxation is a physical process, it can be
approached entirely on a physical and mathematical basis, without any reference to cellular
biochemistry or metabolism. Wall loosening on the other hand refers to the biochemical process by
which cross-linking elements within the wall are either broken or otherwise modified, and along with
wall synthesis must be understood in biochemical and ultrastructural terms.

Preston’s model [1] describes a turgid cell whose wall stretches irreversibly when placed
under tensile stress exceeding some material parameter which can be called the yield threshold Y. The
relationship between yield threshold and cell volume growth (dV/dt) has been formalized in the well-
known Lockhart Equation [2] which proposes that the volume growth rate of a cell is proportional, by
some empirically determined amplification coefficient m, to the difference between the cell turgor
pressure P and the yield threshold pressure Y.

dv/dt = m(P-Y,) Eql

As long as the turgor pressure P is higher than the yield threshold pressure Y, the right hand side of the
equation remains positive and growth will occur -- the greater the divergence the faster the growth.

The first implication of this expression is that there is a real turgor threshold for growth which
reflects the yield threshold of the wall material, and that turgor must rise above this threshold for
growth to occur. Y, therefore represents the lower limit of turgor in growing cells and the actual turgor
pressure of a growing cell must rise above Y, by an unspecified amount in order to result in non-zero
growth. Consequently the Lockhart expression cannot predict the working turgor pressure of the
growing cell accurately.

Preston attempted to integrate what he knew about wall ultrastructure with the Lockhart
equation, thereby creating a model which could serve as a basis for the interpretation cell wall
behavior. The biophysical model that Preston settled on was based on the observation that segments
of cell-wall material, when subject to tensile loading under experimental conditions, appear to exhibit
a continued period of extension after the initial imposition of the load. This kind of delayed stress-
relaxation has been termed viscoelasticity, or viscoplasticity [3,4]. Viscoelastic creep represents a
special case of elastic behavior which becomes apparent under specific conditions and refers to an
extended period of stress-relaxation (and deformation) that persists after a sudden and finite change in
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strain. It is only seen under conditions where the initial deformation is applied rapidly so that the
equilibration of stresses within the material does not have time to keep up with the sudden change in
strain. This dependency on rapid loading makes it a rather unlikely candidate as an explanation for
stress-relaxation in normal living cells where sudden increases in cell turgor are unlikely to occur.
Nevertheless, viscoelastic behavior has been seen in isolated plant cell-wall materials under
experimental conditions and exhibits a characteristic log-linear relationship between time and
deformation [5,6].

We have shown that although viscoelastic/viscoplastic extension can occur under
experimental conditions, during normal growth plant cell wall stress-relaxation most likely follows an
entirely different dynamic, termed Loss Of Stability (LOS), [7,8,9]. LOS theory follows directly from
the extension of pre-existing mathematical theory without reference to empirically derived concepts of
cell wall biochemistry or to presumed viscoelastic or viscoplastic stress-relaxation. In its purest form
it is an all-or-nothing process in that the conditions for stress-relaxation through LOS in a turgid cell
are either met, or they are not met; and perhaps more importantly, when applied to water-filled
pressure vessels it reveals an internal control cycle that is inherent in the physics of the system,
rigorously defining a maximum turgor pressure for any growing cell

Our most recent application of LOS theory defines the conditions which lead to loss of
stability in cylindrical cells [9]. This constitutes what we believe to be a viable model for stress-
relaxation in cylindrical plant cells, which is also able in principle to predict the working turgor
pressure of any growing cylindrical cell. Specifically, we have developed a Critical Pressure solution
to the problem of instability in a cylindrical pressure vessel:

Et
Peritical = Wl(:-v) Eq 2
Where Piticar = the internal pressure value at which wall instability occurs, E = wall modulus, t, =
initial thickness, e= base of the natural log, R, = initial radius, and v = Poisson’s ratio of the wall
material. Note that this equation predicts the upper limit for increasing turgor pressure in a growing
plant cell directly from the geometry and mechanical properties of the cell wall and without the need
for empirically determined constants.

LOS of Elastic Materials in Tension LOS theory, as we have applied it to the problem of plant cell
growth, derives directly from the work of the renowned mathematician and physicist Leonhard Euler,
who in 1778 formalized the concept of instability in a vertical column under axial compression, (the
“Euler Column™ ) in which the load/deformation curve rises smoothly to a peak where, at zero slope,
the structure transits from a stable state to an unstable state, followed by failure according to a variety
of modes depending on the material.
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The mathematics of Loss of Stability was then extended by the Russian engineer Aleksei
Rzhanitsyn first to a column in tension, and then to a spherical pressure vessel [10] all of which were
shown to exhibit the characteristic behavior first described by Euler. In the case of a column in
tension Rzhanitsyn established that as the force acting on the column increases, the stress in the
column also rises to a point at which it becomes unstable, although the subsequent modes of failure are

FCR
™
2 AN
\
VCR
Elongation

very different from those which might occur in compression. The force required to trigger instability
behavior, which he termed the Critical Force, F, is determined solely by the geometry of the column
and its material properties. F can therefore be unequivocally predicted from measurable values. As
Euler had noted before him, the distinguishing feature of this kind of behavior is the
characteristic shape of the force/deformation curve.

Rzhanitsyn then applied the notion of tensile instability to a spherical pressure vessel. He
showed that a spherical vessel, pressurized gradually to create tensile stress in the vessel wall, will
similarly undergo a loss of stability at a critical pressure P, which can be predicted from the material
properties and thickness of the wall and the geometry of the vessel, just as the critical force F., which
predicts instability in a column can be determined solely from the geometry and properties of the
column.Fig 2.

Fig 1 Typical curve for loss of stability in tension, where F, is the critical force at the
moment of instability, and Vcr is the change in dimension at instability. The points
on the rising portion of the curve are stable states in which the material retains some
elasticity. Note that at F, the force-elongation curve is at zero slope, indicating that
there is no elasticity in the system. Points on the falling portion of the curve represent
unstable states.
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Fig 2. Loss of stability in a spherical pressure vessel. P, is the critical pressure
(at zero slope) where the wall of the vessel becomes unstable. (R-Rg)., is the
change in radius of the vessel wall at criticality.

This work has been well reviewed by Panovko and Gubanova [11] who also note that when
the pressure vessel wall is inhomogeneous, with thin spots, (or local regions of lower modulus) then
loss of stability will occur first in those regions where P, has its lowest value [11]. Furthermore, in a
water-filled pressure vessel, because of the almost complete incompressibility of water any instability-
driven yielding, no matter how localized, will result in a small increase in volume and an immediate
drop in pressure, thereby potentially rescuing the vessel from catastrophic failure.

The applicability of this thinking to the problem of plant cell growth is obvious. Any growing
plant cell can be thought of as a water-filled pressure vessel whose wall although complex and
anisotropic, is necessarily constrained by the same physical laws that govern instability behavior in
any pressure vessel. When the internal pressure (turgor) rises to the point where some local region
becomes unstable then instability-driven yielding must result, followed by a small volume increase
and a drop in pressure. When multiple local instabilities begin to flicker across the wall, (always
finding locations where P, is at its lowest value), then growth will result in a seemingly continuous
extension of the wall surface. In any multicellular growing tissue (imagine a rapidly extending
hypocotyl) the individual cell turgor pressures will all be “hovering” at, or just below, the local value
of Pg,.

Instability-driven yielding is thus very different from viscoelastic yielding. Viscoelastic
behavior is much less predictable, and depends heavily on the stress mechanical history of the sample.
To quote Fung and Pin Tong [12]:

“Viscoelasticity is characterized by a constitutive law that the current state of stress depends
not only on the current strains, but also on the full history of their development...”

By way of comparison LOS behavior happens only if the mathematical conditions specific to
the geometry and material properties of that cell are met. The previous history of the sample is
irrelevant as long as molecular rearrangement can keep up with the strain rate. This means that in a
gradually pressurized cell the wall will lose stability only when the turgor pressure rises to the value of
Pcr, regardless of the prior history of the sample. Conversely, as long as the system retains some
elasticity (as long as the slope of the force/deformation curve remains positive) true loss of stability
cannot happen. In this article we provide further direct evidence of LOS behavior in plant cell wall
materials and discuss its relevance to the problem of plant cell growth.
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Material and methods

Plant material and growth conditions Cultures of C. corallina were grown in a medium of
5% soil mixture in distilled water. Fast growing intact plants each consisting of 5-6 internodal cells
were used for measurements (very young cells less than 3mm in length were considered unusable).
The most mature internode (i.e. the most basal one), labeled cell #1 in this study, grew at a rate of
about 5% increase in length per day. The youngest internodes (cell #5) grew at about 20% increase in
length per day.

Measurement of cell turgor pressure The turgor pressures of internodal cells were measured
directly using the cell pressure probe method [13]. Probing was carried out sequentially from the
youngest to the oldest internodes while the whole intact plant was kept in water. Six intact plants were
used for these turgor measurements.

Measurement of wall stress-strain relationships After probing, the cells were opened with a
razor blade and the cytoplasm was removed with a hair loop. The walls were then cut into
longitudinal ribbons for elastic modulus measurements. Cell wall thickness was measured by means
of image duplicating interference microscopy. For the calculation of the optical path difference we
assumed the refractive index of the wall materials to be 1.55 [1]. The lengths and widths of the
ribbons were measured with an optical micrometer. The elastic moduli E of individual fully hydrated
wall ribbons were then determined by a cyclic loading/unloading method described in detail elsewhere
[9]. The ramp-loading experiments described here (Fig 3,4) were conducted under load-controlled
conditions using a microprocessor-controlled miniature forcing frame (Vitrodyne V-200, formerly
made by LiVeCo Biomechanical Instruments, Burlington, VT, USA).

Results and discussion

Experimentally the distinction between viscoelastic behavior and LOS behavior can be
demonstrated dramatically in plant cell wall materials. When we excise a portion of Chara cell-wall
material, secure it in a mechanical testing apparatus and stretch it suddenly, we will in fact see a
continued extension of the wall segment, an extension whose rate decays over time in a log/linear
manner, suggesting that the stress-relaxation process as falls into the viscoelastic/viscoplastic regime.
However, if we take an identical portion of cell-wall material, clamp it in an identical manner, but load
it gradually, under rate conditions that more nearly approximate those which might occur in a living
cell, we find that the extension of the wall fragment follows an entirely different modality and exhibits
none of the log-linear decay signature that characterizes viscoelastic extension.

In Fig 3, curve a illustrates the response of a cell wall strip under pH neutral conditions where
the ramp-time (5 minutes) is sufficiently gradual to eliminate any continued viscoelastic extension
after the load is held constant.
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Fig 3 AtpH 7.0 a cell wall strip subject to gradually increasing tensile load for 5 minutes will maintain
its final length when the load stops increasing. However, as the pH drops the original 5 minute ramp-
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time is too short to permit deformation to keep up with the increasing stress and some continued
extension will be seen even when the load is held constant.

Another illustration of classical LOS leading to failure is seen in Fig 4, which illustrates
Eulerian loss of stability behavior in a cell wall strip subject to tensile load increasing gradually over a
period of 60 minutes. As the load continues to ramp up in a linear manner, the force/deformation
curve follows the characteristic LOS profile, ending in failure as the sample becomes unstable at zero
slope.
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Figure 4. Two views of the behavior of a longitudinal wall ribbon when the intensity of the applied
tensile force is increased gradually. Curve A shows the loading regime (Force vs. Time). A continuous
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linear rise in applied load is applied to a cell wall strip excised from a growing Chara cell. Curve B
shows the same event re-plotted as force vs. elongation of the sample. The peak of the curve (zero
slope) establishes the occurrence of Loss of Stability, which is the point when the force reaches the
critical value leading to instability and failure of the strip.

When taken in the context of previous experimental work which has clearly demonstrated
viscoelastic extension in plant cell wall materials this means that cell-wall materials are capable of
two entirely different modes of stress-relaxation behavior depending on the loading conditions to
which they are subjected.

One substantial fact that emerges from our study is the ability of LOS theory to predict the
working turgor pressure of living cells. We took fast-growing plants of Chara corallina and subjected
them to systematic analysis after measuring the turgor pressures of their individual cells directly with a
cell pressure probe. The analysis was designed to establish values for the variables in the cylindrical
LOS equation (Eq 2 above) which could then be substituted back into the equation to provide a
calculated prediction of the working turgor pressure. In each case a plant at least six internodes in
total length was chosen. The oldest and most basal cell was labeled cell 1. Dissection of each
individual cell enabled us to measure wall thickness t, cell radius R, and wall modulus E. Values for t,
and R, were estimated by a procedure discussed in Wei and Lintilhac 2006 [8]. Poisson’s Ratio v was
introduced as a range of values from 0.0 to 0.5. The entire analysis was repeated for 6 similar plants.
Pressure measurements are presented in MegaPascals as a mean + standard deviation, n=6.

The predicted working turgor pressures which represent calculated values for P, according to
Equation 2, are always higher than the values measured by probe. This is due to the fact that values
for modulus E are determined using thickness measurements that only reflect the approximate overall
thickness of a measured segment; whereas the real working turgor pressure reflects the limits imposed
by the thinnest or lowest modulus region of the wall (see Panovko & Gubanova p. 88, as noted above)
which may be too small to resolve by microscopic interferometry. This systematic error thus appears
to result from an inability to resolve local regions of low P.,. Despite these difficulties it is clear that
the calculated values are reasonably close to the pressures measured by cell pressure probe, and
support our hypothesis.

Turgor Pressure
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Fig 4. Measured vs. predicted values for turgor pressure in living Chara cells,

For each of 6 comparable Chara plants Cells 1 -5 were probed, dissected and measured. For each
individual cell turgor pressure was measured by cell pressure probe. Cell wall thickness t, cell radius R,
and wall modulus E were then obtained by direct measurement. Values for t, and Ry were estimated by
a procedure discussed in Wei and Lintilhac 2006. Poisson’s Ratio v was introduced as a range of values
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from 0.0 to 0.5 and reflected as a mean predicted pressure + Poisson’s ratio variance. Pressure
measurements are presented in MegaPascals (MPa) as mean + standard deviation, n=6.

As a predictive tool the Lockhart Equation (Eq 1) is beset by a number of problems. First
among these is the well known difficulty in establishing the value of the yield threshold Y . This is
because viscoelastic behavior depends upon the entire stress/strain history of the specimen [12] and
therefore looks different in the hands of different experimenters who load their materials at different
rates, and return different values for Y depending on their own methods. Another issue is the lack of
any representation of the geometry of the cell or of cell wall dimension. This is particularly
problematic in the case of plant cells where the working turgor pressure necessary to sustain growth is
so clearly linked to wall geometry. One only has to reflect on the fact that high pressure cells tend to
have thicker walls than low pressure cells to realize that dimension and geometry must figure into the
determination of working turgor pressure.

LOS theory provides a purely physical context from which to try to understand the
complexities of plant cell growth. Specifically it tells us that there is a direct physical relationship
between cell geometry, the mechanical properties of the wall, and the Critical Pressure (P,) which
limits the working turgor pressure. Furthermore, it implies that because of the pressure drop that
occurs instantly after an LOS event there is an inherent negative feedback on continued cell wall
expansion, and that in any multicellular growing tissue the individual cell turgor pressures will all be
“hovering” at, or just below, the local value of P,;. The difference between the traditional “Lockhart”
view and the LOS view of turgor-driven growth is highlighted by the observation that in the Lockhart
equation (Eq 1) Y, represents the lower limit of turgor pressure during growth, whereas in the LOS
model P, represents the upper limit.

Conclusion

LOS theory may form the basis of a new paradigm for understanding the physics of cell wall
extension during plant cell growth, but the details of how it manifests in real living cells, where the
texture of the wall is variable and where local values of P, vary from one location to another, are a
matter for further inquiry. It may require the re-interpretation of a cell wall surface as a pixellated
field, where a hypothetical census of local regions would show that the distribution of pixels of
different P, value affects the response of the cell wall as a whole to increasing pressure; with regions
of relatively high P, continuing to exhibit some elastic behavior while regions of low P, transit into
instability.
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Abstract

In monocotyledonous plants, stiffening elements are dispersed in soft parenchymatous tissue.
Therefore, they exhibit a very heterogeneous stress distribution under mechanical loading. This puts
some constraints on the structural and mechanical design of the interface. Additionally, this biological
structure is very similar to the structure of technical composites. We present an overview on recent
structural and (micro-)mechanical analyses of a stem of the palm Washingtonia robusta and give an
outlook to the Giant Reed Arundo donax The data help to understand why in the group of palms and
woody grasses plants with an excellent mechanical stem performance are found.

Introduction

Hardwoods and softwoods exhibit a rather uniform distribution of stiffening tissues in the trunk,
whereas monocotyledonous plants possess numerous vascular bundles with stiff fibre caps which are
embedded in soft parenchymatous tissue. In many monocotyledonous plant species, the fibre caps of
the vascular bundles are the main stiffening elements of the palm trunk. The fact that stiff tissues such
as fibre caps are embedded in relatively soft parenchymatous tissue puts some interesting constraints
on the mechanical design of the interface between both tissue types. Due to mechanical loading, high
stresses are generated in the stiff fibres, whereas the stresses in the soft parenchyma cells stay rather
low. Such inhomogeneous structures are prone to fail under external loads, because stress
discontinuities are likely to occur at the interfaces.

For palms, the influence of the distribution of vascular bundles on the mechanical properties with
respect to different radial positions and heights within the palm trunk was investigated by Rich and co-
workers in a series of papers [1-3] on functional anatomy and mechanical architecture of arborescent
palms. A close correlation between mechanical stiffness and volume fraction of vascular bundles was
found. The stiffness increased from centre to periphery and from the top to the base of the stem. The
palm stem can therefore be considered as structurally optimised for flexural stiffness at its
macroscopic and integral scale [4].

The culms of the Giant Reed Arundo donax can be seen as optimised to flexural stiffness as well.
The culms are hollow with several nodes stabilizing it against local buckling. Besides the vascular
bundles with enclosing fibre sheaths a sclerenchymatous ring is located at the periphery of the culm
wall and stiffens the culm. The Giant Reed has proven to be a suitable organism to study various
biomechanical aspects [5-8].

Despite these investigations on palms and on the Giant Reed on the macroscopic level, possible
strategies to accomplish the differences in stiffness by micro- and nanostructural adaptations have
been only marginally considered yet. At these levels of hierarchy, the mechanical constraints and
underlying principles of the embedding of stiff vascular bundles in soft parenchymatous tissue are of
particular interest. Analysing the micro- and nanostructural changes across individual vascular bundles
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leads, on the one hand, to a deeper understanding of the biomechanics of the palm, on the other hand,
the knowledge gained may serve as a source of bio-inspiration for the design of advanced technical
fibre-reinforced composites.

By correlating stiffness profiles with changes in cell and cell wall parameters, possible adaptation
strategies are unravelled according to the mechanical constraints arising in the trunk when dealing
with high bending loads. Results are presented for the palm Washingtonia robusta and an outlook is
given for the Giant Reed Arundo donax.

Material and methods

Samples were taken from the trunk of one individual of the palm Washingtonia robusta H.Wendl
(Mexican Fanpalm, Fig. 1a) and from two culms of the giant reed Arundo donax. The palm stem was
10 m long and was cut down at the age of 33 years. Samples were taken at the height of 5 m. The
culms of Arundo donax (Fig 2) were about 4 m high and samples were taken from the fourth and fifth
internode above soil level which corresponds to a height of about 40 cm above soil level. For sample
conservation and preparation, blocks of about 1 cm® were embedded in the water-soluble artificial wax
Polyethylenglycol 2000 (PEG 2000). The method has been described in detail in [9]. Upon washing in
water, the wax was completely dissolved. The sections were kept wet during the entire investigation
and testing to resemble fresh state.

Fig.1 a) Washingtonia rbousta.b) Cross section of an vascular bundle. ¢) Radial-longitudinal section of a fibre
cap with rectangles marking the fibre strips to be cut with the microlaser for later mechanical testing. F, fibre
cap; P, parenchyma; Ph, phloem; X, xylem. Taken.from [9, 10].
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Fig. 2 Arundo donax. (b)
Cross section of the entire culm
wall. (c) Cross section of the
periphery of the culm wall. (d)
Radial-longitudinal section of the
periphery of the culm wall. E,
epidermal layer; CP, cortical
parenchyma; PP, pith
parenchymay S, sclerenchymay
VB, vascular bundle; FR, fibre
ring of 17B..

For micro-mechanical testing, a tensile testing stage with video extensometry for strain detection
was used as described in Burgert et al. [11]. For cutting of consecutive tissue strips of ~3 mm length,
~100 pum width and ~80 um thickness (see Fig. 1c), the technique of microlaser dissection (P.A.L.M.
Microlaser Technologies GmbH, Germany) was used to provide high quality and exact geometries for
all samples. The stresses applied to a sample during one experiment were calculated on the basis of the
cross-sectional area of the entire fibre strip and cross-sectional area of only cell walls of all cells in the
respective cross-section. The cell wall area fractions at consecutive radial positions within the stem
were determined on images of cross-sections using the software ImageJ. For calculation of mean
values, areas were chosen containing at least thirty cells (Figure 1a)

Microfibril orientation with single cell resolution was obtained with synchrotron wide angle X-ray
diffraction (WAXD) on radial-longitudinal sections at the p-Spot beamline at BESSY 1l (Berlin,
Germany) as described in [9].

Lignification was qualitatively investigated by staining of cross sections with
phloroglucinol/hydrochloric acid [12].

A universal microspectrophotometer (UMSP 80, Zeiss, Germany) was used to resolve the
topochemical distribution of lignin and other cell wall phenolics with high spatial resolution. Sample
blocks were embedded in Spurr according to [13] for preparing 1 pum thick cross sections for the
measurements. The wavelength of the maximum absorbance was used for two-dimensional scans
across the fibre caps with a step width of 0.25 um. Details can be found in [9].

Results and discussion

The investigations on the fibre caps of the palm Washingtonia robusta showed a gradual decrease
in tissue and cell wall stiffness of more than one order of magnitude (see Fig. 3). In the periphery of
the fibre caps, values in stiffness of 20-50 MPa were measured which are comparable to those
obtained for non-lignified parenchymatous tissue of potato tubers[14].

261



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

500 | . . 2200+ R
N 2000 \
o ] \
N\ _ 18000 \
— 400 el N s \ \
& A N a 1600 \
= NN = 1200 e\ .
» 300 v \ % 1200; \Q\_ N
3 AT\ W o ] R e A
£ 200 *\i\ A £ 1000 el e
7 O 2 800 o
2 100 NN S 600 A2
B \, \ - B S \.\ N\
2 \ N\ T 400 '\\_ N\
.,:‘il‘::?\% © 200 \\.
0 0 .~
a 00 02 04 06 08 10 b 00 02 04 06 08 10

Relative distance from phloem [/]

Fig. 3a) Tissue stiffness of fibre strips of four different fibre caps versus their radial position. b) Cell wall
stiffness versus radial position, taken from [9].

The cell wall area fraction was taken as relative indication of tissue density which influences tissue
stiffness. Values of cell wall area fraction decreased only slightly within the fibre caps with the
exception of the very periphery of the cap, which exhibited much smaller values. This means that
stiffness is varied mainly by alterations at the cell wall level, which is also obvious when comparing
the course of tissue and cell wall stiffness across the cap.

X-ray diffraction measurements with single cell resolution revealed values for microfibril angle in
the range of 12-40°. The high microfibril angle corresponded with the rather low stiffness compared to
softwoods and hardwoods. The orientation is also consistent with the high extensibility of the tissue
strips in the microtensile tests. Thus, on the ultrastructural level, the palms seem to be adapted to cope
with large deformations under wind loads. No trend in microfibril orientation was visible across the
fibre cap [9]. Therefore, in the palm species investigated the alteration in cell wall stiffness could not
be correlated with the microfibril orientation which indicates that, the microfibril orientation is not
used to alter mechanical properties within the fibre caps to create the gradient in stiffness.

However, cell wall stiffness could be correlated with the amount of lignification. A gradual
decrease in lignification became visible across the fibre cap with the peripheral fibre cells being hardly
lignified (Fig. 4). These variations at the biochemical level have most probably an effect on the shear
modulus of the matrix, which in turn influences the longitudinal cell wall stiffness. These findings
point to an additional concept of how plants control and change the stiffness of their tissues besides
the well known strategy of changing the orientation of cellulose microfibrils in the secondary cell wall
layers.

Absorbance

Fig. 4 Cross-sections of a vascular bundle a) stained with phloroglucinol/hydrochloric acid .b). Composite
image of a toluidine blue stained cross section and 2D UV-absorbance scans taken of an unstained cross section
at 262 nm. b) taken from [9].
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The Giant Reed belongs to the grasses and possesses hollow culms of a few centimetres diameter
growing to heights of 4-6 m. Hence, very high aspect ratios are reached which favours Euler buckling.
The culms of the Giant Reed die after two years, whereas palms with their massive trunks can reach
life times of more than a hundred years. Therefore it is likely to find a different strategy in coping with
the stress discontinuities at the interfaces of sclerenchymatous and parenchymatous tissues.

The anatomy of Arundo donax points to an optimisation towards flexural stiffness on the integral
and macroscopic level, yet in a different way than seen for the palm. As the culms of A. donax are
hollow, several nodes stabilize the culm against buckling. The vascular bundles are evenly distributed
throughout the culm wall (see Fig. 1b) and the culms are additionally stiffened by a sclerenchymatous
ring at the periphery of the culm wall.

Spatz et al. [5] measured an elastic modulus of 10 GPa for the very periphery of the culm wall of
Arundo donax, which is one order of magnitude higher than the values measured for Washingtonia
robusta. For the inner part of the culm a modulus of 9 GPa was measured. However, Spatz and
coworkers concluded that the differences between the sclerenchymatous fibres and the
parenchymatous tissues are most likely bigger as numerous vascular bundles are embedded in the
parenchymatous tissue. In contrast to Washingtonia robusta, a clear gradient in cell size and cell wall
thickness can be seen in cross-sections, which results in a gradient in tissue density influencing tissue
stiffness. Staining with phlorogucinol/hydrochloric acid revealed a lignification of the entire culm wall
with a more intense staining in the sclerenchymatous ring and in the fibre sheaths of the vascular
bundles (Fig. 5).

The high elastic modulus might be a contribution to lowering the risk of buckling in the case of the
high aspect ratios as a result of the culm geometry. Such a high elastic modulus should be a result of a
low microfibril angle. Assuming a gradual transition in stiffness between the sclerenchymatous ring
and the (lignified) parenchymatous tissue, the mentioned aspects would point towards a different
setting of the gradient compared to Washingtonia robusta and can therefore reveal additional concepts
for certain geometrical and mechanical constraints.

Fig. 5 Cross section of Arundo donax, stained with
phloroglucinol/hydrochloric acid...

Conclusion

The embedding of stiff sclerenchymatous tissue in soft parenchymatous tissue is of particular
interest from a biomechanics as well as biomimetics perspective. In palms, a combination of a high
microfibril angle and a gradient in lignification seem to be responsible for the measured gradual
decrease in stiffness across the fibre cap. This stiffness gradient is believed to be a key factor for the
mechanical optimisation of palms under the given biological constraints. In Arundo donax, a gradient
in cell wall area fraction within the sclerenchymatous ring in the periphery of the culm wall was
found, which points towards a gradual transition in tissue stiffness. The insights into the design of
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interfaces in the different plant species may serve as inspiration for a biomimetic transfer of the
underlying principles to technical fibre-reinforced composites.
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Abstract

Mechanical properties of the plant cell wall are important in many industrial applications
including bio-fuels, food quality and biotechnology. The plant cell wall consists of a network
of cellulose microfibrils cross-linked with hemi-cellulose and interpenetrated by pectin. It is
known that changes in the composition and architecture of the cell wall lead to detectable
differences in the mechanical properties, but the relationship is not yet fully understood. In
this work, three cell wall mutations of Arabidopsis thaliana, IDA, Murl and qua-2
(Snakeskin-SKS), were compared to the Columbia wild type (WT). Shoot and root growth
were characterised to evaluate the effects of the mutations on plant growth. Cells were also
grown in suspension culture and their viability determined by neutral red staining before the
force required to break the cell (the rupture force) and deformation at rupture were obtained
by compression testing. Compression testing showed significant differences in these
mechanical properties between mutant and WT cells. These data, however, appear to conflict
with those from whole plant growth. This may be because the rupture force and deformation
at rupture are not intrinsic material properties of the cell wall or because cell wall
characteristics of cells grown in suspension culture may differ from those in whole
organisms.

Introduction

The plant cell wall is integral to the development of many modern industries, including bio-
reactors, bio-fuels and food quality. Although much is known about cell wall composition,
there remain gaps in the understanding about the link between wall composition, architecture
and mechanical properties. The cell wall provides mechanical strength, mediates cell-to-cell
adhesion and dictates cell dimensions (Martin et al, 2001). The composition of the cell wall
has been well studied and consists mainly of polysaccharide chains (Nevins et al, 1967).
Some aspects of the arrangement of these molecules within the cell wall are currently
unknown, but many theoretical models have been proposed. The most popular is a layered
model, with the elasticity, plasticity and strength functions in a primary cell wall composed of
cellulose microfibrils cross-linked with hemi-cellulose fibers. Pectin penetrates this structure
and also constitutes the middle lamella, which is thought to control cell-to-cell adhesion. The
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pectin however, is not thought to have a role in determining the strength of the wall (Willats
et al. (2001).

Changes in the composition of the cell wall components should yield differences in wall
properties and functioning of the various wall layers. Plants with varying cell wall
composition were obtained by using mutants of the Columbia (Col0) wild type (WT), with
altered genes involved in cell wall biosynthesis. The different mutations used were IDA
(Stenvik et al, 2006) and qua-2 (aka SKS) (Mouille et al, 2007) which affect the middle
lamella, and Murl (Bonin et al, 1997) which affects the hemi-cellulose in the primary cell
wall and the pectin backbone in the middle lamella.

The effects of these mutations were determined by phenotyping growth at the whole
organism level (Cosgrove, 2000) and single cell compression testing by micro-manipulation
(Thomas et al. 2000). Single, viable, near-spherical cells were produced by suspension
culture (Encina et al, 2001). Compression testing has previously been used to calculate some
intrinsic properties of cultured tomato cells (Wang et al, 2004) but research was limited due
to the lack of genetic understanding of this system. Arabidopsis thaliana, being the model
organism for plants, represents a good candidate for compression testing since its genome is
small and fully sequenced and many relevant genes have been identified.

Materials and Methods
All chemical purchased from Sigma Aldrich (UK) unless otherwise specified.
Whole plant phenotyping of cell wall mutants

For stems, seeds were sown in a soil vermiculite mix and subjected to a 16:8 hours light to
dark cycle, with constant temperature and adequate water. Growth was scored over 35 days
on various above ground characteristics. For roots, seeds were surface sterilised and placed
at one end of a square petri dish containing a 0.5% Long Ashton agar supplemented with
sucrose (10g/l). The plates were stood vertically and growth was scored every 24 hours until
the first root reached the bottom of the plate. The longitudinal length of the roots cell moving
back along the root from the root tip was measured using binocular light microscope with a
x40 objective lens. To accurately measure the cells close to the root tip, it was squashed on a
glass slide. The first 250um could not be accurately measured due to cell density of the
apical meristem. Cells in the root tip were measured over the first 3000um, covering the
majority of the zone of elongation.

Generation of suspension cultures

Sterile seeds were germinated on a basal MS (Murashige and Skoog) 4.4g/l, 30g/l sucrose
and 0.2¢g/l myoinositol at pH 5.7. Roots were excised after 2 weeks and transferred to callus
induction media (CIM) containing plant growth factors. Cytokinin and auxin in equal
concentrations for cause the cell to divide without differentiation, 0.5mg/L
Benzylaminopurine (BAP), 1mg/L naptaline acetic acid (NAA), 1mg/L indole-3-acetic acid
(1AA), 1mg/L 2,4-Dichlorophenoxyacetic acid (2,4-D), 0.2g/l myoinositol, 4.4g/l MS media,
30g/l sucrose and adjusted to pH 5.7. The resulting callus was transferred after
approximately 1 month into a liquid CIM and rotated at 120 rpm to prevent aggregation and
promote single cell generation.
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Microcompression

After 1 and 2 weeks in suspension culture, samples of single cells were compressed with the
high strain rate tester (HSRT). A glass probe attached to a force transducer (400A, Aurora
Scientific Inc, Canada) was positioned above the cell. Using the peizo-electric motor
(peizostack) (PI, Germany) compression speeds of 3000um s were used to compress the
cell, generating voltage/time traces for each compression. The voltage signals from the
transducer were amplified using a x10 amplifier. From the voltage/time trace a
force/displacement curve was calculated. The viability of the cell was shown by neutral red
(NR) staining. NR is transported into the vacuoles of plant cells and will accumulate in those
with membranes are intact thus highlighting viable cells suitable for compression. NR was
added an hour prior to compression to a final concentration of 1x10°M.

Results and Discussion

Stem growth showed significant differences (p>0.05) on several characteristics. The most
prominent was the differences seen in stem high on days 30 and 35 (Fig. 1). IDA grew to
comparable levels to Col0 at both time points. Murl showed a non-significant reduction
(p<0.05) at both time points, but SKS showed a significant difference at both time points to
the WT.

Significant differences to Col0 were seen in both root length (Fig. 2A) and growth rate (Fig.
2B) of SKS and Murl mutations but not IDA, which remained similar to Col0. Root growth
is determined by two factors, the extension of the roots in the elongation zone and the number
of cell being produced in the meristem.
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Figure 1. Average stem heights of the wild type and three mutants genotypes at 30 and 35 days. A significant
increase in plant stem height is seen in all four samples between day 30 and 35. Error bars represent the SD.
Three technical repetitions with 20 biological reps in each.
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Figure 2. Average root length (A), average growth rate (B) and average longitudinal length of roots cells,
moving backwards from the root tip (C) of Col0, Murl, IDA and SKS genotypes. Error bars represent SD. 5
technical repetitions with 24 biological reps in each
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When cell extension was analysed all mutant genotypes showed a significant difference in the
proximal region of the elongation zone. (Fig. 2C) IDA was slightly lower than the Col0 but
remained higher than the other mutations but not significantly. No significant differences
were seen in the distal region of the elongation zone until approximately 1000um. It is
hypothesized that cell production (assumed to be proportional to cell division) in the
meristem is reduced in IDA compared to Col as the mature cell length was reduced but
growth rate was unchanged.

Cell culturing techniques were successful in producing viable single cells suitable for
compression testing by micromanipulation. Viable single cells (Fig. 3A) were easily
identifiable from ghosts or plasmolysed cells. The latter lacked a visible vacuole after NR
staining suggesting the lack membrane integrity. Such cells were not compressed (Fig. 3B).
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Figure 3. A viable single cell with an intact vacuole stained with NR, approximately 25um in diameter (A). A
plasmolysed non-viable cell with no membrane integrity, the plasma membrane has been pulled from the wall
and the vacuole has been ruptured, approximately 30um in diameter (B). The differences between A and B are
clear enabling the identification of cells to be compressed. A still taken from the high speed video of a
compression, a single NR stained cell (approximately 30pm in diameter) positioned under the glass probe prior
to the movement of the probe (C). A force/displacement graph calculated for the compression of a single cell
approximately 25um in diameter. The point at which the probe touched the cell (i) the point of rupture (ii) the
initial point at which the probe touched the chamber base (iii) and the diameter of the cell (iv) can be seen (D).
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Viable single cells from suspension culture were compressed (Fig. 3C) and
force/displacement graphs calculated (Fig. 3D). From each of these graphs, the point of
rupture, displacement at rupture and diameter of the cell can be determined (Table 1). Cell
diameters of Col0, IDA and SKS showed a decrease between weeks 1 and 2 with the opposite
for the Mur 1; these differences were not significant. Between the genotypes SKS and Murl
were similar to Col0, with IDA slightly smaller. ColO rupture forces incresed between weeks
1 and 2, Murl and IDA remained constant and SKS reduced slightly. Compared to the Col0,
SKS was similar, IDA lower and Murl higher. The perecentage displacement at rupture
showed decreases from week 1 to week 2 for Col0, Murl and SKS but an increase for the
IDA.

With the rupture force of SKS similar to ColO, this suggests that the reduction in pectin in
SKS does not affect the wall strength. Murl differences may be attributed to a decrease in
tension in the cell wall causing an increase in cell wall deposition making it stronger, with the
opposite being the case for the IDA.

Cells in suspension culture are not restricted in their maximum size by their proximity to
other cells like those in the whole plant. Similarly, the cells are not influenced by where they
are in the plant, which forces specific dimensions. Size and shape, therefore, are determined
solely by 3-dimensional expansion driven by turgor pressure with no spatial or positional
component. This may explain the similarities in the average cell diameter.

This change in growth conditions may also be attributed to the differences seen when
comparing the single cells to those in the root or stem. However, it cannot account for those
seen between the cultured cells, these must be real differences. The root and shoot growth
data would have suggested that Col0 and IDA would be stronger than Murl and IDA, but the
results from the compression do not support this.  However, these parameters are not
intrinsic material properties of the cell wall and can only be used as a preliminary marker for
properties that might correlate with growth.

Genotype  Week Cell Diameter  Rupture Force  Displacement at rupture

(Lm) (mN) (%)
Col0 1 26.8+5.3 1.1+0.6 59.6+16.8
2 24.6+3.5 1.6+0.9 55.0+12.1
Mur 1 1 25.4+6.8 1.4+0.9 65.3+13.3
2 28.4+7.0 1.4+0.8 58.0+14.6
IDA 1 23.0+2.4 0.8+0.4 52.2+11.6
2 22.7+0.7 0.8+0.2 56.2+10.5
SKS 1 26.8+2.7 2.0+1.4 59.0+£12.0
2 24.246.3 1.8+1.0 44 4+14.7

Table 1. Average cell diameter, rupture forces and percentage displacement at rupture for 1 and 2 week old
suspension cultures of the WT and the three mutant genotypes analysed.
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Conclusions

It is clear that the effects of changes in cell wall composition can be measured using several
techniques. Data obtained from organ level measurements support each other. Root and
shoot analysis show that two of the mutations, Murl and SKS, experience significant growth
reductions while the third, IDA, showed reduced growth at certain times but were mostly
similar to ColO.

Suspension culture of Arabidopsis thaliana yields single viable cells that are suitable for
micro-compression. It is clear from force/displacement data that differences exist between
the genotypes. Some of the results, however, are not concordant with predictions drawn from
plant growth data. It is possible that A. thaliana cells grown in suspension culture are not
representative of those in the whole plant. Cultured cells may have different properties to
those in planta, affecting the way they perform under compression testing. Unfortunately,
due to the nature of plant cells it is impossible to extract representative single cells from the
plant without damage; hence the reliance on cultured cells. To address these differences, an
investigation into the effect of the culturing process on the cell wall must be undertaken.
This will also enable a comparative study of the components present in each cell type of all
genotypes.

Further to this, mathematical modeling should be applied to the compression data in an
attempt to yield intrinsic values for the physical properties of the wall, for example the low
strain elastic modulus. This would give a greater insight into the nature of cell wall
mechanics at the molecular level and would enable individual influences for each of these
mutations on the wall to be given a comparable value.
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Abstract

This work is a study of the mechanisms by which cell wall extractable molecules intervene on its
cohesion during defibrization, particularly at in situ polymers viscoelastic properties. We aim at
pointing out the impact of quantitative/qualitative modulation of extractive class compounds on the
chain mobility of hemicelluloses and lignin, the two major cell wall matrix amorphous polymers, and
on the breaking mechanisms of the sticks at the macroscopic level.

Introduction

Hemp (Cannabis sativa L.) is a wood like material used for the pulping process for paper making or
for composites making (Rowell, Young et al. 1997). In hemp, the woody core (chenevotte) accounts
for 70% of the hemp stem. Typically, the wood core contains 33-37% of cellulose, 16-20%
hemicelluloses, 17-22% lignin. These high percentages of amorphous polymers are interesting for
studying the interaction between the cell wall polymers.

Moreover, woody hemp core is also composed of small amounts of extractives, ash and silica at 1
5% (Bouloc 2006). According to works done before in the laboratory on poplar, extractives seem to
have an important role in the cell wall cohesion (Meyer-Pinson, Ruel et al. 2004). Among the various
factors which affect the mobility via the direct environment of the macromolecules, the effect of
extractible was scarcely studied. Matsunaga (2000) has studied the effect of extractives in the cell
wall. He observes that some extractives were acting as a plasticizer. Obataya and Norimoto (1999)
also proved the change in mechanical relaxation of wood used for musical instrument (Aroundo donax
L.) by removing water soluble extractives. Some authors suggest that mechanical properties of wood
are dependent on extractives but no dedicated studies have been done on their nature and role in the
cell wall.

The objective of the work is to determine the mechanisms by which such cell wall extractable
molecules intervene on its cohesion during defibrization, in particular hygrometric and temperature
condition. With this study, we aim at pointing out the impact of quantitative/qualitative modulation of
extractives on the chain mobility of hemicelluloses and lignin, the two major cell wall matrix
amorphous polymers and on the breaking mechanisms of the sticks at the macroscopic level.

Material and methods

The samples studied were the cultivar Fedora 17 issued from the stem of hemp cultivated and
refined according to the procedures of La chanvriére de 1’aube (LCDA) in Bar sur Aube (France).

Extractions:

The removal of extractives was made by using three solvents (toluene/ethanol, ethanol and water)
separately or successively (in the previous order) and at two temperature conditions (see scheme ).
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ﬁonditions Sequences \ f Extract \
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> Separate extractions =
: - Toluene/ethanol (2v/v) [1] B &
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\ - [A]+[2]+[3] / Qongﬂudmal cutofa stlckj

Biochemical analysis of the woody hemp core and their extracted products:

Carbohydrate analysis of chenevotte was performed using a high performance anion-exchange
chromatography (HPAEC) after sulphuric acid hydrolysis.

Aromatic compounds content which are generally associated to lignin was measured
spectrophotometrically (acetyl bromide method).

The Carbon and Nitrogen content of the samples was determined with an elemental analyzer (NA
1500, Carlo Erba).

The amount of soluble protein was determined colorimetrically (Bradford method).

The ash content in samples was determined by incinerating samples in a muffle furnace at 525+25
°C for three and an half hour according to (Tappi T 211. om-07).

The main minerals frequently associated with plant metabolism were identified and measured with
an atomic emission spectrometer ICP (Varian Liberty series II).

DMA: the Dynamic mechanical analysis in tension mode and in immersion

DMA is the specific method used to characterize in situ lignin relaxation because the peaks
observed in the range of 80-110°C are assimilated to their glassy transition (Salmen, Wennerblom et
al. 1996; Sun and Frazier 2007) for the same conditions.

DEA: the Dielectric Analysis in controlled humidity

DEA is a specific method used to characterize in situ hemicelluloses chain mobility. The peaks
observed are generally associated to the different relaxations of hemicelluloses (William L. James
1975) depending on frequency and relative humidity (Lenth and Kamke 2001; Sugimoto and
Norimoto 2005).

Breaking mechanisms

4-point-bending test is the method used to characterize the fracture of woody hemp core sticks.
From each curve obtained the breaking energy, modulus and strain were calculated. Experiments were
done at water saturated condition and at different temperature to determine the optimized condition for
the breaking study of extracted samples(Bardet, Beauchéne et al. 2003).

Results and discussion

Biochemical analysis:
In cold extractions, for each solvent used to remove entities, extractives in solvents vary in quantity
but present similar quality. Less extractive are removed with Toluene and ethanol solvents, mainly
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composed of carbon and lignins, whereas polar solvents specially remove protein, nitrogen and ash

compounds.

In hot conditions, the extraction percentage with solvents becomes higher, even if lignin and
protein contents are not influenced by thermal effect. Moreover, hot water enhances the
monosaccharides extraction (twice more) and reduces the ash content (twice less) compared to cold

condition.

Table 1 biochemical composition of extractives in different conditions.

[0)
%6 of raw In % of extractives °
material
Extraction N C Protein Total mono Lignin Ash
saccharide
Cold Tet (1) 0.6 0.5 69.9 0.1 4.6 61.1 1.0
Cold Et (2) 0.6 0.8 61.7 0.2 9.2 65.8 10.1
Cold Water (3) 25 2.3 45.1 1.8 7.4 26.0 57.7
Cold Succ
3.0 1.3 41.4 1.3 15.4 30.1 37.2
(1)+(2)+(3)
Hot Tet (1) 2.4 0.5 62.2 nd 5.1 64.0 2.2
Hot Et (2) 2.2 1.3 51.6 0.2 111 69.0 7.8
Hot Water (3) 2.6 15 30.1 1.3 15.3 27.4 36.2
Hot Succ
5.0 0.9 49.3 0.9 7.7 52.8 27.6
(1)+(2)+(3)

% in percentage of the initial dry woody hemp core mass sample

®in percentage of the total mass of extractives removed from woody hemp core samples

Viscoelastic properties:

ATg Lignins ATg Hemicelluloses
H Hot | Hot
Wat
m Cold m Cold
Et
Tet
-10 -5 0 5 10 -100 -50 0 50 100
ATg(°C) ATg(°C)

Fig. 1 Influence of solvent on ATg lignin.

ATy is expressed as the difference calculated from the untreated reference and the treated sample.

Fig. 2 Influence of solvent on ATg hemicelluloses.

For both polymer relaxations, each solvent has a specific effect on the shift of glass transitions.
Hemicelluloses are much more affected by the extractions (shift up to 40 °C) whereas lignin have
smaller changes (the measures were done in ethylene glycol immersion therefore the effect of
extraction can be smoothed). In nearly every case, hemicelluloses with hot extractions have an
opposite behavior to cold extractions. Whereas for lignin, only extractions integrating hot water lead to

a decrease of Tg values.
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Correlations between ATg/extractions:

Looking the evolution of ATg with the extraction rate, the entities removal clearly affects the
mobility of the two amorphous polymers. The bigger is the extraction level, the higher is the
difference in glass transition temperature either in the two evolution senses (positive or negative sign
of ATQg).

Absolute value of ATg is highly correlated with extraction percentage, their calculated index for
lignin and hemicelluloses are 0.75 and 0.58 respectively.

ATg = f(% extraction)

60 3

M - 6
40
l.Q_/. "

20 ¢ 5 DTg Hemi Cold
°G > D Tg Hemi Hot
e . | ' 0 -
< 0,00 2,00 4,00 6,00.5 4 DTg Lignin Cold

20 | W DTg Lignin Hot

- -4

-40 - .

-60 3

% extraction

Fig. 3 Influence of extraction percentage on ATg lignins and hemicelluloses.

Four-point-bending test :

Fracture behavior versus temperature of characterization:

These experiments describe the load-displacement curves and the influence of temperature on
mechanical criteria. Strain and modulus vary on the same way (diagram 4 and 5), both of them
decrease. We can note a drastic change of the mechanical properties which can be explained by the
glassy transition of one continuous polymeric constituent of wood: lignin (Bardet, Beauchéne et al.
2003). This value seems to be around 55°C.

Maximum loading before Elastic behavior
failure -
0 T 700
120 S 600 T
‘E 10,0 { +d ; E 500 t A
2 80 3 g 400 I
£ 60 ® 3 S 300 ; % ¢
§ 40 £ 200
T A £ 100 *
o = |
’ T T T 1 0 20 20 | o0 %
0 20 40 60 80
temperature (°C) temperature (°C)
Fig.4 Strain vs temperature. Fig. 5 Elastic modulus vs temperature.
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These preliminary experiments were necessary to find the best measuring condition close to Tg
lignins and to be able to observe little changes in mechanical properties after extraction.

Indeed, when measuring the Tg with DMA, the nature and frequency of solicitation is different. In
water saturated condition for a raw material, Tg lignin is ~ 70°C (1Hz on loss modulus). The measured
activation energy is around 170 kJ/mol. If we do the same calculation with the 3-point bending test,
taking into the frequency change, we found theoretically a Tg value near 57°C which is in accordance
with the one we found above experimentally.

Difference in mechanical properties between treated and non-treated specimens

m Cold t . m Cold
150 . Elasticmodulus ="t | 10 strain w ot
100 - T
0,0 7 T T T
50 - l J
Et U
0 7 _1’0 -
-50 - Et ucc
-100 - -2,0 -
-150 - 30 |
-200
-250 - -4,0 -
Fig.6 Influence of extraction solvent and temperature  Fig.7 . Influence of extraction solvent and temperature
on 4E. on Astrain.
m Cold Results of student test
25 - Fractureenergy "™ '
Suce
2’0 _ ‘ ‘ delta energy cold
1’5 = Water m delta stfain cold
M delta E Cold
1’0 ] delta energy hot
0,5 Et delta stain hot
00 - M delta E hot
0,5 1 Tet Et ter uc et
_1’0 _ 0,00 0,10 0,20 0,30 0,40 0,50 0,60
-1,5 -
Fig 8 Influence of extraction solvent and temperature Fig 9 Probability coefficients from student test for
on Afracture energy. each mechanical properties.

These first results (Fig 6 to 8) show that all properties measured in different experimental condition
tested have important variation for a same condition, leading to no clear significant different
observation, unless for some series. To better see the difference in average values, student tests have
been processed (Fig 9). If we consider the probability to have a distinct mean value for the two series
with a reasonable limit confidence value of 0.1, only water and Tet extraction conditions have
significantly different mechanical behavior for some properties: Cold water changes strain and
breaking energy into lower values, whereas hot water changes only strain to a lower value. Cold Tet
changes breaking energy into a higher value and hot Tet changes breaking energy to higher and strain
to lower values.
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Conclusion

Extractions clearly lead to a consequence on the different properties of woody hemp core in micro
and macro scale. We have seen more or less intense different viscoelastic behavior highly correlated
with extractives solvation. And we have also notified changes in mechanical behaviors which were in
some case smoothed by the characterization condition happening in water at 55°C.

Studying samples as pairs of specimen is of course a way of reducing natural variability but it also
have its limit while looking for specific parameters as the elastic modulus. This last characterization of
breaking type must be optimized by coupling with microscopic observation of the failure surface.
Some kind of properties which cannot be quantified by measurement can be observed visually. Failure
propagation is still under investigation to explain difference behavior of cell wall extractive removal.
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Abstract

Many trees in tropical rain forest exhibit interlocked grain. This phenomenon was observed, using a
splitting method, on 10 trees from different genera in French Guiana. There were rather strong
variations between and within trees. Different indexes were used and compared to describe this
interlocked grain. Previous results have shown that the rupture energy necessary to create a radial-
longitudinal surface by wood splitting grows more than 2 or 3 times with interlocked grain occurrence.
Moreover, radial splitting of large tropical trees with high density wood is more prone to appear due to
the decrease of the ratio between rupture energy and Young’s modulus when wood density increases.
Finally the long lasting high level of maturation stress in tropical trees growing in primary forest
means a very high level of stored elastic energy in the trunk that could be dangerous for the living tree.
Interlocked grain can be a good solution to prevent the risk of radial splitting for these adult trees.

Introduction

Interlocked grain (IG) is a particular structure of wood present in a great number of tropical
species. It is formed when the grain inclination changes from S or Z helix to the opposite slope during
growth (Figl.A). Due to differences in absorption and reflection of light, bands appear on the radial
plane of IG wood, often called ribbon wood [5]. These bands are not always aligned with the
longitudinal direction, due to a combination of interlocked and wavy grain (Figl.B).

L Figl. A-B
[R,T,L]: Tree reference
[1,2,3] : Local reference A: Principle of interlocked grain (1G).
The grain direction changes during the tree growth
and make an angle a; with the longitudinal direction
witch oscillate on the radius. Bands appear on the
radial plane, often called ribbon wood.

/I -
B: Principle of 1G coupled with wavy grain.

During the growth the global direction of the grain
make an angle with the longitudinal direction of the
tree, and a wavelength of few millimetres to many
centimetres in length.

According to Kribs (1950) cited by Hernandez and Almeida [6], 75% of 258 tropical trees analyzed
had I1G. Several theories have been considered for the genesis of spiral or IG. Détienne [4] observed on

*  Present address: LERFOB  “Laboratoire d’Etude des Ressources Forét-Bois »
AgroParisTec/ENGREF/INRA, 54000 Nancy, France
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Faro (Daniellia spp.), which has a storied cambium, a small IG with a period of some millimeters and
an amplitude lower than 10°. He showed that every oscillation fitted with one vegetative year,
implying that the period is a function of growth speed in the case of Faro. He tried to explain the
change of grain direction by some constant radial rearrangement between the cambial cells of one
storey, in relation to the adjoining storeys. But he didn’t explain the origin of the phenomenon.
According to Kojs & al. [7], who has worked on the history of cellular events in the storeyed cambium
of Lonchocarpus sericeus (Poir.) DC, the parenchyma arrangement is constant, but the cells’
orientation varies quickly with 1G. He observed a tangential intrusion on the top of cells during the
periclinal division, which takes part in the change of direction. Schulgasser and Witztum [10] showed
with a mechanical approach that the spiral angle of the grain could be formed during the process of
cell division and maturation in the cambial region. They tried to explain this phenomenon by the
evolution of microfibril angle (MFA) between juvenile and adult wood, along with the senescence
phases in the case of older trees. The microfibrils apply a shear on the cells, inducing a tendency to
twist. He suggested that trees with straight grain block this effect and avoid twisting, while spiral trees
do not. In a previous work, Brémaud & al. [2] have measured MFA in relation with grain angle on an
IG species (Pterocarpus soyauxii Taub.). We observe a tendency of MFA to decrease with increasing
grain angle, but the variations are not clearly synchronous (grain angle variation of 40° against MFA
variation of 8°). Anyway, the issue of the 1G formation seems to remain open.

In this study, we have observed the diversity of IG in ten French Guiana species and address the
following question: how does wood IG benefit to the tree?

Material and methods

Ten trees from 10 different species were collected from the tropical rain forest of French Guyana
(Table 1). Several methods exist to describe the 1G in a tree. The two most used are anatomical
successive cuts in the TL plane [4, 7]; and the radial splitting [13, 6, 12, 5]. For reasons of availability,
we chose to use the method of radial splitting, with image analysis in the software Imagel. After
splitting, Webb [13] or Hernandez and Almeida [6] measured two parameters to describe and
characterize the IG: the maximum angular deviation (MAD) in degrees, estimated as the maximum
left spiral angle plus the maximum right spiral angle, and the interlocked grain index (IGl) in
millimeters, calculated by dividing the area between the projection of the median radial line EF and
the tracing resulting of the split, by the length of the line EF (Fig2).

- L 4 Fig 2. Protocol on cubes splitting and measurements
done. The maximum angular deviation (MAD) in

'F degrees, and the interlocked grain index (IGI) in

! millimeters.

i y Between 5 and 9 cubes have been machining on the

/ longitudinal direction for each species.

AB—T./Z CD-T. /2
MAD = Atan + + Atan %

i i
Atched area

I

R¥

IGI =
i

RY

The measurements of the radial Young’s modulus (Egr) and rupture energy were made on 10 French
Guiana species of various densities as described in Bardet & al [1], the method to measure the rupture
energy is describe in Beauchéne [3].
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Results and discussion

A strong relationship was found between the two IG parameters (MAD and 1GI) with a R2 of 0.81
for the whole sample. This is in agreement with the observations by Hernandez and Almeida [6] and
Webb [13]. It is important to note the strong variability of IG between trees and species. Table 1
summarizes the 1G types. Some species, such as Dipteryx odorata or Tabebuia sp. have a small 1G
with a period of a few millimeters and amplitude of 2 or 3°. At the opposite Parkia nitida or Erisma

uncinatum have a large 1G with a period of about 50mm and small amplitude of 2 or 3°.

2500 0,9
Gf)1 (J/m?) Gf,|/Radial ©
u Ruizterania albiflora 08 1 MOE
2000 v =1000,x ® Caryocar glabrum 0.7 y=-0,865x+ 0,968
R? = 0,843 06 - RE- 0864

1500 A

1000 -

0,5

0,4 -

0,3

0,2

0,1

500 + \/=458,2)(0‘651
R?=0,654 o
0,00 0,20 0,40 0,60 0,80 1,00
0 . . Basic Density
0,00 1,00 2,00 3,00 4,00
IGI (mm)

Fig4. Evolution of the ratio: rupture energy radial
MOE equivalent against Basic Density for ten French
Guiana species

Fig3. Evolution of rupture energy in TL and RL planes
against I1GI for 2 species with large interlocked grain

The rupture energy Gf,I necessary to create a radial-longitudinal surface by wood splitting
increases when the rupture changes to the tangential-longitudinal plane due to IG occurrence. As we
show in Fig3, the effect of the IG plays a great role in the level of rupture energy, for 2 species with
relative similar visual IG Qualea rosea and Caryocar glabrum, the values of Gf,l is around 2 times
greater in the RL plan that in the TL plan for Ruitzenaria and around 3 times greater for Caryocar.
The influence of the IGI on the rupture energy is very different for the two species, suggesting a more
complex influence of the micro rupture in the middle lamella between the two species.

The rupture energy Gf,I necessary to create a radial-longitudinal surface by wood splitting
increases with the density of the wood species [3], but much less than Eg as shown in Fig4, the slope
of the ratio Energy/Er decreases significantly as wood density increases, which means that the denser
the wood, the higher the radial splitting risk.

Therefore, the trees of high wood density (basic density above 0.6) are more sensitive to radial
splitting. As the mean basic density of sapwood for 555 French Guiana species by Saramento & al
[11] is 0.63; this could be a good reason to explain the frequency of IG in tropical families.

281



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Table 1. Summary of the ten species studied, the splitting cubes and showdown between the mean MAD and IGI indices, (COV % is the coefficient of variation, and ROV the

range of variation)

Remarks

Pilot name Number MAD (°) IGI (mm)
(Botanical Name) of cubes (ROV) (COv) (ROV) (COV)
Tatajuba 8 15,2 2,8
(Bagassa guianensis) 3.7 (7%) (0,6) (7%)
Cupiuba 9 15,8 2,5
(Goupia glabra) (11,2) (24%) (2,4) (35%)
Timborana 8 159 2,9
(Pseudopitadenia suaveolens) (7,6) (17%) (1,3) (15%)
Faveira 8 7,2
(Parkia nitida) (1,0) (4%)
Cumaru 5 119
(Dipteryx odorata) (7,4) (24%)
Mandioqueira v 16,3 28
(Ruizterania albiflora) (9,5) (22%) 1,3) (20%)
Satine . 12,9
(Brosimum rubescens) (5,4) (15%)
Ipe 6,1 0,9
(Tabebuia sp.) ) (5,9) (30%) (1,4) (48%)
Jaboty 9 43
(Erisma uncinatum) 6,1) (55%)
Araracanga 7 111 18

(Aspidosperma sp..)

69  (21%)

08  (18%)
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IG constant on the longitudinal axis + 1G similar between different
trees

Interlocked and wavy grain important but irregular + important
variations on the longitudinal axis

Specific growth of the cambium + variation on L

Small MAD and long period (about 50mm)

Interlocked and wavy grain + small period and MAD + very little
fissile

Important interlocked and wavy grain

Variation between trees often important

small period and MAD + Link between interlocked and growth
rings

Little MAD and long period

Important variability along the radius + important variation on L
but no wavy grain
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Conclusion

There is a very important variability of 1G (form, wave and angle) between the species observed.
Thus, it is difficult to correlate directly the geometrical characteristics and the amplitude of the IG to
the real advantage for the radial cohesion of the wood. Nevertheless, the presence of the IG causes a
systematic increase of the rupture energy necessary to create a radial-longitudinal surface.

The long-lasting high level of maturation stress in tropical trees growing in primary forest results in
a very high level of stored elastic energy in the trunk that could be dangerous for the living tree [9].
Interlocked grain can be a good solution to prevent the risk of radial splitting for these adult trees.
So, given the fact that a lot of tropical trees species present interlocked grain, it may be reasonably
assumed that it presents a significant environmental benefit. Rudinski and Vite (1959), quoted by
Webb [13], developed the theory that the interlocked grain improves the distribution of water from the

roots to the crown. Détienne [4] also supported this hypothesis.

The most significant disadvantage is in the domain of woodworking. Webb [13] noted some
significant problems, such as torsion, or lifting, when machining veneer or furniture. But it is also a
feature sought after for its aesthetic appearance. On the radial plane, bands appear due to differences in
absorption and reflection of light. They are often call “ribbon wood". Some interlocked species are
used in woodworking, and considered as “noble woods”, like the Satiné / Bloodwood (Brosimum
rubescens), or African Mahogany (Khaya spp.) for African species.
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Abstract

Wood is a biological and natural growth-medium. This medium is orthotropic and its production
varies in response to environmental conditions, and obviously, according to tree age. As such,
variations in material properties are much more complex than anisotropy. For standing trees, numbers
of auscultation tools are available and marketed. The objective of the BioGMID project is to create an
efficient and optimized procedure for characterization and cross-sectional imaging of standing trees
based on ultrasonic and X-ray imaging. An ultrasound measurement suitably combined with an X-ray
measurement should allow a qualitative and quantitative high-resolution analysis of the structure. This
article reports the development of a specific ultrasonic imaging device which can be used in tropical
forest plantations. Fast characterization of plantation trees could be a useful tool for clonal selection
and genetic improvement.

Introduction

Non-destructive technigues based on X-rays or acoustic waves were developed and adapted to
wood material from the 1960s [2]. The main acoustical tomographic devices such as “Picus Sonic” [6,
7] and “Fakhopp 2D” [3] and Arbotom [4, 5], are based on speed-of-sound measurement throughout
the cross-section. A limitation of these tools is that only the transmitted waves are exploited and the
dominant parameter measured is only the velocity of the longitudinal waves, which is an important
parameter, but not sufficiently sensitive to identify different layers and properties. An improved
measure would be based on both diffraction and transmission measurements of ultrasounds. The use of
diffraction allows qualitative imaging like echography. The transmission wave analysis allows the
local assessment of specific modulus and internal damping (quantitative imaging).

The research project BioGMID (Biological Growth Medium Integrity Diagnoses using bi-modality
tomographies) relates to the development of a methodological tool based on X-ray and ultrasound
computed tomographies. Firstly, a qualitative approach may be applied to characterize the integrity of
multi-scaled materials, and secondly, a quantitative approach may be applied to assess physical
properties (density, atomic effective number, elastic stiffness constants). This project provides an
enhanced knowledge of wave/medium interaction phenomena. This article is focused on the ultrasonic
aspect of the project, particularly the development of a specific ultrasonic device for the imaging of
standing trees.
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Methodology of conception

Our objective is to develop a specific ultrasonic imaging device which can be used in tropical forest
plantations. We believe that non-destructive characterization of plantation trees, in terms of
mechanical behavior and also in early detection of internal deterioration, could be a useful tool for
clonal selection and genetic improvement.

The main requirements for the tomographic device were:
e Weight between 10 and 20kg.
Assembly done in few minutes.
Use of battery power supply.
Trunk diameter between 15 and 50 cm.
Two ultrasonic sensors should be moved around the tree separately.
Optimal scanning time was between five and 10 minutes (depending on the image
resolution).

The conception and production of the device were made at CIRAD during one year. The
production process is not yet achieved. The mechanical parts were designed using computer-aided
design software, so that a virtual device was first built to verify its functionalities compared with the
requirements. The electronic parts were also designed at CIRAD including the square impulse
generator, the analogic to digital converter, the specific data storage and the control card with its
specific driver for the automatic scanning process.

Results

Fig. 1 Schematic view of the device assembly.

The device is consists of an aluminum ring supported by a tripod (Fig 1). The height of the ring can
be adjusted from 1 m to 1.6 m but the typical height is 1.3 m. The two parts of the ring are first
assembled, and then the tripod is fixed. The apparatus is then placed against the trunk using two
narrowing elements. Each probe is mounted on a trolley and these trolleys are slipped within the ring.
Finally, the last part of the ring is fixed and the third narrowing element is applied.
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Fig. 2 Development of the ultrasonic device in CIRAD laboratory.

The ultrasonic probes have a frequency bandwidth centered on 300kHz. The associated wavelength
is around 5 mm in the case of transverse scanning. The probe consists of a wheel in which the emitter
is placed. The coupling medium is made by an elastomer surrounding the wheel (Fig 2). The emission
is a square impulse of a 500V magnitude. The acquisition is performed by a converter of 16 bits
resolution and a sampling frequency of 5 MHz. The duration of acquisition is set to 1800 ps (667 ps is
the theoretical duration for a diameter of 50 cm).

Emitter
Receiver

»
I \
; |
A /

N\ v
S -

Fig. 3 Principle of the scanning process for quantitative imaging.

The tomographic image can be obtained in quantitative analysis (two probes) or in echographic
analysis (one probe). The echographic analysis technique was previously discussed [1]. Concerning
quantitative imaging, the scanning process is shown in the Fig 3. Because of the dimension of each
trolley, an angular sector of 120° cannot be scanned in one projection (red sector, Fig 3). A typical
angular step of 5° leads to a number of acquisition of about 48 for 1 projection. For a complete scan,
the total number of acquisition is thus 3456. For a projection, the emitter is motionless while the
receiver moves around the ring. The next projection is initiated by a 1 angular step motion of the
emitter followed by another motion of the receiver all around the ring (an acquisition is done at each
angular step).
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Perspectives

The ultrasonic tomographic device will be fully functional in October 2009. At this time, laboratory
tests will start first on an “academic” object to determine the real bias in the image computation.
Subsequently, green logs will be assessed. These logs are already stored in a water tank at CIRAD and
were selected based on the irregularity of their bark. The irregularity of the bark induces a problem of
coupling between the probe’s elastomer strip and the wood. It is indeed planned to test the logs with
and without the bark; and a new design of the probe shape could also be considered.

Partnerships

The partners of the wood aspect of the BioGMID project have significant experience of imaging
and tomography of biological media.

LMA (Laboratoire de Mécanique et d’Acoustique), the French leader on ultrasonic tomography,
has developed experimental and theoretical/numerical solutions, and signal processing tools, for non-
destructive evaluation and control of biological, natural or manufactured materials.

CNDRI (INSA Lyon, Laboratory of Controle Non Destructif par Rayonnements lonisants) is
specialist in non-destructive testing using ionising radiation and has developed efficient experimental
devices of X-ray tomography, and has developed image analysis and simulation tools.

CIRAD (Centre de coopération internationale en recherche agronomique pour le développement,
Production and Processing of Tropical Woods unit) is the French agricultural research centre working
for international development in tropical areas, involved in developing the use of wood, for
construction, housing and civil engineering purposes, and has developed acoustic vibration analysis
devices to evaluate timber properties and their variability (http://www.xylo-metry.org/).
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Abstract

In many angiosperms, tension wood is characterised by the occurrence of fibres with a particular
morphology and chemical composition due to development of the so-called gelatinous layer (G-layer).
However, the G-layer is not always present in certain species that nevertheless produce mechanical
characteristics of tension wood. Several studies have shown that the supplementary G-layer is not
always formed in tension wood fibres. We have observed, for example, that some species can show
tension wood that (i) not show any anatomical differences compared with wood from the opposite side
of the axis, or (ii) show a novel secondary wall structure comprised of alternating thick and thin layers
and a type of opposite wood with typical secondary wall structure. Given the relatively large number
of observations on tension wood mechanics and anatomy, we carried out an overview of G-layer
presence/absence in angiosperms. We reviewed most of the available studies on tension wood in
angiosperms and attempted to provide a synthesis of this information within the context of angiosperm

phylogeny.

Introduction

Most trees are able to progressively bend their trunk and branches by an active mechanical
mechanism driven by cambial activity [1]. This reorientation is associated with the formation of a
particular type of wood known as reaction wood and is widely implicated in maintaining an upright
orientation of the main stem and maintaining branches at a given angle. In gymnosperms, reaction
wood (compression wood) is formed on the lower side of the tilted axis, while in most angiosperms
tension wood is formed on the upper side. Both types of reaction wood show major differences from
normal wood in terms of biomechanical properties and at different scales of organisation. Such
differences include: (i) at the macroscopic level - division and differentiation of the cambial initials
leading to eccentric growth, and (ii) at the microscopic level - production of fibres that can markedly
differ in structural organisation compared with normal fibres.

Among angiosperms, diversity in the form of tension wood fibres has long been recognized [2, 3].
The most typical form of temperate angiosperm tension wood is characterized by the development of a
so-called gelatinous layer (G-layer), which is essentially made up of highly crystalline cellulose [4, 5]
having a very low microfibril angle [6]. However, studies have also shown that some angiosperm
species show mechanical evidence of tension wood but do not develop G-fibres [2, 7-9]. The main
purpose of this study was to: (1) compile and plot tension wood characters on a recent phylogenetic
tree of all angiosperms, (2) explore some of the overall patterns and trends of tension wood evolution
in angiosperms, and (3) attempt to interpret where and how tension wood appeared among
angiosperms.
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Material and methods

We surveyed most of the available literature [1-20] for accounts on the mechanical and anatomical
traits characterising tension wood in angiosperms. This included a total of 20 references, which
provided us with data on a total of 489 angiosperm species from 112 families. We also sourced recent
mechanical studies that combined both anatomical and mechanical observations of diverse
angiosperms, including some of our own recent work on tropical trees in French Guyana. We used a
phylogenetic tree from the Angiosperm Phylogeny Website database
(http://www.mobot.org/MOBOT /research/APweb/).

Results and discussion

Observation of various anatomical features of tension wood
Tension wood of many temperate species shows a typical G-layer; which is generally considered to
be the only type of anatomically distinguishable tension wood. However, tension wood can also show
at least three anatomical variations [2, 3, 7, 21] (Fig. 2):
— tension wood fibres with a G-layer,
— tension wood fibres with polylaminate secondary wall structure,
— tension wood not differing from normal wood fibres.

A first general observation based on combined anatomical observations and mechanical
measurements [2, 15] is that presence of a peculiar structure such as G-layer or polylaminate
organisation are not prerequisite for the production of high tensile stressed wood. It is clear that
various cell wall structures can occur in tension wood; so the question still remains as to what kind of
advantage is achieved by the synthesis of a modified secondary wall organization in tension wood?

Fig. 2 Cross sections of tension wood (a) Eperué falcata showing a well-developed G-layer (b) Laetia procera
showing a polylaminate organisation, and (c) Simarouba amara showing no difference with normal wood fibres
Bars, 5 um (from [15])

Appearance of the G-layer in angiosperms

Data concerning tension wood characteristics from angiosperm families are listed in Table 1. The
main advantage of the approach was the wide number of families represented with reliable anatomical
observations. The main disadvantage of the approach was the very low number of representative
species per family or per genus. The G-layer was observed in 276 out of a total of 489 species,
representing about 57 %. Fifty six of a total of 112 families do not show any peculiar structure in the
tension wood.

Among the 68 families for which more than one species was studied, 44 of these showed G-layer in
at least one of their species. Among the 44 families, 21 represent families in which all observed
species produce a G-layer, while 9 of these have a G-layer present in less than 50 % of the species
observed. The results suggest that the majority of families that show the presence of a G-layer tend to
have a majority of species with a G-layer. However, further sampling and clade-by-clade resolution
within each family are clearly required to substantiate this proposal.
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Among the 71 genera for which more than one species was studied, we observed that only 7 (10%)
included some species with, and some species without a G-layer. This suggests that G-layer
presence/absence is possibly more conserved at the generic level, although this also needs far more
sampling is required to substantiate this indication.

There is no simple, overall trend in G-layer presence in angiosperms from the available data. The
study indicates that the presence/absence of the G-layer is highly heterogeneous across all angiosperm
families with a suggestion that, when present at the family and generic levels, it tends to be conserved
or present in most species.

We were particularly interested in the appearance and early evolution of tension wood and the G-
layer in angiosperms and we present a brief overview of the findings here. The G-layer is not common
among species studied from families within the magnoliids or “magnoliid” complex of “basal”
angiosperms: llliciaceae, Chloranthaceae, Winteraceae or Magnoliaceae (Fig. 3). Among these, the
Laurales appears to be the earliest branch of angiosperms in which G-layer morphology is consistently
observed. Our own observations of Amborella (Rowe et al. Pers com.), which is currently thought to
be the species occupying the most basal branch of the angiosperm phylogeny, does not show G-layer
morphology.

Piperales |

[ Piperaceae

Winteraceae r
L

Canellales

| Canellaceae

|Magnoliaceae [

magnoliids

2 Annona reticulata
Magnoliales AnNnnonaceae

O |

= . _Mycisticaceas

Calycanthaceae

Chimonanthus praecox
Laurales
— Ocotea (2 sp.)
Sextonia rubra
Cinnamomuum iners
Licaria tiandra
Phoebe formosana
Nectandra coriacea
Beilschmiedia erythrophloia
Lindera (7 sp.)
— Laurus nobilis

Lauraceae

Fig. 3 Observation on the occurrence or lack of G-layer in the magnoliid clade. Species in red synthesize a
G-layer in their tension wood while for species in orange it is absent.

Our survey of tension wood in angiosperms emphasizes several key points that contribute towards
furthering ways of studying the phenomenon than answering the questions that initially prompted our
study. First, some angiosperms can produce mechanical tension wood without G-layer morphology,
either by using other derived cell organisations or with fibre tissue that shows no visual difference
from normal wood fibres [2, 15, 16]. This has a significant influence on how the phenomenon of
tension wood should be studied on living as well as fossil plant species. Second, the evolution of
tension wood morphology and the G-layer appears to be complex and does not involve the simple
appearance of the characteristic and its subsequent persistence in all woody angiosperms. Third, any
further resolution of the appearance of mechanical tension wood in angiosperms must therefore
incorporate both mechanical tests, and anatomical characterisation to precisely characterize the
presence or absence of tension wood and its underlying developmental causes.

291



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

Even taking into account the extreme under representation of the sampling presented here for so
many families, genera and species, angiosperms do show a remarkable heterogeneity in terms of G-
layer presence/absence. Future research should therefore also focus more on specific clades and detail
how and why mechanical tension wood and G-level morphology vary so much across species. Further
studies should also concentrate on how environmental and/or mechanically mediated constraints and
changes in growth form - herbaceous, woody, lianescence, epiphytism and aquatic life histories - may
be linked to how plants have modified tension wood characteristics and how this then affects
subsequent evolution of these traits.

Table 1 List of families studied, with number of genera and species from references, ratio of studied genera and
species / total number of genera and species in each family (according to Angiosperms Phylogeny Website) and
number and ratio of species synthesizing G-layer in their tension wood. Results for species where only one
species was studied are indicated in dark red.

0 % of species with
Number of genera /0 of genera and Number of G-layer occurring
Families and species studied SPECies StUd'ed.Of total species with in number of
per family gener?/ SPecles of G-layer species studied in
amily :
family
Genus Species Genus Species
Illiciaceae 2 2 66.7% 2.2% 0 0%
Chloranthaceae 1 1 25.0% 1.3% 0 0%
Winteraceae 1 1 14.3% 1.1% 0 0%
Calycanthaceae 1 1 20.0% 9.1% 1 100%
Lauraceae 9 16 18.0% 0.6% 16 100%
Annonaceae 7 7 5.4% 0.3% 1 14%
Magnoliaceae 3 7 100.0% 3.1% 0 0%
Myristicaceae 3 3 15.0% 0.6% 0 0%
Piperaceae 1 1 20.0% 0.0% 0 0%
Berberidaceae 3 3 21.4% 0.4% 0 0%
Eupteleaceae 1 1 100.0% 50.0% 1 100%
Lardizabalaceae 2 3 22.2% 8.3% 0 0%
Menispermaceae 1 1 1.4% 0.2% 0 0%
Ranunculaceae 1 1 1.6% 0.0% 0 0%
Platanaceae 1 1 100.0% 10.0% 1 100%
Sabiaceae 1 2 33.3% 2.0% 1 50%
Trochodendraceae 1 1 50.0% 50.0% 1 100%
Buxaceae 1 2 20.0% 2.9% 0 0%
Loranthaceae 1 1 1.5% 0.1% 0 0%
Olacaceae 1 1 7.1% 1.0% 0 0%
Santalaceae 2 2 4.5% 0.2% 1 50%
Altingiacaeae 1 1 100.0% 1.7% 1 100%
Daphniphyllaceae 1 2 100.0% 20.0% 0 0%
Grossulariaceae 1 1 100.0% 0.7% 0 0%
Hamamelidaceae 4 5 14.8% 6.1% 5 100%
Iteaceae 1 1 100.0% 5.6% 0 0%
Saxifragaceae 1 1 3.0% 0.2% 0 0%
Cercidiphyllaceae 1 1 100.0% 50.0% 1 100%
Vitaceae 2 2 14.3% 0.2% 0 0%
Nyctaginaceae 1 1 3.3% 0.3% 0 0%
Polygonaceae 1 1 2.3% 0.1% 0 0%
Tamaricaceae 1 1 20.0% 1.1% 0 0%
Cornaceae 2 6 100.0% 7.1% 6 100%
Hydrangeaceae 2 4 11.8% 2.1% 0 0%
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Actinidiaceae 1 2 33.3% 0.6% 0 0%
Clethraceae 1 1 50.0% 1.3% 0 0%
Ebenaceae 1 6 25.0% 1.1% 6 100%
Ericaceae 7 12 5.6% 0.3% 0 0%
Lecythidaceae 2 2 8.0% 0.6% 0 0%
Maesaceae 1 2 100.0% 1.3% 0 0%
Myrsinaceae 2 4 4.9% 0.3% 0 0%
Pentaphylacaceae 2 3 16.7% 0.9% 3 100%
Sapotaceae 4 5 7.5% 0.5% 4 80%
Styracaceae 2 5 18.2% 3.1% 5 100%
Symplocaceae 1 2 50.0% 0.6% 2 100%
Theaceae 3 5 42.9% 2.6% 4 80%
Garryaceae 1 1 50.0% 5.9% 0 0%
Aquifoliaceae 1 6 100.0% 1.5% 0 0%
Helwingiaceae 1 1 100.0% 33.3% 1 100%
Apocynaceae 7 9 1.7% 0.2% 2 22%
Gentianaceae 1 1 1.1% 0.1% 0 0%
Rubiaceae 9 9 1.4% 0.1% 0 0%
Bignoniaceae 1 2 0.9% 0.3% 0 0%
Lamiaceae 5 6 2.1% 0.1% 1 17%
Oleaceae 6 8 25.0% 1.3% 7 88%
Paulowniaceae 1 1 100.0% 16.7% 0 0%
Scrophulariaceae 1 1 1.5% 0.1% 0 0%
Araliaceae 7 9 16.3% 0.6% 5 56%
Pittosporaceae 1 2 11.1% 1.0% 0 0%
Adoxaceae 2 5 40.0% 2.5% 0 0%
Caprifoliaceae 1 1 20.0% 0.5% 0 0%
Diervillaceae 1 1 50.0% 6.3% 0 0%
Solanaceae 2 2 2.0% 0.1% 0 0%
Boraginaceae 2 7 1.4% 0.3% 1 14%
Asteraceae 1 1 0.1% 0.0% 0 0%
Boraginaceae 2 7 1.4% 0.3% 1 14%
Stachyuraceae 1 1 100.0% 20.0% 0 0%
Staphyleaceae 1 2 50.0% 4.4% 0 0%
Combretaceae 2 10 14.3% 2.0% 10 100%
Lythraceae 2 3 6.5% 0.5% 3 100%
Melastomataceae 5 5 2.1% 0.1% 4 80%
Myrtaceae 2 6 1.5% 0.1% 4 67%
Anisophylleaceae 1 1 25.0% 2.9% 0 0%
Coriariaceae 1 1 100.0% 20.0% 0 0%
Polygalaceae 1 1 4.8% 0.1% 1 100%
Fabaceae 27 32 3.7% 0.2% 32 100%
Bonnetiaceae 1 1 33.3% 2.9% 0 0%
Chrysobalanaceae 1 1 5.9% 0.2% 0 0%
Clusiaceae 6 8 42.9% 1.3% 2 25%
Euphorbiaceae 7 10 3.2% 0.2% 10 100%
Goupiaceae 1 1 100.0% 50.0% 0 0%
Hypericaceae 1 1 11.1% 0.2% 0 0%
Linaceae 1 1 8.3% 0.3% 1 100%
Phyllanthaceae 2 2 3.4% 0.1% 2 100%
Rhizophoraceae 3 3 18.8% 2.0% 1 33%
Salicaceae 9 19 16.4% 1.9% 16 84%
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Elaeocarpaceae 2 3 16.7% 0.5% 1 33%
Oxalidaceae 1 1 16.7% 0.1% 0 0%
Cannabaceae 3 4 27.3% 2.4% 4 100%
Elaeagnaceae 1 3 33.3% 6.7% 0 0%

Moraceae 4 7 10.5% 0.6% 7 100%
Rhamnaceae 6 8 11.5% 0.9% 8 100%
Rosaceae 15 28 16.7% 1.1% 16 57%
Ulmaceae 4 66.7% 20.0% 7 100%
Urticaceae 1 1 1.9% 0.0% 1 100%
Zygophyllaceae 1 1 4.5% 0.4% 0 0%
Dipterocarpaceae 1 1 5.9% 0.1% 0 0%
Malvaceae 12 20 4.9% 0.5% 1 5%

Thymelaeaceae 3 3 6.0% 0.3% 0 0%

Anacardiaceae 2 4 2.9% 0.7% 4 100%
Burseraceae 2 2 11.1% 0.4% 2 100%

Meliaceae 4 4 7.7% 0.6% 2 50%
Rutaceae 10 12 6.2% 0.7% 8 67%
Sapindaceae 6 15 4.4% 0.9% 14 93%

Simaroubaceae 3 3 15.8% 3.2% 3 100%

Celastraceae 3 5 3.3% 0.4% 0 0%
Betulaceae 5 15 83.3% 10.3% 15 100%
Casuarinaceae 1 1 25.0% 1.1% 1 100%
Fagaceae 6 16 85.7% 2.4% 16 100%
Juglandaceae 4 6 40.0% 12.0% 5 83%
Myricaceae 1 1 33.3% 1.8% 1 100%

Caricaceae 1 1 25.0% 2.9% 0 0%
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Origins of abnormal behaviors of gelatinous layer in tension wood
fiber - A micromechanical approach
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1 Nagoya University, Japan; 2 Université Montpellier 2, France

Abstract

The mechanism responsible for unusual mechanical properties of tension wood gelatinous fiber (G-
fiber) was investigated. We discussed origins of high tensile growth stress, high drying shrinkage, and
rapid increase of Young’s modulus due to drying, in association with microscopic structure of
gelatinous layer (G-layer). Anatomical, crystallographic, and micromechanical approaches were
employed. As the result, it is cleared that G-layer structure as hydro-gel has a key to understand
various physical properties in the tension wood G-fiber.

Introduction

Tension wood xylem often produces an unusual wood fiber known as gelatinous fiber (G-fiber)
along the upper sides of leaning stems or branches in woody eudicot species. The G-fibers form a
gelatinous layer (G-layer) as the innermost layer of the multilayered cell wall, characterized by the
absence of lignin and a high concentration of rigid cellulose microfibrils aligned along the fiber axis
(see Fig.1) [1](Onaka 1949).

Figure 1. The tension wood formation in a woody eudicot plant. Light
microscopic features of crosscut sections in the normal wood of Kunugi Oak
(a) and its tension wood (b). Scale bar indicates 20 um. Arrow heads show
the tension wood gelatinous layers.

upper side

G-fibers generate high tensile growth stress during the maturation process [2-12], which enables
hardwood species to perform negative-gravitropic behavior in inclined shoots [13-15]. However, in
timber production, tension wood is often the source of various problems, such as processing defects
caused by its abnormal growth stress [16,17]. Other particularities are a high longitudinal Young’s
modulus and a high longitudinal drying shrinkage [4,6,8,18], the combined effect of which cause
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serious complications during the drying process, such as distortion and longitudinal cleavage of the
sawn lumber.

Some studies have suggested that the distinctive properties of G-fibers could be attributed to the
intrinsic behavior of the G-layer [2,3,11,4,6,19,8,9], while others have emphasized the role of the
lignified layer (L-layer), which often peels off the G-layer along the same direction during
microtoming [20,21,22]. Recently, Clair et al. [23] noted that detachment of the G-layer, often
observed in the microtomed surface of a fresh block, disappeared at a distance greater than 100 um
from the block surface, which was embedded in resin after being oven-dried. This finding supports the
view that the intrinsic property of the G-layer is the source of the characteristic behavior of G-fibers.
However, the generation mechanism of the G-layer properties is still unknown. In the present study,
we focused on generation of the abnormal tensile growth stress, and moisture-dependent changes in
the longitudinal Young’s modulus and longitudinal shrinkage in tension wood of two Kunugi oak
(Quercus acutissima) trees, revealing the property difference between the G-layer and L-layer.

Material and methods

Sampled trees

The studied specimens were two Kunugi oaks (Quercus acutissima), a 75-year-old tree (Kunugi A)
and a 40-year-old tree (Kunugi B), grown in Nagoya, Japan. The girths at chest height were 103 cm
(Kunugi A) and 73 cm (Kunugi B); both trees had inclined stems.

Measurement of the released strain of the surface growth stress (g,)

At the chest height, 10 or 11 points were set around the circumference of each stem. Released
strain of the surface growth stress (g.) was measured at each point, using the strain-gauge method.
Measurement was done in December 2002.

Measurements of longitudinal Young’s modulus (E,)

Thin blocks were prepared from each measuring point of the released strain, and were cut for the
tensile and shrinkage tests at the macroscopic level, with specimen size 70 (Longitudinal, L) x 10
(Tangential, T) x 4 (Radial, R) and 50 (L) x 13 (T) x 5 (R) mm®, respectively.

Tensile tests at the macroscopic level were performed in green and oven-dried conditions at the
temperature controlled room (20 °C). For each specimen, two strain gauges were bonded at the center
of the flat-sawn surfaces and connected to the strain-meter. Tensile test was performed by using a
commercial equipment. The outputs from both strain-gauges were collected and averaged. And, the
macroscopic longitudinal Young’s modulus (E.) was determined from the stress—strain curve.

Measurements of longitudinal drying shrinkage (o)

A hand-made comparator with a high precision dial gauge (0.001 mm in accuracy) was employed
for the measurement of the dimension of the specimen [4,24]. Thus, macroscopic oven-dried shrinkage
(en) was calculated as

o = (lwet — Idry)/lwet x 100 (%) 1)
where |, and Iy are the longitudinal dimensions of the macroscopic specimen at the green condition
and under the oven-dried condition, respectively.

X-ray diffraction properties of cell wall cellulose
Specimen:

From both the heavy tension and opposite wood (normal wood) sides in Kunugi A, a sample block
was taken, and two types of specimen were prepared, flat-sawn sections [15 (L) x 10 (T) x 0.2 (R)
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mm)] and coarse sawdust powder. For the flat-sawn sections, eight specimens were prepared from
extra-porous zones in the wood blocks. For the sawdust powders, sufficient amounts of powder were
prepared, and they were fully stirred to become uniform. Those samples were seasoned inside a small
air-conditioned desiccator with water until equilibrium so as to remove liquid water that remarkably
increases a halo peak in the X-ray diffraction diagram. The powder sample was packed into the plate-
like specimen holder before seasoning. The moisture condition of the samples in this stage was
regarded as the fiber saturation point (FSP), and we used them for diffraction analysis at the FSP with
the reflection technique using a X-ray diffractometer. Samples were then air-dried until equilibrium
and X-ray measurements retaken, followed by oven-drying for 24 h at 105 °C after seasoning inside a
desiccator with a powder of P,Os and further measurements retaken [25].

Measurements of width of a single crystallite (WSC) and lattice distance from [200] plane (d,q):
CuKa was used as a line-focused incident X-ray with a power of 35 kV, 35 mA, and passed

through a Ni filter. For flat-sawn sections, diffraction intensity was recorded in the 26 angular range
from 5° to 40° to determine the half width of the [200] diffraction peak (B) that was transformed into
width of a single fibrous crystallite (WSC) in a direction perpendicular to the [200] plane. In addition,
the diffraction intensities from the powder samples were recorded in the 26 angular range from 20° to
25° to determine the peak angle from the [200] lattice plane (26.) under the various moisture
condition. In this measurement, three powder samples were prepared for each of tension wood and
normal wood, while one sample for isolated G-layer powder that was prepared from a heavy tension
wood block using the technique described by Norberg and Meier [20].

The WSC value was estimated from flat-sawn sections based on the study of Hengstenberg et al. [26]
using the modified Scherrer’s equation:

WSC = K-AM/(B-cosBap) (M) (2
where K is a constant (The present study assumed K = 1), A is the wavelength of CuKa (= 0.154 nm),
S is the half-width of the [200] diffraction peak, and @ is the peak position from the [200] plane.

The value of dj Was determined from powder samples based on Bragg’s equation:

Oa00 =M/(28iN0200)  (NM) 3)

Histo-mechanical approach for modeling

After the Young’s modulus and drying shrinkage measurements, a small block was sampled from
each specimen. A transverse section was cut from each block on a sliding microtome and microscopic
images at high and low magnification were recorded within the outermost annual rings of the mounted
section under a light microscope connected to an image processor. Macroscopic xylem consists of
vessel elements including the vasicentric parenchymae (V), ray parenchymae (R), and wood fiber (F).
From the low magnification images, the areal composition of each domain in cross section was
computed. The areal ratio of the G-fiber in the domain of wood fiber (¢) was also measured. From
high magnification images, the ratios of the G-layer (g), L-layer (1), and total cell wall (w) areas in the
domain of wood fiber were determined. Moreover, the areal ratios of the G-layer (y) and L-layer (1) in
wood-fiber cell wall were also calculated. The relationships between the anatomical parameters were
asfollows:V+R+F=1,g+1=w,and y+1=1.

The simple law of mixture gives the following formulae to estimate growth strain (¢."), Young’s
modulus (E."), and drying shrinkage (a.") of the wood-fiber domain along the fiber axis in each
specimen [6]:

e =g, E=E/F, and o =, (4)
assuming that the vessel and ray tissues are not involved in determining the axial growth strain,
elasticity and shrinkage of the xylem.

The wood-fiber domain is composed of two types of slender, thick-walled fibers—gelatinous (G-
fiber) and normal fibers (N-fiber)—arranged in rows in a direction parallel to the wood-fiber axis. In
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previous works by Clair et al. [8] and Yamamoto et al. [6], the simple law of mixture was applied to
relate the longitudinal properties in a macroscopic wood with fiber properties. We then used the
following equations:

Fl~ o ) ¢'EE'5|€_J+(1_¢)’EC'EE F_ 4. F9 _ n
& (ze )= S E LA Ef =¢-El +(1-¢)E[

¢-El-of +(1-¢)El o

¢-El+(1-9)E
where ¢ ° and " are the growth strains of the G- and N-fiber, respectively, and E,° and E," are their
respective Young’s modulus, and o, ® and o," are drying shrinkages in respective fibers.

The cell wall of the wood fiber consists of G- and L-layers, which are also arranged in rows parallel
to the wood-fiber axis. The simple law of mixture now gives the following equations:
y-E®.e®+(1-y)-E®.&°

y-E°+(@1-y) E°
)= y-E®.a®+(@1-y)-E*-a®

y-E®+(@-y)-E®
where ¢ " is the growth strains, and E."Y (= E_"/w) is the substantial Young’s modulus, and o " (=
al") is the drying shrinkage of the cell wall in the direction parallel to the fiber axis. €© and ¢° are the
growth strains of the G- and L-layer, respectively, and E® and E® are the Young’s modulus of the G-
layer along the direction of the fiber and that of the L-layer, respectively, and o and o® are their
respective shrinkages.

The values of E.® and E." in the green and the oven-dried specimen were optimized by applying
the least square method using the second formula of (5) to the observed relationship between E, " and
¢. After that, the values of ¢ 9, £." were determined from the observed relationship between " and .
When determining the values of €.° and ¢." using the first formula of (5), we adopted the determined
values of E % and E," in the green specimen to the calculation. Moreover, the values of o, %, o,", and r
(=E. ¥ E.") in the third equation of (5) were also determined from the observed relationship between
oL and ¢. In the same manner as those cases, E®, E°, €9, £.", o®, o, and s (=E®/ E®) were determined
from the observed relations between E.", & ", o, and y through the least square method using
equations (6).

: ()

af (5 aL):

, EV=y-E®+(Q-y)E° |

gl\_N(E &)=

, (6)

al(=za

Results

Young’s moduli of the fibers and layers

Estimated values of E.%, E,", E®, and E® are displayed in Table 1. The values of E, % and E." were
quite different between two trees. This is because the most of wood fiber has a quite thicker cell wall
in Kunugi B than in Kunugi A. After eliminating the effect of cell-wall thickness, those differences
became smaller as shown in Table 1.

As a result of drying from green to oven-dried condition, the Young’s modulus in L-layer (E®)
increased by 22.1% in Kunugi A and 29.7% in Kunugi B. Those values are in close agreement with
values reported previously for Spruce [27] and Japanese cedar [28]. On the other hand, the Young’s
modulus of G-layer increased considerably with the drying process at a ratio of 204.6% in Kunugi A
and 80.4% in Kunugi B.

Growth strain in fibers and layers

The estimated values of growth strains in fibers (= . and ¢" ) and wall layers are displayed in
Table 2. It is clearly concluded that contractive growth strain becomes quite higher in the G-layer than
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in the normal lignified layer, which causes generation of a very large tensile growth stress in the G-
fiber.

Drying shrinkage of fibers and layers from green to oven-dried condition

The estimated values of 0%, a.", a®, and «° were determined as displayed in Table 3. As a result of
drying from green to oven-dried condition, each layer contracted in the direction parallel to the fiber
axis. On the other hand, the G-layer contracted several times higher than the L-layer in each tree,
which causes generation of a very large drying shrinkage in the G-fiber. It is considered that the
combined effect of increase in Young’s modulus and drying shrinkage along the fiber direction causes
serious complications during the drying process, such as distortion, longitudinal cleavage of the sawn
lumber, and so forth.

Table 1. Young s moduli of fiber and layer.

Kunugi A Kunugi B
green Oven-dried Green Oven-dried
Fiber Young’s modulus (GPa)
ES 14.79 (+/- 0.60) 17.70 (+/-161) 2279 (+-1.01) 2952 (+/-1.61)
ES 15.98 (+/-0.84) 39.61 (+/-2.26) 25.02 (+/-1.40) 4164 (+/-2.23)
Layer Young’s modulus (GPa)
ES 19.49 (+/-1.04) 2379 (+/-250) 2486 (+-1.51) 3224 (+/-1.96)
E® 27.88 (+/-9.94) 84.92 (+/-7.40) 38.10 (+/-4.02) 68.73 (+/-5.22)

Parenses stand for +/— 95 % confidence interval of the mean value.

Table 2. Growth strains in fiber and layer. Table 3. Drying shrinkage in fiber and layer.
Kunugi A Kunugi B Kunugi A Kunugi B
Fiber growth strain (%) Fiber shrinkage (%)
& -0.0167 -0.0334 o 0.294 0.058
(+/- 0.0051) (+/- 0.0056) (+/- 0.083) (+/- 0.056)
oy -0.3222 -0.2499 . 1.000 0.914
(+/- 0.0182) (+/- 0.0322) (+/- 0. 085) (+/- 0.081)
Layer growth strain (%) Layer shrinkage (%)
S -0.0192 -0.0334 o8 0.293 0.058
(+/- 0.0041) (+/- 0.0091) (+/- 0.083) (+/- 0.058)
&G -0.4625 -0.3206 e 1.108 1.122
(+/- 0.0389) (+/- 0.0552) (+/- 0.100) (+/- 0.108)
Parenses stand for +/— 95 % confidence interval of the Parenses stand for +/— 95 % confidence interval
mean value. of the mean value.

X-ray diffraction properties in TW cellulose

Figure 1 shows X-ray diffracto-grams of various powder samples under air-dried conditions. The
diffractogram of the isolated G-layer (c) was almost identical to that of Avicel powder (a), which
suggests that the G-layer contains large amounts of native cellulose crystallites. The diffractogram of
normal wood (b) showed a typical pattern of ligno-cellulosic material in which the peak separation
between [110] and [110] was unclear. The diffraction of tension wood powder (d) gave a similar
pattern as the G-layer (c), which shows that tension wood contains a large number of G-layers.
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Fig.1. X-ray diffraction patterns
from (a) native cellulose powder
(Avicell), (b) Kunugi normal
wood powder, (c) isolated G-
layer powder from Kunugi
tension wood, and (d) Kunugi
tension wood powder. The
measurements were done in the
air-dried condition.

Fig. 2 (a) Half width of [200] peak
(/) under various moisture
conditions. (b) Changes in the
ratio of increase of g, calculated
on the basis of § at the FSP. The
error bar denotes + SD of eight
samples. Solid circle: tension wood
sections; open circle: normal wood
sections.

Figure 2(a) shows the half width of the [200] diffraction peak (f) in normal and tension wood
sections under various moisture conditions. Figure 2(b) shows the ratios of increase in g calculated on
the basis of j at the FSP. The value of  tended to increase with drying, which was noticeably higher
in the tension wood than in the normal wood. Figure 3(a) shows values of WSC, calculated from
equation (2), in normal and tension wood sections under various moisture conditions. Figure 3(b)
shows the ratios of increase in WSC calculated on the basis of WSC at the FSP. Figures 3 indicate that
the WSCs in the normal and tension wood sections decreased with drying, with the ratio of decrease
being higher in the tension wood (9.06%) than in the normal wood (3.05%).

Figure 4(a) shows the lattice distance in the [200] plane (dxg) in normal and tension wood powders
under various moisture conditions; Fig. 4(b) shows the ratios of increase in d,g 0n the basis of dyg at
the FSP. The values of d,y increased as the drying proceeded, and the ratios of increase from FSP to
oven-dry were more or less identical in both wood (1.88 % in the tension wood, and 1.77 % in the

normal wood).
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Fig. 3 (a) Width of a single
crystallite in the direction
perpendicular to the [200] plane
(WSC) under various moisture
conditions. (b) Changes in the
ratio of increase in WSC,
calculated on the basis of WSC
at the FSP. The error bar
denotes + SD of eight samples.
Solid circles: tension wood
sections; open circles: normal
wood sections.
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Discussion

In the present study, we showed that contractive growth strain was larger in the G-layer than in the
L-layer, and the ratio of increase in the longitudinal Young’s modulus with drying was higher in the
G-layer than in the L-layer, a pattern repeated with longitudinal drying shrinkage. Thus, we concluded
that the generation of abnormally large tensile stress in the G-layer causes the large tensile growth
stress in the tension wood region, and that the increased Young’s modulus with drying in the G-layer
compared to the L-layer causes the large increase in the Young’s modulus of tension wood after
drying. We also concluded that an abnormally large shrinkage with drying in the G-layer compared to
the L-layer causes the large shrinkage in the drying tension wood.

As reported by Clair et al. [29], transverse sectioning often causes an artefactual swelling in the
crosscut shapes of the G-layer, resulting in an overestimation of the values of g and y. This could lead
to an underestimation of the differences in the physical properties between the G-layer and the L-layer.
However, we consider that the obtained conclusion is not disturbed by such an artifact because
difference of the properties between the G- and the L-layers would be even greater if we took the
possible overestimation of g and y into consideration.

We also discovered that the lattice distance in the [200] plane (dag) increased with drying, while
the width of a single crystallite (WSC) in the direction perpendicular to the [200] plane became smaller
after drying, which is especially noticeably in the tension wood. The latter result comes from the
increase in the half width of the [200] diffraction peak () with drying. Lately, Clair et al. [30] showed
that the tension wood cell wall has a gel-like structure characterized by a pore surface more than 30
times higher by analyzing nitrogen adsorption—desorption isotherms of supercritically dried tension
and normal wood. Although the present results seem to be unrelated, the origin of these complex
phenomena can be explained in the following manner via the gel-like structure of the tension wood
cell wall proposed by Clair et al. [30].

The G-layer matrix consists of a substantial amount of noncrystalline polysaccharides (NCPs),
which in the green state, behaves as a water-swollen gel. During water desorption after lumbering, the
swollen gel of the NCPs collapses under surface tension. As a result, the matrix is transformed into a
condensed structure by strong hydrogen bonding between NCP molecules, which is a form of xero-
gelation, leading to an abnormal increase in the Young’s modulus and high shrinkage in the drying G-
layer. It is considered the NCPs consist of small amount of hemicellulose besides non-crystalline
cellulose, e.g., galactan, xyloglucan, and so forth [20,31]. According to Nishikubo et al.[31], most of
non-cellulosic polysaccharide consists of xyloglucan, therefore, it is considered that xyloglucan might
have something important role to control the mechanical behaviors of G-layer.

Lately, Fang et al. [32] reported that relative thickness of G-layer became significantly smaller than
that of the lignified layer after drying; moreover, lumen size in G-fiber increased while that in the N-
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fiber decreased after drying. Their discovery suggests a possibility that a tensile stress is generated in
the dried G-layer not only in the longitudinal but also circumferential directions. In other word, it is
considered that some cellulose microfibrils in the dried G-layer are subject to transverse tensile and
longitudinal buckling stresses from the shrinking NCP matrix. The combined effect causes disarray in
the cellulose lattice arrangements, especially at the surface layer of each crystallite, which may cause
increase of B and thus apparent decrease of WSC after drying. This may explain why d,q, increases
while WSC decreases in the dried G-layer. The possibility of longitudinal buckling in cellulose
crystallites was also noted by Clair et al. [9]. Considering that anisotropic structure of cellulose
crystallite, transverse stiffness is relatively lower in the direction perpendicular to the [200] lattice
plane than in the direction along b-axis in unit cell, possibly causing each crystallite more easily to
deform or delaminate in the direction perpendicular to the [200] lattice plane than in the direction
along b-axis under external negative pressure.

In the L-layer matrix, NCP molecules are reinforced by large amounts of lignin whose rigidity is
higher than that of the NCPs under the wet condition [33,34]. As with the NCP matrix in the G-layer,
the NCP domain in the green, lignified cell wall collapses with moisture desorption; however, its
condensation and resulting xero-gelation is mechanically prevented by the lignin, which acts as a rigid
skeleton in the matrix [35,36]. Thus, the ratio of increase in the longitudinal Young’s modulus with
drying is lower in the L-layer than in the G-layer; longitudinal drying shrinkage also displayed a
similar pattern of behavior. The increases in f values (and decrease in WSC) were thus lower in the L-
layer than in the G-layer.

At this time, the mechanism of generation of contractive force in the maturing G-layer is still
unknown, however, the structure and behavior of water swollen gel may give some key to solve it.
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Abstract

The growth of three mature beech trees has been reconstructed in retrospect on 25 years (e.g. from
2005 to 1980) thanks to a mechanical model fed by experimental data. Thus, two hypotheses
concerning the link between the growth of the tree and the localisation of the differential of maturation
strain, associated with the presence of tension wood, have been tested. In the first case, the differential
of maturation strain and the tension wood were created on the upper side of leaning parts of the stem
and, in the second case, the same elements were created to counteract the effect on the bending
moment generated by the crown and due to the growth of the tree. The comparison between, the
measured areas of tension wood and the assumed ones, has not allowed to give a preferential order
between both mechanisms. However, the second assumption could be considered as attractive from
the mechano-perception point of view but difficult to distinguish from the gravity perception
especially in the case of mature trees, considered here.

Introduction

The tree morphology must be very plastic for adapting the plant to available resources. Thus, the
morphology and the architecture of a tree are dependent of time and environment and they are led by
different tropisms. Maturation stresses in the last age-ring act an important role in the tropisms
allowing axes reorientation all along the life of the tree [1, 7, 12]. During the first development stages,
the existence of a growth maturation differential is without effect on the future wood quality except in
few cases. Nevertheless, for mature trees, the accumulation in time of important growth stresses could
decrease the technological and the financial economical value of a tree [13]. In beech trees (Fagus
sylvatica L.), high growth stresses level is most of time associated with reaction wood and known as
one of the main factors decreasing the wood quality.

In a forestry context where high forests are less and less the standards, the limits of empirical models
are often reached [6, 9]. A more functional approach concerning the formation of high growth
maturation stresses is needed but through this work a simple mechanical approach, at tree scale, is
tested..

Conceptually, the annual growth of a tree could be divided into two parts. In the first one, the
elongation of the apical parts and the cambial growth, leading to a biomass increment, could
participate in the global disequilibrium of the whole tree. Thus, in the second part, a differential of
wood maturation in the last age-ring could be created [2, 11, 12] in order to oppose the effect of this
differential to the disequilibrium. This conceptual sketch has already been investigated by several

306



6" Plant Biomechanics Conference — Cayenne, November 16 — 21, 2009

mechanical models [3, 10, 12] . The purpose of this work consists in an experimental validation of this
scheme for three mature beech trees by testing two possible assumptions governing the tension wood
formation along the trunk and linked to different perceptions of the gravity effect : i) local leaning ii)
local bending moment The virtual angular locations of the tension wood areas were compared with
the measured ones [4] thanks to a software based on the mechanical model and fed by experimental
data in a retrospective way starting from the last known configuration.

Material and methods

Our mechanical model has been established to describe the displacement of the trunk under the
loading of the crown [5]. In this model, the action of the crown on the trunk has been described by a
force corresponding to the weight of the crown, and the moment relative to this force expressed at the
end of the trunk.

If we call s(t), the generatrix of the trunk in time, r the radius of the crosscut disc, m the mass
of the crown, G*™" its barycenter , m™"™ the mass of the trunk, E the modulus of elasticity and GSI the
growth stresses indicators we can write:

crown

The perturbation contribution
The reaction contribution
And

The measurement of the parameters involved in the equations (1) and (2) as well as the expression of f
and g have been presented at the last plant Biomechanics conference [5].

Thanks to a software based on this model, a virtual experiment has been performed in retrospect (from
the last position of the tree to the virtual position of the tree 25 years before) using the measured
configuration of the tree on the year 2005 and some time-dependent measurements available for three
mature beech trees e.g. horizontal crown projections, ring widths. Thus, from the last configuration of
the tree, the position of the barycentre of the crown and its biomass increment between these two years
were estimated and assumed areas of tension wood (TW), determined by two scenarios, are virtually
generated. Then the biomass of the last age-ring in the trunk has been removed to obtain the tree in a
configuration corresponding to the year before. This loop has been repeated twenty four times.

Thus, in the following the emphasis is put on the reconstruction of the time dependency of the
parameters. The crucial case of the barycentre of the crown is presented in detail.

1. Reconstruction of the history of growth

The time dependency of the radius has been determined directly from measurements of tree rings
size. These sizes have been measured on four directions for one crosscut discs corresponding to one
meter long log. In our model, the shape of the crosscut surfaces has been supposed circular and the
size of a ring set equal to the average of the four measured values. As we have supposed the length
of each log constant over our time range, the volume of each log has been easily calculated. As we
have assumed the green density constant in time, the mass of each log has been calculated as the
product of the latter and the volume.

To estimate the weight of the crown we have assumed that that weight was proportional to the
surface S of the cro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>