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Introduction

The phrase "biomass partitioning patterns" refers here to the manner in which total body dry mass is divided among the various organographically distinguishable vegetative body parts at the level of the individual organism. In the context of present-day vascular plants (tracheophytes), these body parts are leaves, stems and roots. These organ-types differ in well proscribed developmental ways but are not distinguishable a priori in terms of their functional roles, although across the majority of species, leaves are generally photosynthetic, whereas stems and roots typically function mechanically and hydraulically respectively above-and below-ground.

This tri-part organography and its attending biomass partitioning pattern are evolutionarily highly derived conditions as indicated by the most ancient currently known vascular plants (e.g., Macivera, Cooksonia and Steganotheca). The sporophytes of these organisms lacked leaves and roots. Their vegetative body plan consisted exclusively of vertical and horizontal vascularized axes (similar in many respects to those of the extant tracheophyte Psilotum), which appear to have simultaneously functioned structurally and physiologically much like the leaves and stems of extant tracheophytes. Likewise, their horizontal counterparts likely functioned very much as do the rhizomes and roots of present day vascular plants, which provide anchorage, soil-nutrient absorption, photosynthate storage, etc. Whether the biomass partition pattern(s) of these ancient tracheophytes mirrored those of present-day vascular plants remains conjectural. The nearest and perhaps sole modern analog (i.e., Psilotum) may itself be a highly derived (and thus unrepresentative) taxon [1].

Yet, even if all modern and extinct vascular plants were found to have the same or very similar biomass partitioning patterns, it is clear that this pattern reflects a very limited sampling of the entire "universe" of plant life-forms, because the non-vascular land plants (i.e., the paraphyletic mosses, liverworts and hornworts) collectively called bryophytes also lack the tri-part leaf, stem and root organography evident across most modern tracheophytes ( Fig 1). Although some of these organisms, such as the thalloid liverworts, are completely "organ-less", some morphological parallels exist between the non-vascular embryophyte lineages and the stereotypical tracheophyte. For example. the leaf-and stem-like construction of the gametophytes of some moss and leafy liverwort species (i.e., Polytrichum phylloids and gametangiophores, respectively) are positionally and structurally similar to the foliage leaves and vertical stems of many extant tracheophytes Likewise, the multicellular and branched rhizoids and protonema of many moss species (and the predominantly unicellular rhizoids of liverwort and hornwort species) are structurally and physiologically similar in many respects to roots. Nevertheless, all of these structures are parts of the gametophyte generation, which dominates the life cycle of the bryophytes, which taken in isolation or in conjunction with other life-cycle differences cautions against the a priori supposition that a single biomass partitioning pattern canonically holds true across the entire observable "universe" of extant embryophytes. That the observable limits of even this "terrestrial universe" are themselves incapable of charting all plant life-forms is evident when the definition of "plant" is expanded to include the polyphyletic eukaryotic photoautotrophic lineages collectively called the "algae" [2]. This incompleteness is evident even if we were to confine our observations to the embryophyte sister group (i.e., the charophycean algae), which include unicellular as well as diverse multicellular life-forms (e.g., Mesostigma and Chara, respectively). Curiously however, as in the case of some moss and leafy liverwort species, superficial structural or positional analogs of foliage leaves, stems and roots can be found among some charophycean macrophytes. The node-internode construction of Chara and Nitella is superficially similar in its "leafy" whorled appearance to the shoots of numerous vascular aquatic and terrestrial plant species (e.g., Ceratophyllum and Galium). Likewise, Chara and Nitella are anchored to their substrates by branched, typically nonphotosynthetic filaments (i.e., "rhizoids"), which bear a superficial resemblance to roots [1][2].

Similar analogies can be drawn with other algal lineages that have no (or a very distant) phyletic connection to either the charophycean algae or the embryophytes (collectively called the streptophytes; Fig. 1). Among these are the morphological similarities between the blades, stipes and holdfasts of phaeophycean macrophytes (e.g., Laminaria and Postelia), the leaf-, rhizome (stem)-and root-like portions of some siphonous (unicellular) green algae (e.g., Caulerpa), and the foliage leaves, stems and roots of tracheophytes. Indeed, some similarities extend beyond mere superficial appearance, e.g., the symplastic movement of solutes through the "sieve cells" in the stipes of brown algal macrophytes such as Laminaria and Macrocystis.

This paper is structured around these and other examples of structural or positional analogs to the three tracheophyte vegetative body parts. The position advocated here is that the scaling relationships evident among these body part analogs must be considered if the phyletic "boundary conditions" of plant biomass partitioning patterns are to be ever quantified. In this context, the phaeophycean macrophytes provide the "out-group" with which to compare the biomass partitioning pattern of the streptophytes. Also, because little is known about allometry of bryophytes and the leaf, stem and root scaling relationships of pteridophytes (i.e., seedless, free-sporing vascular plants) in comparison to those of the seed plants (i.e., spermatophytes = gymnosperms and angiosperms), data from representative species drawn from these embryophytic lineages are critical for this purpose.

Phyletic considerations and the null hypothesis

Prior theoretical and empirical enquiry focusing on the interspecific allometry of spermatophyte (angiosperms and gymnosperms) annual growth and body dry mass has identified two biomass partitioning patterns across extant spermatophytes [3 -4]. These two patterns are distinguishable primarily on the basis of the numerical value of the scaling exponent governing the size-dependent relationship between standing leaf dry mass and standing stem and root dry mass (denoted here by M L , M S and M R , respectively). Across individuals of spermatophytes differing in size but lacking the capacity for secondary tissues (or insufficiently old to accumulate these tissues), prior work has shown that M L scales, on average, isometrically with respect to both M S and M R (i.e., M L M S M R ), from which it follows that the mass of all above-ground body parts (i.e., M A = M L + M S ) should scale isometrically or nearly so with respect to below-ground biomass (i.e., M A M B = M R , where M B denotes below-ground mass). . In terms of the governing allometric constants (denoted successively with numerical subscripts), these proportionalities become

M L = 0 M S = 1 M R ( 1 
)
M A = M L + M S = (1 + 1 / 0 ) 1 M R = 2 M R (2)
Across spermatophytes in which secondary tissues contribute large amounts to total body mass, M L scales, on average, as the 3/4 power of both M S and M R (i.e., M L M S 3/4 M R 3/4 ), from which it follows that the relationship between above-and below-ground dry mass is predicted to scale allometrically rather than isometrically (i.e., M A M R + M R 3/4 ), although the latter may occur depending on the size, age, and species sampled to determine the scaling relationship for a particular data set. In terms of their allometric constants, these proportionalities become

M L = 3 M S 3/4 = 4 M R 3/4
(3)

M A = M L + M S = ( 4 M R 3/4 + 4 / 3 ) 4/3 M R ( 4 )
Two aspects of these partitioning trends are particularly important to determining the broad phyletic limits of biomass partitioning patterns. First, the contrasting relationships summarized by Equs. ( 1) - (2) and Equs. ( 3) -(4) are two "phases" of a single log-log nonlinear allometric trend that results from the "hoarding of wood" as seed plants get bigger [5].

Most spermatophytes lack substantial quantities of secondary tissues during their early development, but accumulate these tissues annually with increasing age (and thus, with increasing size). Second, any comparison among the partitioning patterns of spermatophytes with those of brown algae and non-vascular streptophytes necessarily treats taxa that either lack the capacity to produce secondary tissues, or, if capable, they contain extremely small quantities (e.g., the fern Botrychium virginianum).

Therefore, the only legitimate developmental comparison that can be made between the biomass partitioning patterns previously reported for spermatophytes and those identified here for non-spermatophytes is within the log-log linear phase represented by the proportional relationships M L M S M R and M A M B . In this sense, the log-log linear phase of the spermatophyte biomass partitioning pattern can be considered the "null hypothesis". Taxa evidencing allometric deviations from this trend would provide evidence that no single partitioning pattern holds true across all plant lineages. Conversely, statistical concordance among the interspecific biomass partitioning patterns identified for non-spermatophyte and spermatophyte lineages would provide evidence that a single "canonical" pattern may exist.

B

There are only two possible interpretations if the latter is found to be true. A single "canonical" pattern provides evidence for either developmental constraints acting on the evolution of shared characters, or for functional equivalence across developmentally and ecologically very different lineages. The "developmental constraint" hypothesis posits that natural selection acts on different body parts in opposing directions (gauged by biomass or some linear dimension) and that developmental synergistic interactions among these parts limit the extent to which one or more body parts can evolutionarily change in size. The "functional equivalence" hypothesis argues that particular body parts must change in size with respect to changes in the size of other body parts to perform their functional obligations according to biophysical or physiological invariant "rules".

Importantly, the "developmental constraint" hypotheses sensu stricto can be rejected, if the biomass partitioning patterns observed for phyletically disparate lineages or ecologically diverse functional species-groups are allometrically concordant, because it is reasonable to argue that the organisms within extremely divergent evolutionary lineages manifest different developmental systems. In the context of this review article, the allometry of phaeophycean macrophytes provides a yardstick with which to evaluate this hypothesis, because all available data indicate that the brown algal lineage represents a line of plant evolution that is entirely independent of streptophile evolution and because the development underwriting the blade, stipe and holdfast construction of these organisms is radically different from that giving rise to tracheophyte leaves, stems and roots. Thus, if the allometry of brown algal biomass partitioning is concordant with that of streptophiles, the "developmental constraint" hypothesis can be rejected.

Observable biomass partitioning patterns

Using the preceding null hypothesis and the brown algae as the phyletic "out-group" with which to test the "developmental constraints" and "functional equivalence" hypotheses, the tactic adopted in this section is to (1) quantify the biomass partitioning pattern for all paired variables of interest across ecologically diverse spermatophytes represented by individuals lacking secondary tissues, (2) superimpose the same kinds of data obtained from pteridophytes, mosses, charophycean and brown algae, and (3) determine which (if any) nonspermatophyte taxa emerge as statistical outliers with respect to the allometry of spermatophytes. Outliers are determined here on the basis of data points that fall outside the 95% confidence intervals for the reduced major axis (RMA) regression estimates of spermatophyte allometry [5]. Four paired variables of interest identified by the null hypothesis are M L vs. M S , M L vs. M R , M S vs. M R and M A (= M L + M S ) vs. M B (= M B R ). Across all paired variables of interest, the biomass partitioning patterns of seed plants (spermatophytes), non-spermatophyte streptophytes, and phaeophycean macrophytes are statistically indistinguishable as gauged by the 95% confidence intervals of RMA regression scaling exponents and Y-intercepts (i.e., RMA and log RMA , respectively) (Table 1). In the majority of cases, the allometric relationships among organ dry mass are isometric or nearly so. For example, across spermatophytes, leaf dry mass scales as the 0.90 (95% CI = 0.88 -0.92) power of dry stem mass; across non-spermatophyte streptophytes (= charophycean algae, mosses, and pteridophytes), M L scales as the 0.91 (95% CI = 0.70 -1.13) power of M S ; and, across brown algal macrophytes, M L (= blade dry mass) scales as the 0.83 (95% CI = 0.47 -1.20) power of M S (= stipe dry mass) (Table 1).

The 95% confidence intervals of the scaling exponents and Y-intercepts observed for the allometry of non-spermatophyte streptophytes and phaeophycean macrophytes are extremely broad numerically, which makes the assertion that these regression parameters are statistically concordant with those of spermatophyte allometry highly problematic. However, bivariate plots of all of the paired variables of interest reveal few if any phaeophycean macrophyte statistical outliers, and, those that do occur are out numbered by non-spermatophyte embryophytes (Figs. 2345). ------------------------------------------------------------------------Table 1 Summary statistics of reduced major axis (RMA) regression of log 10 -transformed data for seed plant (spermatophytes) leaf, stem and root dry mass (original units in kg; denoted by M L , M S , M R , respectively), above-and below-ground body parts (denoted by M A and M B = M R , respectively), and analogous data for nonspermatophyte streptophytes and phaeophycean ( For example, five outliers (among which two are phaeophycean macrophytes) are observed for the scaling of leaf (or blade) mass with respect to stem (or stipe) mass (Fig. 2). However, three of these five outliers are pteridophytes, i.e., a fern (Botrychium virginianum), a lycopod (Hupertzia lucidulum) and a horsetail (Equisetum arvense). Morphologically, these outliers come as no surprise. Like all extant horsetails and the majority of lycopods, E. arvense and H. lucidulum have small ("microphyllous") leaves. Indeed, those of E. arvense are vestigial and non-photosynthetic much as those found on the parasitic angiosperm Monotropa uniflora. In contrast, the "macrophyllous" leaves of B. virginianum are exceptionally large in comparison to their subterranean subtending stems. These differences in relative leaf size are sufficient to explain why these three pteridophytes are outliers and why they respectively fall below and above the 95% confidence intervals of the spermatophyte M L vs. M S allometric relationship. Bivariate plot of log 10 -transformed data for dry leaf mass and dry root mass (or their analogs; denoted by M L and M R , respectively) collected from individual spermatophytes and other phylogenetically diverse groups (see insert in upper panel for symbols). Data points representing non-spermatophytes diverging from the spermatophyte M L vs. M R scaling relationship are indicated by arrows in lower panel. Solid and dashed lines denote the reduced major axis regression curve and its 95% confidence intervals for the spermatophyte M L vs. M R scaling relationship. See Table 1 for regression parameters.

Equisetum

Likewise, the expansive indeterminate growth of the blades of Laminaria, Pterygophora and Saccorhiza and the microphyllous nature of Hupertzia and Equisetum are reflected by the location of these outliers on the M L vs. M S and M L vs. M R bivariate plots (Figs. 23), whereas the extensive mycorrhizal root system of B. virginianum may explain why this eusporangiate fern is the only outlier on the spermatophyte stem (or blade) vs. root (or holdfast) allometric relationship (Fig. 4).

Two additional observations are relevant to making comparisons across these or other phyletically or ecologically different species-groupings. First, although limited in number, all Bivariate plot of log 10 -transformed data for dry stem mass and dry root mass (or their analogs; denoted by M S and M R , respectively) collected from individual spermatophytes and other phylogenetically diverse groups (see insert in upper panel for symbols). Data points representing non-spermatophytes diverging from the spermatophyte M S vs. M R scaling relationship are indicated by arrows in lower panel. Solid and dashed lines denote the reduced major axis regression curve and its 95% confidence intervals for the spermatophyte M S vs. M R scaling relationship. See Table 1 for regression parameters. Bivariate plot of log 10 -transformed data for dry above-ground mass and dry below-ground (= root) mass (or their analogs; denoted by M A and M B = R , respectively) collected from individual spermatophytes and other phylogenetically diverse groups (see insert for symbols). Solid and dashed lines denote reduced major axis regression curve and 95% confidence intervals for the spermatophyte M A vs. M B = R scaling relationship. See Table 1 for regression parameters.

the data drawn from charophycean algae and from non-vascular streptophytes (i.e., mosses) plot directly on or very near the isometric RMA regression curves obtained exclusively using spermatophyte data, and, second, the data from arguably the closest modern analog to the oldest known tracheophyte fossils (i.e., Psilotum nudum) fall directly on the RMA regression curve for the scaling of above-with respect to below-ground spermatophyte biomass (Fig. 5). The statistical "invariance" of the biomass partitioning patterns observed across all streptophytes (= charophycean algae + embryophytes) is consistent with the fact that these plants constitute a monophyletic group and thus may reflect a deeply embedded developmental repertoire that transcends the genomic and ecological differences between the essentially aquatic haploid generation (that dominates the charophycean and bryophytic life cycles) and the largely terrestrial diploid generation (that dominates the tracheophyte life cycle). When viewed in this light, the allometry of non-spermatophyte streptophytes does not constitute an "out group" comparison to that of spermatophyte allometric trends.

The allometry evidenced by the rootless terrestrial tracheophyte P. nudum is no exception to the "invariant" nature of streptophyte allometry, which may shed light on early evolution of vascular land plants when the organographic distinctions of modern day leaves, stems and roots had yet to evolve. Assuming that P. nudum provides a reasonable morphological and ecophysiological analog to ancient tracheophytes like Cooksonia and Aglaophyton, it is reasonable to suppose that an isometric scaling relationship governed the proportional relationship between the aerial and prostate body parts of the first vascular plants, just as it appears to govern the scaling of Chara and Nitella body part analogs to the above-and belowground body parts of contemporary vascular plants.

The functional equivalence hypothesis

It is worth noting that the preceding statistical 'test' for allometric concordance across very different plant group is conservative. Note that the 95% confidence intervals of regression curves tend to contract as the sample size and correlation coefficient increase across data sets and that the data set for the spermatophytes is robust in both respects. Because the 95% intervals for spermatophyte allometry are relatively narrowly confined, they can be comparatively easily trespassed by other plant life-forms.

Yet, a single (isometric) interspecific vegetative biomass partitioning pattern appears to hold true across a broad constellation of spermatophytes and non-spermatophytes and that this pattern is mimicked in all salient respects by the biomass partitioning pattern observed for the blades, stipes and holdfasts of brown algal macrophytes. Perhaps more surprising, this pattern also holds true for the manner in which a unicellular macroscopic alga (Caulerpa prolifera) is functionally partitioned into leaf-, rhizome (stem)-and root-like body parts, a feature that contributes additional insights into the debate over whether "cells make organisms" or "organisms make cells".

Collectively, these data provide strong circumstantial evidence for the "functional equivalence" hypothesis sensu stricto. That is, regardless of their developmental or structural differences, functionally equivalent body parts manifest the same biomass partitioning pattern to perform their respective functional obligations. Accordingly, tracheophyte leaves, bryophyte phylloids, and algal macrophyte leaf-like structures constitute a natural "functional" organ-category (as do stems-gametangiophores-internodal cells, or rootsrhizoids/protonema-holdfasts). This conclusion resonates well with the functional obligations that have been traditionally ascribed to each of the analogous body parts assigned to one of the three functional organ-categories. The foliose structures of marine green, red, brown algal macrophytes intercept sunlight and exchange gasses with the fluid that surrounds them in physical and chemical ways that are similar in many respects to those influencing the exchange of mass and energy between the air and the foliage leaves of tracheophytes. Likewise, just roots and holdfasts provide anchorage to a substrate, the mechanical functionality of aerial stems, bryophyte gametangiophores, and algal stipes is nearly identical from an engineering perspective, even if the hydraulic (and thus anatomical) obligations of these structures differ across taxa that sometimes have radically different habitat preferences.

That the size-dependent (scaling) requirements of developmentally different structures sharing the same or very similar functional obligations are not truly "invariant" is evident from the inspection of the absolute rather than the proportional biomass relationships among leaf, stem and root analogs. As noted, the scaling exponent describes the proportional relationship between two variables, whereas the Y-intercept is required to compute the absolute values of the variable of interest. Table 1 shows that the Y-intercepts for some species-groups have numerically broad 95% confidence intervals, which indicates that these species-groups occupy a wide range of body part sizes.

This statistical "latitude" is an a posteriori reflection of the "permissible variation" in the range of biomass occupied by each functional organ-category, which is otherwise confined by the operation of physical and chemical laws or processes dictating the functional performance of each category. Metaphorically speaking, the data-scatter observed for all of the biomass scaling relationships reflect the size corridors though which plants have evolved as their size ranges expanded or contracted over geological time scales. That these corridors have limits attests to the operation of physical and chemical laws and processes. That some taxa "pushed these limits" as statistical outliers attests to the ability of life to evolve innovative chemical or physical solutions to biotic and abiotic challenges. One of our important tasks as biologists is to explore quantitatively and analytically why these corridors exist and how plants manage to trespass them, albeit marginally from time to time.

Plato's cave

The numerical values of the regression parameters used to describe any allometric trend depend on the phylogenetic composition of the data used for this purpose. These values are expected to progressively differ numerically among data sets as the sample sizes of these sets decrease, because phylogenetic biases are likely to become more pronounced. This caveat is particularly important in light of the small sample sizes used to evaluate the biomass partitioning patterns of non-spermatophyte streptophytes and phaeophycean macrophytes (Table 1). For this reason, these data were used exclusively to identify non-spermatophyte statistical outliers when juxtaposed against a numerically large data base for spermatophytes.

Another caveat emerges from the principal lesson to be learned from Plato's allegory of the cave, i.e., we acquire concepts by our perceptual experiences of physical objects, but we are mistaken if we believe that the concepts we grasp are on the same level of reality as the things we perceive. Specifically, the numerical values of regression parameter estimates can and often do vary when different regression techniques are applied to the same data regardless of sample size. As noted, no consensus has emerged among statisticians regarding which among the different regression techniques give the most reliable insights into functional biological relationships. Currently, reduced major axis regression is the most commonly used in the allometric literature. Its emergence as the "technique of choice" by diverse workers has the advantage that different authors using the same data bases obtain the same numerical values for regression parameters. Nevertheless, numerical consensus assures neither that these regression parameters offer us meaningful insights nor that they are even real biologically.

Consider the isometric nature of the biomass partitioning patterns reported here and elsewhere. Assuming that this isometry is not a statistical artifact, can we be sure it is nontrivial? Mathematically, isometry is a "non-scaling relationship" in the sense that one-to-one proportionalities maintained across a series of objects differing in overall size require no special "rules" or "effort." In this sense, isometry may be thought of as mathematically trivial. Likewise, statistical isometry can result from a prevailing mechanical isotropy of cells, tissues and organs. On the other hand, the demonstration of either "trivial condition" does not exclude the possibility that isometric biological relationships are the by-products of natural selection acting on otherwise diverse organisms sharing the same basic form-function constraints. Indeed, biological isometry may have a selective advantage because it requires no special rules.

Certainly, isometric biological relationships are somewhat counter-intuitive in light of the many biophysical size-dependent phenomena purported to scale with fractal-like exponents (e.g., 1/4, 3/8, 2/3, and 3/4). This concern is softened partially by noting that isometric biomass relationships can become fractal-like when they are converted into surface area versus volume relationships, particularly if tissue density and organ shape and geometry are permitted to vary in biologically independent ways. Biomass may provide a good currency with which to measure an organ's carbon construction investment, but it sheds little or no light on a spectrum of physical and physiological parameters that can influence metabolic rate or mechanical performance.

Conclusions

The isometric biomass partitioning patterns observed for developmentally different but structurally similar body parts are concordant across phyletically and ecologically diverse macrophytes (that either lack the ability to produce secondary tissues or accumulate small quantities of these tissues), i.e., the biomass of leaves (and leaf-like structures) scales, on average, isometrically with respect to both stem (and stem-like) and root (and root-like) biomass. This "canonical" partitioning pattern, which is observed even for the unicellular green macrophyte Caulerpa prolifera, supports the hypothesis that structurally analogous body parts are functionally equivalent (and thus "natural" organ-categories) even in the absence of multicellularity. Nevertheless, significant differences in the absolute mass of these organ-types result from numerical differences in the allometric constants governing partitioning patterns, which account for traditional morphological distinctions (e.g., "microphyllous" versus "megaphyllous" tracheophytes).

Introduction

Mechanical instabilities are a very rich source of patterns. This concerns of course physical systems (e.g. systems that exhibit buckling, delamination, fracture), but may also play a role in certain biological systems. In particular, it is known that the interplay between growth and elasticity can induce mechanical instabilities, as a result of incompatible deformations and residual stresses (see e.g. [1]). Couder et al. recently proposed that the formation of leaf veins could be driven at least in part by mechanical stresses [2]. This would more readily account for certain features of vein patterns, in particular their reticular nature, than the standard auxin canalization hypothesis [3]. In support of this hypothesis, experiments have been performed on drying gels, which exhibit crack patterns quite similar to venation patterns. To gain more insight into the mechanisms involved in such mechanical instabilities, and to examine their possible relevance to biological systems, the following simple model is proposed: a system made up of an elastic plate (that deforms only in-plane) connected by springs to a rigid substrate (see Fig. 1). If there is any mismatch between the sizes of the plate and of the substrate, the springs impart mechanical stresses on the plate. Similar models have already been used by several authors to study the fragmentation of thin films (e.g. [4,5]). In contrast with the abovementioned systems, the case considered here is one in which the plate is subjected to compressive stresses, to which it responds by localized deformation. In itself, it would be interesting to compare the patterns obtained in that case with fracture patterns. This would also be closer to the situation in plant leaves, as the tissues where veins form are subjected to compressive stresses, and there could be an analogy between localized deformation and tissue differentiation. It should however be emphasized that the aim is not to model rigorously any specific physical or biological system, but to reproduce general mechanisms that may be relevant to various systems. Fig. 1. Diagram of the system. An elastic plate (top) is connected to a rigid substrate (bottom) by uniformly distributed springs, which are at rest if the two layers are the same size. This system can be thought of as a simplified model of a layer of finite thickness on a substrate (where the springs account for the resistance to shear of the layer), or, in analogy with the structure of plant leaves, of a soft layer between two less extensible layers.

Model and analytical results

The most straightforward way to investigate localized deformation would be to solve the equations of elasticity with a suitable non-linear behaviour. However, such equations yield complex analytical calculations and numerical computations, and a potentially unlimited number of parameters is required to describe a generic non-linear behaviour. On the other hand, it may be possible to capture the essential features of localized deformation using a small set of parameters, i.e. the critical stress, which governs the transition to the collapsed phase, and the plateau stress and the strains of the two phases (when they coexist), which govern the equilibrium between the two phases. Accordingly, an attempt was made to develop the simplest possible model in which these parameters can be controlled. To do this, a phase field approach similar in spirit to that developed by Karma, Kessler, and Levine for fracture [7] was used: the material is represented as a mixture of two phases having different mechanical properties. A continuously varying auxiliary field is introduced to indicate the local state of the material, with the convention that = 0 corresponds to the initial state of the material, and = 1 to the collapsed phase. The two phases are assumed to have a linear elastic behaviour, i.e. they respond to a strain by a stress ) ( ri i

. i is the elastic modulus of the phase corresponding to = i and ri is the strain in that phase in the absence of stress. By a suitable choice of the reference configuration, r0 = 0 can be imposed. In what follows, the particular case where the two phases have the same elastic modulus but different stress-free strains ( 0 = 1 = and r1 < 0) is considered. With no loss of generality, it can be assumed that = 1 and r1 = -1. All that remains to specify is a rule for the transition between the two phases. It is assumed that the behaviour of the elastic plate and of the phase field is governed by an energy functional E, and that the evolution of the system is quasi-static, so that its state can be determined by minimizing this energy. This article considers only the case of a one-dimensional system, in which case the expression for E takes the form

dx u x v e D E ) , ( ) , ( ' 2 2 ( 1 )
where u is the displacement, e is the density of elastic energy, and the body forces are assumed to derive from a potential v. Uniaxial compression corresponds to the case where v = 0 and an overall strain is applied. For the system shown in Fig. 1, the body forces are the forces imparted by the springs, and, assuming a linear response of the springs, 2

) ( 2 ) , ( x u k u x v ( 2 
)
where k is related to the stiffness of the springs, and is a measure of the mismatch between the two layers defined by

L L s ) 1 (
, where the lengths of the substrate and of the elastic plate in its reference configuration are 2L and 2L s , respectively. The energy of the plate is then

L L dx x u k e D E
e e e e (8) This equation defines one or several curves in the ( , ) plane. Along each of these curves, the stress is determined by = e, defining a stress-strain curve. In the range of parameters considered, it can be shown that for every value of the strain there is a single minimum of e( , ) for ]

. Defining the critical strains the energy is minimum for = 0 when c0 and for = 1 when < c1 ; when c1 < < c0 , the energy is minimum for a value of such that 2 ) (

1 r h ( 1 1 ) 
This suggests that there should be a continuous transition between the two phases. However, it can be seen on the corresponding stress-strain curve1 (see Fig. 2) that for c1 < < c0 , < 0, so that the corresponding uniform states are mechanically unstable. This means that uniform states with 0 < < 1 cannot be observed, which is consistent with the phase-field approach. Under an increasing applied strain, the plate deforms uniformly up to = c0 , then separates into two phases. When reaches p1 , the plate is entirely collapsed and the strain is uniform again.

The critical stress c0 is given by 1 0 r c (12) By minimizing the energy of the system, it can be shown that the plateau stress p and the strains p0 and p1 of the two phases (when they coexist) satisfy 

The dotted lines on the left-hand plot correspond to states of equilibrium that are unstable with respect to variations of the phase field (even if it remains uniform). The dashed lines on both plots correspond to (the same) mechanically unstable states, which tend to separate into two phases. The areas of the two surfaces between the stress-strain curve and the dotted line corresponding to the plateau stress are equal (this is an alternative formulation of the equations for the plateau stress given in the text; both formulations have direct equivalents in the case of phase transitions in fluids).

To return to the system shown in Fig. 1, its behaviour can be described analytically in the sharpinterface limit, i.e. when D 0 and the system is made of up a set of uniform regions with = 0 or = 1. Within each of these regions, the displacements are given by expressions of the form x x Be Ae x u (15) where k ( 1 6 ) is one of the three length scales that characterize the system, along with the typical width of the interfaces between phases and the size of the system. Using the above expressions of the displacements and suitable boundary conditions, it is possible to determine the locations of the phases in equilibrium configurations comprising zero, one, two, etc. collapsed regions according to the control parameter. By examining the maximum stress in each of these configurations, the interval in which it is stable can be determined. This gives a complete picture of the evolution of the system.

Numerical method and simulation results

To demonstrate the behaviour of the system, numerical simulations have been performed using the following method: the relaxation equation

e D E t ~ (17) 
is solved using an implicit scheme. At each step, the equation of mechanical equilibrium is solved exactly by inverting a tridiagonal matrix. Along the stable branches of the evolution, this tracks the local energy minimum. When the current branch become unstable (which is determined by a linear stability analysis), this provides the dynamic equation needed to decide to which local energy minimum the system jumps.

The results obtained in various configurations are shown in Fig. 3. The first example corresponds to the case where the substrate shrinks progressively. This yields a limited number of collapsed regions, which grow to occupy the entire plate as r1 . The second case, which could be relevant to biological systems, is that where the two layers grow over time. For the sake of simplicity, the case considered here is one in which the two layers grow uniformly at the same rate, so that the ratio of their sizes remains constant: 0 L e L t (18) and
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) This results in an approximately self-similar cascade of instabilities, but the observed patterns remain even due to the interactions between collapsed regions (this is also visible in the previous case; in addition, notice how the collapsed regions sometimes move after a new instability occurs). This is because the transition between the phases is reversible, so that the collapsed regions have no memory of the time when they form. On the other hand, many systems to which this model could apply exhibit irreversible transformations. This feature can easily be incorporated into the model: a simple way to do this would be to allow the phase field only to increase. However, it may be desirable to allow for the case, observed in simulations with a reversible evolution, where two instabilities start to develop simultaneously in two locations, and then one grows to the detriment of the other, which vanishes. Accordingly, is allowed to increase or decrease when it is smaller than a certain threshold (1/2), and only to increase when it is larger. This configuration yields hierarchical patterns.

Finally, the effect of inhomogeneities in the mechanical properties of the material can be examined. For the sake of simplicity, it is assumed here that ) ( ) ( ) , (
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( 2 0 ) where r is a random function; with this choice, the local critical stress varies as r(x), and the instabilities no longer occur exactly at the point where the stresses are greatest. This leads to irregular patterns. The distribution of the collapsed regions is consistent with the results reported in [8] for crack patterns. 

Conclusion

A minimal model that captures the essential features of localized deformation under compressive stresses has been developed and used to investigate the patterns generated in various loading configurations. These patterns can be described analytically in the sharp-interface limit, and the expected behaviour was confirmed through numerical simulations. In particular, it was found that a combination of growth and irreversibility yields hierarchical patterns.

This model is very simple, yet the mechanisms that it illustrates may be relevant to certain biological systems. As suggested earlier, localized deformation could be likened to stress-mediated tissue differentiation (and certainly tissue differentiation has an effect on mechanical properties). To push things further, the phase field, which is usually a phenomenological variable when physical systems are concerned, could be correlated with actual physical quantities in biological systems, e.g. the concentration of hormones involved in tissue differentiation. In this view, the coupled equations for the phase field and the displacements would describe a simplified feedback loop between mechanical stresses, hormone production, and tissue differentiation.

The statistics of the patterns in the presence of disorder can also be examined, which will allow quantitative comparisons: fracture experiments on near-one-dimensional systems have been reported [9], for which theoretical predictions exist [5], and similar experiments on solid foams could be designed. More or less one-dimensional patterns can also be observed in monocot leaves.

This work also prepares for the investigation of the full two-dimensional problem, which is bound to be much richer, with a greater variety in the elastic behaviour of the phases (which are described by two coefficients in the isotropic case) and in the boundary conditions, i.e. in the shape of the system and the loading conditions (uniaxial or biaxial).

Introduction

During fertilization in flowering plants, the sperm cells have to move out of the pollen grain through the stylar tissue in order to reach the ovary. This transfer is ensured by a cellular protrusion formed by the germinating pollen grain, the pollen tube. Morphogenesis of this structure requires a highly anisotropic mode of cellular growth, tip growth, which results in the formation of a long, cylindrical cell that invades the stigmatic and stylar tissues. This invasive growth is likely to require the exertion of cellular forces. Even though pollen tubes are able to soften the stylar tissue either by inducing programmed cell death or by enzymatically digesting the cell walls [1][2][3], these processes are unlikely to completely liquefy the growth matrix. The advancing apex of the elongating pollen tube therefore has to be able to exert sufficient penetration force and to withstand externally applied compressive stress.

In general, the propulsive force that drives the cell wall expansion at the growing apex of tip growing cells is provided by an increase in the cellular volume caused by the uptake of water which in turn is driven by a difference in the water potential between the protoplast and the apoplast. This mechanical principle is therefore also thought to be responsible for the exertion of an invasive force. A difference in the water potential may not be the only motor, however, since continuing hyphal growth at decreasing turgor pressure suggested that fungal tip growth might be driven by actin polymerization when pressure is too low [4][5][6][7]. This is consistent with the finding that low concentrations of inhibitors of actin cytoskeletal functioning can block pollen tube growth without arresting the well established principal function of actin: vesicle transport to the growing tip. This indicates that in addition to organelle and vesicle transport, actin could have a more direct implication in pollen tube elongation [8][9][10].

The concept of actin polymerization generating a propulsive force or contributing in another mechanical way to plant or hyphal tip growth has never been proven, however. A similar lack of information exists for microtubules. The only indication that microtubules might have a direct mechanical function related to the tip growth process derives from experiments on root hairs, for which it was shown that they might be implicated in the control of the growth direction [11][12][13]. However, whether they are able to generate a propulsive force for tip growth is unknown. Our goal was, therefore, to investigate the role of both cytoskeletal elements, microtubules and actin filaments, in the generation of an invasive force in pollen tubes.

While a variety of methods has been used to quantify the invasive force of hyphae of fungi and watermolds [14], pollen tubes have not been subjected to this kind of mechanical tests. To this end mechanical assays based on agarose stiffened media were devised to test the pollen tube invasive forces in vitro in the presence of drugs interfering with cytoskeletal functioning. Fluorescent labeling was used to characterize the configuration of actin filaments in the pollen tube species that was used, Papaver rhoeas.

Material and methods

Pollen tube growth

Papaver rhoeas pollen was obtained from plants grown in the greenhouses of the Montreal Botanical Garden. After collection, pollen was dehydrated in gelatine capsules on anhydrous calcium sulfate overnight and stored at -20°C. Pollen was rehydrated in humid atmosphere for 30 minutes before cultivation. The growth medium contained 100µg.mL -1 H 3 BO 3 , 300 µg.mL -1 Ca(NO 3 ) 2 .H 2 O, 100 µg.mL -1 KNO 3 , 200 µg.mL -1 MgSO 4 .7H 2 O, 50 µg.mL -1 sucrose (modified after [15]). For stiffening of the growth medium, agarose (type I-B, Sigma) was added.

In vitro penetration assay

To create an artificial mechanical obstacle for in vitro growing pollen tubes an interface between two growth media containing two different concentrations of agarose was created (Fig. 1). Fig. 1. Schematic drawing of the in vitro penetration assay. Two adjacent portions of agarose containing growth medium (1% and 2%) are spread as a 1 mm thick layer on a microscope slide. First the stiffer medium is poured into a mold and following its gelation a side wall of the mold is removed to create a free, vertical edge. Subsequently, the softer medium containing the pollen grains is poured against this edge to form the interface. 1.5 h after germination, tubes that have reached the interface between the two media are counted. The ratio between tubes that have crossed the interface and all tubes that either crossed or touched the interface while being deviated is calculated and reflects the ability of pollen tubes to exert a penetration force. Figure from [23].

Fluorescent labelling for actin filaments

Pollen was incubated in liquid medium for 1 h. Pollen tubes were labelled following a protocol modified after Lovy-Wheeler et al. (2005). Tubes were fixed with Pipes buffer (100mM Pipes, 5mM MgSO 4 , 0.5mM CaCl 2 , pH 9) containing 3% formaldehyde, 0.05% glutaraldehyde and 0.05% triton X-100 for 45 minutes. Tubes were washed 4 times in Pipes buffer and incubated for 2 h with rhodamine-phalloidin (Molecular Probes) diluted 1/30 in Pipes buffer containing 10mM EGTA at pH 7. After 4 washes, pollen tubes were mounted on slides with citifluor (90% glycerol, PBS solution). Some samples were prefixed with MBS-ester (M-Maleimidobenzyoyl-Nhydroxysulphosuccinimide ester; 10µM to 100µM).

Microscopy

Specimens labelled for actin filaments were observed either with the Nikon TE2000 (image acquisition with ImagePro -Media Cybernetics, Carlsbad, Calif.), or a Zeiss Axio Imager.Z1 equipped with a Zeiss AxioCam MRm Rev.2 camera (pictures were acquired with the AxioVision Release 4.4 software). All images of fluorescence label are projections of z-stacks.

Results and discussion

Actin but not microtubules are involved in generating an invasive force that allows pollen tubes to grow in stiffened medium

To assess the role of the cytoskeletal elements in the generation of the pollen tube growth force, pollen was germinated either in liquid or in agarose containing growth media which provided a range of stiffnesses that the growing cells would have to invade in order to elongate. To degrade actin filaments, latrunculin B (latB) was used at different concentrations in combination with these growth media. Germination rate and the pollen tube length 1.5 h after germination were measured and results of latB containing samples were plotted as fractions of the values obtained without the drug (Figs. 2 A,C).

Fig 2. Effect of drugs interfering with cytoskeletal functioning on pollen germination and tube growth in liquid medium and media stiffened with 1% and 3% agarose. A,B. Germination rate of pollen incubated in the presence of latB (A) or oryzalin (B). C,D. Tube length after 1.5 h incubation in the presence of latB (C) or oryzalin (D).

Results were normalized to the respective agarose control without the drug. Figure from [23].

Both germination and pollen tube length decreased dramatically between 1 and 3 nM latB. Remarkably, the variation for 1 nM latB was rather big confirming that this concentration was very critical. Comparison between the three curves clearly demonstrates that both germination and pollen tube growth were more sensitive to latB when pollen grains were germinating in stiffer growth media.

In order to discriminate between the effect of latB on pollen tube penetration growth and that on germination, an in vitro penetration assay was used that presents germinated pollen tubes with a mechanical obstacle consisting in an interface towards a stiffer growth medium. This assay was used in combination with latB at concentrations up to 1.5 nM -the highest concentration still permitting significant pollen germination. The penetration rate was significantly reduced by latB (Fig. 3 A). The use of 0.5 and 1 nM decreased the penetration rate to about 60% of the penetration rate of untreated tubes while 1.5 nM reduced the penetration rate to 30%.

To examine the role of microtubules in the generation of an invasive force germination rate and tube length in liquid and stiffened medium at 1.5 h after germination in the presence and absence of oryzalin (1µM) were assessed. Oryzalin is known to degrade microtubules [16]. It is also known that at concentrations that cause complete degradation of microtubules, pollen tube growth in liquid medium is not visibly affected [17]. Therefore, only one concentration of oryzalin was tested here. To limit possible unspecific side effects, 1µM, a rather low concentration, was chosen, which nevertheless resulted in complete degradation of microtubule arrays in Papaver pollen tubes as evidenced by immunofluorescence label for tubulin (not shown). In our assay, oryzalin had no significant effect, neither on germination rate, nor on pollen tube length at 1.5 h, neither in liquid nor in agarosestiffened medium (Figs. 2 B,D). [23] To confirm these results, oryzalin was used in combination with the pollen tube penetration assay. The penetration rate at the interface to the stiffer medium was not reduced in the presence of 1 µM oryzalin. On the contrary, the data indicate a slight tendency for an increase of the penetration rate (Fig. 3 B). Microtubule depolymerization did therefore not visibly affect the ability of pollen tubes to invade a stiffer medium suggesting that microtubules may not contribute to the generation of an invasive force in pollen tubes.

Fig 3. Penetration rate of pollen tubes grown for 1.5 h in the in vitro penetration assay in the presence of low concentrations of latB (A) and a microtubule disrupting concentration of oryzalin (B).From

To summarize, actin filaments but not microtubules, seem to be implicated in generating the force required by a pollen tube to grow in solidified substrates such as agarose. These findings are consistent with the observation that low doses of cytochalasin D inhibit growth pulsations in pollen tubes of Nicotiana tabacum and Petunia hybrida [18]. These pulsations were hypothesized to facilitate invasive growth [19].

The role of the cortical actin fringe in pollen tube growth

The actin cytoskeleton in pollen tubes shows a distinctive configuration: in the distal part of the cell long cables are arranged parallel to the longitudinal axis. In the subapical area a prominent cortical fringe or mesh separates the organelle zone from the apical clear zone. The very apex is almost devoid of any prominent actin cables [20][21][22]. The prominent subapical feature in form of a cortical actin fringe raises the question whether this structure might be directly involved in the exertion of an invasive force. To test this hypothesis the strategy to either selectively disrupt the fringe or to prevent it from moving forward with the growing tip was attempted. Selective disruption turned out to be impossible with our means, since latB concentrations low enough to permit pollen tube growth did not induce a visible change in the subapical actin structure (not shown). Since low concentrations (10µM) of MBS-ester tended to result in a longer, apical actin free zone, the fringe was prevented from moving forward by applying the ester up to 20 minutes before aldehyde fixation. This treatment resulted in a significant increase of the distance between the actin fringe and the apex (Fig. 4).

Fig. 4. Fluorescent phalloidin label for filamentous actin in Papaver rhoeas pollen tubes. A. Tubes treated with 10 µM MBS-ester 20 min prior to aldehyde fixation show that tube elongation can proceed albeit the actin fringe being prevented from moving forward as is the case in the control sample (B). The arrowheads mark the pollen tube apex. Bar = 5 µm.

This clearly showed that the tube is able to elongate for a while even when the fringe is not in close proximity to the apex.

To determine whether the actin fringe is implicated in generating the force required for elongation in stiffened medium, pollen was grown in liquid and agarose-complemented media and the distance between the actin fringe and the tube tip was compared (Fig. 5). No significant difference in this distance between tubes grown in liquid and those in stiff medium was observed, suggesting the tubes are able to grow beyond the actin fringe for a similar distance independently of the mechanical properties of the growth matrix. This is somewhat surprising, since this result suggests that the position of the actin fringe is not critical for the exertion of an invasive force. This raises the question how the slight degradation of actin filaments by low doses of latB is able to reduce the tube's capacity to grow in agarose as observed in the penetration tests.

Fig. 5. Fluorescent phalloidin label for filamentous actin in Papaver rhoeas pollen tubes (B,D) and corresponding DIC images (A,C). Tubes treated with 10 µM MBS-ester prior to aldehyde fixation show that tube elongation can proceed albeit the actin fringe being prevented from moving forward both in liquid (A,B) and medium stiffened with 3% agarose (C,D). Bar = 5 µm.

Our second hypothesis was that the actin fringe could be involved in the control of pollen tube morphology by stabilizing the transition region between the soft wall of the apex and the stiff wall of the distal part against external defomation forces from a solid substrate. Therefore, the tube diameter apical and distal of the actin fringe in pollen tubes after prolonged treatment with low concentrations of MBS-ester was measured. The part of the tube located apical of the actin fringe usually had a diameter similar to that of the distal region even with tubes grown in 1% and 3% agarose, suggesting that the tube is able to determine and maintain its diameter without the presence of the actin fringe closely associated with the tip. The cell seems therefore able to form a perfectly cylindrical extension with the same diameter without the actin fringe moving forward together with the tip. Our experiments, therefore, seem to show that the actin fringe is not the structure responsible for maintaining the tube diameter against external deforming forces by a stiff growth matrix.

Conclusion

Using mechanical assays, it was shown that the actin cytoskeleton is involved in generating the invasive force of the pollen tube, while microtubules seem to have no significant implication in this process. It remains to be analyzed whether the contribution of actin in forcible tip growth is direct, i.e. in form of the generation of a propulsive force based on actin polymerization. Alternatively, the involvement of actin might be based on an indirect mechanical function such as the control of cell expansion by way of regulating secretion events or the spatial distribution of cell wall properties.

It was surprising to observe that the prominent subapical actin fringe was neither essential for tube elongation nor was its position close to the apex required to drive the tip into a solidified medium. Consequently, it remains to be determineed if this dense structure has a direct role in tube growth and morphology or if it just represents the U-turn shaped rails for the inverse fountain streaming of the vesicles and organelles.

Introduction

Windthrow creates major losses in forestry and arboriculture across the globe. Due to threats posed by wind, tree stability is a persistent concern for forest and tree managers and in the northeastern region of the United States the impacts of wind events have caused substantial economic loss [1]. Fundamental to a tree's stability, is its ability to dissipate wind energy through structural damping and a major component of structural damping is the aerodynamic damping of branches [2,3].

The frequency at which an object tends to vibrate or oscillate after an applied is its natural frequency. When an object is subjected to a force equal to its own natural frequency, the displacement of that object will reach resonance and its oscillations can become extreme. Similarly, trees dynamically respond to wind gusts with frequencies equal to their own natural frequency [4]. Therefore knowledge of a tree's natural frequency becomes essential in assessing its stability in wind [5].

Most tree sway studies have been implemented for the purpose of formulating models to predict tree failure in wind. The majority of models developed for tree sway implement the basic cantilever beam theory model posed by Mayhead [6], where the tree is considered as a beam with a negligible mass and with a top load [7]. Other models elaborate on the cantilever beam theory including parameters such as wood density and elasticity [8]. All of these mathematical models can be effective in predicting natural sway frequencies of simplified single stem tree or plant model [9]. However, the majority of these models ignore or fail to fully account for the effects of branches and crown complexity [10].

Critical to the dynamics of tree sway is the effect of damping [3]. Milne [2] categorized the damping of tree sway into three components: interference of neighbouring trees, internal damping in the stem, and the aerodynamic drag on foliage. Experiments in sway frequencies comparing branched and de-branched trees [2,3,4,11,12] have shown that natural frequencies are higher in de-branched trees. Moore and Maguire [11] in their study of plantation grown Douglas-fir (Pseudotsuga menziesii), found that the majority of damping could be attributed to aerodynamic drag and suggest that branches should be treated as cantilever beams rather than lumped masses.

Tree branches function to efficiently dampen motion of a tree in the wind by serving as mechanisms to distribute and displace that energy by counteracting each other and minimizing stem displacement [13,14,15]. James [15] produced a model to account for the influence of branches and sub-branches on tree sway. The model attempts to represent the mass damping parameters of sway. He defines mass damping as the effect of, "a small swaying mass that is dynamically attached to a larger swaying mass in such a way that large sway amplitudes are prevented". His model then equates the mass damping effect to that of branches attached to the main stem. However, this model only account for branches as added mass to the main stem and does not take into account the aerodynamic damping of foliage.

Knowledge of natural sway periods in trees is largely limited to coniferous species. Little information is available on the sway dynamics of deciduous trees and even less is known about their branch sway dynamics. The objectives of this study are to: 1.) demonstrate the efficacy of using a 3-D motion capture system to quantify branch motion and 2.) to investigate the effect of leaves on the sway period of 3 deciduous species. Branch sway period of a coniferous species is also included as a reference. It is here hypothesized that the reduction of branch sway period after leaf removal is unique among the 3 deciduous species.

Material and methods

Branch sampling was conducted on the University of Connecticut Forest in Storrs, CT (Long 4632861N, Lat 729289E). 9 branches of each species Acer saccharum (sugar maple), Quercus rubra (northern red oak), Fraxinus americana (white ash), and Pinus strobus (eastern white pine), for a total of 36 branches, were randomly sampled from two sites on the forest. The first site was a 60-year old (even aged) stand dominated by northern red oak. The second site was a 70-year old (even aged) stand characterized as a mixed northern hardwood.

Sampled trees were primarily on forest edges and branches were taken from the lower portion of dominant or co-dominant crowns. Due to limitations imposed by mounting, only branches less than 9.0 cm in diameter and with branch angles generally perpendicular to the main stem were sampled. The mean diameter of branches sampled was 4.0 cm and all branches were cut at the point of connection to the main stem. The sampling sites where within 5 km of the arena to reduce the duration between cutting, mounting, and measuring to within one hour. Branch motion was quantified using the 'Liberty' (Polhemus, Colchester, Vermont USA) 3-D motion tracker. The Liberty system was an electromagnetic tracking system that consisted of up to eight sensors with cables, a long range electromagnetic source, and a Systems Electronic Unit (SEU) processor. Each sensor consisted of small coils encased in a plastic shell that detected and reported its position within the magnetic field emitted by the source. Sensor dimensions were 22.9 mm L x 27.9 mm W x 15.2 mm H, with a weight of 23 gm. The electromagnetic source consisted of coils encased in a 46 cm diameter plastic sphere and provided the means to establish a reference frame for sensor measurements. The source had a published range of 4.5 m (radius), thus sensors were kept to within 4.0 m. The SEU computed both absolute position (x,y, and z) and orientation (rotation about the x, y, and z axes) of the sensors (static accuracy 0.762 mm RMS for X, Y or Z position; resolution 0.038 mm) and output sensor position and orientation data at 120 Hz to a laptop computer via a USB connection. The SEU assigns absolute coordinates to sensors with a user established coordinate system. For convenience, we established our coordinate system such that sensors would always report positive values for all 3 dimensions (Fig 1 .).

The earthen floor and openness of the horse arena provided a windless environment with no detectable interference to the electromagnetic sensors. Fresh cut branches were firmly mounted in a bench vise on the branch measurement station (Fig 2 .) and sensors were attached with thin plastic ties to the main stem and sub-branches. To minimize the weight placed on a branch by the sensor cables, cables were suspended above the branch by wooden scaffolding with enough slack in the cables to allow branches to sway freely. Ten independent sway trials were conducted for each mounted branch, with the first five with leaves on and the remaining five with all leaves and petioles were removed. A sway trial consisted of loading a branch and recording its motion. Each branch was set into motion by a technician applying an upward pulling force to the main branch stem at approximately 30 cm from the vice and releasing. A second technician manually controlled the duration of data recording with the laptop computer. Sensor motion was recorded from the point of release until branch motion ceased (typically ~30 s). The procedure was repeated for each additional branch. After motion recording, branch dimensions were measured to the nearest 0.1 cm using a diameter tape at each sensor location and at each subbranch junction. Distance from the mounting vice to each sensor and each sub-branch junction along the main stem were also recorded. Branch order at each sensor was determined using Strahler's Method. This method, originally developed for categorizing streams, involves ordering the segments with the smallest diameter branch segment as the first-order and increasing where equal size orders join.

Each recorded time series of absolute x, y, and z coordinates from a given sensor (Fig 3 ., Fig 4.) was transformed to a triangonal distance d using the three dimensional version of the Pythagorean Theorem (Fig 5 .):

2 2 2 z y x d (1)
The resulting time series of triangonal distances were then transformed to the frequency domain using fast Fourier transforms (FFT) [16] (Fig 6 .). Parameters for the FFT included: tapering the data by 15%, subtracting the mean, and then padding the series length to a power of 2. Though the pulling force for each trial was not quantified, the resulting 5 FFT's for each branch and leaf condition showed a majority of identical periods. Hence, the modal period was taken to represent the natural sway period for that sensor location and used in further analysis. Periods from two sensors located at the highest branchlet orders (2 or 3) were averaged to represent the natural frequency of a branch. Using general linear models (GLM) analysis in STATISTICA [16] we investigated effects of leaf removal, and branch structure relationships to the branch sway period. The mean period for each species was computed for leaf on and off conditions as well as the percent change in period. Fig. 3 Two perspectives of 37.9 second, 3-D line trace of red oak (10) branch motion with leaves. Sensor is located 264.6 cm from the branch mounting point on a 2nd order branchlet 0.9 cm in diameter 

Results and discussion

The statistical analysis indicated that branch sway period was not species specific. The leaf on sway periods (Fig 7 .) did not differ between the 4 species (P=0.804). Leaf off comparisons between the 3 deciduous species (Fig 7 .) and the percent reduction in period after leaf removal (Fig 8 .) did not indicate any species specificity; (P=0.481) and (P=0.718) respectively.

Analysis of sway period dependence on branch structure was restricted to the 3 deciduous species and included branch (base) diameter, branch diameter at sensor location, branch order at sensor, distance (sensor distance from branch mount location), and slenderness (sensor distance/diameter at sensor location minus diameter at branch base). Of the 5 branch parameters tested with leaf on period, none was significant. Sensor distance was the only significant (P=0.009) predictor of leaf off period, while the percent reduction in period was only significantly related to slenderness (P=0.012). While the mass of the removed leaves were not measured, their chief influence on the sway period is thought be their aerodynamic drag. The reduction in leaf off period for our species was similar to recorded whole tree sway period reduction of -47% for plane tree (Planatus sp.) in the United Kingdom [17]. While we did expect a large decrease in the branch sway period, the finding that period changed consistently for the three deciduous species was counter to our hypothesis and suggests the aerodynamic drag also changed consistently between species. More study is needed to combine our knowledge of broad leaf drag coefficients [18] [19] with how aerodynamic drag affects the characteristics of tree and branch sway period and damping coefficient. This is particularly relevant for deciduous species since their annual leaf shedding creates large and predictable changes in aerodynamic drag.

Application of this 3-D system on trees in situ could investigate stem displacements either by isolating branch motion by subtracting displacement measures of the main stem or by examining the tree as an integrated structure, which is difficult to accurately capture using more conventional means such as strain gauges. While our hardware set-up is limited to 8 sensors, we are planning further investigation into main branch motion dynamics and their influence on whole tree stability. While there are logistical challenges to examining large, mature trees with this technology, it is precisely these trees that the least is known and are of most concern for failure.

Introduction

One of the most fascinating aspects of growth in plants is found in the movements and habits of climbing plants. Climbing plants are not self-supporting and they use their surrounding to achieve vertical growth. They are usually divided into plants that either ascend trees or supports by making use of tendrils or hooks, or plants that spiral around their support (see Illustration 1). For instance tendrilbearers use tendrils to pull themselves upward. The spiral contraction in tendrils leads to an interesting mechanical problem where filamentary structure with regions of opposite handedness is created, the so-called perversion of tendrils [1]. Charles Darwin described this beautiful phenomenon at length in 1865 in his essay on "The Movements and Habits of Climbing Plants" [2].

The purpose of this note is to address another remarkable mechanical puzzle offered by climbing plants and first discussed by Darwin in his essay. The stem of a twining plant has a naturally spiral shape [3]. During the growing (climbing) process, the part of the stem near the apex is spontaneously revolving, following a continuous bowing movement directed successively to all points of the compass. This favors the shoot finding a support. When the apex reaches the support the stem goes on moving, nearing the support and finally achieving close continuous contact. In his study of twiners, Darwin ponders, "Most twining plants are adapted to ascend supports of moderate though of different thicknesses. Our English twiners, as far as I have seen, never twine round trees...". Darwin realized Illustration 1 : sketch of a twining plant obtained by computer graphics (Knut Arild Erstad www.ii.uib.no/~knute). that whereas a given twining plant can grow around certain pole sizes, it fails to climb on larger ones (see Illustration 2). This naturally leads to the question: how thick a support can a given twining plant ascend? llustration 2 : a twiner may ascend a slim support and failed to wind around a thicker one.

To address this question the stem is idealized by an elastic growing rod on a rigid cylinder and the existence of configurations with realistic physical boundary conditions is established for varying pole sizes. The critical cylinder radius is found when such solutions cease to exist.

Material and methods

The goal here is to show that the critical climbing radius can be computed from basic mechanical principles and obtained as a function of the spiral size. Before lignification when the stem is still elastic [4], it is reasonable to model it as an inextensible unshearable elastic Kirchhoff rod with intrinsic curvature and torsion. A further simplification of the problem is obtained by assuming that the rod is confined in the plane. In this case the support is a rigid disc of radius R and the problem is to find equilibrium configurations of an elastic rod with intrinsic curvature 1/Rc in contact with the disc, see Illustration 3.. The Kirchhoff equations obtained as the static balance of linear and angular momenta in the plane read simply [5] n' 0, m' r' n 0, where n,m are, respectively, the force and moment applied to the rod centerline located at position r(s) and are parameterized by the arc length s (the prime denotes the derivative with respect to s).

The filament is assumed to be strongly anchored at its base while its tip located at s=L is simply supported. This implies that at s=0, r(0)=(R,0), r'(0)=(0,1) whereas at s=L, the rod lies on the disc and its curvature is equal to the intrinsic curvature, that is 1/Rc The Kirchhoff equations together with the boundary conditions completely specify the problem for any given values of L,R,Rc and numerical continuation of equilibrium solutions of this boundary value problem can be performed.

Illustration 3: model of an elastic filament around a rigid disc

Results and discussion

In order to gain insight on the possible configurations that satisfy the boundary conditions, two series of equilibrium configurations for filaments with different intrinsic curvatures are shown in Illustration 4 and 5. In both cases, the disc radius is kept constant while the length is increased. For the first series (Illustration 4), a stable configuration develops and a continuous contact with the support is established. Conversely, in the second series (Illustration 5), no continuous contact configurations exist, instead past a certain length the filament starts to wind outside the disc. Therefore, the limiting ratio R/Rc between climbing and non climbing states is found to be in the interval 3 < R/Rc < 3.5 . A more detailed bifurcation analysis reveals that the critical ratio is found to be R/Rc 3.31.

Illustration 4: Equilibrium configurations for a naturally curved filament around a disc with R/Rc=3.

Configurations with continuous contact eventually develop.

Illustration 5: Equilibrium configurations of a naturally curved filament with R/Rc=3.5. No configuration with continuous contact exist.

Conclusions

The mechanical action of twining was modelled as a growing elastic filament with an intrinsic curvature in contact with a rigid disc. The analysis of stable equilibrium configurations reveals that past a critical disc radius (about 3.3 times the plant intrinsic radius of curvature), the plant cannot successfully circle around the disc to continue its growth (see last figure in Illustration 5). Hence, an actual twiner with these mechanical properties could not grasp the pole and achieve vertical growth. The analysis presented here is only a starting point for realistic models of climbing plants. Nevertheless, it clearly underscores the interplay between growth, mechanics, and contact. Many other mechanical effects are in play in the growth of twiners and should be included in a realistic model. First growth is three-dimensional and the model can readily be generalized to a helix growing on a pole at the expense of tedious bifurcation analysis. Second, intrinsic curvature and torsion are in general neither constant nor uniform. A proper model of the evolution of such quantities with time requires a detailed analysis of growth and remodelling processes as a function of shapes, stresses and biochemical regulators. Finally, friction plays a subtle but important role in the overall ability of the plant to remain on the pole. Again, this effect can be included and will play a role on both the final shape and the critical radius.

Introduction

Galium aparine is a herbaceous species of Eurasian origin and distributed all over the world as agricultural weed. Plants becomes mechanically unstable in older stages without a support. After having reached a certain length, plants 'lean on' the surrounding vegetation. They become firmly attached to supporting plants by inserting their growing shoots between them. Stems and leaves of G. aparine are covered by a series of hooks providing mechanical interlocking with the surrounding vegetation. Attachment properties of the stems and, in particular, of the leaves, efficiently prevent slippage off the supporting plants. The habit and mode of attachment to host plants is typical for socalled semi-self-supporting plants. Previous studies have shown that tropical woody semi-selfsupporting species display mechanical properties that remain approximately constant during ontogeny. This distinguishes them from real lianas, in which drastic variation of the mechanical properties is observed during ontogeny [1 -4]. However, mechanical properties of semi-self-supporting plants can be particularly influenced by environmental conditions, thus enabling them to grow in a wide variety of habits according to the availability of suitable supports or not [2]. In a study of this phenomenon the choice of G. aparine as an exemplary experimental species provides several advantages. It is a temperate herbaceous species with a short annual life-cycle that can be easily cultivated in greenhouse or field experiments. Populations of G. aparine are found in cultivated areas throughout the world, therefore an increasing amount of information on the ecology and morphology of the species is available. The existence of different ecotypes varying in several morphological parameters has been proven by Berkefeld [5]. Additionally, the species also shows a considerable environmental plasticity [6 -9]. Kemball et al. [8] have shown that local shading of basal branches reduces the production of axillary branches, leave whorls and biomass in G. aparine. Puntieri and Pysek [9] report that the presence of physical support increases the relative growth rate in G. aparine populations. Goodman [10] has analysed the mechanical properties of G. aparine and demonstrated the existence of an astonishing extensibility in stems and roots with breaking strains of 24% and 28%, respectively. However, to our knowledge there is no information available on the influence of environmental factors on the mechanical properties of G. aparine. The morphology and the mechanical properties of the hooks on the epizoochorous fruits of G. aparine have been studied in detail by Gorb and Gorb [11]. On the contrary, the morphology of the hooks on the leaves, which aid the attachment of the plants to their mechanical supports, has not been analysed so far. In this paper we present preliminary results of a study on the effects of shading, support and contact to other plants on the growth in length and the structural modulus of elasticity measured in tension in stems of G. aparine. Furthermore we describe the morphology and the distribution of the hooks on the leaves. increment equals 4.3 ± 3.2 cm and 3.4 ± 0.9 cm, respectively). This significant difference in growth in length between shaded plants and unshaded plants is observed during the whole experiment. But with ongoing growth the combination of stakes and shade additionally gains a significant influence. At 33 days after out bedding simultaneously shaded and staked plants had a significantly higher mean increment in length (29.8 ± 9.4 cm) compared to plants submitted to all other treatments, Fig 1 (mean increment in length in shaded unstaked plants: 15.2 ± 4.7 cm, in unshaded unstaked plants: 9.5 ± 3.9 cm and in unshaded staked plants: 7.7 ± 2.3 cm). At this stage unstaked and staked plants exposed to full sunlight still don't show a significant difference in their growth in length, Fig 1 . However, at the end of the period of vegetative development even in the simultaneously shaded and staked experimental plants stems remain much shorter than stems of naturally grown plants, which often reach a length of 2 m or more. The E str does not vary significantly between plants cultivated in the different experimental set-ups (data not shown).

Influence of contact to other herbaceous plants on growth in length and mechanical properties in greenhouse plants

Growth in length is faster in isolated plants than in plants cultivated together with various Poaceae species, Fig. 2. The contact to Poaceae during germination and growth also influences the mechanical properties of the stems. E str is significantly higher in specimen cultivated as isolated plants (E str = 369 131 MNm -2 in stems with an axial second moment of area I ax < 0.05 mm 4 , i.e. in the range of I ax where data of both experimental set-ups are available) than in plants cultivated together with Poaceae (E str = 274 74 MNm -2 in stems with I ax < 0.05 mm 4 ), Fig 3. Assuming that the cultivation with other plants provides shade and mechanical support the reaction of the greenhouse plants seems to contrast the reaction of the plants cultivated with stakes under a shading cloth in the Botanical Garden. This may be due to different conditions of air movement or competition for soil resources. Another factor reducing the growth in length of G. aparine plants cultivated with different Poaceae may be the small height of the latter of about 30 cm only providing shade and support to a limited degree.

Influence of shade on growth in length and mechanical properties in greenhouse plants

Unshaded plants grow significantly faster in length than shaded plants, Fig. 4. This again contrasts the results obtained with plants cultivated in the Botanical Garden. Mechanical stimulation applied via manual rubbing along the stem had no discernable influence on the growth in length of the experimental plants, Fig. 5.

With exception of higher values in the two narrowest stems of unshaded plants (I ax < 0.035 mm 4 ), neither for shaded plants nor for unshaded plants significant variations of E str are observed with increasing I ax within the tested range (0,035 < I ax < 0,120 mm 4 ). This mechanical 'behaviour' has been proven to be typical for semi-self-supporting plants [1][2][3][4]. A comparison between the two experimental groups in this range of I ax reveals that values of unshaded plants (E str = 189 63 MNm -2 ) are significantly higher than values found for shaded plants (E str = 125 32 MNm -2 ). No significant influence of mechanical stimulation on E str was observed (data not shown). ] unshaded shaded

Morphology of the hooks on the leaves

The hooks on the leaves show a different morphology and distribution on the adaxial and abaxial sides of the leaves. On the adaxial side of the leaves hooks are smaller, all oriented towards the tip of the leave and distributed equally over the leave surface. On the abaxial side, hooks are larger, oriented towards the base of the leave and positioned exclusively on the midrib and the leave margins, Fig. 7a. This difference in distribution, size and orientation may optimise the attachment to supporting host plants, when the leaves of Galium aparine are inserted between them. Single hooks are hollow, as the hooks on the fruits previously described by Gorb and Gorb [11], and positioned on a cluster of smaller cells, Fig. 7b, which may function as a micro-articulation, preventing the failure of the hook under mechanical stresses created by the movements of supporting plants.

a) b)

Fig. 7 Cryo-SEM picture of a) a cut leaf of G. aparine. and b) a hook at the margin of the adaxial leave side.

Conclusion

Growth and mechanical properties in Galium aparine, and consequently the interactions with host plants, are controlled by a complex combination of environmental factors which include light quantity and perhaps quality, contact with a supporting structure and probably other factors. The additional importance of environmental factors which are not studied in this preliminary analysis is supported by the morphological discrepancy between experimental plants, and plants grown under natural conditions, as well as by the different reactions of greenhouse plants and plants cultivated outdoors in the Botanical Garden. First experiments on the effect of relative humidity (data not shown) suggest that growth and mechanical properties of G. aparine also vary depending on humidity conditions. If G. aparine plants are attached to parts of the host plants growing in length (e.g. close to the apical region of the host) they are exposed to tensile stress. This could also be a factor influencing considerably the growth of G. aparine and may be an evolutionary constraint favouring the extreme extensibility found by Goodman [11]. This question will be addressed in forthcoming studies.

Under natural conditions the capacity of adapting growth and mechanical properties of the stems permits this species to grow upon and just beneath the (canopy) surface of the colonized vegetation. Thus G. aparine grows neither away from its host plants, where enough light but no mechanical support is available, nor do shoots grow in a position where they are covered too much by the supporting host plants, where support is available but light conditions become increasingly unfavourable. The micromorphology of the hooks on the leaves and their particular distribution on the adaxial and abaxial sides of the leaves contribute to the attachment of the plants to a wide variety of different potential supporting structures with different surface textures, provided by a large number of herbaceous or shrubby species in a wide variety of plant communities.

Introduction

The Paleozoic tracheophyte class Cladoxylopsida, characterised by a complex dissected vasculature, is the basalmost group (Early Devonian -Early Carboniferous [1]) within the clade Moniliformopsida (ferns s.l.; [2,3]). The Cladoxylopsida are considered as major components of early land plant communities, by their large paleogeographic distribution and the fact that they are one of the first groups that produced arborescent forms since the Middle Devonian. At least five Middle and Late Devonian cladoxylopsid genera are reconstructed as small trees up to 7 m high with a stereotype bauplan including an erect stem and a crown of branches inserted in helices and/or whorls [4], but only one, the late Devonian genus Pietzschia, yielded abundant anatomical remains. Recent studies on this genus [5,6] provided informations on the development and functionalities of the cladoxylopsid tree habit. Pietzschia trees are realised in the absence of secondary growth, by production of a large primary body and a mainly determinate primary growth. The biomechanical properties of Pietzschia stems (in terms of structural Young's modulus and flexural stiffness) have been recalculated using models of geometrical tissue arrangement in cross-section and living tissue analogues, the material properties of which were experimentally determined. Results indicate that the stems were semi-selfsupporting, and that the plants likely grew in environments with a dense surrounding vegetation providing additional support [7].

A the beginning of the Carboniferous, just before the extinction of the class, the taxonomic diversity of the Cladoxylopsida, previously large in the Devonian, dramatically decreased to less than 10 species, all preserved by permineralisations. Cladoxylon taeniatum (Unger) Solms-Laubach from the Middle Tournaisian of France and Germany is by far the best-documented one with more that 50 specimens up to at least 5 cm in diameter. This species has a bauplan close to Devonian cladoxylopsid trees, including an erect stem with a mainly determinate primary growth and helices of lateral branches. However, C. taeniatum stems also exhibit secondary growth, comprising a unifacial cambium producing secondary xylem around each bundle of the vascular system, and a periderm borne inwards from a thick fibrous primary cortex. The aim of this study is to examine the biomechanical properties of Cladoxylon taeniatum stems, in order to assess the impact of the secondary growth sequence on the mechanical architecture of the plant, and to answer to the following interrogation: is secondary growth in cladoxylopsids an adaptation optimising the vertical stability of moderately-sized trees?

Material and methods

Description of ontogenetic stages -A preliminary study of Cladoxylon taeniatum stem anatomy, based on Galtier's previous observations [8] and additional descriptions of 40 specimens from Germany and France, resulted in the identification of three successive ontogenetic stages in the secondary growth sequence. These ontogenetic stages are here described and modelled from small specimens (6 -8 mm in diameter; Fig. 1a,c,e), because the vascular system of the latter comprises a simple ring of eight to ten xylem bundles in cross section (Fig. 1b,d,f). In larger specimens, the vascular system includes several concentric rings of numerous vascular bundles with various shapes. The modelling of this much more complex structure will be performed in a future study.

The three ontogenetic stages identified in the secondary growth sequence of Cladoxylon taeniatum stems are the following:

-Youngest stage OS1 (6 mm in diameter; Fig. 1a,b), comprising a ring of 8 radially oriented vascular bundles, with an alternation of short and elongate bundles. A vascular bundle comprises a more or less radially elongate area of metaxylem. Near the outer end of the latter, a single protoxylem strand occurs, consisting of a peripheral loop (central area of parenchyma surrounded by a ring of protoxylem tracheids). Secondary xylem develops around each vascular bundle, especially towards the centre of the axis. Primary phloem is arranged in a ring around each vascular bundle. The vascular system is embedded in a parenchymatous pith. The primary cortex comprises three distinct regions: an outer zone with alternating radial files of large cells elongate longitudinally (possibly collenchyma), and clusters of sclerenchyma fibres; a middle zone with large cells elongate longitudinally (possible collenchyma cells) and rare sclerenchyma strands; an inner parenchymatous zone; -Intermediate stage OS2 (7.8 mm in diameter; Fig. 1c,d), comprising 10 vascular bundles. It is similar to the youngest stage OS1 in general structure, with a higher development of the secondary xylem around each vascular bundle, which generates compression phenomenons within pith and inner cortex, and submits the primary phloem and outer cortex to tangential strains, both resulting in cell deformations. The latter are not observed in the middle cortex, suggesting that cell divisions occurred in this zone. Eventually, at the limit between pith and inner cortex, a narrow zone of thin-walled tissue is observed, representing the beginning of the periderm development; -Oldest stage OS3, which is elliptical in cross section (5 x 8 mm; Fig. 1e,f), due to considerable and irregular development of secondary xylem around the vascular bundles, towards both the centre and the periphery of the axis. Eight vascular bundles are observed, some of them connected by groups of 2 to 4. Due to strong tangential strains, the primary cortex is lost and replaced by further development of the periderm, comprising radially aligned thin-walled cells.

Material properties of the fossil tissues -Wall thickness and cell dimensions in transverse and longitudinal sections are measured for all tissues observed in each ontogenetic stage. These parameters are used to assign to each fossil tissue a living plant tissue analogue for which Young's modulus have been experimentally measured. The Young's modulus E t of each fossil tissue (Table 1) is derived from fossil tissue density (ratio A cw /A tc , i.e. the area of cell wall (A cw ) compared to the total area of tissues in cross section (A tc )), and the Young's modulus of the living tissue analogue, recalculated for a tissue exclusively constituted by cell walls (E pc ), without lumens. The Young's modulus of each fossil tissue E t is then assessed by the following equation: E t = E pc • (A cw /A tc )

Fig. 1 Cladoxylon taeniatum, stem ontogenetic stages in cross section and centrisymmetrical models of tissue distribution. (a, b) Youngest stage OS1 ; (c, d) Intermediate stage OS2; (e, f) Oldest stage OS3. (f) In drawings, white areas = pith and inner primary cortex; light grey areas = primary xylem; middle grey areas = secondary xylem; dark grey areas = periderm; black and white spotted areas = middle primary cortex; areas with alternating black and white radial stripes = outer primary cortex. In the models, the middle cortex is interpreted as a compound structure comprising 95% of collenchyma and 5% of sclerenchyma. The same approximation is used for secondary xylem composed of 87% of tracheids and 13% of ray parenchyma. Submitted to compression and tension streins, the primary phloem does not permit accurate measurements of cell dimensions. As this tissue represents a very limited amount of the stem volume and comprises thin-walled cells, it is neglected and artificially replaced by parenchyma areas.

Table 1 Cladoxylon taeniatum, calculations of Young's moluli of fossil tissues. Selected living tissue analogues providing E pc values: Araucaria heterophylla xylem [9]; Cyclamen peduncle parenchyma [10]; modern plant sclerenchyma (standard value of E pc [10]); modern plant collenchyma (standard value of E pc [11]).

E pc ( Construction of the biomechanical model -For the first and second ontogenetic stages, centrisymmetrical models of tissue distribution in cross section are constructed, in which basic ground shapes are assigned to each tissue area (Fig 1b,d) permitting calculations of cross-sectional area A and second moment of area I for each tissue and for the whole stem (for equations used in calculations, see [12]). Due to its elliptical overall shape and irregular tissue arrangement in cross section, the oldest stage OS3 is not modelled as a centrisymmetrical structure. Cross-sectional area and second moment of area values are calculated using Optimas 6.5 software, from a camera lucida drawing (Fig 1f).

For each ontogenetic stage, the flexural stiffness of the whole stem (EI ges ) is derived from the Young's modulus of each tissue (E t,i ) and the axial second moment of area of each tissue (I i ). For n tissues, the result is given by: n EI ges = E t,i • I i i=1

The structural Young's modulus of the stem (E struct ) is calculated by: E struct = EI ges /I ges where I ges = axial second moment of area of the whole axis. In the case of the oldest stage OS3, two values of I ges are available depending on which axis, x or y, is considered as the neutral line. In the model, we selected the smallest one, I xges for all calculations, as the orientation of the axis against wind forces in the plant biotope is unknown. The percentage contribution (EI i,rel ) of each tissue type to the flexural stiffness of the whole axis EI ges is assessed by the following equation: n EI i,rel = (E t,i • I i ) / ( E t,i • I i ) i=1

Results and discussion

In the youngest stage OS1, the outer cortex sclerenchyma contributes most (73%) to the flexural stiffness of the whole stem (Fig. 2), due to its peripheral occurrence and its high value of Young's modulus E t . The percentage contribution of the middle cortex approximates 15% and that of the outer cortex collenchyma, 7.5%. Other tissues (inner cortex, primary xylem, secondary xylem, pith) contribute for less than 5%. In the intermediate stage OS2, a similar tendancy is observed with contributions to flexural stiffness of 79% for outer cortex sclerenchyma, around 7% for outer cortex collenchyma and middle cortex, and less than 5% for other tissues (inner cortex, periderm, primary xylem, secondary xylem, pith). In the oldest stage OS3, the secondary xylem contributes most to the stem flexural stiffness (82.7%), due to its considerable amount and despite its central position. Primary xylem contributes for 16.3% and other tissues (periderm, pith) for less than 5%. From the youngest stage OS1 to the intermediate stage OS2, a slight increase in structural Young's modulus (from 5247 to 6359 MN/m²) is observed (Fig. 3). It can be explained by the higher amount of secondary xylem found in the intermediate stage. In contrast, from the latter to the oldest stage OS3, an important decrease in structural Young's modulus (up to 1575 MN/m²) occurs. This indicates that changes in the material properties of the stem occurred in the oldest stage. Such changes are explained by the loss of the thick primary cortex that comprised a high amount of stiff tissues (sclerenchyma and collenchyma). The stiff primary cortex is replaced by a periderm made up of thin-walled cells. These results suggest that the growth form of Cladoxylon taeniatum was not self-supporting. Furthermore, developmental patterns involving the replacement of a thick hypodermal sterome by a more lax anatomical structure, together with a biomechanical signal characterised by a decrease in structural Young's modulus from young to old ontogenetic stages, are classically found in non-selfsupporting plants such as lianas [13 -15].

The occurrence of secondary growth in the late representatives of the class Cladoxylopsida deeply modify the mechanical architecture of their stems, and is not an adaptation optimising the vertical stability of small trees. This finding is in contradiction with recent hypotheses [4] suggesting that in Middle Devonian cladoxylopsid trees assigned to the order Pseudosporochnales, the mechanical support was improved by the development of secondary xylem and periderm, according to patterns similar to those observed in Cladoxylon taeniatum stems. If the latter actually occur in Pseudosporochnales, growth habit reconstructions proposed for these plants on the basis of compression remains (as anatomy of these taxa is only available for branches), may require a revision.

Conclusion

The biomechanical analysis of the secondary growth sequence occurring in stems of the Early Carboniferous cladoxylopsid Cladoxylon taeniatum revealed that this plant probably had a non-selfsupporting growth form, contrasting with the semi-self-supporting tree habit found in earlier representatives of the group. The appearance of secondary growth in cladoxylopsids does not represent an adaptation increasing the mechanical stability of their stems. The study presented in this work is preliminary. The model will be completed in further analyses by introduction of additional specimens including portions of larger stems (up to at least 5 cm in diameter) with a more complex vascular system. Here we interpreted the large cells observed in the middle and outer primary corteces as collenchyma, but the nature of this tissue is still unclear. Future improvements of the model will thus also include the testing of alternative hypotheses of primary cortex and periderm composition.

Introduction

Primary tissues in fossil and extant plants are deformed by the increase in size of secondary vascular tissues. As secondary wood and secondary phloem grow in size, the surrounding primary tissues, i.e. the inner as well as the outer primary cortex are strained. This also holds true for fossil plants such as the Carboniferous seed plants Calamopitys sp. and Lyginopteris oldhamia (Fig. 1). Although deformations at cellular and tissue level can be assessed morphometrically in these extinct plants, they cannot be mechanically tested. Therefore, an extant plant was chosen for measuring the strains occurring in primary tissues due to secondary growth processes. This enables one to draw conclusions on stress-strain relationships in both recent and fossil plants. Aristolochia macrophylla (Fig. 2), an extant lianescent plant that is capable of secondary growth and has a similar size to the two fossil plants, was chosen as a model plant. Experimental setups allowed us to measure stresses in primary tissues of Aristolochia macrophylla and to determine the structural Young's modulus of the outer sclerenchymatous cortex. These biomechanical parameters allow us to quantify the mechanical behaviour of primary plant tissues subjected to mechanical loads due to the growth of secondary vascular tissues. The chosen approach is used to analyse the effects of secondary growth (compression, cell division, etc, Fig. 2C) in tissues and cells. These effects take place over an extended time, which may be several months or years. Such long times are typical of ontogenetic processes based on growth of secondary stem tissues. Other attempts have been made to model the mechanical behaviour of plant cells, cell walls and tissues by experiments and computer-aided simulations, which are summarized by Bruce [1]. However, these approaches allow us to analyse only transient stress-strain relationships taking place within seconds, minutes or several hours and are not suitable to describe the effects of secondary growth. Therefore, different approaches to analyse and model deformation caused by secondary growth processes are used in studies by Masselter et al. [2] and Masselter and Speck [3,4]. These studies are part of a project whose layout is based on five subsequent steps. The first step includes the use of quantitative and qualitative analyses and measurement of tissues in L. oldhamia, Calamopitys sp. and A. macrophylla, the next steps include measurements of forces that arise at regions of tissue deformations in the extant plant (step 2) as well as in technical materials (step 3). As fossil plants cannot be mechanically tested, the fourth step involves the development of a mathematical model to calculate tissue stresses and strains based on data obtained for A. macrophylla (step 4) which -in a fifth step -is applied to data of tissue measurements of the fossil taxa L. oldhamia and Calamopitys sp. in order to evaluate quantitatively (with aid of the model) the magnitude and distribution of stresses from observed deformations in the fossil plants.

The present study will focus on the measurement of stresses and strains in primary tissues in A. macrophylla and the determination of the structural Young's modulus of the outer cortex. In old ontogenetic stages, lianas must have a high ability to resist tensile and bending stresses and strains [5,6] and show comparatively high torsion elasticity and wound healing ability [7,8]. In A. macrophylla, these abilities are a consequence of the primary and secondary organisation of the stems (Fig. 2). Three major adaptations to the lianescent growth strategy in A. macrophylla are:

1. Embedding of the vascular bundles in a soft matrix, i.e. parenchyma. 2. Development of secondary xylem vessels with a low cell wall/cell lumen ratio (in older ontogenetic stages).

3. Rupture of the sclerenchymatous ring (in older ontogenetic stages, Fig. 2B). 

Material and methods

Sampling and measuring of plant material

Material was collected from a specimen of A. macrophylla growing outdoors in the Botanic Garden of Freiburg, Germany. Tissue areas and radial width of the different tissues of three stems were measured from thin sections by using the image analysis program OPTIMAS.

Mechanical experiments

For the mechanical experiments, plant axes were hollowed out. Pith, secondary xylem, secondary phloem and the inner zone of the parenchymatous primary cortex were removed, thus isolating the sclerenchymatous cortex and the outer zone of the parenchymatous primary cortex. Two different setups were used for determining the structural Young's modulus of the cortical ring (setup 1) and the radial and circumferential stresses (setup 2) necessary to rupture it.

Setup 1: The hollowed out stem segments were transversely deformed (Fig. 3A,B) with an Instron testing machine, which measures force and displacement while compressing the plant material. Specimens show up to three abrupt decreases of force (Fig. 3B) that mark brittle fracture of the cortical ring at the two acute and one blunt end of the deformed elliptical stem segment (Fig. 4B). The first point of failure was used for calculating the structural Young's modulus of the sclerenchymatous tissue with a numerical method for thin walled rings developed by Spatz et al. [9].

Setup 2: A special setup allowed us to fill the cortical cylinders with water and to induce a pressure, p, in the water column (Fig. 3C,D), so that radial and circumferential stresses at the inner side of the cortical ring were induced. In this set-up, hollowed plant stems were glued to a steel cylinder which was connected to a syringe barrel (Fig. 4A). An end cap was glued to the bottom of the plant stem to seal it. The plant-syringe system was filled with water and placed in an Instron testing machine which exerted an increasing displacement onto the plunger of the syringe. The rising pressure p in the water column induced radial and circumferential strains at the inner side of the cortical ring, which failed at a certain point (Fig. 4C). For assessing the circumferential stress at the point of failure, cylinder theories were used, as described by Stephens [10].

Results and discussion

Tissue measurements

Generally, the inner zone of the parenchymatous primary cortex is compressed (Fig. 2C) and the radial width of this tissue decreases with increasing distance from the apex up to the point where the surrounding sclerenchymatous ring ruptures. Past this point, the radial width of the inner zone of the parenchymatous primary cortex slightly increases again, as a consequence of relaxation processes.

Mechanical experiments

Setup 1: The hollowed plant stems typically failed in three places. The first two cracks occurred at the outside in the transverse direction (direction normal to loading), i.e. at the acute ends of the deformation ellipse, followed by one lateral crack on the inside (direction parallel to loading; Fig. 4B), i.e. the blunt end of the deformation ellipse. This is reflected by the typical force-displacement curve with three failure events (Fig. 3B). In the circumferential direction, the mean value of the structural Young's modulus of the cortical ring was found to be 0.81 ± 0.37 GPa (n = 12). Setup 2: Typically, the hollowed and water filled plant axes failed in only one place (Fig. 4C). This event is marked by an abrupt decrease in load (Fig. 3D), which had reached a maximum. The critical radial and circumferential stress of the sclerenchymatous outer cortex were found to be 1.54 ± 0.26 (n = 20) and -9.42 ± 1.93 MPa (n = 20) respectively. 

Conclusion

1. Secondary growth of vascular tissues induces stresses and strains in the primary tissues and compresses the parenchymatous cortex which is found within the stiff sclerenchymatous ring, which has a high breaking stiffness. This leads to a decrease of the radial width of the inner zone of the primary cortex and a rupture of the sclerenchymatous ring.

2. The sclerenchymatous ring, while intact, contributes significantly to the structural Young's modulus and therefore to the flexural stiffness of A. macrophylla stems.

The quantitative results for tissue measurements and mechanical experiments, i.e. critical stresses and the structural Young's modulus of the outer primary cortex in circumferential direction will be used as a basis for testing and enhancing a theoretical strain model. This model allows us to describe the deformation of solid cellular materials (e.g. rubber foams). The model is based on Lamé's theories for elastic deformations in thick cylinders [10] and takes into account Young's modulus and Poisson ratio. Describing strains in the inner parenchymatous primary cortex of A. macrophylla requires such an approach. If these strains can be described by the theoretical model, they are mainly elastic. If the deformations occur mainly within the plastic range, the model (which is valid only for the elastic range) cannot describe the deformations. First results indicate that the model can describe the deformation in A. macrophylla stems to a good approximation. We conclude that the deformations are mainly elastic.

In a second approach, the adjusted model (based on the results of A. macrophylla) will be used to analyse data of tissue measurements of the fossil plants Calamopitys sp. and L. oldhamia. This makes it possible to estimate whether observed strains in soft cell matrices, decortication and other findings in these fossil plants can be explained by secondary growth and mechanical deformation. Furthermore, prevailing stresses as well as the nature of the deformations (elastic and/or visco-elastic/plastic) can be assessed.

Introduction

Cellular growth in plants is driven by the uptake of water caused by a difference in water potential between the apoplast and the protoplast. The resulting increase in volume causes an expansion of the cell wall that surrounds the cell as a deformable shell. To prevent the cell wall from becoming thinner and eventually bursting during this process, additional cell wall material is continuously deposited at the outside of the plasma membrane. In the case of the cell wall components cellulose and callose this occurs by plasma membrane located synthases whereas other components such as pectins are added by way of exocytotic vesicle fusion. The three processes -volume increase, cell wall expansion and addition of cell wall material -need to be precisely coordinated to allow for temporal and spatial control of the cellular growth activity. Given that the internal turgor pressure is a non-vectorial force, any anisotropic growth activity is based on the non-uniform or anisotropic distribution of the extensibility of the cell wall. In no cell type is this more obvious than in tip growing cells where all growth activity is focused on one spot, the dome shaped apex of the cylindrical cell.

Tip growth is realized in evolutionary very distant cell types such as root hairs, pollen tubes and fungal hyphae. The speed of the growth process as well as the uni-dimensional increase of cell size make these cells ideal model systems for the investigation of the mechanical aspects of plant cell growth. In earlier cytomechanical studies we were able to show that the anticipated difference in physical properties between the growing apex and the non-growing shank of the cell is easily measurable in pollen tubes. We used micro-indentation to quantify the local cellular resistance to external deformation forces and demonstrated that the cellular stiffness in the apex of growing pollen tubes is significantly lower than in the shank of the cell [1; 2]. Using enzymatic digestion we showed that this difference was based on the non-uniform distribution of callose [3] and on a gradient in the degree of pectin methyl-esterification [4].

In the present paper we wanted to demonstrate that there exists a cause-effect relationship between the physico-mechanical properties of the cell wall at the pollen tube apex and cellular expansion. Preliminary experiments had shown that the formation of new outgrowths after temporary arrest of pollen tube growth due to reversible depolymerization of the actin cytoskeleton were preceded by a local softening of the cell wall (Geitmann, unpublished results). Here we wanted to avoid the administration of drugs and therefore took advantage of the fact that most tip growing cells grow in an oscillatory manner. These growth oscillations vary in amplitude and frequency. In certain species rather than inducing a sigmoidal change, the oscillations result in spikes in the growth rate occurring every few minutes leading to a pulsating pattern [5; 6]. Whereas in steady growth cell wall expansion and turgor driven volume increases occur simultaneously, it seemed reasonable to assume that in oscillatory growth these events are temporally separated. We therefore monitored both growth rate and cellular stiffness in order to assess whether the latter changes and, if so, whether the frequency is similar to the pulsations occurring in the growth rate.

Material and methods

Pollen tube growth

Papaver rhoeas pollen was obtained from plants grown in the greenhouses of the Montreal Botanical Garden. After collection, pollen was dehydrated in gelatine capsules on anhydrous calcium sulfate overnight and stored at -20°C. Pollen was rehydrated in humid atmosphere for 30 minutes before cultivation. The growth medium contained 100µg.mL -1 H 3 BO 3 , 300 µg.mL -1 Ca(NO 3 ) 2 .H 2 O, 100 µg.mL -1 KNO 3 , 200 µg.mL -1 MgSO 4 .7H 2 O, 50 µg.mL -1 sucrose (modified after [7]). For stiffening of the growth medium, agarose (type I-B, Sigma) was added.

Microscopy

Time lapse imaging was done with a Nikon TE2000 equipped with a Rober fx cooled CCD camera. Images were acquired with ImagePro (Media Cybernetics, Carlsbad, Calif.). The position of the apical end of the cell wall followed using the tracking function of the software which also calculated the growth velocity.

Micro-indentation

Hydrated pollen was grown on cover slips coated with poly-L-lysine and covered with liquid growth medium. After germination had occurred, cover slips were submerged in the growth medium containing experimental chamber of the micro-indenter mounted on a Nikon TE2000 inverted microscope. The design and principles of operation of the micro-indenter have been described previously [8; 9]. Briefly, the bending of a horizontal glass beam gauged the resistance to cellular deformation. A vertical glass stylus (tip diameter 3 µm) was mounted at the end of a 23mm long horizontal vycor glass beam (Fig 1). The other end of the beam was mounted on a linear piezoelectric motor, which moves vertically according to a programmed waveform. Optical sensors monitored the vertical positions of the stylus and the motor. The extent to which the beam was bent was proportional to the force exerted on the tip by the cell and was determined by comparing tip displacements in the presence and absence of cell contact. The force exerted by the cell on the stylus was determined with the help of the force constant of the beam, which had been obtained by prior calibration. In the experiments reported in this paper, the motor was programmed to execute a single triangular waveform with a velocity of 20 µm.s -1 and a total amplitude of 10 µm. The measurements were done with a frequency of 6 per minute. The stylus was repositioned before each measurement to assure that the distance to the growing tip remained constant at approximately 5 µm. Fig. 1. Schematic drawing of microindentation setup. Objects are not drawn to scale. A calibrated horizontal glass beam serves as cantilever to which a glass stylus is attached that performs local deformations on a cell (in this case a pollen tube). A reflective micaflag allows the monitoring of the vertical position of the stylus by way of an optical sensor.

Results and discussion

Growth velocity

To characterize the growth pattern of the species we were working with, Nicotiana alata, we observed pollen tubes growing in liquid medium on a cover slip. Time lapse imaging with a temporal resolution of 12 images per min was used to monitor the growth process. Figure 2 shows a typical example for a growing pollen tube that demonstrates the spike-shaped increase of the growth rate up to 4 times the base rate. These spikes occurred at regular intervals, typical periods between pulsations for Nicotiana alata pollen were at approximately 200 sec. 

Changes in the cellular stiffness

To assess whether the growth pulsations observed in growing pollen tubes are accompanied by changes in the physical properties of the cell we monitored cellular stiffness using repeated microindentation over extended periods of time. Optical monitoring allowed for precise positioning of the micro-indenter stylus on the median section of the cell and at constant distance from the growing apex (Fig. 3).

Fig. 3. Bright field image of a pollen tube growing in the sample chamber of the micro-indenter. The white dot close to the apex (arrow) is the contact area between the micro-indenter stylus and the cell.

We chose two positions for stiffness measurements over time: "apical" -a position few µm from the apex and "distal" -a position approximately 50µm away from the apex. Changes in the stiffness at the apical position would be expected to be due to changes in the physical properties of the cell wall, to changes in the turgor pressure, or to a combination of both. Variations in the stiffness at the distal position on the other hand served as a control, since the physical properties of the cell wall in this region can be assumed not to show any short term changes. The profile obtained from this position therefore gave us an idea of the variations based on instrumental variability.

We found that apical stiffness changed significantly over time with the amplitude of the oscillations being up to 0.035 dynes/ m (Fig. 4). The period of the oscillations was somewhat difficult to assess with smaller oscillations being superimposed on bigger changes. The comparison with the control position in the distal region evidenced, however, that the changes in the apical region were significant, since fluctuations of the stiffness in the distal part were on a much smaller scale their amplitude being below 0.003 dynes/ m. More measurements will be necessary to assess whether the changes show a truly oscillating pattern and to quantify the frequency.

These results encourage us, however, to attempt to measure growth rate and stiffness simultaneously on the same pollen tube. Hitherto, technical problems had prevented us from doing so, but should be overcome in the near future. The interesting questions to answer will be whether cellular stiffness and growth rate fluctuate with the same frequency. If this is the case it will be crucial to determine the phase relationship between the two parameters to confirm our hypothesis that the softening of the apical cell wall precedes a spike in growth rate. 

Conclusion

Tip growth in plant cells has often been considered to be fundamentally different from diffuse growth concerning the mechanics of the growth process. This paradigm was based on the fact that in tip growing cells all growth activity -secretion and expansion -is confined to an extremely small region of the cell, whereas in diffusely growing cells these processes occur over the entire or at least large parts of the cellular surface. However, the better we understand both growth processes, the closer we get to the conclusion that the difference between them is quantitative rather than qualitative. Our preliminary data suggest that tip growth might require a softening of the cell wall prior to its expansion, similar to diffuse growth. The difference being that in tip growth this softening is confined to the very apex of the cell, the growth zone. To complement the present data, a next important step will be the observation of turgor pressure. It will be crucial to quantify and monitor the internal cell pressure over time in order to relate it to the temporal changes in growth activity and cell wall stiffness. From this, hopefully, a complete picture of the mechanics of tip growth in particular and plant cell growth in general will emerge.

Introduction

At a junction two or more axes are linked together. At least the side axis exposes a growing direction different from the main axis, and usually experience higher bending stresses compared to the main axis proximal to the junction. In addition the diameter of the main axis is reduced distal to a junction. The reduction is correlated with the size of the side axis. The cross section of an axis proximal to a junction equals the total of the cross sections of main and side axis distal to the junction. Increased mechanical bending stress, secondary thickening and the diversion of sap flow causes the production of a special reaction wood within a crotch, which we call axillary wood. In this wood the cell walls use to be reinforced, in most cases the axillary wood shows a more intensive staining compared to normal wood [1,2]. In addition the direction of the wood rays may change [3,4]. The change in direction even can be very abrupt within a very thin layer of tissue [5]. The shape of a cone of axillary wood depends on the crotch's angle. Crotches with narrow angles develop long and slim cones, the wider the angle the larger and shorter is the cone of axillary wood [6]. Additionally we have to distinguish between crotches of subdominant branches inserted in a main axis and junctions of codominant branches. Subdominant branches develop at their base a so-called branch collar. Each year here layers of two annual rings are built, one by the side branch and a second one by the main axis. Codominant axes are directly connected with the stem; a branch collar is not produced. In one-year-old junctions the tissues of the neighbouring axes keep well separated. Staining of older junctions in the direction against sap flow proved that the separation is maintained (Fig 9

, left).

Literature on biomechanical investigations in branch junctions is not very frequent [7]. For a better understanding of the biomechanics of branch junctions we did different anatomical and biomechanical investigations.

In broadleaved trees of temperate climate we see three different shapes of axillary wood: -Massive, lignified axillary wood inside the crotch. Small circular or meandering patterns can be observed within the crotch. In temperate trees and shrubs this architecture seems to be the most popular (e.g. Betula pendula, Fagus sylvatica, Quercus robur, Carpinus betulus, Corylus avellana).

-Lignified axillary wood with a narrow border zone parallel to the bark ridge. Within this zone the direction of the fibres turns at an angle of 90 ° in direction to the bark ridge. Older axes (< 3-5 years) successively develop more border zones of different depth. This type was found only in one architecture group: Rauh's Model Part I, [8][9][10], e.g. Fraxinus excelsior, Acer platanoides, A. campestre, Cornus sanguinea, Prunus avium, Prunus serotina.

-Circular patterns within or near the crotch. This third type seems to be popular in subtropical trees [4]. Until now we observed larger wood circles only in crotches of one temperate species: Platanus x hispanica. In staining experiments in the direction against sap flow it is evident that the circular xylem does not serve for water conduction.

In microscopic cross sections we measured the cell walls of axillary wood and sapwood of some species typical for the different architectures of axillary wood. In axillary wood the cell walls used to be thicker in comparison to sapwood of the same tree. We found a wide range of increased cell wall thickness between 20 % Acer campestre and 100 % Corylus avellana [1,2,6].

To investigate the mechanical stability of the different constructions of axillary wood junctions of subdominant and codominant branch-junctions of representatives of the three axillary wood varieties were tested. To get an overview on natural events a field test on trees with broken canopies, damaged by a heavy thunderstorm, was also done.

Material and methods

Pulling tests rectangular to the bark ridge were carried out with an INSTRON 4466 Material Testing Machine. Freshly collected material was stored under 100% air humidity and tested during the same day. Branch diameters, distances between bark ridge and point of fixation (= length of pulling beam) and the angle of the crotch were measured, and brought into account with the maximum pulling force when the junction broke. For massive axillary wood Corylus avellana, for axillary wood with bordering layer, and Acer platanoides, Fraxinus excelsior and Cornus sanguinea was tested. For axillary wood with large circular patterns Platanus x hispanica was tested.

As a field test damaged upright limbs with subdominant side axes in aged canopies were observed. The broken axes were photographed with a binocular camera with 8 x magnification (B-Cam duo V, DNT ltd., Germany). The relative diameters of main limb and side axes at the breaks were measured with an electronic slide gauge at prints on DIN A 3 (= 297 x 420 mm) paper sheets. The species tested were Fagus sylvatica, Quercus robur for massive axillary wood and Fraxinus excelsior for axillary wood with border zone.

Results and discussion

In our pulling tests subdominant branches with a branch collar used to break distal to the branch collar. Codominant branches were split within the axillary wood. Crotches of codominant axes failed in different manners according either to the crotch's angle or the distinct anatomy.

Massive axillary wood:

In crotches with an angle larger than 45° the axillary wood failed rather abruptly, Crotches with a smaller angle and a corresponding long and narrow cone of axillary wood failed more slowly, Fig. 2. Narrow crotches with embedded bark began to split apart under very low strain, Fig. 3. The stress necessary to split open the crotches completely was in all cases more or less the same. There was no correlation between the crotch's angle and the critical stress, Fig. 4.

The cone of axillary wood depends on a crotch's angle. In wide open crotches the axillary wood represents a short and broad cone, the smaller the angle the smaller but longer is the cone of axillary wood. 

Axillary wood with border zone:

Codominant branches ripped apart with a sharp peak, Fig. 5. Subdominant branches that failed within the crotch used to rip apart with several peaks, Fig. 6. The junctions of Fraxinus excelsior and Cornus sanguinea failed under higher stresses compared to Corylus avellana with massive axillary wood or axillary wood with circular patterns, Fig. 7. This corresponds with the observation that the xylem in crotches of this architecture does not meander. After an overcritical stress is applied the parallel wood fibres use to split apart rather abruptly. In older crotches several borderlines are produced. This explains breaks in several steps. 

Field Test

In all observed varieties breaks of upright limbs with subdominant side axes occurred directly distal to a junction. The junctions themselves did not split apart. No correlation could be observed between a crotch's angle and the diameter of the side axis relative to the main axis, Fig. 8. 

Conclusion

Subdominant branches are well inserted in a main axis. The reason for the mechanical strength is the construction of branch collars. Because of this basal reinforcement subdominant branches use to break distal to the collar. This is why excurrent tree architectures are rather stable under heavy static loads (e.g. snow). On the other hand trees with decurrent canopies (in particular the broadleaved species) are able to win a larger space for their photosynthesis. The physiological advantage is usually realized with codominant limbs and branches. Because of their direct insertion in the main axis these junctions are reinforced by axillary wood only. In temperate broadleaved trees there exist at least three different varieties in axillary wood. In young junctions there is a difference between the mechanical strength and the mechanical behaviour of the different constructions. In limbs at the age of several decades these mechanical differences seem to be compensated. In old wind broken canopies we could not observe distinct differences in tree failure between varieties with massive axillary wood and crotches with border zones.

Limbs break preferably distal to a branch junction. Several reasons have to be discussed. Distal to a junction the axis is less resistant to a bending stress because of its reduction in size. The size reduction correlates with the dimension of the side axis. Axillary wood of all anatomical varieties makes a junction less flexible compared to unbranched parts of an axis. In cases of subdominant branches the branch collars give additional strength. This is why well-branched limbs may fail at their distal parts instead of a total failure, causing less collateral damages to their surroundings. The exception that in case of failure codominant leaders with narrow angles or even embedded bark split apart under relatively low stress can be explained too. The diameter of axillary wood depends on a junctions' angle. In narrow junctions there is little reinforcement by axillary wood. Neighbouring beams, which are weakly weld together, may easily split apart under applied bending moments.

Fig. 9 Three types of axillary wood in longitudinal cuttings. Left: Corylus avellana (massive axillary wood, staining of the vessels against the direction of sap flow). Middle: Fraxinus excelsior (border zone). Right: Platanus x hispanica (circular patterns). Staining: 1% Safranine-O, 3%

Astrablue.

Introduction

It is generally accepted that trees, as well as their ramifications, have been optimised regarding their strengths and morphologies by the evolution through the last millions of years [1,2]. Nevertheless, today branches are not used for structural applications. Their use is mostly restricted to the production of cellulose fibres and energy recovery. Hence, such elements are quite cheap to buy. These facts lead to the idea of using natural grown tree forks as structural elements, where especially crotches seem to be suitable.

(a) Ecorticated oak with a crotch; from [4] (b) Ecorticated oak with a large branch; from [3] Fig.

Possibilities of tree branching

Crotches are symmetric bifurcations of tree trunks or strong branches into two equipollent axes, which have a different grain orientation compared to a normal tree ramification [3]. In normal branches, a characteristic collar structure is observable, because of the overlapping of the trunk tissue and the branch tissue. This involves a sudden change of the wood's fibre orientation (see Fig. 1(b)), which is not the case with crotches. Here, the fibres continuously merge from the trunk to both of the branches (see Fig. 1(a)), from which it follows that a kind of boundary layer is formed in between these two axes.

Experimental investigations

Experimental investigations should show load bearing and failure behaviour of naturally grown crotches. As mentioned before a kind of boundary layer exists in the crotch. Thus, the most severe load seems to bend both branches apart. The load was applied to the branches continuously increasing by a horizontal testing machine with displacement control via belts; see Fig 2(a). In the vertical direction the trunk was suspended with a belt as well. The load was measured with a load cell (LC) and the displacements were measured between the branches with inductive displacement transducers (IDT) -two near the load transmission and two near the bifurcation.

Nine crotches were tested. All essentially showed the same load bearing and failure behaviour [5]. Thus, only one load capacity test is described in detail; see Fig. 2(a). The crotch was of a tree of the species ash, (Fraxinus excelsior). The branches of the specimen had a diameter of about 10 cm each. The lever, the distance between the load transmission and the joining of the branches, was about 25 cm.

In the load-displacement diagram the load increases proportionally to the displacements until a load of about 14 kN was reached, see Fig. 2(b). Afterwards, the slope of the curve decreases, which is caused by the failure of some wood fibres. The load can be further increased until the maximum load is reached and the crotch fails, which is accompanied with the splitting of the trunk. The reason for the failure is the exceeding of the strength perpendicular to grain. This explanation is supported by the observation of debonded fibres in the failure zone. After a small decrease of the load-displacement curve the displacement can be increased again, while the load holds the level of about 13 kN. 

Geometrical and material model

For a realistic simulation of organic structures like crotches, it is necessary to have a digital model that is as exact as possible. Therefore, the shape of the crotch was measured with the photogrammetry method. For this purpose, several points of the crotch's surface were assigned with gauge marks; see Fig. 3(a). The spatial coordinates of the gauge marks (see Fig. 3(b)) were determined by the evaluation of several digital photographs made from different perspectives. The measured points were systematically connected with splines, see Fig. 3(c). With the splines spatial rectangular areas were produced, which were connected to a volume, see Fig. 3(d). This volume model was the basis for the finite element (FE) model, which was discretised with a free mesh of ten-node-tetrahedron elements; see Fig. 3 With the described procedure the geometry of the crotch was modelled, but the material, which can be assumed as orthotropic, is not specified yet. As it was mentioned in the introduction, contrary to a straight grown tree trunk the material orientation changes in the branching zone. Thus, for every finite element a separate material coordinate system has to be defined. A manual assignment would be too extensive and error-prone -probably impossible. Therefore, a model for the calculation of the material orientation of the wood in the crotch was developed.

The idea of the procedure is that the structure of the annual rings of the wood is similar to equipotential lines of scalar fields. Such fields are for example gravitation fields or electrostatic fields. The scalar field U is a central field, which is described by the following equation [6]:

|). (| r f U (1)
The directional vector r connects the pole of the scalar field and the spatial point of interest. For the following function is chosen:
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The scalar factor a influences the polarity and the strength of the potential of the pole of the field.

The power

rules the decrease of the influence of the potential field on a point in a certain distance and n x , , are the spatial coordinates of the point of interest. Calculating the directional derivatives of equation ( 2) leads to the component of the directional vector, which is oriented perpendicular to the y z equipotential lines. This direction is similar to the radial direction of the wood. The single components are given as follows:

analogous. and ,
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With these equations, it is possible to determine the direction of the vector field in every point and with it the radial direction. For the calculation of the radial direction of the wood in the crotch, the equations for one field pole are augmented to equations for several field poles. In practise, the piths of the crotch are idealised by curves, which are discretised with field poles, see Fig. 4. The cambium layer is also discretised with field poles of reverse polarity compared to the pith to ensure a radial orientation, which is perpendicular to the cambium layer. The equation of the potential field for all the poles i is given by the summation of all central field equations (1):
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The components of the directional vector of the radial direction ] , , [ 
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For the calculation of the tangential directional vector of the wood, the two closest points on the pith have to be searched. The directional vector between these two points is multiplied with the radial vector using the cross product. Thus, it is ensured that the vector is perpendicular to the vector :

t h r t t
. h r t (6) In a further step the longitudinal directional vector l can be calculated again by the cross product between the radial vector r and the tangential vector t : Thus, the material coordinate system for every finite element can be determined, see Fig 5 . In Table 1 the assumed values for the orthotropic material properties, which are taken from [7], are given as the engineering constants E (Young's modulus), G (shear modulus) and (Poisson's ratio). 

Computations

With the described model linear-elastic computations with the Finite Element Method (FEM) were performed to simulate the stress distribution in the crotch during the linear increase of the loaddisplacement relation observed in the experiment. The boundary and loading conditions were modelled according to the experiment, see Fig. 6(a). First, the material properties had to be calibrated, because the values given in Table 1 were determined with undisturbed specimens, which is not the case with the whole structure. Therefore, the computed relative displacements between node pairs according to the positions of the experimental displacement transducers were compared to the measured relative displacements on a certain load level. In a first approach, it is assumed that the values of the elasticity matrix C , which can be determined from the engineering constants given in Table 1, change uniformly, so that a scalar factor can be multiplied to reduce the material properties. With a reduction factor of 80 % the computations showed a good agreement with the experiments. In this case the calculated and the experimental displacements of the four displacement transducers and the respective node pairs of the model only differ by 9 % in maximum.

With this configuration, the stresses in the crotch are computed as well. Because of the linearelastic computations, the determined stresses on the computed load level of 4 kN can be converted to different load levels. In Fig. 6(b) the stress distribution l in the longitudinal direction of the material in the section plane can be seen. In the bifurcation zone, a bending stress distribution is observable. In Fig. 6(c) the stress distribution r in the radial direction in the section plane shows a concentration in the bifurcation zone inside the crotch, which agrees with the failure mode observed in the experiment where the crotch fails in this zone with exceeding the lateral tensile strength of the wood. 

Conclusion

Experiments with crotches showed that these structures are able to bear significant loads additional to their dead loads. The failure of the crotch was introduced with the described kind of loading by exceeding the strength perpendicular to grain in the bifurcation zone. The computations that were made to determine the stress distribution in the crotch confirmed the experimental observations. The geometry of the model for the computations was built based on three-dimensional coordinates determined by means of the photogrammetry method. The wood material was assumed as orthotropic, elastic with the respective constitutive relation. Because of the complex fibre orientation of the wood in the bifurcation zone that has to be considered, a model was developed for the calculation of the main material directions. It bases on an analogy to potential fields and is also applicable to other crotches.

Introduction

Plants are always subjected to diverse physical factors/signals in the wild environment, and in order to survive they have to change their growth rate and body structure [1]. However, how do plant organisms precisely apperceive and transfer, and finally make reasonable response to these exoteric but significant signals? The calcium ion has many important roles in the structure and physiological function of plant cells, and as a ubiquitous cytosolic message, it commonly mediates diverse signalling progresses caused by or results in specific cellular events. Information can be encoded in various ways including magnitude, duration, frequency of the calcium spike and its sub-cellular location [2].

To understand more detail mechanisms of the generation of stimulation-specific calcium signature, the sub-cellular redistribution after sound stimulation and the effect of cell wall Ca 2+ and its influx on mechanoreception of plant cells have been investigated [3][4]. By electron microscopy, it was found that there were distinct changes of sub-cellular distribution of Ca 2+ after sound stimulation: in the control cells, Ca 2+ was concentrated to vacuole and was less in other organelles, while in the treatment samples, Ca 2+ was concentrated to the vacuole membrane with a linear pattern, less Ca 2+ was in the vacuoles. Ca 2+ increased notably in cytoplasm, inner lateral of vacuole membrane and nucleus. Some Ca 2+ was found in the Golgi complex and chloroplast [3].Using EGTA, Verapamil and chlorpromazine, it was found that the effect of sound stimulation can be reduced by removing of the cell wall Ca 2+ , blockage of Ca 2+ channels on the plasma membrane or inhibition of calmodulin, respectively [4].

Further studies are still needed to explore the specific molecular components (transporters, regulators and targets) responsible for calcium signal transduction in mechanoreception of plant cell.

Material and methods

Materials

The callus of Chrysanthemum was inoculated in 100ml triangle bottle including 25ml MS solid medium (Supplement 1.0 mg/l BA, 0.5mg/l NAA). All samples were cultured in light culture box at 26 °C.

Two days before the experiment, the callus was inoculated, respectively, in two types of culture medium with or without CaCl 2 (1 mmol/l), EGTA (1-10 mmol/l), Verapamil (1-100 ( mol/l), and chlorpromazine (CPZ) (1-100 mol/l). EGTA, Verapamil, and CPZ were purchased from Sigma Company. All chemicals used in this experiment were of analytical levels. The fresh Chrysanthemum callus was weighed before and after sound stimulation with an electric balance on the super-clean worktable.

Loading of sound wave on the callus

The sound wave was generated by a sound-generating equipment developed by our lab, Fig 1.

Fig 1 Sound-generating equipment

The calluses were stimulated by sound (100 dB, 800 Hz) two times every day, 0.5 h each time and lasting for 13 days. Meanwhile, the control groups were taken out of the culture box and settled in the same surroundings as the former.

Measurement of the content of cell wall calcium

The method of Virk and Cleland [5] was followed in the measurement of the content of cell wall calcium. The content of cell wall calcium (( g/g DW) was measured by a plasma emission spectrograph, plasma 2000, Perkin-Elmer.

Sample preparation for cytochemical localization of Ca 2+ distribution

The EM cytochemical localization of calcium distribution was carried out following the methods by Slocum [6]. The embedded samples were sectioned with a MT-6000 ultra-microtome machine. The sections were stained with Uranyl acetate, and then examined and photographed with an H-600A transmission electron microscopy.

Results

Effects of sound stimulation on the growth of Chrysanthemum callus

The fresh weight of the stimulated groups increased much more than that of the control groups. The growth ratio of the stimulated samples was 25.12 mg per day, the control 16.47 mg per day. These results showed that sound stimulation could promote the division and growth of callus cell.

Effects of calcium in the matrix on the growth of Chrysanthemum callus

It was found that sound could accelerate the growth of the callus no matter whether calcium ion was present in the medium or not. The growth ratios of callus between the two groups were not significantly different in a matrix with or without calcium ion.

Effects of EGTA on the growth of Chrysanthemum callus and the content of cell wall calcium

EGTA, a kind of specific chelating agent, can remove the calcium ion merely in the cell wall because it cannot penetrate the plasma membrane [7]. The callus cultured in the medium including EGTA was stimulated with sound for 15 days before being measured. It was found that the content of calcium clearly decreased with the increase of EGTA and that the effects of sound were counteracted to different degrees. When the concentration of EGTA reached 5 mmol/l, the effects of sound was counteracted entirely; when the concentration reached 10 mmol/l, the growth could be restrained.

Effects of verapamil on Chrysanthemum callus and the content of cell wall calcium

The contents of cell wall calcium of the callus cultured in medium including Verapamil, a kind of blocking agent of the calcium ion channel, were basically close to that of the control group, but the effect of sound was reduced to a different degree. This reduction was related to the concentration of Verapamil and the facilitation of a stimulatory effect was counteracted entirely at 100 mol/l.

Effects of chlorpromazine on the cell wall calcium and the growth of Chrysanthemum callus

Callus was also cultured in a medium including CPZ, a kind of agonist of calmodulin. As a result, the content of cell wall calcium decreased, but the effect of sound on growth was reduced. When the concentration of CPZ reached 10 mol/l, the growth was restrained to a certain extent.

Electron microscopic observation of cytosolic Ca 2+ redistribution

Electron microscopic observation revealed that the Ca 2+ distribution within cells of Chrysanthemum callus stimulated by sound were distinctly different from the control cells. In the control cells, Ca 2+ was mainly concentrated in the vacuole and was lesser in other organelles. However, in the stimulated samples, Ca 2+ was concentrated in the vacuole membrane with a linear pattern; less Ca 2+ was in vacuoles. Ca 2+ increased remarkably in cytoplasm and inner lateral of vacuole membrane. Especially, some Ca 2+ was found in the nucleus, chloroplast and Golgi complex. This was not the case for the control cells.

Discussion

Different environmental stresses are proved to cause diverse influences on plant organisms [8]. It was found that sound stimulation (100 dB and 800 Hz) can promote the division and growth of Chrysanthemum callus cells. However, there is no difference between the growth rate of callus in a medium containing calcium ions or not. This raises the question: is the calcium ion necessary in the process of promoted callus growth induced by sound? In this work, when the calcium ion in cell wall was removed with EGTA, the specific chelating agent, the effects of sound on growth was reduced accordingly. This indicates that the process of sound stimulation still requires the calcium ion. The possible cause is that the calcium ion in the cell wall has satisfied the need of the process partially, because the cell wall is the largest calcium store outside the plant cell. If the calcium ion channel was blocked with Verapamil, the effect of sound on the growth was also removed. For the callus cultured in a medium without calcium ions, the content of cell wall calcium in the stimulated group was significantly lower than that of the non-stimulated group. So the cell wall may act as a source of the influx signal of calcium ions in the facilitation of sound for the growth of callus. This strongly support Strauss's view [9] that the cell wall no longer is non-living and rigid, but a dynamic and plastic signal promulgator. CPZ can offset the effect aroused by the sound stimulation, which may result from the fact that CPZ blocks the combination of calmodulin and cell wall calcium, and then regulate the growth. This implies that calmodulin may participate in the regulation of callus growth under sound stimulation. It was reported by Sun [10] that calmodulin existed in the wall area; and that there were a combination and effecting site of calmodulin in the cell membrane; and that the calmodulin could affect the cell growth outside the cell. Since CPZ can penetrate the cell membrane, further research is still needed to distinguish whether the location where calmodulin takes effects is in or out of the cell.

In the calcium signal system information can be encoded in various ways including magnitude, duration, frequency of the calcium spike and its sub-cellular location [2]. Here it was found that subcellular distribution of cytosolic calcium changed markedly after the sound stimulation. But how does it happen, or whether it presents a real signalling event is still unknown? However, since cell wall calcium influx is necessary, it is thought that the sound-induced Ca 2+ rise was partly due to an influx of extra-cellular Ca 2+ and partly due to the release of intracellular Ca 2+ pools (namely, vacuoles).

Conclusion

These results show that sound stimulation (100 dB and 800 Hz) can promote the division and growth of callus cell. Since there is no difference between the growths of callus in a medium containing calcium ions or not, it can be inferred that sound could also accelerate the growth of the callus when there is no calcium in its extra-cellular matrix. Further results show that the cell wall calcium plays an important role in the promoting effect of sound stimulation on growth of callus. Hence, calcium ions are necessary in sound stimulation, however, its supplement might be satisfied by the influx of cell wall calcium ions. This research also suggests that the participation of cell wall calcium in the sound stimulation is regulated by calmodulin.

Introduction

During evolution, plants have adapted to many different environments. Structure and properties of plant materials can therefore be interpreted as an often multifactorial physiological and mechanical optimisation in function [1][2][3][4]. Mechanical loads are compensated through an optimised positioning and embedding of strengthening tissues in the plants axis. As a consequence of their cellular structure and the necessity to optimise the investing of material in concurrence with neighbour plants and other species in the course of evolution, these plant tissues often show an extraordinary high mechanical performance when normalised to their densities [5]. Therefore, the structural organisation of plants and their strengthening tissues can be used as a template for biomimetically inspired technical applications [6,7].

Vascular bundles in monocotyledonous plants are accompanied by fibre caps. These fibre caps function on the one hand as protection for the nutrition and water conducting systems of the plants, the phloem and the xylem elements. On the other hand they mainly serve for the mechanical stability of the whole plant [8]. In arborescent palms the vascular bundles can reach diameters of more than 2 mm with the fibre caps taking up more than half of their cross sectional area [9]. In the fibre cap a gradient transition exists between central, thick walled fibres to peripheral thin walled fibres, which are located next to the parenchymatous tissue. Related anatomical parameters of vascular bundles such as concentration per unit area, diameter of the bundle and cell wall thickness of two arborescent palm species have been investigated by Rich [10].

In this preliminary study we investigated the gradual transitions at different levels of hierarchy in the fibre caps of the vascular bundles of the arborescent palm Washingtonia robusta. The dimensions of the vascular bundles and the fibre caps make these species suitable for anatomical and micromechanical test series along the gradient within the fibre caps as well as for investigations at lower levels of hierarchy including biochemical composition.

Materials and methods

Plant material

All samples have been taken from a 33 year old individual of the species Washingtonia robusta from the greenhouses of the Botanical Garden of the University of Freiburg. The palm had a height of 10 m. The diameter at the basis was 40 cm. Samples were taken from the peripheral zone (2 to 6 cm distance to the edge of the trunk) in 5m height where the trunk diameter was 30 cm. For conservation and further preparation of thin sections (15-80 µm thickness), blocks of 15×8×2 mm size were embedded in Polyethylenglycol (PEG) 2000.

Measuring anatomical parameters

An image of a 15 µm thick cross section was taken and turned into a binary black and white image for further particle size analysis using WCIF ImageJ. Within vascular bundles three to four rectangular microscopic fields of 128×215.2 µm size positioned within the fibre cap at different radial distances to the outer edge of the phloem were used to measure average cell size, cell wall thickness and cell wall area fractions. Changes within small distances can not be detected as the values are averaged over the width of the chosen rectangle. Only complete cells were taken into account by drawing a polygonal frame within the rectangle around all complete cells. At least 15 cells have been taken into account. Average cell wall thickness was measured by the quotient of cell wall area and the sum of the perimeters of all cells.

Micromechanical tensile tests

Successive tangential slices of 80 µm thickness of a vascular bundle were cut from the PEGembedded sample blocks using a microtome. These slices were cut into fibre stripes of ~3.2 mm length and ~100-200 µm width. Tensile tests in a microtensile test device were performed with the tangentially cut fibre stripes from different radial positions within one fibre cap according to Burgert et al. [11]. Forces were measured with a 500 mN load cell. The strain was measured by video extensometry. To calculate stresses from the measured forces, the cross sectional area of a fibre stripe was taken at both sides of the failure position and the mean value was calculated. Preliminary tensile tests with samples, which had been embedded in PEG 2000 and put into water again (to dissolve the PEG) before testing, and with fresh, untreated samples have shown, that the PEG-embedding procedure does not have a measurable influence on the mechanical properties of the material (data not shown).

Lignin Detection

For a first qualitative detection of lignin, cross sections were stained with Safranin/Astrablue according to Gerlach [12]. Lignified tissues appear red, non lignified cellulose containing tissues appear blue.

Results and discussion

Anatomy

Likewise other palm species [8,10,13] and other arborescent monocotyledons (e.g. bamboo) a gradient in vascular bundle concentration from the centre of the trunk to the periphery can be seen in cross sections of W. robusta. Within the fibre cap of a vascular bundle, a gradient in cell wall thickness, cell size and therefore also in cell wall volume fraction can be seen from the central fibres to the peripheral fibres, Fig. 1. Values for average cell size increased by a factor of up to 2.5. Values range from e.g. 402 µm 2 and 370 µm 2 for central fibres to 1050 µm 2 for outer thin walled fibres. Values for average cell wall thickness and cell wall area fraction decrease by a factor of ~2.4. The centrally located thick walled fibres showed an intensive red staining whereas fibres close to the transition zone from thick walled to thin walled fibres showed a less intensive staining. The thin walled fibres appear blue and are apparently not lignified. Close to the cortical zone of the trunk the complete fibre caps of all vascular bundles are thick walled and lignified, Fig. 2c. In the cortical zone also the parenchymatous tissue is lignified which is not the case in the rest of the trunk. The staining can only give a qualitative impression of the lignification, but the gradient is clearly visible. Measurements with IR-spectroscopy and Raman spectroscopy are planned and the results will be compared with these first findings. According to Rich [10] there is a front of maturing fibres moving from the phloem to the outer edge of the fibre cap until all fibres have become thick-walled. This process continues throughout the lifetime of an individual until almost the entire lumina of the cells are occluded with cell wall material. Overall a ten fold increase in cell wall thickness can be observed. Comparing these results with the individuals taken for our study it seems likely that this process has just started in our samples, since the cell walls were only 2 to 3 µm thick and the lumina were still big compared to the cell wall area, although the individual was 33 years old and 10 m high. 

Microtensile tests

So far only thick-walled stripes were tested. Typical examples of stress-strain curves are shown in Fig. 3a. Fibre stripes from different radial positions within the thick-walled part of the fibre cap showed a clear difference in their mechanical properties. An elastic modulus of 493 MPa was measured for a central stripe with thick-walled fibres which is about four times higher than the value of 126 MPa measured for a stripe located more at the outside of the thick-walled zone.

The observed differences in elastic modulus of the two fibre stripes can be due to different cell wall area fractions, as there is a difference observed as mentioned above. It can be also caused by a difference in the microfibril angle, which has a big influence on the mechanical properties [14]. However, typically materials with higher microfibril angles possess a higher failure strain compared to materials with a low microfibril angle, which could be not detected in our samples, Fig. 3a. Another explanation can be a variation in the biochemical composition of the cell wall along different positions in the fibre cap. 

Conclusion

The fibre cap of the vascular bundle of arborescent palm tree has proven to be a promising subject for studying gradual changes in mechanical properties due to a variation in anatomical and biochemical composition. Gradients within the fibre caps were found for cell parameters such as cell size, wall thickness and in consequence cell wall area fraction per unit area. Beside, a gradient in the amount of lignification was identified. These gradients are likely to be responsible for the variation in microtensile properties of fibre stripes at different radial positions within the fibre cap. The crucial role of these features in the design of the gradual transition in fibre caps has yet to be evaluated in detailed analysis utilising further analytical tools such as gas chromatography, mass spectrometry, Raman/FT-IR microscopy and X-ray diffraction.

Self-repair processes in plants as concept generators for innovative biomimetic technical materials with self-repairing functions.

Introduction

Nature has been conducting evolutionary 'experiments' for more than 3.8 billion years and has created a wealth of resourceful construction principles and a variety of problem-solving strategies. Biomimetics applies these principles to the design of innovative technical materials, structures, and systems. The process of self-healing in plants is just one example where nature's principles can be transferred into the design of technical materials [1 -3]. The principle of self-repair is still rarely found in technical products, yet it has gained increasing interest over the past few years and various interesting solutions for special applications have been presented [3 -6]. Plants have created amazing potentials to seal and mend internal fissures arising from growth processes as well as externally caused wounds, e.g. from artificial injuries. For analytically describing the (fast) self-repair mechanisms of the plant parenchyma, vines (e.g. Aristolochia) and a variety of herbaceous plants (e.g. Phaseolus) are used as model organisms [1][2][3]7]. These plants react to fissures and ruptures in their peripheral tissues by a rapid repair mechanism allowing the plant to seal the lesion very effectively while maintaining or reconstructing the functional integrity of the plant stem.

Based on preliminary [1][2][3]7] studies of this rapid self-repair mechanism found in plants, we expect the underlying principle to be used for innovative, biomimetically inspired technical materials with self-repair function. One possible application is the design of pneumatic structures with membranes having a self-repair function based on biomimetic coatings. In close cooperation with prospective concepts ag (Switzerland), self-repairing coatings for membranes implemented in the patented Tensairity -structures [8 -11] are developed, Fig. 1. 

Material and methods

Plant material

For the functional analysis of self-repair mechanisms in plants, stem segments of different age and size were cut from a specimen of A. macrophylla cultivated outdoors in the Botanic Garden of the University of Freiburg. Short segments of the plant axis were fixed in buffered glutaraldehyde, dehydrated in 2propanol and embedded in a methacrylate resin. Semithin sections (2 m to 3 m) were then prepared on a rotary microtome and stained with safranin/methylene blue [1, 12 -13]. The outlines of plant tissue parts as well as the perimeter, area, ellipticity, and wall thickness of the parenchyma cells involved in the self-repair mechanism in A. macrophylla were measured with the image analysis program "Optimas" (Bioscan Inc.) and compared to 'normal' parenchyma cells.

In a second part of the study, seedlings of common bean (P. vulgaris) were grown on damp vermiculite at 25 0.3°C in darkness. The seedlings showed a constant hypocotyl elongation for seven days after sowing until the seedlings were used for the experiments. At this stage, the hypocotyl was approximately 5 cm long. All manipulations were performed under weak green safe light to avoid the production of chlorophyll. The seven-day-old seedlings were cut horizontally with a razor blade to produce 0.9 mm deep injuries. One injured seedling was harvested on each of the next seven consecutive days by cutting a 2 cm-segment including the injured region which was longitudinally dissected, followed by a 45 min incubation of the injured segments in 500 µM nitroblue tetrazolium (NBT) to allow the detection of superoxide. The pale yellow NBT reacts with superoxide to form the dark blue compound formazan [14], which is clearly visible under a stereomicroscope (Olympus, SZX9, Japan). The injured segments were imaged with a digital camera (Olympus DP12, Japan). All chemicals used in the experiments were purchased from Roth, Germany.

To test the NAD(P)H-oxidase activity, seedlings of soy bean (Glycine max) were grown on damp vermiculite at 25 ± 0.3°C in darkness. Four days after seeding, the hypocotyls of the seedlings were injured longitudinally with a razor blade under weak green safe light. 24 h later the plasma membranes (pm) of the hypocotyls were fractionated with polyethylene glycol 6000 (PEG). By this procedure the orientation of the apoplasts is maintained (right-side-out). The enzyme activity test is based on the reduction of a tetrazolium dye XTT (sodium 3,3'-[1-(phenylamino)-carbonyl]-3,4-tetrazolium]-bis (4methoxy-6-nitro)benzene sulfonic acid hydrate) to a soluble XTT-formazan by O 2

•- [15]:

NAD(P)H + 2 O 2 NAD(P) + + 2 O 2 •-+ H + (1) X T T -+ 2 O 2 • -+ H + XTT 2-+ 2 O 2 (2) 
The reaction mixture (20 mM phosphate buffer, pH 7.0 -7.5, 0.5 mM XTT, 25 µg/ml pm protein) was incubated in darkness for 5 min. The reaction was started by adding the 400 µM NADH and measured spectrophotometrically (Beckman DU® 640) at 470 nm for 3-5 min. The enzyme activity was calculated using the extinction coefficient for XTT-formazan, (XTT-formazan) = 2.16 x 104 M-1x cm-1.

Results and discussion

In previous work [1 -3, 7] it has been shown that the repair process can be subdivided in at least four phases. The repair process has been studied in detail in A. macrophylla where internal growth processes cause rupturing of the subepidermal sclerenchymatous ring, Fig. 2 and3. The first phase is based on fast strain-triggered deformation processes of pressurized parenchyma cells that swell into the fissure and seal it. We hypothesize that this first phase of fissure repair is mainly caused by viscoelastic-plastic deformation of the internally pressurized (turgescent) parenchyma cells. The aim of our studies concerning the second phase of fissure repair is to elucidate in how far cell wall mechanics are effected by a process of hydroxyl-radical induced cell wall loosening ('plasticisation') recently described for growing cells [14, 16 -18]. In the third phase of repair, when the fissure extends deeply into the sclerenchymatous ring, the repairing cells start to divide mainly tangentially. Later in this phase the fissure runs through the sclerenchyma ring, and the repairing cells show significant radial and tangential cell division, Fig. 2C. In some fissures the repairing cells may remain entirely parenchymatous. In other fissures a fourth phase can be discerned in which the walls of the most peripheral sealing cells increase in thickness and start to lignify. Through this lignification process the mechanical function of the sclerenchyma ring can be -at least -temporarily restored.

Fig. 2 Cross-sections of stems of the vine Aristolochia macrophylla. (A) Tissue distribution in a one year old stem with closed peripheral ring of lignified strengthening tissue (sclerenchyma fibres). (B) As a consequence of secondary growth a two year old stem shows an increase in the amount of vascular tissues (especially of xylem) and a segmentation of the peripheral sclerenchymatous ring. Fissure repair in detail: a broad fissure in the scleremchyma ring is sealed by parenchymatous repairing cells having the typical irregular shape (phase III).
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Preliminary quantitative analyses of the initial phases of repair using the ratio of perimeter to crosssectional area (P/A) to quantify cell shape indicate an increase of P/A for 'normal' parenchyma cells for fissure-sealing cells [1 -3]. Moreover, the cell wall thickness decreases for 'normal' parenchyma cells to. The data indicate that during the initial phases of repair the relative cell wall length (represented by P/A) increases by the same factor from 'normal' to repairing parenchyma cells, as the cell wall thickness decreases. The repairing cells are typically tightly pressed against the inner surface of the fissure, thereby ensuring a close sealing of the fissure. It is of special interest if cell wall of the repairing parenchyma cells is plasticised during the first phases of fissure repair, a process recently described for growing cells. Such a process would help to ensure the close sealing of the fissure.

Wounding and repair processes may involve the action of reactive oxygen species. We proposed that hydroxyl radicals in the apoplast which are responsible for non-enzymatic cleavage of polysaccharides are produced by the action of a plasma membrane located NAD(P)H-oxidase and apoplastic peroxidases. The mean rate of NAD(P)H-oxidase activity found spectrophotometrically in the injured soy bean plasma membrane was 133 ± 6 nmol (mg protein) -1 min -1 (mean ± sd; n = 9), compared to 104 ± 8 nmol (mg protein) -1 min -1 (mean ± sd; n = 6) of the intact control group. The increased activity of NAD(P)H-oxidase in the plasma membrane of the injured hypocotyls suggest an increased synthesis of the NAD(P)H-oxidase or an increase in NAD(P)H-oxidase activity caused by ions as e.g. Ca 2+ or Mg 2+ . The increase in NAD(P)H-oxidase activity in injured hypocotyls supports the hypothesis that reactive oxygen species may play an important role in fissure repair, as e.g. by cell wall loosening and cell wall plasticisation.

* A B C

Fig. 3 Longitudinal section of Phaseolus vulgaris stained with nitroblue tetrazolium (NBT) detecting superoxide. A) Fresh lesion, showing blue staining around the lesion indicating a higher superoxide concentration around the lesion B) 6h after lesion. The tissue around the lesion is filled with phenolic components (yellow). The formation and deposition of phenolic components is typical for repair processes in herbaceous plants [7]. It may improve the sealing and probably reduces water loss and susceptibility for fungus or bacterial infections. C) 5 days after lesion. There is blue staining below the lesion (asterisk), where the main repair activity takes place in this phase of repair.

These results suggest that the radicals might have different effects in the plant. It has been proposed that herbivores induce peroxide production in leaves [19]. This could also lead to the hypothesis that hydroxyl radicals may have both direct and indirect defensive properties against herbivores. Wounded sites and guard cells showed a high level of peroxidase activity, which may also efficiently restrict invasion by micro-organisms and in addition reactive oxygen species may improve the repair process by increasing the cell wall plasticity and improving the sealing of the lesions. In ongoing studies the possible function of reactive oxygen species in repair processes will be further quantified by additional test as described above and by electron-paramagnetic-resonance spectroscopy [14].

Conclusion

First results support the hypothesis that the radicals may be involved in wound-healing processes by plasticising the cell wall of the repairing parenchyma cells which seal the fissures. This principle shall be used for the development of a second generation of biomimetic coating for membranes of pneumatic structures and can improve technical solutions.

Introduction

In various industrial sectors and particularly in furniture and automotive supply companies an increasing demand for three-dimensional formed woody surfaces can be identified. However, restrictions in the formability of wood often cause cracks or wrinkles which result in considerable quality loss and in reduction in productivity, so that the competitive position compared to plastic materials declines, Fig. 1.

Fig. 1 Cracks occurring during moulding of veneer (e.g. beech)

The wood of spruce (Picea abies [L.] Karst.) consists to 95 % of tracheids, oriented approximately in the same direction as the trunk or branch [1]. The cell wall of the tracheids is a composite material consisting of partially crystalline elementary cellulose fibrils embedded in an amorphous lignin-hemicellulose matrix [2] and is forming a layered structure. In the thickest cell wall layer, the secondary cell wall 2 (S2), the helically wound cellulose microfibrils are highly ordered [3]. The tilt angle of the microfibrils relative to the longitudinal cell axis is called the microfibril angle (MFA) and varies between 0 ° and 30 ° in normal wood. In compression wood, which is formed at the underside of conifer stems and branches, the MFA can rise up to ~50 ° [4]. Other typical features of compression wood tracheids are a high lignin content, the lacking of the S3 layer and spiral thickenings or helical cavities in the S2 layer [5].

While the mechanical effects of most of the structural features of compression wood are largely unknown, Reiterer et al. [4] reported that the higher MFA lowers the tensile stiffness but raises strain to fracture. A shear relaxation between the cellulose fibrils in the matrix of the cell wall is responsible for the possibility of permanent plastic deformation up to a strain of about 20 % [6]. When a certain shear stress is exceeded the bonds break and a viscous flow in the matrix occurs. As soon as the stress is released, there is no relaxation but a lock-in at the new position of the fibrils.

Preliminary tests

Material and methods

Veneers were manufactured from branches of spruce using a special Japanese "Lengthwise Veneer Slicer" (AMITEC). Since the cutting action of the knife follows the grain of the wood, lengthwise slicing can provide extremely fine slices with high surface quality. A low thickness of the veneer reduces its anisotropic behaviour. Whereas veneer with a thickness of 0.8 ... 0.9 mm has different moduli of elasticity parallel and perpendicular to the grain, thin veneer (0.2 ...0.3 mm) is characterised by low elastic moduli in both directions [7].

In preliminary tests normal wood and compression wood were investigated in a multi-axial tensile test. The influence of steaming and veneer thickness on the three dimensional deformability of singlelayer veneers of two tissue types (normal wood and compression wood) was determined. For the validation of the three-dimensional formability of veneers cupping tests according to the DIN 50 101 [8] were carried out, Fig. 2. Fig. 2 General operation mode of the testing device [9] A circular cut of a veneer is placed onto a coining die. Then the veneer is dented with a hemispherical punch till a crack or a wrinkling of the sample occurs. The punch has a diameter of 20 mm, the coining die has a drill hole with a diameter of 27 mm with a chamfered contact area. The circular cut veneer has a diameter of 40.4 mm. The path of the punch is a measure of veneer deformability and is recorded until the veneer fails.

Result and discussions

Single-layer veneers made of compression wood have a lower three-dimensional deformability than normal wood both under dry conditions and after steaming, Fig. 3. For all testing conditions the deformability reached a maximum at a veneer thickness between 0.5 and 1.0 mm. In dry samples the influence of the thickness was less pronounced. The veneers wrinkled when their thickness is less than about 0.5 mm, whereas above this value the samples failed because of crack propagation, Fig. 4.

Fig. 3 Three-dimensional deformability of dry compression wood ( ), dry normal wood ( ), steamed compression wood ( ) and steamed normal wood ( )

Upon loading tangentially oriented compressive stresses and radially oriented tensile stresses occur in the circular layout of the veneers. Sample failure occurs either as wrinkling at the edge of the veneer or as a crack in the middle. Veneers of low thickness cannot resist the compressive stresses and wrinkles but thicker veneers fail by a crack in the middle of the sample, because the radial tensile stresses exceed the transverse tensile strength of the veneer.

Fig. 4 Different areas of failure;

Z . . . tensile stress, D . . . compressive stress [10] Sample failure perpendicular to the grain direction is the main reason for the lower three dimensional deformability of single-layer veneers made of compression wood. In contrast to normal wood the cross sections of compression wood cells have a round shape [5] and in consequence the intercellular spaces cause a lower cohesion between the cells. Cross layering of veneers is an approach to compensate for this disadvantage. The outcome of these preliminary tests will serve as reference for further three-dimensional deformation tests with layered veneer composites resembling the structure of plywood.

Plant cuticle biomechanics and the surface science: potential biomimetic materials applications

Introduction

The aerial surfaces of all higher plants leaves and fruits are coated by the cuticle, a thin continuous membrane that essentially consists of a three-dimensional polymer matrix, the cutin, and crystals of polysaccharides and solvent-soluble lipids (cuticular waxes) [1,2] . The latter are embedded in the cutin (intracuticular waxes) as well as deposited onto its surface (epicuticular waxes).

The cuticle plays a major role in providing essential control of water loss from the underlying cells [3]. Cuticular waxes act as the main components in the resistance to water transport [4,5] and they are not distributed uniformly in the cuticle structure, but tend to be accumulated towards the outer surface [6] in chemically and mechanically distinct layers [7]. Also, the transport properties across the cuticle depend on the chemical composition and thermodynamic state of the intracuticular waxes [8].

However, the relation between composition, nanostructure and macroscopic properties of cuticular waxes remains elusive.

Providing an explanation of these phenomena could lead to a new generation of biomimetic materials. For example, the resistance to water evaporation exhibited by leaf cuticles of some evergreen and tropical species can be one to two orders of magnitude higher than those measured using synthetic polymers and advanced synthetic liquid-crystal materials [9]. Hence understanding the effect of the molecular assembly of waxes could be instrumental in engineering advanced materials for controlling evaporation, which could be used e.g. in more cost-effective packaging solutions.

In this paper the aim has been to provide an overview of well-established concepts, tools and techniques routinely adopted in surface science studies and outline how these could be adopted to the broaden our knowledge of the plant cuticle. It is thereby hoped to illuminate the potential for practical technological applications that could be achieved based on a better understanding of this biological system.

Several components of the cuticle are expected to form Langmuir monolayer [10], which could be studied using a LT to uncover their fundamental thermodynamic properties. The same tool could then be adopted to produce synthetic model cuticles from highly ordered, controlled multilayers that could be adopted as templates for studying, for example, water permeation. AFM could provide information on the surface topography and mechanical properties of the synthetic cuticle layers at nanometric scale. Finally the pendant drop could be used to measure the contact angle between water drops and artificial cuticles, allowing estimates of their hydrophobic character

Overview over relevant methods

The Langmuir monolayer

Water insoluble amphiphilic molecules can form monomolecular films when spread at the airwater interface from organic solution [10]. The stability and physical-chemical properties of these films, also called Langmuir monolayers (LMs), depend on the nature of the molecules. If the molecules have too strong a hydrophilic character, they dissolve in the subphase, whereas an excessively marked hydrophobic character generally results in the aggregation of the molecules into lenses floating on the subphase surface. When an adequate balance between these forces is achieved, the molecules form a monomolecular layer floating at the air-water interface, effectively forming a stable interface between air and water.

LMs have been studied for over a century [10] because of their importance as model system in biology, chemistry and physics. Long-chain (at least 12 carbon atoms) alcohols, fatty acids and their esters have been extensively investigated as LMs forming molecules [11]; research efforts have encompassed also various types of biological macromolecules such as proteins as well as synthetic macromolecular structures such as dendrimers [12].

The Langmuir balance and the Langmuir-Blodgett technique

The Langmuir trough (see Fig. 1) is the most commonly used instrument to study Langmuir monolayers (LMs) because it provides essential information about the thermodynamic states of the system. The standard equipment is composed of a shallow trough built of a hydrophobic and inert material (typically PTFE), one or two movable barriers used for varying the area available to the monolayer that provide control over the monolayer surface density and a surface tension measuring device. With this relatively simple set-up it is possible to select the surface density as an independent variable and measure the corresponding surface tension, thus gaining insight into the thermodynamic state of the monolayer at the air-water interface.

Fig. 1 A commercial example of Langmuir trough. The position of the two coupled movable barriers is controlled via PC; the surface tension is measured by using a paper plate, attached to a straingauge mechanism.

Fig. 2 Schematic representation of the adhesion of one LM on to solid substrate during upthrust (left). Possible arrangements of stacks of LM, as function of the deposition mechanism selected (right).

Owing to their chemical structure, many of the cuticular components (monomers of the polymer cutin as well as several wax components) are expected to form LMs. Their surface thermodynamics could be studied with a simple protocol. Firstly, an organic solution of the selected amphiphile is prepared. Then, using a microliter syringe, drops of solution are deposited at the air-water interface. Finally, using movable (usually PC-controlled) barriers, the surface concentration is increased and plotted against the measured surface tension. This simple experiment (defined as measuring a Langmuir isotherm) provides essential information about thermodynamic phenomena such as phase transitions.

It is possible to integrate the Langmuir trough with a dipping device. LMs can be transferred onto solid substrate by raising and lowering the latter through the monolayer-air interface (Fig. 2). The ordered layers of LMs thus formed on the solid support are called Langmuir-Blodgett films.

Various deposition modes are possible, depending on the nature of the substrate and on the strategy of deposition selected. The importance of the Langmuir-Blodgett technique is that it allows transfer onto solid substrate of the LMs in the selected thermodynamic state for further manipulation or for study with other techniques.

The Langmuir-Schaefer technique

During the evaporative process, water molecules move by diffusion from the bulk liquid phase to the interface between air and water from where they diffuse into the vapour phase. The presence of a LM or of a LB film increases the resistance in the second stage. The Langmuir-Schaefer technique is used to measure the resistance to water permeation offered by LMs either spread at the air-water interface [13] or deposited onto a solid substrate (LB) [14]. This technique makes use of a shallow trough filled with hygroscopic crystals whose weight is measured before the experiment takes place. The LM or LB are then prepared and the shallow is subsequently exposed to the surface covered with either films for a definite amount of time and the variation in weight is registered. The same experiment is repeated for the same body of water but without any film present. The difference in weight increase is used to deduce the relative resistance of the film to water permeation [13,14].

As a first step, this technique could be adopted to measure the effect of individual components as water evaporation retardants either as LM or LB films. In more realistic scenarios, it could be used to evaluate water permeation through synthetic cuticle built using the LB technique.

Atomic Force Microscopy

Atomic force microscopy (AFM) is a technique adopted in characterising surfaces at the nanometer-scale, providing simultaneously topographic, physical, chemical and mechanical (elasticity) information on the sample probed [15]. This technique has been successfully used in studying organic as well as inorganic molecules and macromolecules under real environment conditions [16]. AFM constitutes an unrivalled tool for studying the molecular arrangement of LMs transferred onto solid substrate because of its near-angstrom resolution [17].

LMs and LB films formed using cuticular components could be investigated using AFM. Information about surface topography and other nanometric properties of the synthetic cuticles are expected to be drawn and enhance our understanding of the correlation between intimate molecular arrangements and macroscopic properties.

Contact angle measurements

Contact angle measurements provide essential information about the attractive/repulsive character of the interface between to different phases. For example, the contact angle between a liquid and a solid phase is a key parameter in understanding phenomena such as adhesion and spreading [18]. In the specific case of a system composed of water and a generic solid substrate, the aim is generally to measure the relative degree of hydrophobicity of the surface studied. The pendant drop [19] is a simple apparatus which consists of a syringe and a CCD camera connected to a computer system. The syringe is used to distribute in a controlled manner a known amount of liquid onto the surface of interest while the camera captures images in real-time. By appropriate treatment of the images it is possible to calculate the contact angle of the drop as well as other physical parameters (e.g. viscosity of the liquid). Contact angle measurements of water drops on the synthetic cuticles outlined above could expand our knowledge of the parameters that affect the hydrophobic properties of plant cuticles.

Discussion of the potential prospects and future biomimetic applications

The plant cuticle provides an efficient barrier to water loss and is at the same time optically selective to photosynthetically active radiation, mechanically flexible, and self-cleaning [3]. These properties are highly desirable attributes for a vast number of potential practical applications. Unlocking the relation between nanostructures, chemical composition, physical-chemical states of the cuticle components and the overall macroscopic properties could open access to novel biomimetic materials. Many of the individual components of the cuticle could be studied by using well-proven surface science techniques. It is proposed to focus attention on the single components and, after their initial characterisation, use them as templates to build more complex structures.

The Langmuir trough gives the possibility of reducing complex three-dimensional colloidal systems to a simple film at the air-water interface. This tool could be used to study the major individual components of the de-polymerised cutin, which is difficult to study in its natural threedimensional highly cross-linked structure. The Langmuir-Blodgett technique could then be coupled with the LT to build a multilayered synthetic cutin whose topography and mechanical properties could be investigated by AFM. Many of the components of the cuticular waxes could be studied using the techniques described above and consequently be used to functionalise the synthetic cutin to mimic specific waxes. The Langmuir-Schaefer technique would constitute an ideal tool for studying the water evaporation properties of monolayers as well as more complex multilayered structures. The pendant drop could further provide the possibility of evaluating the degree of hydrophobicity of the novel cuticle.

In approaching the study of the cuticle with these techniques, however, it is important to be aware of their limitations. Monolayer forming molecules have to comply with specific requirements in terms of chemical structure. For instance, some chemical species commonly found in cuticular waxes (e.g. alkanes) do not form Langmuir monolayer because they lack hydrophilic moieties and could not be easily included in the synthetic structure. The Langmuir-Blodgett technique can be used to build several thousands of monolayers, thus approaching the thickness of a natural cuticle, but their longterm mechanical stability is still an open field of investigation in surface science. The Langmuir-Schaefer technique has the advantage of being very simple and quick to use but does not guarantee the same precision as some of the methods used in characterising natural cuticular systems. Finally the pendant drop can provide information generally considered relevant to a standard surface. It would be necessary to establish a standard for the cuticle.

Within these limitations, however, the standard engineering techniques outlined in this paper could prove instrumental in expanding our knowledge of the individual components of the cuticle and the way they interact to generate the unique properties of this biological system. As the cuticle has superior properties in most fields to anything man-made, it is likely that improving its fundamental understanding could lead to novel, high-performance materials.

Introduction

During tree ontogeny, primary growth of terminal bud give birth to the vascular cambium whose successive divisions will create woody layers inside the stem. Peculiarly at the lower part of the trunk, where cambium issued from a rather "Young's bud", woody layers produced during the early life of cambium at that level are qualified as "juvenile wood".

Many anatomic descriptors as well as physical and mechanical wood properties changes gradually during this juvenile period until they reach more or less constant values in the mature wood. Often, specific gravity, Young's modulus and specific modulus of elasticity (MOE) increase in the juvenile phase [1,2].

Whether these changes are purely a kind of physiological ageing process, or depend also, or mainly, on environmental adaptation to conditions changing from early to late tree development, is not quite clear. It is well known that cambium activity (cell division) and further cell differentiation (cell wall thickness and micro fibril angle) can be monitored during tree life to respond to different mechanical problems, thus changing strongly wood density, specific MOE and Young's modulus (like in reaction wood).

Most of the works on juvenility has been performed on trees growing at the beginning in a rather open environment. On the contrary, many species in tropical rain forest have to grow until the very beginning in a close environment, with a very low level of available light energy. Wallaba (Eperua falcata Aubl.) is one common large tree in French Guiana experiencing these conditions and it was interesting to look at the mechanical trends in the inner part of the trunk of this species.

Material and methods

Two trees with DBH (Diameter at Brest Height) ranging between 60 and 70 cm were selected and harvested near Kourou. A small log of 50 cm long was cross cut at the bottom of each tree and respectively 15 and 24 rods whose dimensions were 360 (L direction) X 20 (T direction) X 20 (R direction) mm were prepared from different position inside the log, with distance from centre of the rod in RT section to pith varying from 6 cm to 34 cm (it was not possible to take sound specimens nearer to the pith).

For each rod, mean R and T dimension for 3 positions along the rod, L dimension and air dry mass (after stabilization for more than 3 months in a climatic chamber regulated at 20°C and 65% air relative humidity) were measured just before free vibration test in flexion [3]. This test using at least the 3 first eigen frequencies and the Timoshenko formula taking into account shear for anisotropic rods, give a good estimation of the specific modulus of elasticity (MOE) of air dry wood (Young's modulus divided by density).

From these values, it was easy to calculate density, Young's modulus and specific MOE for each rod at the reference wood moisture content (9% in this case for Wallaba).

Results and discussion

Variations of density, Young's modulus and specific MOE with distance to pith.

Results are very similar for the two trees and are summarized in Figure 1; the data are pooled for both trees.

Density is high near the pith, slowly declines from 1.0 to 0.9 until 25 cm radius and then declines more markedly in the wood produced in the oldest stage (the last 3 values is sapwood with less extractives).

Specific MOE steadily declines from 30 to 20 10 6 m 2 / s 2 until 25 cm radius and then stabilize (or increases again a little in the sapwood because the density declines due to less extractives).

Young's modulus always strongly declines from 30 to 15 GPa from pith to bark (it is known to be rather insensitive to extractive content).

Globally this is exactly the reverse situation as compared to classical juvenile wood in conifers.

Biomechanical implications

In open environment, trees have a good access to light but are under the influence of wind. In these conditions growth in height is not the priority compared to sufficient growth in diameter in order to cope with bending forces due to wind on a well developed crown. High Young's modulus is not any more necessary while flexibility can be useful to limit drag forces. This is in good coherence with high diameter growth rate, low density wood (in order to minimize investment in dry matter for a given resistance to flexure forces) and high microfibril angle in the cell wall (in order to maximize flexibility) leading to low specific MOE.

In very shady places growth in height is the absolute priority for species 'willing' to compete in the canopy. For a given small crown, the total amount of woody dry matter to be invested in the trunk is more or less given by the following formula: M = FD 2 H where M is the dry mass of the trunk, F the form coefficient describing the trunk geometry (between 0.4 and 0.7), D the diameter of the trunk at breast height, H the height of the trunk and the wood basic density (supposed to be homogeneous in the trunk).

In this case a good strategy is to keep trunk diameter as small as possible, with a very high slenderness ratio H/D during all the time until the crown reaches the canopy. This is clearly what happens in many cases. Ring width is very narrow in the core part of the trunk of these species until they reach a better access to light and then develop larger crowns. 

Radial variations of specific gravity, specific MOE, Young's modulus

With such a slender trunk, a tree is very sensitive to bending forces. It has to grow as vertically as possible which is what is observed. Protection from lateral wind is given by the surrounding forest and contact between crown and surrounding trees is a way to limit crown deflexion. These trees are thus in conditions where buckling begins to be the problem to cope with.

Considering the long slender nearly cylindrical trunk, it is at first uniformly loaded by the wood weight itself. For such poles, the critical slenderness ratio changes in proportion to the square root of specific MOE [4]. Thus it should be better to have a high specific MOE in the youngest stages.

Moreover the crown, as small it could be, put a supplementary compressive force on top of the pole. This time, the critical weight before buckling of the pole varies in proportion to woods Young's modulus, as stated by the Euler column theory.

Finally, in such cases, together with very low diameter growth compared to height growth (very high slenderness ratio), trees should show a high specific MOE and a wood density as high as possible for the species' wood pattern, in order to maximize also Young's modulus, in the younger stages of development, before the crown reach the canopy. This is what we observed on the two Wallaba trees.

The other problem is to keep verticality, thus to have an efficient strategy to locally restore this verticality in case of accidental leaning. This is achieved by curvature changes of the trunk due to dissymmetrical forces between two sides of the trunk creating a local flexure momentum.

Force on each side is the product of 3 factors: new layer area, maturation strain and Young's modulus. Curvature change varies as the ratio between difference of forces on each side and the square value of diameter. Thus, a very small growth (small layer area) is compensated by a very small diameter and the efficiency depends only on the amount of dissymmetry of growth, maturation strain and Young's modulus.

A study made on different tropical species including Wallaba [5] have shown that this species was very efficient in restoring verticality, mainly because of its aptitude to monitor strong dissymmetry in growth rate and maturation strain between tension wood and opposite wood sides.

Conclusion

Specific gravity, Young's modulus and specific modulus of elasticity were found to decrease from pith to bark for Wallaba wood, a species growing in the tropical rain forest in French Guiana. This decrease of specific modulus of elasticity means that there is an increase of microfibril angle from pith to bark, which was never observed on temperate species, neither softwood, nor hardwood, growing at the beginning in an open environment.

In the tropical rain forest, species like Wallaba has to grow as quick as possible in height, thus reducing at a maximum their growth in diameter. Their very high slenderness make them sensitive to buckling, witch is not the case for classical temperate trees.

The observed radial variations of mechanical properties, antagonistic to what is usually found, seems to be a good strategy to cope with the risk of buckling, provided that the bending risk is reduced on one side by the protection of surrounding trees and on the other side by an efficient monitoring of trunk verticality by highly stressed tension wood production with a high dissymmetry of growth between upper and lower side.

This put into question the very nature of juvenile wood, is it only the expression of a physiological ageing of cambium or also an adaptation to mechanical constraints of the environment in the young age.

How to become a successful climber -mechanical, anatomical, ultra-structural and biochemical variations during ontogeny in plants with different climbing strategies

Thomas Speck 1 and Nicholas P. Rowe2 

Introduction

The non self-supporting growth habit is a highly iterative phenomenon that evolved many times independently in distantly related plant groups. According to Putz [1] more than half of the families of vascular plants include climbing species, and Gentry [2] states that climbing plants exist in at least 133 families of seed plants. The mechanical architecture and underlying stem anatomy and histology as well as the ultra-structure and biochemical composition of wood cell walls not only differ significantly between self-supporting plants and non self-supporting climbing plants but also show variations in climbers with different climbing strategies and attachment modes [3][4]. Ontogenetic variations may influence stem structure at several hierarchical levels, ranging from the amount and cross-sectional shape of different stem tissues to cell wall ultra-structure and biochemistry. These complex changes result in some general biomechanical features that are typical for non-self-supporting climbing plants from very diverse phylogenetic origins. They include phases of relatively rigid stem growth in young ontogenetic stages (either as saplings or as searcher twigs in the mature plant) and phases of higher compliancy in older stem parts, which are already safely connected to the support and where the stem is at risk from excessive mechanical stress. Distinctive differences in the variation of mechanical properties may be found in non-self-supporting plants with different climbing strategies and attachment modes and therefore different ecologies [5][6]. In this paper we review and discuss the mechanical architecture of climbing plants in the context of its structural diversity as related to various modes of attachment and its ecological significance.

Material and methods

The plants we have tested were either collected in their natural habitat in Europe (mainly in the area around Freiburg and Montpellier), South America (various sites in French Guyana), Madagascar and South China (Yunnan Province) or cultivated outdoors and in the greenhouses of the Botanic Garden Freiburg [3][4][5][6][7][8]. The methods used for mechanical tests and quantitative analyses of the functional anatomy are detailed in Rowe et al. [4] and Speck & Rowe [5,7], the methods employed for ultra-structural and biochemical studies of the cell walls are described in detail in Hoffmann et al. [8]. 

Results and discussion

Our studies on 43 climbing plant species show that there exist considerable differences in mechanical patterns during ontogeny and in the underlying anatomical variations. These differences are related to the evolutionary history of a given species and also to its respective ecological niche. A character, which may influence the ontogenetic variations of mechanical stem properties, is the mode and the strength of attachment to the host tree. We distinguished five attachment modes [9]: (1) stem twiners, (2) tendril climbers, (3) hook climbers, (4) branch angle climbers, and (5) leaning climbers or semi-self-supporting plants. In this sequence the strength of attachment generally decreases from twiners (most firmly attached) to leaning climbers (least firmly attached). We compare the decrease of E str between youngest and oldest tested stems and discuss the structural variations bringing about these mechanical changes. In stem twiners mean E str decreases from 3400 MNm -2 in young stems to 950 MNm -2 in old stems, in tendril climbers from 4200 MNm -2 to 1400 MNm -2 , in hook climbers from 5600 MNm -2 to 4200 MNm -2 , and in branch angle climbers mean E str reduces from 7200 MNm -2 to 3700 MNm -2 . In leaning climbers E str remains nearly constant with mean values of 3800 MNm -2 in young stems and 4000 MNm -2 in old stems [4]. Plants can vary their mechanical properties by changes on at least five hierarchical structural levels including variations on stem, tissue, cell, ultra-structural and biochemical level, Fig. 1 [3,5,8].

Stem twiner

Condylocarpon guianense (Apocynaceae) is a large stem twiner common in French Guyana [3,[5][6][7][8]. As typical for twining lianas this species shows a drastic decrease in E str during ontogeny from 2720 ± 900 MNm -2 in stiff young apical searching twigs to 310 ± 50 MNm -2 in flexible old basal stems, securely attached to the host tree, Fig. 2. The analysis of the structural background of this decrease in E str by nearly 90% indicates variations on all five hierarchical levels, all with the tendency to decrease the stem stiffness. On the levels of stem and tissue structure a decrease in the contribution of dense wood (formed in the self-supporting young stem phase) to axial second moment of area, and a concomitant increase of flexible cortex and bark tissues and of less dense wood (formed in the lianescent phase of growth) is observed, Fig. 3. . Fig. 2 Condylocarpon guianense, variation of structural bending modulus with stem size. Structural bending modulus is plotted against axial second moment of area as a proxi for stem size and stem age, adapted from [9]. Fig. 3 Condylocarpon guianense, variation in stem and tissue structure, adapted from [3].

In addition, the lianescent growth phase is characterized by the development of a deeply lobed wood cylinder and broad parenchymatous wood rays. The less dense 'lianescent' wood is also characterized by many large diameter vessels and few wood fibre cells, characters which decrease the cell-wall-to-cell-lumen ratio of this type of wood formed in the lianescent phase of growth (variations on tissue and cellular level). Analyses of physical and mechanical properties of the two wood types prove, that the wood type formed in the self-supporting phase of growth is c. 1.2 -1.5 times denser that the wood formed in the lianescent growth phase, and has a 5 -6 times higher bending modulus and a 2 -5 times higher torsional modulus, Fig. 4. On the ultra-structural level, wide-angle x-ray analyses show that the angle of the cellulose microfibrils relative to the longitudinal axis of the cells is significantly smaller (27° to 31°) in the wood type formed in the self-supporting growth phase than in the 'lianescent' wood type (44°).

At the biochemical level, differences between the two wood types are found which may help explain why the wood type developed in the lianescent phase of growth is more flexible in bending and torsion than the wood formed in the self-supporting growth phase. The latter generally has a higher cellulose content than the 'lianescent' wood type. Analyses of the monomer composition of the lignin as quantified by the Syringyl-to-Guaiacyl-ratio (S/G) also reveal differences that can be interpreted as contributing to the observed higher moduli in bending and torsion of the wood type developed in the self-supporting growth phase (S/G varying from 0.4 to 0.6) compared with the 'lianescent' wood type (S/G = 0.2). For a detailed discussion of the ultra-structural and biochemical differences between the two wood types see Hoffmann et al. [8].

Fig. 4 Condylocarpon guianense, physical and mechanical properties of the two different wood types, from [8].

Tendril climber

Bauhinia guianensis (Caesalpiniaceae) is a large tendril climber from French Guyana which shows a decrease in structural bending modulus by nearly 95% from 8500 ± 2800 MNm -2 in stiff young apical and reiterative searching twigs and young self-supporting saplings to 550 ± 200 MNm -2 in flexible old, ribbon-shaped basal stem parts, Fig. 5A [3,5,8]. At the stem, tissue and cellular level, very similar ontogenetic variations are found in B. guianensis as described for C. guianense, including: (1) a drastic increase in the contribution to axial second moment of area of flexible 'lianescent' wood and cortex tissues in the flexible basal ribbon-shaped stem parts, (2) segmentation of the wood cylinder including large amounts of wood parenchyma, (3) development of large diameter vessels and decrease in the amount of thick-walled fibre cells in the 'lianescent' wood type, and (4) significant reduction of cell-wall-to-cell-lumen ratio in this wood type compared to the values found in the wood type formed in the self-supporting phase of growth. The wood type formed in the self-supporting phase of growth is c. 1.1 times denser that the wood formed in the lianescent growth phase, and has a 7 -9 times higher bending modulus and a 5 -6 times higher torsional modulus. On the ultra-structural level, in contrast to C. guianense, no increase in cellulose microfibril angle in the flexible wood type (6°) compared to the stiff wood type (10° -13°) could be detected in B. guianensis but rather a decrease of microfibril angle. The microfibrillar angle in both wood types is very small, which causes a certain uncertainty in determining the angles [8]. Variations on the biochemical level comprise a lower cellulose content in the flexible wood type, whereas no clear difference between the two wood types in monomer composition of lignin could be found (S/G varying from 1.0 to 1.4). Fig. 5 (A 

Hook climber, branch angle climber and leaning climber

Plants having these types of attachment mode vary considerably as to the ontogenetic variation of structural bending modulus [3][4][5][6]. Some species show a considerable decrease whereas in other species the structural bending modulus remains nearly constant or even increases. Some plants e.g. Strychnos sp. grow for a considerable time of their ontogenetic trajectory as leaning, semi self-supporting plants showing nearly constant values of structural bending modulus. Not until the plants have securely attached to their host trees by hooks in old ontogenetic stages does the structural bending modulus drastically decease, Fig. 5B. This mechanical behaviour is also mirrored at the stem, tissue and cell level, the three structural levels tested so far. During the semi self-supporting phase of growth the contribution of tissues towards axial second moment of area remains nearly constant and no significant variations in tissue organisation and cell structure was found. The significant decrease in structural bending modulus occurring in old basal stem parts of securely attached plants is brought about by an increasing formation of less dense flexible wood and parenchymatous tissues which both contribute more and more to the axial second moment of area. This flexible wood type is characterized by a low cell-wall-to-cell-lumen ratio. Similar variations are also found in the two tested Croton species, which belong to the group of branch angle climbers.

In typical leaning semi self-supporting plant species the structural bending modulus remain nearly constant during the entire ontogeny, and also the underlying structures on the stem, tissue and cellular level do not vary significantly [3][4][5][6].

Conclusion

Plants with different climbing strategies can vary considerably in terms of ontogenetic changes in mechanical properties and of the underlying stem structure. (1) The species, which are most firmly secured to the host (stem twiners and tendril climbers) show the most pronounced decrease in bending modulus during ontogeny (reduction > 60%, up to 95%). ( 2) Structural changes reducing the bending modulus may include all 5 structural levels (e.g. C. guianense) or only some of the levels (e.g. B. guianensis: 4 levels). (3) Hook climbers and branch angle climbers, which are less securely attached to the host typically show a less pronounced reduction of the bending modulus. Some of these species grow semi self-supporting for a considerable time and become truly lianescent only in the oldest ontogenetic stage. (4) Leaning plants remain semi-self-supporting during their entire life history and show no structural variations at the stem and tissue level. (5) Monocotyledonous species differ considerably in their mechanical and structural changes during ontogeny from dicotyledonous species (existence of secondary growth or not) [3][4].

Introduction

Disturbance has been defined as a relatively discrete event in time and space that alters the structure of populations, communities and ecosystems and/or changes resources, substrate availability or the physical environment [1]. Examples of such events include fires, floods, insect outbreaks and road construction. Extreme abiotic stresses are also major causes of disturbance events Table 1, and wind storms, avalanches and landslides can lead to both spatial and temporal changes in plant growth and ecology. Spatially, disturbances may be small such as tree fall in a wind storm Figure 1a, or on a large-scale, e.g. an avalanche which results in the destruction of a forest stand Table 1, Figure 1b, [2]. For a long time considered as detrimental to the ecosystem equilibrium, it is now recognized that disturbance is an important factor contributing to species biodiversity [3]. Nevertheless, disturbance event size and frequency has significantly increased in recent years, as a result of human activity and extreme weather events leading to deforestation, flooding and soil loss. Therefore, how this factor drives ecological processes within communities needs further study, in particular with regard to temporal and spatial dynamics in a changing environment. Disturbance events can therefore govern species composition on a site, depending on both the size of the event and its frequency. The size and mechanical properties of individuals can contribute to their success or failure during and after an event, especially with regard to abiotic disturbance. The role of mechanical properties in determining plant survival and vigour depends on event frequency and to a smaller degree, event size. The distinction between large-and small-scale abiotic events is difficult to make, as e.g. wind storms can cause only minor patches of damage in a given forest situation, but can result in major devastation in a nearby stand, depending on the heterogeneous nature of the storm and the characteristics of the landscape Table 1. Even when storms impact the same forest, turbulence and gusting results in groups of trees being damaged, whereas their immediate neighbours may remain untouched [4]. Soil properties also contribute strongly to this patchinesswaterlogged soils near water sources result in decreased tree anchorage, therefore these trees are likely to fail first in a storm. Hence, disturbance through wind storms often occurs more frequently near rivers and floodplains [3]. Similarly, landscape and topography play a major role in determining the location of and frequency with which substrate movement occurs in mountainous regions e.g. the steeper and more exposed the slope, the more likely an event will occur. Once a disturbance event has occurred, it can be supposed that patches or gaps will have appeared in the landscape. These gaps will be rapidly colonized by pioneer plants involved in secondary succession e.g. grasses and herbs Figure 1c. These species are usually followed by shrubs and trees, with climax vegetation taking over in the later stages of succession, often within 100 years [5]. However, if disturbance events are frequent e.g. occurring every <20 years, secondary succession will not be completed and the composition of the community will be subject to recurring fluctuations. Individuals which are to survive in a rapidly changing landscape would benefit from a certain number of strategies linked to survival and reproduction. Biomechanical characteristics of plant shoot and root systems can play a major role in the success of a species on a site prone to frequent disturbance, not only with regard to how the plant withstands the imposed mechanical stress, but by also influencing reproductive success [6 -8]. Very few data exist on how biomechanical strategies are influenced by frequent disturbance events, however, when events are infrequent, plants have more time to become established and adapted to their environment. In such cases, there is an increase in resource allocation to those parts of the plant placed under highest mechanical stress, and a large body of literature is available concerning this subject [9 -12]. Therefore, this topic will not be addressed in this paper.

Biomechanical strategies and frequent disturbance events

During a disturbance event, the type of movement a plant encounters and the mechanical properties of the plant itself can determine survival e.g. on mountain slopes where substrate mass movement occurs, a woody plant will bend when impacted by a landslide or avalanche. Similarly, during a wind storm, young trees may bend along the wind direction. If flexible enough, trees will deflect and suffer less damage, but if too rigid and unable to bend, will rupture in the stem or uproot. Therefore, wellanchored trees or shrubs with a lower bending stiffness will better resist the passage of an avalanche [13,14] or deflect in the wind [11]. In temperate zones, if the probability of an event is high, e.g. every 15-20 years, short, flexible shrubs (Betula and Salix sp.) will dominate the site of the event. If the frequency is much higher, e.g. >150 years, a more typical regeneration and succession pattern can be seen, with larger trees becoming dominant [13]. If the disturbance event is more sporadic, or occurs in mature forests, e.g. in the case of rockfall on mountain slopes or sporadic wind loading in a wellestablished forest, wood mechanical properties may be more important in determining tree survival and species composition, rather than an individual's size. For example, in sub-alpine, temperate forests, broadleaf species, e.g. Fagus sylvatica L., are less likely to be damaged by falling rocks compared to conifers of the same size, which usually die after sustaining wounds [15]. Broadleaf species have a significantly higher unit fracture work for bending and splitting and so are more resistant to rockfall [16]. Hence, at sites where rockfall is frequent, a shift towards broadleaf species can be expected, with conifers returning once the frequency of rockfall has diminished [2].

After a disturbance such as rockfall or falling debris within a forest, those species which were not uprooted may continue growing or regenerating through the production of sprouts from the stem or roots. Sprouting is a universal attribute of temperate angiosperm trees but is much less common among gymnosperms [17]. If an individual is well-anchored, as in the case of many broadleaf species, breakage in the trunk will occur (when soil conditions are not limiting to root system development), therefore, if damage to the tree is incurred, broadleaf species can extend the life span of the individual following damage [18]. Niklas [19] also suggested that broadleaf species invest a large proportion of their biomass to the main stems, and establish a class of stems (branches and twigs) prone to mechanical failure during storms, thus providing a margin of safety against catastrophic wind damage. Conifer seedlings however, need to grow quickly to benefit from gaps caused by storm damage, and in a mixed forest, these young conifers will be in competition with resprouting broadleaf species if windstorms cause gaps in the canopy [2]. As a broad generalization, species that grow in stressful sites or sites with frequent disturbances are likely to sprout more vigorously and to retain the sprouting ability longer than species that grow in less stressful sites or sites with less frequent disturbance [17] Not all species possess well-anchored root systems, which increase their chances of survival on a particular site, by holding the plant in the same place, or encouraging resprouting after an event. Fast growing colonizing species may have different strategies Table 1. Bamboo is recognized as a pioneer species on disturbed sites in tropical and sub-tropical zones and is one of the fastest growing plants in the world, with a growth rate ranging from 0.3 -1.0 m per day during the growing season [20]. Most species possess shallow root systems composed of rhizomes and adventitious lateral roots Figures 2a,b. Although cited as useful for fixing soils on steep slopes [20,21], to the author's knowledge, no studies whereby the biomechanics of the plant as a whole, i.e. including both shoots and roots, have been carried out to support this generalization. Experiments are thus currently underway whereby the root anchorage and stem mechanics of the bamboo Phyllostachys nidularia f. farcta, growing in a forest of the Sichuan province, China are being tested. This species was chosen for study as it was the principal species growing on disturbed soil where landslides had occurred Figure 1c. Contrary to statements by previous authors [20,21], concerning the potential soil reinforcing effect of bamboo species, it was seen that recent, large patches of soil slippage had occurred within these bamboo forests Figure 1b. Hence, disturbance event frequency was increased when bamboo was the dominant pioneer species. Initial results from anchorage tests suggest that the breaking strength of the rhizome is low. Once this rhizome has ruptured, adventitious lateral roots slide out of the soil. Part of the rhizome remains attached to the stem and roots, and the plant stem retains the ability to regenerate. The high height:diameter ratio and weight of the stem result in severe buckling and stem bending Figure 2c, even though the stem is reinforced by node plates [22]. Although the weak anchorage can initially be thought of as detrimental, for a pioneer species subjected to frequent disturbance, such a strategy may actually increase reproductive success. Uprooted plants shifted downhill during a landslide will be able to quickly colonize both the new patch of bare soil and also the displaced earth which slides downslope. Similar examples of mechanical strategies which increase reproductive success on disturbed sites include those observed by Beismann et al. [6] studying brittleness of twig bases of eight species of willow (Salix sp.).These authors found that brittleness was highest in S. fragilis L. and S. rubens Schrank, thus enabling these riparian species to propagate vegetatively downstream via broken twigs. However, in other species e.g. S. triandra L. and S. viminalis L., the loss of twigs may serve more as a mechanical safety mechanism, as these riverside species are often submerged during flooding and the loss of twigs will reduce pressure during inundation, thus preventing stem breakage. In the one subalpine species tested, S. appendiculata Vill., low stresses at fracture and yield were noted. Survival throughout the winter is a priority for this species which is often buried under heavy snow or subjected to avalanches, and so should be able to withstand high strains from either wind or flooding. Other examples can also be found in the literature, concerning woody riparian species subjected to flooding [7]. However, although biomechanical strategies are now being recognised with regard to an individual's success within the ecosystem [2], very few data are available on how these strategies are linked to disturbance frequency.

Conclusion

The history and ecological context of an individual should therefore be taken into consideration when examining mechanical properties [6,7]. Although such a conclusion might seem obvious, the ecological situation of a species is not always taken into account by researchers when discussing plant mechanical characters, [see review by 2]. When situating an individual in its ecological context, the overall mechanical properties of all organs need to be examined, i.e. shoots, roots, leaves, flowering and fruiting bodies, as detailed mechanical studies are often carried out on individual plant organs or tissues without considering the individual as a whole. Therefore, conclusions concerning the behaviour of a plant may not be complete. Where disturbance is a factor governing species composition, plant mechanical properties should be considered not only with regard to resistance to the abiotic loading, but also taking into account regeneration and reproduction after the disturbance. The temporal behaviour and biomechanical plasticity of certain species also changes over time, especially with regard to self-supporting forms which may become lianoid depending on the local environment [23]. How disturbance influences these changes has been rarely considered, but many research questions remain to be answered.

Future research could address the dynamics of species composition in communities subjected to frequent disturbance events, but also needs to take into account plant mechanical attributes. Data concerning the relationships between plant architecture, mechanical properties and biomechanical plasticity, with regard to regeneration and succession within an ecosystem are scanty [24]. In a frequently perturbed ecosystem, the regeneration niche [25] is short, therefore providing a unique opportunity to examine spatial and temporal patterns with respect to species' ecological strategies, coexistence and adaptation to the local mechanical environment.

Self-repairing membranes for pneumatic structures: transferring nature's solutions into technical applications

Introduction

Self-healing processes are very common in nature and occur in all living beings including bacteria, protists, plants and animals. In technical products, on the other hand, self-repair is still uncommon but over the last years some promising solutions for special applications have been developed [1 -5]. Plants have proved to be an important source of inspiration for biomimetic materials and structures over the last decades [6 -8]. They have evolved an amazing capacity to seal and mend wounds affected by external injuries and internal fissures caused by growth processes. Fast self-repair processes of plants brought about by turgescent parenchyma cells have been studied in vines and herbaceous plants [9 -11]. These plants possess rapid repair mechanisms sealing external and internal lesions very effectively and securing the functional integrity of the plant stem.

Material and methods

As biological templates vines of the genus Aristolochia and several herbaceous plants have been chosen. Self-repairing processes have been studied in some detail in the North American species Aristolochia macrophylla and the South American species Aristolochia brasiliensis. Both twining lianas show efficient rapid repair mechanisms in their stems effectively sealing fissures occurring in the sclerenchyma ring in the stem periphery as a consequence of secondary growth processes. In stem segments of different ontogenetic age, i.e. in various distance from the stem apex thin sections have been prepared and the different stem tissues have been stained for better distinction. The self-repair processes were quantitatively studied by analysing the development of the fissures with increasing secondary growth and the variation in cell shape and cell wall thickness of the repairing cells. Methods are described in detail in Speck et al. [9]. For comparison self-repair processes taking place as reaction to external wounds effected by artificial injuries were studied in some herbaceous plants (e.g. Phaseolus, Ricinus, Helianthus) [11]. In this communication we will concentrate on the results found for A. macrophylla. The plants used for the experiments have been cultivated in the greenhouse (A. brasiliensis) and outdoors (A. macrophylla) in the Botanic Garden Freiburg or under controlled conditions in the experimental green houses (Phaseolus, Ricinus, Helianthus). 
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The (self-)repair quality of different biomimetic coatings which were produced mainly based on the results obtained for A. macrophylla, was tested with a novel experimental set-up. This set-up was developed in collaboration with the Technical Workshop of the Institute for Biology II/III of the University of Freiburg and allows measuring how long a defined pressure drop takes for specific types of lesions in uncoated and coated membranes. The experimental set-up consists of a pressure cylinder in which membranes with and without coating can be clamped, Fig. 1. Overpressure is achieved and maintained by means of a compressor. Experiments and data storage are computer controlled. We have chosen a test protocol in which the cylinder is pressurised up to 1000 mbar and the time is measured until the pressure has dropped down to 100 mbar. When the upper pressure limit is reached the control programme automatically switches off the compressor, when the lower limit is reached the compressor is switched on. This allows consecutive measurements of the duration of the predefined pressure drop for a given type of lesion and membrane coating.

Results and discussion

In previous work [12] functional anatomy, stem mechanics and the variation of these parameters during ontogeny have been studied in detail in the Dutchman's pipe (Aristolochia macropyhlla) which was chosen as model species for self-repairing processes caused by internal growth processes. This species has in young, apical stem parts a closed ring of sclerenchyma fibres in the stem periphery which cause the high bending stiffness found in these young searcher twigs. During secondary growth the vascular tissues -phloem and especially xylem (wood), both located inside of the sclerenchymatous ring -significantly increase in size. These secondary growth processes cause radial stresses and strains in the soft parenchymatous tissues located between the vascular tissues and the sclerenchymatous ring and tangential stresses and strains in the sclerenchymatous ring. As a consequence of secondary growth, the sclerenchymatous ring finally ruptures and splits into segments. A. macrophylla shows a rapid repair mechanism which seals these lesions very effectively and secures the functional integrity of the plant structure.

The repair process can be subdivided in at least four phases. Phase I is characterised by fast straintriggered deformation processes of pressurised parenchyma cells that swell into the fissure and seal it, Fig. 2A. According to our hypothesis this first phase of fissure repair is mainly caused by viscoelasticplastic deformation of the internally pressurised (turgescent) and prestrained parenchyma cells. In how far hydroxyl-radical induced cell wall loosening ('plastification') which was recently described for growing cells [13] influences cell wall mechanics of the repairing cells in a second phase of fissure repair is subject of ongoing projects [14]. When the fissure extends more deeply into the sclerenchymatous ring, the repairing cells start to divide tangentially (phase IIIa), Fig. 2B, and if the fissure runs entirely through the sclerenchyma ring, the repairing cells show radial and tangential cell division (phase IIIb), Fig. 2C. In some fissures the repairing cells may remain entirely parenchymatous, Fig. 2C, in others the walls of the most peripheral repairing cells increase in thickness and start to lignify (phase IV), Fig. 2D. In the latter case the mechanical function of the sclerenchyma ring can be temporarily restored. 

(B) If the fissure further increases due to secondary vascular growth, the repairing parenchyma cells start to divide radially and tangentially (phase IIIa). (C) A broad fissure running entirely through the scleremchyma ring is sealed by parenchymatous repairing cells having the typical irregular shape (phase IIIb). (D) The walls of peripheral repair cells are thickened and lignified (phase IV).
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There exist remarkable differences in cell shape and cell wall thickness between parenchymatous repairing cells sealing fissures in the sclerenchyma ring and 'normal' cortical parenchyma cells. 'Normal' parenchyma cells possess a round/elliptical cross-section, whereas repairing cells typically have an irregularly shaped cross-section, allowing a tight sealing of the fissure. Another finding is that in the initial phases of fissure repair the cell walls of parenchymatous repairing cells become significantly thinner, Fig. 2A-C. In order to quantify the variation of cell shape the ratio of perimeter to cross-sectional area (P/A) was used. Preliminary analyses indicate an increase of P/A in repairing cells by a factor of 1.4 for the initial phases of fissure repair, whereas at the same time cell wall thickness of repairing cells decreases by a factor of 1.4, Tab. 1. Various possible explanations exist for this finding. For a more detailed discussion we refer to Speck et al. [9]. The most parsimonious explanation is that the cross-sectional area (and the volume) of individual cells remains constant when the cells change in shape in the first rapid phase of fissure repair. This means that no cell wall biosynthesis takes place in this phase. Since in this scenario the existing cell wall material is merely rearranged, both factors are expected to be nearly identical. We therefore suggest that the initial phase of fissure repair takes place without cell division and (significant) cell wall biosynthesis. Based on our hypothesis, the first phase involves mainly physical-chemical reactions of the parenchyma cells to a perturbation of the local stress-strain-field caused by the lesion. If hypocotyls of herbaceous plants (e.g. Phaseolus, Ricinus, Helianthus) are affected by artificial external injuries similar processes will take place during the (fast) self-repair of the external wounds as described in A. macrophylla for fissures caused by growth processes [11]. 
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In a first technical application, biomimetically inspired self-repair functions are transferred into technical membranes of semi-pneumatic structures based on the Tensairity ® concept patented by the Swiss companies Airlight Ltd and prospective concepts ag. The Tensairity ® technology is based on a combination of an air beam with struts and cables. The principle of Tensairity ® is to pretension the cables and stabilise the struts against buckling by means of the cylindrical or spindle shaped air beam, Fig. 3A. This technology yields very light deployable structures with the load bearing capacity of conventional steel structures. [15][16].

Fig. 4 Simplified functional model for a self-repairing technical membrane, from [10].

In Tensairity ® the load is carried by the cables and strut. The compressed air has only a stabilising function. Thus the technology works with a moderate overpressure of 50 to 500 mbar and compressors or fans are used to adjust the internal pressure to variable environmental conditions. Therefore the Tensairity ® technology is much less jeopardised by tearing and puncturing than conventional (high pressure) pneumatic structures. The compressors or fans can also cope with air leakage due to small holes. Nevertheless a self-repairing function will significantly improve the market prospects of this new technology. The first step in transferring ideas based on the first phase of rapid self-repair in plants into a biomimetic self-repairing membrane for Tensairity ® structures was the development of a functional model, Fig. 4. In this model a 'foamy' layer made of a pressurised cellular technical material biomimics the self-repair function of the turgescent parenchyma cells in plants. When the membrane is punctured, the biomimetically inspired foamy inner coating seals the hole as the foam cells -like the parenchyma cells in the biological model -expand into the hole due to their internal pressure and to surface tension effects occurring in the prestrained foam.

The self-repair quality of different biomimetic coatings was tested by an experimental set-up that allows to measure how long a defined pressure drop (in this case from 1000 mbar to 100mbar) takes for specific types of lesions in uncoated and coated membranes, see Fig. 1. The ratio of duration in a coated membrane over duration in an uncoated membrane was defined as repair factor. The self-repair function of a given coating is as better as higher the repair factor is. Pilot studies with biomimetic self-repairing membrane coatings based on polyurethane foam have produced highly promising results. These biomimetic coatings significantly reduce air-leakage of the pneumatic structure after puncturing of the membrane by nails of up to 5 mm diameter. With biomimetic coatings using polyurethane foam polymerised under ambient pressure air-leakage can be reduced by about one order of magnitude, i.e. repair factors of 10 are found. With biomimetic foam based coatings polymerised under overpressure air-leakage can be reduced by two to three orders of magnitude, Fig. 5.

Conclusion

Technical applications of self-repairing processes inspired by biological templates are very promising and obviously not limited to the application to Tensairity ® structures or other pneumatic structures. They can be realised with other types of biomimetic self-repairing materials for many applications in industry, clothing, and medical technology.

Temperature effects on the chemical properties of cell walls and their influence on the mechanical properties of white Asparagus shoots

Werner B. Herppich 

Introduction

In Germany, white asparagus (Asparagus officinalis L., Fam. Asparagaceae) is an economically valuable and highly demanded but extremely perishable fresh vegetable "that should not be stored for more than 1 day" [1]. Asparagus is a long-lived, monocotyledonous herbaceous perennial growing from rhizomes. The succulent fleshy spears of white Asparagus are "developmentally immature, rapidly growing" subterraneous shoots [2].

After harvest they may retain their physiological activity and even continue growth at high rates if sufficient water is supplied. The unaltered continuation of shoot differentiation also includes a further thickening and increased lignification of the cell walls of the sclerenchyma sheath cells and those of the vascular bundles [3]. The spears become fibrous and tough which is a major undesired postharvest effect in white asparagus [4].

In horticultural practice low temperature storage is a means to retard produce quality losses and decay. Low temperatures may reduce the high physiological activity of the asparagus spears. As a consequence, low temperature decreases the high respiration activity of the spears and diminishes the degradation of soluble sugars, proteins and ascorbic acid, and diminishes the risk of water losses [4,5].

On the other hand, asparagus plants are known to be partially frost hardy [6] and asparagus seedlings may largely increase their freezing hardiness when they were exposed to 3°C for some days [7]. Hence, storage at low, non-freezing temperature may induce cold-acclimation responses including both osmotic and elastic adjustment, as shown for other vegetable crops [8]. Cold acclimation includes cell wall thickening and an increase in PAL (phenylalanine ammonia-lyase) activity [9] potentially influencing textural properties by fibre accumulation and/or lignification.

Post harvest variations in cell wall structure and composition [2,10], and in soluble carbohydrates [11] of white asparagus spears have been investigated already. However, the effects of temperature on short-term changes in mechanical attributes and chemical cell wall properties, and the dynamics of relevant soluble carbohydrates of white asparagus have not yet been investigated in detail. Hence, we studied the temporal dynamics in the variation of these parameters in carefully harvested white asparagus spears kept dark at 0, 5, 10 and 20°C for up to 7 days in water vapour saturated air.

Material and methods

Immediately after harvest (Erzeugergruppierung Beelitz Spargel, Klaistow, Germany) white asparagus spears of the cultivar Gijnlim were gently washed, sorted (EC quality standard class 1), cut (22 cm length), and stored unpeeled, unpacked in 500g-portions in water vapour saturated atmosphere at air temperatures of 0.5°C, 5°C, 10°C and 20°C for up to 7 days (three repetitions per treatment). Immediately at the time of harvest (n = 6) and repeatedly during storage (n = 3), mechanical properties and chemical attributes of spears were determined.

On days 1, 2, 3, 4 and 7 of the experiment, randomly selected spears were taken out of storage, and equilibrated to approximately 21°C in water vapour saturated atmosphere for 1 h before further experimentation. For each spear, fresh mass (FM, electronic balance BP 210 S, Satorius AG, Göttigen, Germany), total length and the diameters (at positions 2.5 cm, 7.5 cm, 12.5 cm and 18 cm from the base) of the spears (electronic sliding calliper) were determined.

Elastic properties of the spears were measured by the acoustic impulse-response technique [12]. The dynamic stiffness coefficient (S) was obtained by slightly striking the spears with a little hammer in the middle section. The resulting sound signal was recorded with a microphone connected to the soundcard of a laptop (10 measurements per spear). From the first local maximum frequency (f) of the frequency spectrum, obtained after fast Fourier transformation of the raw sound signal, the respective spear fresh mass S was calculated as S = f 2 FM 2/3 . On positions 2.5, 7.5, 12.5 and 18 cm from the base of each spear, tissue strength was obtained by slicing the spears [13] with a stainless steel microtome blade (Feather S35, 0.26 mm total thickness) adapted to the material testing machine (crosshead speed 600 mm min -1 , Zwicki 1120, Zwick, Ulm, Germany). Mean cutting force over the entire spear diameter was used to indicate tissue strength [14]. Strength is closely related to spear toughness and fibreness [15] though the method used may prevent the errors introduced by compression and extrusion [5].

On day 0, 1, 2, 4 and 7, approximately 300 g of asparagus spears of each treatment were removed from the storage, freeze-dried, and thereafter subjected for further analysis of soluble mono-and disaccharides, and cell wall content of proteins, pectic substances, cellulose, hemi-cellulose and lignin.

After hot (70°C) extraction of grinded freeze-dried material (100 mg, three replicates) with ethanol (80%) the mono-and disaccharides (glucose, fructose and sucrose) were determined by High Performance Liquid Chromatography (HPLC Model 250, with RI-detector, 8110, Bischoff, Germany and an autosampler 708, Alcott, USA) over a water-spherisorb-amino column (250 mm x 3.0 mm, Bischoff, Germany) according to Ulrichs [16]. The mobile phase was acetonitrile and water (85:15) with a flow rate of 1.0 mL min -1 . Standard carbohydrate solutions (glucose 49140, Fluka, Germany; fructose 5323, Merck, Germany; sucrose 716260, Böhringer, Germany) were prepared. The content of mono-and disaccharides was expressed as mmol g -1 dry mass.

The alcohol insoluble fraction (AIF) was used to determine the cell wall protein content. Fifty mg of the dried grinded material was dispersed in 1 ml phosphate puffer with a vortex mixer (3x10 s), and afterwards centrifuged (11400 rpm) at 4°C. In a reaction tube, 100 µl of the supernatant were diluted with 900 µl phosphate puffer, 1 ml coomassie blue added and the carefully mixed solution measured photometrically (595 nm) after 20 min (PU 8730, Philips, Kassel, Germany). A calibration series (10 to 50 µg) was obtained with BSA.

Cell wall extraction for the determination of pectic substances (water soluble pectin, EDTA-soluble pectin and water insoluble pectin) was conducted according to Blumenkrantz and Asboe-Hansen [17] modified by Huyskens [18]. The colourimetric determination of the pectin fractions was conducted using metahydroxybiphenyl (MHDP, Sigma H 6527, Germany) as a colour reagent and following the method described by McComb and McCready [19]. In each fraction the amount of galacturonic acid was measured photometrically (PU 8730, Philips, Germany) at 520 nm. Analyses were performed with three replications for each treatment. The content of pectic substances was expressed as mg galacturonic acid g -1 dry mass.

Cellulose and Lignin was analysed according to the methods of Goering and van Soest and AOAC [20,21]. One gram freeze-dried sample was extracted with 100 ml Acid Detergent Fibre (ADF) reagent (N-Cetyl-N, N,N-trimethyl-ammoniumbromid dissolved with 96 % H 2 SO 4 ) using a Fibertec System (M 1020, Tecator, Sweden). Thereafter, the solution was vacuum filtered, washed with boiled double distilled water until removal of the acidity and again washed with 90 % acetone. The residue was dried at 105°C for 24 h, weighed, ash-dried at 500°C for 24 h and weighed again to calculate ADF. The dried ADF residue was used for Acid Detergent lignin (ADL) determination. Cellulose content was calculated as the difference between ADF and ADL. The content of lignin and cellulose, respectively, were expressed as mg g -1 dry mass.

With the Neutral Detergent Fiber (NDL) approach [22] one gram of freeze-dried material was cooked in 100 ml of NDL mixture (Titriplex III, di-sodium borate, dodecylhydrogensulfate-Na, ethylene-glycol-monoethylester) to determine the hemicellulosic cell wall fraction. Afterwards, the solution was vacuum filtered, washed with demineralised water and with 90 % acetone. The insoluble residue was dried at 105°C for 24 h, weighed, ash-dried at 500°C for 24 h and weighed again to calculate NDF. The hemicellulose content was obtained by subtracting ADF from NDF and given as mg g -1 dry mass.

All data were statistically analysed (ANOVA) with WinSTAT (R. Fitch Software, Staufen, Germany). Significant differences were determined by the Duncan's multiple range test (P < 0.05). The mean variability was indicated by the standard deviation.

Results and discussion

Stiffness significantly decreased during the initial phase of the experiment largely irrespective of the storage temperature (Fig. 1). Nevertheless, there was a tendency that spears at 0.5°C became slightly less elastic but seemed to show a temporary initial stiffening. The changes in elastic properties could not result from a variation in tissue water status because neither water content nor water potential changed at all (data not shown). In contrast to the non-destructive firmness, the strength or toughness of spears increased at least temporarily under all temperature conditions (Fig. 1). Nevertheless, there were clear differences in the temperatures dependence of changes in strength and their time courses. Cold storage (0.5°C) resulted in a significant rapid but intermediated increase in cutting strength with similar rates as observed in spears stored at 20°C. In contrast, at 20°C strength further increased with the duration of experiment. Moderately low temperatures (5°C and 10°C) largely prevented the initial rise in cutting firmness. ) Fig. 2 Variation in the cell wall cellulose and lignin content of white asparagus spears stored at 0.5°C ( ), 5°C ( ), 10°C ( ) or 20°C ( ) for up to seven days (means ± SD).

Increase in spear toughness is generally related to enhanced lignification and increased fibre content [4,5,10,11]. Although largely differing in their overall extent the dynamics and the temperature dependence of the variation in cellulose and lignin content were identical (Fig. 2). Hence, regression analysis resulted in a coefficient of determination of r 2 = 0.93. As expected the overall increases in hemicellulose (initial value 47 ± 5 mg g DM -1

; maximum increase 22 mg g DM -1

) and especially pectin content (initial value 29 ± 4 mg g DM -1

; maximum increase 10 mg g DM -1 ) were smaller than those of cellulose and lignin. Cell wall protein content was reasonable high (53 ± 3 mg g DM -1

) but maximum changes were small (8 mg g DM -1

) and most pronounced at moderately low temperatures during the initial phase of the experiment (day 2). 

5°C ( ), 5°C ( ), 10°C ( ) or 20°C ( ) for up to seven days (means ± SD).

Except for a small transient increase on the first day of the experiment, which might reflect a cold acclimation or cold stress response [7 -9], the total cell wall content of spears remained constant at low temperature (0.5°) during the entire experiment (Fig. 3). By contrast cell wall content increased strongly and in most cases significantly at 5°C, 10°C and especially at 20°C as did tissue strength. Nevertheless, the overall changes in the entire cell wall components do not clearly correspond with changes in spear strength or stiffness. From our results it seems valid that only at 20°C are rapid cell wall enlargement [10,11] and lignification the primary reasons for spear toughening. The short temporary strengthening of spears stored at temperatures in the range of 0 to 5°C, which has been repeatedly found in other independent experiments, may not simply be due to increased fibre content. ) Fig. 4 Variation in the potential respiration activity (CO 2 release measured at 20°C) and the total content of soluble sugars (sucrose + fructose + glucose) of white asparagus spears stored at 0.5°C ( ), 5°C ( ), 10°C ( ) or 20°C ( ) for up to seven days.

Potential respiration activity in all samples was nearly constant during the entire experiment in spears stored at 0.5°C while it slightly declined with time in those stored at 5°C (Fig. 4). In contrast, CO 2 losses largely increased at 10°C and even more pronounced at 20°C but only after 3 days of storage. This might indicate that temperature did only slightly affect or alter the overall physiological activity of harvested spears during the initial period. During this early stage potential respiration activity declined at storage temperatures of 10°C and 20°C as often reported in literature [5].

The pronounced rise in CO 2 release at the higher temperatures might be due to some fungal infection observed. Actual respiration was of course reduced with lower temperature. A mean Q 10 of 2.8 (0°C to 20°C) has been reported [5]. As expected, temporal dynamics and temperature dependence of the variation of the total content of soluble sugars (Fig. 4) did not reflect the changes observed for the respiration activity but is generally assumed to be related to actual respirational demand [4,5], which is much lower at 0.5°C or 5°C than at 20°C. On the other hand, analysis of the relative changes in soluble sugars and cell wall content show that 60 % (at 20°C) to 70% (at 5°C) of the soluble sugars that are 'lost' are used for cell wall enlargement. Furthermore, the temporal dynamics of both variations reflect each other very closely. Hence, not maintenance respiration but growth is the largest carbon sink in stored asparagus spears.

Conclusion

Shoot differentiation is actively continuous in harvested asparagus spears at 'normal' growth temperature (20°C). This includes further thickening and increased lignification of the cell walls and resulted in spear toughening and depletion of soluble sugars. Low temperatures simply reduce the physiological activity and hence partially prevent cell wall differentiation. Hence, it retarded sugar incorporation and consumption of soluble sugars content. However, low non-freezing temperature may affect the mechanical properties independent of thickening or lignification of cell walls.

Ultrastructural aspects

Background

The Wood Ultrastructure Research Centre (WURC) (http://www-wurc.slu.se) at the Swedish University of Agricultural Sciences was established during late 1996 as a ten-year program to carry out basic research of industrial relevance in the fields of wood fibre structure and ultrastructure. WURC was one of 28 national Centres of Excellence set up throughout the nation under the auspices of the Swedish Agency for Innovation Systems (VINNOVA) and industrial consortia. The other major partners at that time participating in the Centres framework included STFI-Packforsk, Royal Institute of Technology (KTH) and Chalmers University of Technology (CTH) and seven forestry related companies (StoraEnso, SCA, MoDo (now M-real and Holmen), Korsnäs, Södra Cell, Assi Domain (now Sveaskog and KappaKraftliner) and Eka Chemicals. In later phases, research groups from Uppsala, Karlstad and Örebro Universities and the companies Holmen, Kappa Kraftliner joined WURC. By the nature of WURCs primary focus on fundamental research on fibre ultrastructure, the "major added benefits" of WURC has been the creation and development of interdisciplinary interactions between the Swedish pulp and paper industry and WURC scientists in a research area of common interest. In later phases WURC added more applied projects and began applying the knowledge gathered and tools developed from the more fundamental projects to specific industrial problems. The working model of WURC has been based on interactions between industry and academia at all levels from formulating project proposals to board decisions on financing to conducting research. The Centre has further been subjected to three successful international evaluations.

The nanostructure (ultrastructure) and physicochemistry of pulp fibres has been of considerable interest to paper scientists for decades as it is realized that the improvement and development of new fibre products can only be achieved by a better knowledge of the fundamental structure of fibres. For example, the fibre surface and particularly fibre fibrillation is considered to play a major role during interfibre bonding in paper products while the nanostructure of the fibre cell wall as a whole including the surface layers are considered to be very important if not govern paper strength properties. A greater understanding of these aspects should provide important clues on how improvements in paper products may be made. WURCs research has involved both broad and highly focused projects and the program has allowed for the application and development of a wide array of techniques and methods (e.g. 13 C-NMR, AFM, Dynamic and 2D FT-IR spectroscopy, Cryo-SEM, TEM, ESEM, EDXA, XPS, CLSM, SRXRF, XANES, -XRF, microarray analyses, quantum chemistry, MALDI-TOF-MS, ToF-SIMS, SEC, molecular biology, 3-D modelling etc.) for studying aspects of fibre morphology, microand ultrastructure and the supermolecular structure of chemical and mechanical pulp fibres. Some achievements include: i) demonstration of the aggregate nanostructure of wood and pulp fibre cell walls and its important changes during chemical and mechanical pulping, ii) increased knowledge on the nature of pulp fibre defects (i.e. dislocations); their origin and development during laboratory and industrial fibre processing, and iii) the supermolecular changes in cellulose and hemicelluloses during kraft pulping leading to increased lateral fibre dimensions. In each area knowledge of fibre nanostructure has been important for understanding changes. The present, very brief review will be restricted to providing an overview of some of the research results concerning fibre micro-and nanostructure during the program and the impact of this information on our understanding of fibre structure as a whole in relation to the changes taking place during chemical or mechanical processing. Additional papers at the conference will provide specific details concerning many other aspects including fibre structure and modelling, spatial distributions of cell wall lignins, dislocations, molecular modelling and features of aggregates from previous and on-going WURC projects.

The cellulose aggregate structure of wood cell walls; definition and ways of visualization

Our understanding of the micro-and ultrastructure of wood cell walls has improved greatly over the last few decades as new and more refined techniques (e.g. confocal laser scanning microscopy (CLSM), field emission scanning electron microscopy (FE-SEM), Cryo-FE-SEM, High resolution and conventional transmission electron microscopy (TEM) and atomic force microscopy (AFM)) have been explicitly used to study wood fibre cell wall architecture. Previously, research has been primarily focused on the "ultimate" macromolecular components (primarily cellulose) of wood cell walls. Thus it has been generally agreed that cellulose microfibrils (ca 2-4 nm) or sub-elementary fibrils (ca 1.5-2.0 nm) compose the basic wall armature providing mechanical strength to wood cell walls. Evidence from WURC projects using widely different, but complementary techniques has revealed structures that have been termed macrofibrils or cellulose (fibril) aggregates [1][2][3][4][5][6][7]. These aggregates (ca 10-60 nm using FE-SEM and AFM, but depending on visualization technique and origin of fibres) have now been well documented in spruce kraft pulp fibres in all secondary cell wall and primary wall layers using FE-SEM (Fig. 1a-f) and AFM [1][2][3][4][7][8][9][10]. They have further been documented in spruce sulphite pulps [11] in modified (enzyme treated) pine and birch wood [12], in spruce [13] and pine (unpublished observations) mechanical pulps, and more recently shown to compose the nanostructure of the gelatinous G-layer in Poplar tension wood fibres [14]. They have also been shown present in wood cell walls undergoing biosynthesis and component deposition [15,16]. Since these aggregate structures are much larger than the elementary or cellulose microfibrils reported in the literature there has been considerable debate regarding their "true existence" or whether they could reflect an artefact of specimen preparation for electron microscopy. Controversy primarily exists since the cellulose aggregates have not been unequivocally shown previously in lignified wood cell walls using TEM. The demonstration of cellulose aggregate structures has also lead to some confusion in the literature (past and present) and consequently a variety of terms including microfibril, cellulose microfibril, macrofibrils, cellulose aggregates, elementary fibrils, micelles and stripped lamellae have been used to described similar cellulose structures even though the dimensions are very different.

Possibly the greatest evidence for the morphological existence of cellulose aggregates has been derived using FE-SEM [1][2][3][4] (Fig. 1a-c,f), in Cryo-FE-SEM [4,5] (Fig. 1e) and AFM [7,8]. Using FE-SEM, observations on pulp fibres (bleached and unbleached) using freeze dried or critical point dried samples show fairly uniform aggregates of the order 16-20 nm; they are however less well defined and Fig. 1. FE-SEM micrographs showing the typical cellulose macrofibrillar structure of spruce tracheid secondary (S 1 , S 2 , S 3 ) and primary wall layers revealed following mild delignification using H 2 O 2 and acetic acid or kraft pulping (e). a) S 2 layer comprised of numerous macrofibrils (cellulose aggregates) in cross section; b) Macrofibrils comprising the S 1 layer; c) High magnification of macrofibrils seen in cross section from a.; d) S 3 layer macrofibrils of the lumen wall; e) Cylinder like appearance of macrofibrils from the S 2 layer of spruce kraft pulp fibre using Cryo-FE-SEM; f) Macrofibrils comprising the primary cell wall (PW). Bars = 100 nm. From [33]. f.
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PW smaller if air-dried fibres are observed; the latter a consequence of the increased shrinkage induced during this type of preparation. Typical examples of the outer pulp fibre cell wall (i.e. primary wall orS 1 layer) are shown in Figure 1 and emphasize that the "true outer fibre surface" is really composed of aggregates further implying that these structures and associated fibrils are those structures that form contact with fibre-fibre bonding during paper making. Additional studies with cellulase enzymes [17] further suggest the existence of even smaller cellulose fibrils -presumably individual glucose chainsthat are available for hydrolysis but are not observed after microscopy preparation. Cellulose aggregate structures on the surface of fibres have also been further shown using cryo-techniques including direct observations on frozen hydrated fibres after etching of surfaces (Fig. 1e) or fractures (normally 1-2 µm deep) in the cryo-FE-SEM, or after the production of "metal casts" (replicas) from previously rapidly frozen and deep-etched (RFDE) samples that are examined using TEM (i.e. indirect method) (Fig. 2b,c). The advantage of the cryo-technique lies in the rapid freezing of samples, thereby retaining "as true as possible" the native nanostructure of the fibres. The approach with the RFDE technique readily shows differences between the multi-directional orientations of the primary wall aggregates compared to those in the secondary wall layer [4]. A further advantage is provided by the RFDE-fracturing technique which reveals the internal wall structure as shown in allowing comparison of aggregate size and porosity to be performed using image analysis. This is important when studying and comparing fibres derived from different pulping processes. Image analysis studies performed on TEM replicas made from pulp fibres of different processes have given statistical evidence for aggregates of the order 18-20 nm [18] a size that may also have a relation to events of cellulose biosynthesis and subsequent microfibril aggregation. Pulp fibres fractured in the frozen state followed by Cryo-SEM shows the S 2 and S 3 layer aggregates to have a round and cylindrical appearance with the intervening gaps previously filled with lignin and hemicelluloses (Fig. 2). Even conventionally prepared critical point dried aggregates have a cylindrical appearance (Fig. 2a,b) as do isolated aggregates negatively stained and viewed by TEM (Fig. 2e) Similar aggregates have been observed in the G-layer of Poplar where the structure is almost pure crystalline cellulose and lacks intermediate encrusting materials [14].

The fractal arrangement of the cellulose aggregates has also important consequences for the functioning and mechanical and physical properties of the fibres. Cryo-SEM has shown the aggregates in both pulp and fungal delignified (i.e. lignin and most hemicellulose removed) fibres (spruce and birch) to be both random and have a honeycomb distribution across cell walls and also to be arranged in concentric lamellae across the secondary S 2 cell wall. This phenomenon was first described by Bailey in 1938 [19] and more recently by others [8,[20][21][22] for a number of different wood species using a variety of light-and electron microscope techniques. Evidence for a radial lamellation in wood cell walls has also been derived using AFM but is thought to reflect distortion through the release of energy released after fracturing [22]. In the wood cell wall, each lamella is composed of individual cellulose aggregates surrounded by lignin and hemicelluloses with adjacent lamellae joining together to form the secondary tri-partite wall structure (i.e. S 1 , S 2 , S 3 layers).

Until the mid-seventies, TEM was the method of choice for the detailed examination of the architecture of wood cell walls at high magnification. However despite the numerous studies over the years, cellulose aggregates have not been reported in lignified wood cell walls. In contrast, early TEM examination of cell wall metal replicas of bordered pit margo membranes and cell walls reveal cellulose aggregates. The application of AFM to the surface of semi-thin resin embedded wood and pulp fibre sections shows the presence of cellulose aggregates even in resin embedded sections [7,8,22] indicating that they exist and rather it is the nature of the TEM technique (transmission of electrons through the sample) that does not allow their visualization rather than their absence in the wood cell wall structure.

While aggregate structures may not be readily visualized in resin embedded lignified cell walls using conventional TEM, their presence is easily recognized in mechanical pulps from both pine and spruce wood [13, unpublished observations]. Here the presence of individual and bundles of aggregates have been recognized forming the nanostructure of the different cell wall layers. Aggregates in thermomechanical (TMP) spruce and pine pulp fibres appear more tightly packed together than that observed in chemical pulps and morphologically the individual aggregates are more difficult to distinguish from the intervening and surrounding lignin-hemicellulose matrix. At the ultrastructural level, thermomechanical pulps fibres further lack features consistent with the highly porous structure observed in chemical pulp fibres no matter the techniques used for preparation due to the lignin and hemicellulose encrustation.

The surface chemistry of pulp fibres will necessarily reflect the nanostructure of the outer fibre wall that will be represented by the S1 or primary wall in chemical pulps or a variety of different cell wall layers in mechanical pulps, depending on fracture points of chips during refining. Attempts have been made at several microscopical levels to characterize fibre walls in chemical pulps using a combination of techniques including histochemistry, X-ray photoelectron spectroscopy (XPS) and enzyme hydrolysis of the outer cell wall cellulose aggregates and fibrils. While a new approach has been developed for carbohydrate and lignin characterization of single pulp fibres and fibre bundles using XPS [23], visualization and knowledge of the chemistry of individual aggregates still requires further development. Characterization of the unique spatial distribution of polysaccharides and lignin associated with individual aggregates has also received study within WURC using a variety of approaches and techniques. This has involved complementary observations where lignin and polysaccharides have been removed selectively and progressively from wood samples/sections and viewed with microscopy and also the development and application of specific probes for the detailed localization of cellulose and hemicelluloses on fibre surfaces (e.g. glucomannan, xylan). Initial studies were carried out using polyclonal antibodies specific for glucomannan in RFDE prepared pulp samples [24], while more recently a new generation of molecular probes based on the carbohydrate binding domains CBDs (now known as carbohydrate binding modules, CBMs) specific for cellulose and xylan have been used. These probes offer greater specificity than polyclonal antibodies to sugar molecules, are much smaller in size, and can be produced in large quantities by recombinant DNA techniques. To date, the probes have been used to specifically label crystalline cellulose at the fibre level using FITC-conjugated CBMs and fluorescence microscopy [25,26] and at the ultrastructural level cellulose aggregates using immunogold labelled-CBMs [14]. Recently a number of xylan-CBMs have also been developed and shown to bind to xylans on kraft pulp fibres. Previously there has been no specific marker of cellulose available so the development of the probes specific for crystalline and amorphous cellulose represents a technical advance with industrial potential. When fully developed, these molecular probes should not only allow for the specific localization of the majority of hemicelluloses on pulp fibres at both light and ultrastructural levels thus providing important information on the assembly of polysaccharides and their modification during pulping processes but also represent attractive tools for following in-situ changes and component deposition during fibre wall biosynthesis.

a.

An alternative approach for visualizing the nanostructure of fibre cell walls was made by the application of silica-sol-gel mineralization technique [28,29]. Earlier developed by Shin et al. [27], the silica-sol replicate method was adapted in this context to try and visualize the ultimate structure of wood and pulp fibres without the need for routine resin embedding and sectioning as required for conventional TEM. The technique involves silica-mineralization and calcination and the organic components are removed leaving silica replicas. Using this approach, it has been possible to indirectly visualize highly orientated individual cellulose fibrils (not aggregates) and in particular the ultimate pore structure of pulp fibre cell walls (Fig. 3). Studies suggest that the silica coats the cellulose fibrils and fills the position of the matrix materials in kraft pulp fibres and that the cellulose is removed during calcination. Sizes of the cellulose fibrils recorded were of the order 3.6 (+/-1nm) with pores 4.7 (+/-2nm). The size of the cellulose fibrils are consistent with that determined using techniques such as RFDE and NMR measurements and pores using solute exclusion and inverse size exclusion chromatography [28][29][30].

The silica mineralization approach provides information consistent with that observed with conventional TEM (e.g. Fig. 3). The typical larger order aggregates discussed above with FE-SEM and AFM are not apparent in the silica replicas presumably for the same reasons why they are not visible in resin embedded sections. The distinction here however is that the highly electron dense silica provides greater opacity and thereby individual fibrils are readily apparent. Fig. 3. Silica cast of secondary wall of delignified spruce (kappa number 18) observed with TEM. The light-shaded structures are pores in the silica-cast (negative replica) originating from cellulose microfibrils. From [28].

Changes in cellulose aggregate structure during fibre processing and refining

Novel information on the morphological architecture and nanostructure of pulp fibre cell has been revealed by studies on pulp fibres treated by industrial beating and refining [31,32]. Observations have not only confirmed the intimate cellulose aggregate structure of spruce and pine pulps but also confirmed the spatial distribution of the matrix materials (i.e. lignin-hemicellulose) lying between the aggregates as shown for example in high yield pulps (providing results similar to that shown for mechanical pulps). Studies have shown the importance of the microfibril angle (MFA) of the individual cell wall layer of fibres and how the beating process causes the S 1 layer with its perpendicularly orientated cellulose aggregates to loosen from the underlying S 2 cell wall layer and fibrillate [31]. The orientation of cellulose fibrillation from either the S1 (perpendicular to fibre axis) or S 2 layers (parallel with fibre axis) is easily distinguished and can give important clues on fibre development along the process chain for example during mechanical pulping and refining of chemical pulps. The nature of fibre ultrastructure between different wood species (e.g. pine, spruce) particularly the manner the S 1 separates from the inner S 2 layer may further have important consequences for energy savings during the mechanical pulping of pine and spruce (unpublished observations).

Studies on high yield pulps (i.e. have high lignin content) have further provided evidence for the lignin-hemicellulose matrix lying between cellulose aggregates to have a globular-type almost beaded morphological appearance (Fig. 4). The globules are typically removed with further processing leaving spectacularly disordered almost spaghetti-like cellulose aggregates of the outer S 1 layer (Fig. 4). Similar globular structures have been reported to coat cellulose microfibrils (aggregates) during secondary cell wall biosynthesis in Japanese Ginko biloba and Cryptomeria japonica [16]. Further evidence for the importance of cellulose aggregates as an integral part of fibre wall nanostructure was shown in beaten pulps previously subjected to increasing levels of alkali degradation [31]. Pulps subjected to mild alkali treatment showed minimal loss in fibre length with typical S 1 fibrillation and characteristic S 2 delamination. In contrast fibres subjected to strong alkali had typically lost their cellulose aggregate structure and showed considerable shortening and lacked intracellular delamination across the S 2 cell wall [31].

Studies on the supermolecular structure of fibre walls

In addition to the micro-and nanostructural studies where emphasis has been placed on morphological visualization and chemical characterization of fibres and sub-entities, considerable studies within WURC have been directed towards understanding the supermolecular structure of wood and pulp fibres and changes induced in wood polysaccharides particularly during kraft pulping by T. Iversens group at STFI-Packforsk [5,6]. Studies have been primarily carried out by application of CP/MAS 13 C-NMR spectroscopy in combination with spectral fitting. These studies have shown among other aspects, that wood derived from different morphological cell types (e.g. early-and latewood, compression and juvenile) have a similar supermolecular cellulose structure suggesting at least some similarities during biosynthesis [5]. Further studies carried out on spruce pulps derived from different stages in the kraft pulping process have shown changes in the lateral cellulose fibril dimensions in initial stages of the process [5]. Since these changes occur at the same time as the majority of the hemicelluloses, particularly galactoglucomannan and the lignin are dissolved from the pulp fibre cell wall it is proposed that most likely the increase in lateral fibril width reflects coalescence of cellulose fibril surfaces [5]. Similarly, cellulose fibril aggregates dimensions have been shown to further increase as a consequence of drying, a process possibly related to the hemicellulose content. As more hemicellulose is removed the cellulose aggregates have a greater tendency to coalesce forming larger structures; a feature at the fibre level known as hornification. Interestingly, cellulose aggregates in the G-layer of Poplar is a layer that also lacks lignin and significant hemicelluloses and also appears to have quite large aggregate structures [14].

The nanostructure of fibres naturally has important consequences for pulping processes and subsequent use of fibres in products. WURC has a number of collaborative industrial projects (e.g. strength delivery, refining, pine vs. spruce mechanical pulping) where these aspects are considered directly. Fundamental projects have further shown direct relations between cellulose aggregate size, pulping process adopted as shown by traditional methods of paper strength testing (e.g. tensile and tear indices) [11,32].

Conclusions

From the work it has been well established that the elementary cellulose microfibrils (3-4 nm) in wood are joined in aggregates, the size of which may vary according to the pulp processing method adopted. Less lignin and hemicellulose left produce pulp fibre cell walls with larger aggregates and reduced cell wall porosity with conventional kraft processing. A major unknown feature (matter of major controversy) involves the location of hemicellulose associated with the aggregates and whether this surrounds individual microfibrils and/or surrounds the external surface of the aggregates. Similarly, the physical orientation of the individual aggregates and microfibrils to one another remains unknown. Recent studies using highly specific CBMs specific for hemicelluloses may provide key information on the spatial distribution of xylans and glucomannans at the ultrastructural level, while it is expected that the future application of TEM cryo 3-D tomography will provide new information concerning the hierarchy of cellulose, lignin and hemicelluloses in pulp and wood fibre cell walls.

Other important and exciting aspects needing further research include: i) aspects of biosynthesis; what factors control aggregate organization during cell wall biosynthesis and does this process differ between wood cell types (e.g. lignified/non lignified cells), wood species, hardwoods/softwoods; and ii) factors responsible for the division of the aggregates during chemical and mechanical processing and refining and possibilities to control these processes. 

Introduction

The qualities of the end products from the pulp and paper industry are largely linked to the intrinsic characteristics of the constituting fibres. A part of these characteristics is defined by the botanical origin of the fibres, whether they originate from wood species, hardwoods or softwoods, or from forage plant species such as straws. The other part of the technical characteristics is induced by the industrial treatments leading to pulp, and then to paper products. More recently, the economical and environmental constraints have developed the use of recycled fibres, and that introduced another level of modifications and alterations of the fibres due to the cumulative damages that they underwent during their previous uses and those that are due to the necessary treatments of recycling. In all these various processes, the fibres undergo numerous chemical, mechanical and sometime biological alterations the effect of which can be observed at the ultrastructural level [1][2][3].

The original characteristics of the fibres in their native state in wood constitute the reference for the ultrastructural organization of the lignified wood cell walls [4][5][6][7]. It is clear that any treatment of the wood material which removes constituents by breaking covalent bonds, as in chemical pulping, or by breaking physical bonds, as in mechanical treatments, will induce more or less important modifications in the supramolecular organization of the wall. These alterations positively or negatively influence the macroscopic properties of fibres.

The purpose of this work was to attempt to correlate microstructural characteristics of fibres to the paper mechanical properties. The impacts of refining at various intensities and of the water circuit temperatures on the ultrastructural characteristics of the pulp and the mechanical properties of paper were sought by high resolution transmission electron microscopy.

Material and methods

Variations of water circuit temperature

In a first part, the reference paper was soaked in water for one hour. Then it was desintegrated at 30000 rotations to yield the reference pulp. This new pulp was soaked again in water at specific temperatures (20°C, 30°C, 40°C, 50°C or 70°C). Samples of this pulp were taken at different times: 0, 2h, 4h, 6h and 24h, and used for the study of fibre micromorphology in TEM and fibre morphology with MorFi, and also to make paper sheets to measure their mechanical properties.

Pulp sample preparation for transmission electron microscopy

Wet pulp samples were fixed in 0,2% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.05 M phosphate buffer (pH 7.0) for 2 h. Samples were then washed in the 0.05 M phosphate buffer. Dehydration was performed in a series of aqueous solutions of increasing ethanol concentration. Embedding was in LR White resin. Ultrathin sections (ca 50 nm thick) were prepared and collected on carbon coated gold grids or plastic rings.

Cytochemical polysaccharide staining

Ultrathin sections were either submitted to the periodic acid, thiocarbohydrazide silverproteinate (PATAg) reaction according to [6]. The grids were examined with a transmission electron microscope (Philips CM 200-Cryo) operating at 80 kV.

Results and discussion

Correlation between kraft pulp refining intensity, pulp fibres morphology and micro-morphology, and mechanical properties of paper

An unbleached kraft pulp from spruce was subjected to refining in a laboratory PFI mill at various energies. In parallel, samples of the refined pulps were examined in transmission electron microscopy (TEM) after PATAg contrasting [8]. The micro-morphology of unbleached kraft pulp fibres unrefined or refined at three intensities, 21° Schopper-Riegler (SR), 25° SR and 38°SR were compared and tentatively correlated to the variations of mechanical properties measured for the corresponding papers. All the refining assays were performed in the laboratory with a PFI mill and the different SR degrees were achieved respectively with 4000, 6000 and 8500 PFI rotations.

The decrease of fibre length (Table 1) shows that during the mechanical action of refining, the force exerted on the fibres induces them to curve and to break at the point where they are the most fragile, thus multiplying the number of fibre elements of inferior length. This is important since it influences breaking length of the sheet. Native cellulose fibres have anomalies in their structure known as weak points [8,9]. These regions can partially fracture when subjected to mechanical treatment and lead to an increase in kinked fibres. At the scale of TEM observations it could be seen that friction of fibres in the PFI mill also resulted in the detachment of groups of microfibrils at the surface of the fibre walls and to the release of small size elements in suspension. The number of elements (fines) increased with the refining intensity.

Another consequence of refining was to cause external fibrillation. This results in an increase of fibre specific surface, a factor that favours inter-fibre bonding during paper sheet formation. The results of mechanical properties are given in Table 2. Burst index and breaking length are mainly related to paper cohesion, which is itself an indication of the quality of inter-fibre bonding. Interestingly, the increase of burst index and breaking length with refining intensity could be correlated with an enhanced external fibrillation of the fibres. The relationship is that the inter-fibre binding capacity became stronger and insured a better cohesion between fibres in the formation of the paper sheet. Also, the weak points of fibres became more fragile with increasing refining energy and the paper tearing became easier because these weak points constitute fracture areas of lesser energy.

In conclusion, the action of refining on fibres ultrastructure was clearly identified at the microscopy level. It has a particularly strong action on fibre walls, its mechanical action generating internal delaminations that decreases fibre intrinsic strength. This phenomenon is also consistent with the observed decrease of zero-span.

Fig. 1 Impact of refining intensity on fines production in kraft pulp-PATAg staining. A: unrefined kraft pulp fines; B: 21°SR refined kraft pulp fines; C: 25°SR refined kraft pulp fines

The influence of refining energy on the generation of fine elements was investigated in TEM. The first refining step (21°SR) affected the thickness of the secondary cell wall and regular concentric delaminations were visible (Fig 2B ) indicating rupture of hydrogen bonds within the fibre walls. The fibre walls showed opened structures and often S1 and some parts of S3 layers began to separate from the S2 layer. The lumens were collapsed and cell walls appeared wavy, displaying internal and external undulations. During refining, friction energy between fibres created extensive delaminations responsible for the loss of intrinsic strength of fibres. On the other hand, the separation of S1 allowed external fibrillation and the production of fine elements of microfibrils from S2. Both of these ultrastructural aspects contribute to paper cohesion. Further refining increased external fibrillation but, concomitantly, the secondary cell wall was more and more damaged (Fig 2C,D). Important delaminations became evident in the S2 layer with a rather regular aspect for 25°SR refining, whereas for 38°SR refining they appeared accompanied with cracks occurring within the S2 layer. Occasionally, almost completely destructured areas could be seen, in which cellulose microfibrils had lost their original orientation. These latter TEM examinations suggest that if refining intensity goes beyond a certain degree (such as 38°SR in our case), the fibre wall undergoes damages to such an extent that most of the fibres qualities required to make a final paper with good mechanical properties should be lost. However, the results of mechanical properties measurements did not seem to show the same trend since there were no significant differences between 25°SR and 38°SR refinings. It seems thus that delaminations have not a totally negative influence because beside a certain degree of weakness they bring flexibility to the fibres. Fibre flexibility facilitates inter-fibre bonding and cohesion.

Effects of water circuit temperature on the morphology and micro-morphology of fibres, and relation with final paper mechanical properties

Influence of seasonal variation on the qualities of pulps and newsprints has been observed [10]. From the results of Morfi analyser, it could be seen that the time of soaking induced some changes in certain fibre morphological properties. In particular, the percentage of fine elements decreased with soaking. This suggests that cellulose microfibrils have detached from the surface of fibres to form fine elements in suspension which then aggregated together in mass. Breaking length and burst index of paper showed the same tendency to decrease (-9% and -15% respectively) with the increasing water temperature (Fig 3). On the opposite, tear index showed an increase (+10%) when water temperature was higher. The wet zero span value of paper did not seem to change significantly with the increase of water temperature.

Fig. 3 Graphic representation of mechanical properties of recycled kraft paper after different soaking lengths with different water temperature.

Burst index and breaking length are mainly related to paper cohesion, that means to inter-fibre bonding. From the evolution of these two characteristics with temperature, it can be said that an increase in temperature could decrease fibre bonding ability. On the other hand, tear index increased with temperature. Since this mechanical characteristic may be related to both inter-fibre bonding and the occurrence of weak points, it may be concluded, here, that the effect of weak points prevailed in the behaviour of tear index. Therefore, the opposite variations of burst index and tear index may be interpreted as the indication that temperature has more effect on inter-fibre bonding than on weak points.

After soaking at different water temperatures the pulp was examined in TEM at low magnification. At 20°C, the fibres had a rigid aspect with compact and large cell walls and collapsed lumen. At 70°C, they appeared more flexible than at 20°C, with winding forms and wider lumens. A specific appearance, characterized by serrated areas was noted. These changes in fibre morphology with the temperature all denote a general weakness in the fibre cell walls induced by temperature and suggest that internal modifications occurred. These consisted of thinning and internal degradations. Therefore, particular attention was given to the fine elements that may have been released as a consequence. At 20°C, fines consisted of cellulose microfibrils aggregates, almost all of them having a microfibrillar structure in which each microfibril appeared distinct. At 70°C, the fines were more numerous and smaller. They appeared to stick together and individual cellulose microfibrils were no longer distinct. They had a tendency to aggregate in masses.

At high magnification, differences in the fibre surface were observed between 20°C and 70°C. At 70°C, surface microfibrillation appeared more developed all along the fibre than at 20°C. Another interesting feature was the important areas showing intense delamination of the fibre walls at 70°C. By penetrating the cellulose microfibril network water causes hydrogen bond ruptures and swelling. This results in changes in the porous structure of fibres, thereby influencing tensile and burst strength of papers [11]. Zero span of paper does not change with the temperature whereas a decrease of this property should have been expected due to the presence of delaminations in the cell wall and an increase of kinked fibres at 70°C.

Conclusion

The electron microscopy study of refined fibres at various energy showed that refining is a mechanical action modifying most of the fibre properties in a way that should improve them, provided the action of refining remains moderate and does not cause excessive internal damage in the fibre wall. Its action results in: i/ external fibrillation able to favour inter-fibre bonding due to the peeling of the sub-layer, ii/ creating delaminations by rupture of hydrogen bonds and improving fibre flexibility, iii/ shortening fibres by transformation of weak points into dislocation areas, whenever refining is too intense, iv/ releasing fine elements in suspension by detachment of particles from the cell wall.. This scale of observation allows a better understanding of the relations between ultrastructure status of fibres and their aptitude for good mechanical properties.

Fibre flexibility and external fibrillation favour inter-fibre bonding capacity and therefore should be important for tear index and burst index of paper. Delaminations decrease intrinsic resistance of fibres and the presence of kinks in fibres weaken them at different point in their length. Consequently, all these are factors that contribute to the decrease of zero span of paper. Also, kinks and serrated areas of fibre wall decrease interfibre bonding capacities, resulting in burst and tear index decrease.

Considering the trend of evolution of the mechanical properties between 20°C and 70°C, it may be concluded that all of the observed ultrastructural modifications are not consistent with the examined property, and that some of them have a dominating influence on the evolution of one property.

In conclusion, delaminations in the fibre walls, the presence of serrated external wall and the increase of kinked fibres all seem to be prevailing characteristics to justify a decrease of 15% in the burst index and 9% in the breaking length of paper between 20°C and 70°C. On the contrary, an increase of fibre flexibility and a more important external fibrillation seem to justify an increase of tear index of paper between these two temperatures. These results suggest that others characteristics of fibres which are not visible in MET may have an impact in the determination of the evolution of paper properties.

Inhomogeneity in lignin structure between different cell wall layers in conifers and hardwood

Introduction

Lignin plays a fundamental role for the mechanical and biological functions of wood. Furthermore, its chemical reactions are of central importance for many industrial applications of wood such as chemical pulping. Therefore, the chemical structure of lignin and its reactivity are highly interesting both from scientific and technical reasons. The three monolignols of lignin namely coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, are connected to each other through either -O-4´ethers that are relatively reactive, or by chemically stable condensed bonds of different types (Fig. 1) [1]. However, the lignin structure is thought to be inhomogeneous across cell wall layers [2,3]. Many of the most important reactions during wood processing and the fibre fibre interaction involve structures in the primary cell wall and middle lamella. The secondary cell wall is much thicker than the primary cell wall and contains the majority of the lignin in wood [1]. A lignin analysis of wood without any fractionation will thus mainly reflect an analysis of the secondary cell wall lignin. Since most methods for structural analysis of lignin require relatively large amounts of material [4], it has been a difficult to obtain enough material of pure or at least enriched cell wall material for getting information on the structural inhomogeneity of lignin. Most studies on this subject have used indirect methods for obtaining material enriched in middle lamella material, or the lignin has been characterized directly insitu. For example fractionation of particles in milled wood resulted in material assumed to reflect pieces from the middle lamellae [5,6] and immuno-microscopy using antibodies specific for certain lignin structures [7] or spectral investigation have been performed directly on wood [8]. Another method is to feed growing plant tissues with marked monolignols [3]. These approaches have their limitations, but the results have suggested that lignin contains more condensed bonds, and have a lower content of methoxy groups in the outer cell wall layers than in the secondary cell wall. These results are however in no way unambiguous. 

The structures e -g are found together with some less frequent structures called condensed bonds with a common name in contrast to the non-condensed -O-4´ bond (d).

A number of unconventional methods have been applied for obtaining sufficient amounts of material enriched in lignified primary cell wall and middle lamellae for allowing chemical characterization of the lignin present [9][10][11][12]. Both dicotyledons and conifers were included. The strategies used were:

1. Analysis of lignin from white spruce (Picea glacua) wood that during flooding was buried in close to anaerobic conditions for approximately 10 000 years [13]. Under these conditions the secondary cell wall was slowly degraded by microbes know as erosion bacteria that lack the ability to degrade the outer cell wall layers (i.e. primary wall/middle lamellae). More efficient wood degrading microbes like white rot fungi cannot grow under these near anaerobic conditions [14]. Thus, the material was expected to be enriched in primary cell wall and middle lamella material that was still lignified [9]. 2. Analysis of lignin from cell cultures of hybrid poplar (Populus tremula x tremuloides). These cultures form primary cell walls, but not secondary cell walls. Since they are lignified, the lignin is likely to correspond to lignin in the outer cell wall layers [10]. Lignin from culture liquid of cell cultures has been isolated previously, but not from the cell wall [15].

Analysis of lignin from developing xylem in the cambium layer in Norway spruce (Picea abies)

and American Balsam poplar (Populus balsamifera). Lignification starts in the cell corners and continues over the middle lamellae, primary cell wall and eventually the secondary cell wall [1,2]. By taking samples of cambium over a growing season, we attempted to harvest samples where only the outer cell wall layers were lignified. Clones from experimental cultivations were used in order to exclude the influence of genetic variation on lignin structure [11,12]. A similar strategy was used by Japanese researches in the eighties, but they used other analytical techniques [16]. Lignin was analysed with thioacidolysis and in some cases two-dimensional NMR. This contribution is a summary and discussion of four publications [9 -12].

Material and methods

Cell wall Samples:

Four samples, two hardwoods and two softwoods, were analysed. Hybrid poplar (Populus tremula x tremuloides) cell cultures were cultivated as described in ref 9. Cambium from an American balsam poplar clone was harvested at different occasions during a growing season [12]. Microbial degraded white spruce wood was obtained as described in [10]. Cambium from a Norway spruce clone was harvested at different occasions during the growth season as described in [11]. Reference samples of mature sound xylem of the species used were analysed in parallel.

Microscopy:

Samples were analysed using light-, atomic force-and confocal microscopy [9 -12].

Sample preparation for chemical analysis:

Samples were milled and soxhlet extracted as described in references [9 -12].

Klason lignin analysis:

Klason lignin was determined gravimetrically and as acid soluble lignin as described in [9 -12].

Sugar analysis:

Monosaccharide compositions were analysed from the acid hydrolysate of the Klason lignin determination and sugar standards with gas chromatography using flame ionization detection as described in [9 -12].

Thioacidolysis:

Thioacidolysis of the samples were performed as described elsewhere [9 -12]. After silylation, monomers were quantified by gas chromatography and after acetylattion by size exclusion chromatography. Thioacidolysis samples were also analysed with GC-MS following desulphuration using Raney-nickel reagent.

Two-dimensional NMR:

Quantitative Nuclear magnetic resonance was performed on mill wood lignin from partially microbial degraded white spruce and white spruce reference as described in ref 10.

Results and discussion

Two methods were applied for controlling that the material used was enriched in lignified outer cell wall layers: 1) sugar and lignin analysis since outer cell wall layers in both hard-and softwoods have a different polysaccharide composition and higher lignin content than the secondary cell wall, and 2) microscopic investigations including selective staining of lignin in the samples. For samples of developing xylem, only samples harvested during June are shown, as these were the most promising [11,12]. Sugar analysis (Table 1.) indicated that our samples were enriched in primary cell walls, since they had high contents of arabinose and galactose, and relatively high contents of rhamnose and fucose, indicating presence of large quantities of pectin and xyloglucan, polysaccharides common in the outer cell wall layers and a relatively low content of xylose and mannose, that are the main constituents of the hemicelluloses of the secondary cell wall (glucomannan and xylan) [18]. The microbial degraded sample contrasted by having a rather high content of mannose and even higher content of xylan than the white spruce control reference (Table 1.). Remaining residues of the secondary cell wall or an unusually high content of mannose and xylose in the primary cell wall polysaccharides in white spruce might be explanations. The cell culture material had the largest difference from the reference, suggesting that this had the "purest" outer cell wall material.

The microscopic investigation generally supported these conclusions. The cell walls of cell culture, cambium and microbial degraded spruce were all significant thinner than in control samples. The poplar cell culture cell wall appeared to be the thinnest, and in the partly microbial degraded spruce there were visible residues of the secondary cell wall layers remaining [9][10][11][12]. Selective lignin staining indicated that all samples contained lignin, and at least in the developing xylem of Norway spruce, it seemed to be inhomogeneously distributed and mainly in the middle lamella region (not shown). The Klason lignin analysis gave very different results for the used samples (Table 2); the partially microbial degraded spruce had higher lignin content than the reference -this is consistent with the idea that the secondary cell wall had been at least partially removed, since the lignin concentration in middle lamella/primary cell wall is higher than in the S2 layer. Loblolly pine is reported to have a lignin content in the primary cell wall/middle lamella of 50 -60 %. Thus, the value for micoribal degraded spruce is not unrealistic, but may still contain remaining parts of the secondary cell wall. In all the other samples, the lignin content was considerably lower than for the reference material (Table 2). For the cambium samples, this was in line with the strategy, since we attempted to obtain samples where only part of the cell wall, the middle lamella and primary cell wall were lignified. The low lignin content in the cell culture sample is more doubtful, but may be due to the some of the lignin created in the cell walls being lost to the culture liquid. mol monomer unit g -1 Klason lignin in sample.

Fig. 2. Size exclusion chromatography of thioacidolysis product of microbial partly degraded

white spruce and white spruce reference [11].

Together, the data strongly indicated that we have succeeded in our intention to obtain samples enriched in lignified outer cell wall layers. All samples were subjected to lignin analysis with thioacidolysis, and the microbial degraded sample and its control were also investigated with quantitative two-dimensional NMR. Mass spectroscopy analysis of reduced thioacidolysis samples generated for all sample fragments indicated that they were obtained from lignin [4, 9 -11]. Thioacidolysis showed that the monolignol composition of the spruce samples was identical with the references with the exception of a very low content of p-hydroxyphenol structures in the microbial degraded spruce (Table 2). This contrasts with earlier suggestions that the middle lamella contains large amounts of p-coumaryl alcohol derived structures [5,7]. The microbial degraded spruce and the cambium contained less lignin monomers than the reference material (Table 2) indicating that these samples contained more condensed structures. This conclusion was supported by the result of size exclusion chromatography of the thioacidolysed samples of white spruce (Fig 2). Microbial degraded samples and reference were analysed with two-dimensional NMR. The results (Table 3) were in line with the thioacidolysis results and a relatively higher content of condensed bonds detected. The fact that the -O-4´content was somewhat higher in the partially degraded sample may be due to the intensive milling during the mill wood lignin preparation that may break less non-condensed bonds in the microbial degraded wood than in the sound reference wood. The structure according to NMR was very similar to the control of intact wood, and there were no "novel" lignin structures detected, that would have been expected if the erosion bacteria had modified the lignin in the outer cell wall layers. Other wood degrading microbes such as brown rot fungi perform lignin modifications detectable in NMR analysis [20].

Table 3. Results from quantitative two-dimensional NMR [9]. In contrast to the softwood samples, the hardwood samples showed considerable heterogeneity in monolignol composition with a high content of coniferyl alcohol in the outer cell wall layers (Table 2.). The cell culture lignin consisted exclusively of guaiacyl lignin. The content of monolignols after thioacidolysis was lower for the developing xylem and cell culture lignin than for the corresponding references -especially for the cell culture, indicating that this lignin was more condensed. Thus, the present data support the current view that lignin in the outer cell wall layers of hardwoods are richer in coniferyl alcohol derived structures. The oligomers generated confirmed that we had obtained real lignin and indicated that both samples had more condensed lignin structures than the controls.

Analysed sample -O-4 (%) -5 (%) -1 (%) -(%) 5-5-O-4 (%)

Conclusions

Objections can be raised against the strategies in this study; it cannot be totally excluded that the lignin in the microbial degraded spruce had been structurally modified in some way (although no "novel" lignin structures were detected in this sample); cell cultures represent a different way of growing than real plants, that may influence the lignin, and it is not proven that lignin in developing tissues is in its final chemical structure. However, since the results from the two softwood-and two hardwood methods are unambiguous, the reliability of our results despite the above reservations are high. Thus, our study indicates that there is a considerable difference between the inhomogeneity of lignin in the softwoods and hardwoods studied, with a much greater heterogeneity between the cell wall layers in the hardwoods. What is the biological significance of this? The greater heterogeneity of lignin in the hardwoods compared with softwoods may be parallel the more specialised and diverse plant physiology of hardwoods compared to softwoods [21]. Lignin carries out different functions in the middle lamella, where "gluing" and barrier functions are important, than in the S2 layer where it together with cellulose to provide strength. The hardwoods may tailor-make the lignin for these functions by varying the monolignol composition, since coniferyl and sinapyl alcohol are expected to provide lignin with different coupling patterns (Fig 1) [22]. However, also the softwood examined had some differences in condensation degree of lignin between the cell wall layers in spite of identical monolignol composition. Differences in the conditions during lignification, as pH, polymerization rate and polysaccharide composition might be the explanation [22,23].

The heterogeneity of hardwood lignin may explain why the defibrillation in kraft pulping takes place at lower lignin content for hardwoods than for softwoods, since the syringyl alcohol made lignin in the secondary cell wall is delignified much faster than the high coniferyl alcohol lignin in the outer cell wall layers [24]. This fact has technical drawbacks. One interesting strategy for genetic modification of hardwoods should be to alter the genes involved in the lignification of the outer cell wall layers, thereby increasing the content of syringyl alcohol. This may produce a tree with excellent properties for kraft pulping.

Interaction of the components within the outer fibre wall layers

Introduction

The physical and mechanical properties of the outer fibre wall layers are of fundamental importance for fibre separation in the thermomechanical pulping (TMP) process. The changing of fibre properties by utilizing very mild chemical treatments, if they are steered in the correct manner, is a way to significantly reduce energy consumption in the refining process. Previous studies indicate that a very low addition of sulphite during a chemimechanical pulping process leads to a pulp with good properties at a lower energy demand compared with conventional mechanical pulping [1]. Westermark et al. [2] observed that one reason for the positive energy effect was the changes in the outer layer of the fibre wall (i.e. the primary wall). The primary wall had reacted specifically with sulphite giving an extremely high local degree of sulphonation. This specific sulphonation gave rise to cracks in the primary wall facilitating the separation of fibres. Further studies have shown that it is possible to accomplish the same cracks by the application of protease that attacks protein in the primary wall [3].

However, the physical properties of the polymers (i.e. their elastic and viscose deformations) as well as the ultrastructure of the polymers (i.e. interaction between polymers) in the outer wall layers are still not fully understood.

The purpose of this paper was to examine how the different wood polymers; pectin, protein, lignin and hemicelluloses (arabinoglucuronoxylan and xyloglucan) interact in the outer fibre wall layers in order later to assess how these components are affected by different chemimechanical and/or enzymatic treatments. The intention was to separate enriched primary wall material from a first stage TMP by screening and centri-cleaning. From this material, consisting of the primary wall (P) and outer secondary wall (S 1 ) materials, thin sheets were prepared and analysed by a number of different analytical methods. Dynamic FT-IR spectroscopy was the major measuring technique used in this work. This spectroscopy technique is applicable for studying the interactions between polymers and their ultrastructural organisation in complex materials. It is based on detection of the small changes in molecular absorption occurring due to a sinusoidally stretched sample at low strain. By use of polarized light during scanning assessment of the orientation distribution between the polymers is possible.

Material and methods

Primary wall material preparation

The wood used was Norway Spruce (Picea Abies). A first stage thermomechanical pulp from Hallsta Paper mill, with a CSF of 450 (Canadian Standard Freeness) was taken after latency treatment. The pulp was diluted with deionised water into a pulp suspension with a mass fraction of 0.5% and fractionated. 10 l pulp suspension was screened in a hand-made laboratory BDDJ (1500 rpm) with a metal screen of 50 Mesh (310 m) and washed six times. After this treatment, the amount of pulp suspension was about 100 l. The screening procedure was repeated again but using a nylon screen of 50 m (270 Mesh). The accepted fraction was further centri-cleaned twice in a laboratory hydrocyclone with a difference pressure of 5 bars in order to remove ray cells where after it was left to sediment. Afterwards, the fraction obtained consisted mostly of fibrous surface particles although some ray cells and pit structures still remained (see Fig 1).
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Fig. 1. Light microscope micrographs illustrating the primary wall material after fractionation

The nitrogen content of the fine fraction was analysed at Mikrokemi, Uppsala. The primary wall fraction contained 2.0 % N equal to 12.5 % protein in the material, assuming that all nitrogen was a part of the protein (i.e. glycoprotein) by using a conversion factor of 6.25, equation (1):

Protein [%] = (N[%] 6.25).
(1)

Sheets

Thin sheets (10 g/m 2 ) were prepared from the suspension of the primary wall material on a special Büchner funnel with a glass microfibre filter (GF/B-Ø 110 mm, Whatman International Ltd., Maidstone, England). The sheets were air-dried by applying a very low pressure.

Dynamic FT-IR (Fourier Transform Infrared) spectroscopy

Dynamic FT-IR spectra were recorded on a FTS 6000 spectrometer (Digilab Inc., Randolph, MA, USA). A liquid-nitrogen-cooled MCT (Mercury Cadmium Telluride) detector was used and the IR radiation was polarized by a KRS5 wire grid polarizer at either 0° or 90° in relation to the stretching direction. An optical filter was added after the polarizer to reduce the spectral range (3950-700 cm -1 ). The interferometer was run in step-scan mode with a scanning speed of 0.5 Hz and a phase modulation frequency of 400 Hz (the moving mirror oscillates around each step point with a frequency of 400 Hz). Thin sheets of size 15 25 0.003 mm (width-length-thickness) were mounted between two parallel jaws in a specially constructed Polymer Modulator (PM-100). The PM-100 was placed into a Temperature Control System (TC-100) (MAT-Manning Applied Technology Inc., Troy, ID, USA). A Relative Humidity Generator (RH-200) (VTI Corp., Hialeah, FL, USA) was connected to the TC-100. Spectra were recorded with a resolution of 8 cm -1 ; one scan per measurement. During collection of the dynamic FT-IR spectra the amplitude of the applied sinusoidal strain was less than 0.3% of the sample length with a frequency of 16 Hz. The dynamic changes in the IR spectrum were divided into two orthogonal spectra: the in-phase spectrum indicating immediate changes or elastic responses (0° phase loss angle) and the out-of-phase spectrum representing the time-delayed changes or viscous responses (90° phase loss angle) by using the Win-IR Pro 3.2 software (Digilab Inc., Randolph, MA, USA). The resulting interferograms were Fourier transformed and a triangle apodization function was used. The obtained in-phase and out-of-phase spectra were base-line correlated at 1780 cm -1 and 3680 cm -1 and were thereafter divided with the static spectrum into a phase spectrum and a magnitude spectrum where the magnitude spectrum was normalised to 1.0 at 1165 cm -1 (0° polarization) or 1161 cm -1 (90° polarization). New in-phase and out-of-phase spectra were calculated from these. The overall viscoelastic response from the spectra was estimated from the phase loss angle calculated from the absolute values of the in-phase and out-of-phase spectra using equation ( 2):

= arctan phase in phase of out I I , (2) 
where is the phase loss angle, I out-of-phase is the absolute value of the intensity of the out-of-phase spectrum and I in-phase is the absolute value of the intensity of the in-phase spectrum. 

Results and discussion

Fig. 3. Dynamic FT-IR in-phase spectra of primary wall material (thin line) and TMP (thick line)

. The in-phase spectra (elastic response) were recorded at 90° polarization, 0% RH and 30 °C.

Fig. 5. Dynamic FT-IR in-phase spectra in the OH region of primary wall material (thin line) and TMP (thick line). The in-phase spectra were recorded at 90° polarization, 0% RH and 30 °C.

The dynamic in-phase FT-IR spectra of the primary wall material were compared with dynamic inphase FT-IR spectra of a thermomechanical pulp (TMP), (the TMP spectra were earlier recorded by Åkerholm and Salmén [4]). The intention was to establish differences in elastic signals related to crystalline cellulose (I , I ), hemicelluloses (arabinoglucuronoxylan and xyloglucan), lignin, pectin and/or protein in the material.

Figs 2 and 3 compare the in-phase spectra (i.e. elastic responses) of the primary wall material and TMP for the wavenumber region from 3950 cm -1 to 700 cm -1 at 0% RH, 30 °C and at 0° or 90° polarization of the incident IR radiation (i.e. the IR radiation is parallel or perpendicular respectively to the stretching direction). The most intensive absorption bands (1165/1161 cm -1 and 1435 cm -1 ) related to the cellulose skeleton vibration including the C-O-C bridge stretching vibration [5] are highlighted.

Figs 4 and 5 show the same measurements for the wavenumber region from 3500 cm -1 to 3100 cm -1 . In this vibrational region of intra-and inter-molecular hydrogen bonds, the most intense band is that of the O3-H…O5' in both polarizations: 3329 cm -1 (0°) and 3321 cm -1 (90°). The OH-stretching vibrational region also contains the elastic signals characteristic for I and I cellulose. The absorption band near 3240 cm -1 is assigned to the I crystalline form of cellulose and the absorption band near 3270 cm -1 is interpreted as the I peak. It seems clear that the I peaks at 3267 cm -1 (0°) and 3275 cm -1 (90°) appear to be more dominant for the primary wall material compared to TMP.

The hydrogen bonding region is also of interest as characteristic N-H-stretching vibrational bands of the NH 2 -groups of the primary amines (the proteins) appear near 3335 cm -1 [6]. In particular, two N-Hstretching bands are referred to as 3550-3330 cm -1 (asymmetric stretch) and 3450-3250 cm -1 (symmetric stretch) [7]. The highlighted peaks that take place at 3437/3390 cm -1 and also close to 3437/3390 cm -1 in Figs 4 and 5 may be seen as the peaks of the N-H-stretching vibrational bands of the NH 2 -groups of the proteins. Fig. 6. Dynamic FT-IR in-phase spectra of primary wall material (thin line) and TMP (thick line). The inphase spectra were recorded at 0° polarization, 0% RH and 30 °C. show spectra for the wavenumber interval of 1800-1200 cm -1 . As shown the lignin vibrations at 1269 cm -1 (the aromatic C-O-stretching vibrations of methoxyl and phenyl propane units) and its aromatic vibrations of the C=C at 1516 cm -1 (0° polarization in both dry and humid conditions) and 1508 cm -1 (90° polarization in both conditions) are much more distinct for the primary wall material than for both TMP and chemithermomechanical pulp (CTMP), (CTMP spectra from Åkerholm and Salmén [8]).

Arabinoglucuronoxylan and xyloglucan vibrations at 1735/1740 cm -1 and 1597 cm -1 related to C=Ostretching vibrations of the carboxylic acids are also more intense for the primary wall material.

The peaks at 1608 cm -1 , in Figs 6 to 9, may correspond to the vibrations of primary amines (i.e. the N-H-stretching vibrational band, 1615 cm -1 , [6]). In addition, the band of the NH 2 -deformation vibrations (scissoring) lies normally at 1650-1590 cm -1 . The C-N-stretching vibrational bands should occur in the wavenumber interval of 1220-1020 cm -1 [7]. On the other hand, the proteins are built up from amino acids and they usually exist as zwitterions (i.e. H 3 N + -CHR-COO -, where R is a radical), thus they have the absorption of an ionized carboxyl group (-COO -) and an amine salt (-NH 3 + ). The higher absorption intensity for the primary wall material in the broad wavenumber region of 1665-1555 cm -1 could thus come from the asymmetric stretching vibration of -COO --groups or from -NH 3 + -groups asymmetric wagging.

The asymmetric stretching vibration of -COO --groups from the D-galacturonic acid units of pectin may also contribute to higher absorption in the wavenumber region of 1665-1555 cm -1 .

The fact that strong elastic responses for the primary wall material occur for protein, pectin, lignin, hemicelluloses and cellulose suggest that all these polymers are intimately linked in the structure. This differs from the situation in the secondary wall where only strong interaction between cellulose and glucomannan has been found [9]. Wavenumber (cm -1 ) Normalized dynamic response 0°0% 0°40% 0°60% 0°80% H 710 Fig. 10. Dynamic FT-IR in-phase spectra of primary wall material normalised to 1.0 at 1435 cm -1 in the region from 800 cm -1 to 700 cm -1 

. Measurements recorded at 0% RH (thin solid line), 40% RH (thin dotted line), 60% RH (thick dotted line) and 80% RH (thick solid line).

The vibrational bands of the two cellulose allomorphs cellulose I and cellulose I usually occur in the low wavenumber region of the dynamic spectra at 710 cm -1 (I ) and 750 cm -1 (I ). One third vibration of the crystalline cellulose is also found in the dynamic spectra, at 725 cm -1 (I ) [5]. Measurements on the primary wall indicated peaks at 729/721 cm -1 corresponding to cellulose I , and also vibrations such as 709/714/717 cm -1 corresponding to cellulose I . 3) by Åkerholm, Hinterstoisser and Salmén [5], the content of cellulose I was estimated to 79% (cf. cellulose I equals 21%). The content of cellulose I from holocellulose was about 43% [5]. In other words, the content of cellulose I predicted for primary wall was considerably higher than the content of cellulose I from the secondary wall. % I = (H 710 -0.3655)/(-0.004783),

where H 710 is the mean peak height of the 710 cm -1 peak (cellulose I ) in the dynamic in-phase spectra from the magnitude spectra normalized to 1.0 at 1435 cm -1 .

Conclusion

Based on the results from dynamic FT-IR spectra it was concluded that stronger interactions between cellulose, lignin, hemicelluloses, protein and pectin were found in the primary wall material compared to the overall picture of the wood fibre represented here by TMP and CTMP pulp fibres. The results also indicated a high content of the cellulose I allomorph crystalline form in the primary wall, which is higher than that found in the secondary wall of spruce tracheids in general.

Effects of relative humidity on load redistribution in cyclic loading of wood-fibre composites analysed by dynamic Fourier transform infrared spectroscopy

Introduction

The use of natural fibres instead of synthetic ones as reinforcement in fibre composites is a field of growing interest. Advantages with natural fibres are that they are renewable, biodegradable and relatively inexpensive [1,2]. Disadvantages concern sensitivity to humidity and scatter in mechanical properties which make it difficult to predict the mechanical properties of natural-fibre reinforced composites, and to produce reliable composite components for load-carrying applications.

In this study wood fibres embedded in a polylactide (PLA) matrix are used. Wood fibres offer lower variability than many other cellulose-based fibres [3]. The density of the fibres is low and their specific material properties are comparable to those of synthetic fibres [1]. These qualities make it possible for wood fibres to replace synthetic fibres in some applications. PLA is a thermoplastic polymer produced from annual plants, typically maize, and recent research shows that it is suitable for natural fibre composites [4]. Hence both fibres and matrix in the composite material are biodegradable and produced from renewable natural resources.

Research on natural-fibre composites has increased considerably in the last few years. Improvements must however be made if natural fibres are to compete with synthetic fibres on the market. The adhesion between fibres and matrix is crucial to fibre composite materials. If the adhesion is good, stress is transferred between the load-carrying fibres over the matrix, which makes the material strong and stiff. However, if the interfacial bond is too strong the resulting composite may be too brittle. It is therefore important to find out how load is transferred within the fibre composite materials.

The viscoelastic behaviour of polymer-matrix composite materials prompts investigations of stresstransfer during dynamic cyclic loading. Information of the viscous behaviour can then also be gathered. Moisture is known to affect the viscoelastic properties of hydrophilic biopolymers and wood fibres. The aim of this work is to gain further understanding of how stress is redistributed in a woodfibre composite subjected to cyclic loading using FTIR (Fourier Transform Infra-Red) spectroscopy and the use of dynamic FTIR technique to evaluate stress transfer is investigated. Some conclusions on the effects of moisture on the viscoelastic micromechanics could then be made.

FTIR is a well-known technique in the polymer research field, but is relatively new as a tool for mechanical interpretation in the wood fibre composites. With this technique specific molecular bonds are detected and studied as the sample is subjected to loading. This gives the opportunity to study which molecular bonds are affected when the sample is loaded, which could provide information of stress transfer at the molecular level. Mechanical properties, such as Young's modulus and loss factor, can be measured simultaneously at the macroscopic level.

Material and methods

The wood fibres in the material used were delivered as fully bleached sulphite softwood pulp from Nordic Paper. The pulp was processed similarly to pulp used for greaseproof applications. The PLA, Terramac ® PL01, was delivered as fibres, with a length of 5.1 mm, from Unitika Fibres Ltd. The weight fraction of wood fibres in the composite material was 60%. Wood fibres and PLA fibres were mixed and unidirectional composite sheets were formed in a dynamic sheet former. The composite sheets were hot pressed at 180 °C and 150 bars for 5 minutes. The wood fibre/PLA composite samples were tested with dynamic FTIR at different levels of relative humidity. Sinusoidal load was applied in the fibre direction of the material. Macroscopic loss factors were determined simultaneously. The FTIR technology utilise the fact that the load bearing polymer bonds or structure is slightly reoriented in the direction of stress when a polymer sample is stretched. The result is an increase or decrease of IR radiation absorbed at a given energy. Stretching of covalent bonds also result in energy changes of the vibrations in the molecule. This leads to frequency shifts and changes in width of the absorption maxima. Unstrained molecules give no contribution to the dynamic IR spectra. This means that if a sinusoidal strain is applied, the IR absorption will vary sinusoidally. The possibility to time-resolve spectra gives the opportunity to obtain the elastic and viscous response of each individual molecular vibration. A more detailed description of the FTIR technique is found in references [5 -7].

Composite samples were mounted in a Polymer Modulator (PM-100, Manning Applied Technologies Inc). Samples were subjected to sinusoidal loading with a frequency of 16 Hz; the strain amplitude was less than 0.3% of sample length. The spectra were recorded on a Digilab FTS 6000 FTIR spectrometer using a Mercury Cadmium Telluride (MCT) detector. The IR radiation was polarized with a KRS5 wire grid polarizer parallel (0° polarization) and perpendicular (90° polarization) to the stretching direction. The interferometer was run in DSP(2) mode. The resulting spectra were baseline corrected at 2000 cm -1 . Thereafter magnitude spectra were obtained and normalized with respect to wavenumber 1438 cm -1 (the top value of the split peak associated with COH bending in the cellulose) [8]. From normalised magnitude spectra and phase spectra in phase and out of phase spectra were obtained.

Samples were tested at 0, 60, 80 and 90 % relative humidity. Before the measurements samples were subjected to cyclic loading at the desired relative humidity until constant stress amplitude was reached. To keep temperature and humidity constant during tests the samples were mounted in a specially designed Polymer Modulator (PM-100, as above) mounted inside a Temperature Control System (TC-100) (Manning Applied Technologies Inc). A Relative Humidity Generator (RH-200) (VTI Corp.) was connected to the TC-100 and supplied continuously air of 30 °C and the relative humidity specified for the measurement.

Results and discussion

Dynamic FTIR spectra and macroscopic loss factors were determined simultaneously. Samples were tested at 0, 60, 80, 90 % relative humidity. The macroscopically measured loss factors for the wood fibre composite material are shown in Fig. 1. 

Fig. 2 Molecular loss factor of wood fibre/PLA composite material measured with FTIR at chosen wavenumbers

The loss factor of the material increases as the humidity in the test chamber is increased without showing any evidence of a marked softening peak. This trend can also be seen for loss factors at the molecular level, as shown in Fig. 2 for various peaks in the FTIR spectrum. These peaks are representative of specific bonds pertinent to the PLA matrix [9]. Even though the scatter is considerable, the overall trend is that the loss factor on the molecular level, i.e. the ratio of the viscous component to the elastic one, increases with increasing relative humidity. This is expected, since moisture tends to act as plasticizer for hydrophilic biopolymers.

Since the level of absorption is sensitive to specimen thickness, experimental conditions and set-up, a normalisation was done with respect to the peak at 1438 cm -1 , which reflects the backbone deformation of cellulose [8]. Most of the other peaks seen in Fig. 3 reflect the behaviour of the PLA matrix, and are shown to increase at higher levels of relative humidity. On moisture uptake, the load is redistributed from the fibres to the matrix. The normalized out of phase, or viscous, spectra at the 90º polarization are not as clear as the in phase spectra but trends of increasing viscosity can be seen at wavenumbers 1462 cm -1 and 1384 cm -1 corresponding to bonds in the PLA molecule as seen in Fig. 4. These results show the same behaviour as for the in phase spectra in Fig. 3. With increased relative humidity, the viscous loss increases more for the PLA matrix than for the fibres. It can be argued that with increase moisture uptake, load is transferred from the fibres to the matrix, in a relative sense. Coincidentally, the relative loss becomes larger in the matrix compared with the fibres on moisture uptake. One likely reason for these effects is that the fibre-matrix interface becomes less efficient in transferring stress onto the load carrying fibres when moisture is adsorbed at the interface. With less efficient interfacial stress transfer, a larger part of the load is carried by the matrix, and hence also the dynamic loss increases for the matrix. This could be modelled by composite micromechanics with more comprehensive experimental data. 

Conclusion

Dynamic FTIR spectroscopy has been used to investigate stress transfer in wood-fibre reinforced polylactide by a plasticization of the material with increased relative humidity. Moisture ingress resulted in a higher mechanical loss factor in cyclic loading. The same behaviour was found on the molecular level in the FTIR spectra for peaks representative of the constituents of the composite, i.e. the PLA matrix and the fibres. Especially the PLA matrix showed an increased elastic response with increased relative humidity. Also the viscous behaviour of the PLA matrix was increased with increased relative humidity. A plausible explanation of the relative stress redistribution from the fibres to the matrix is that moisture makes the interfacial stress transfer less efficient. 
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Theoretical modelling of lignin photodegradation

Introduction

A major problem with paper manufactured from pulps produced by mechanical and chemimechanical methods is the tendency of the material to undergo yellowing (brightness reversion) upon exposure to sunlight. There is general consensus that the coloration is caused by lignin constituents in the pulp, albeit neither the precise nature of the chromophores involved, nor the exact mechanism for their formation, has been conclusively established.

As for the chromophores, putative candidates are obviously those derived from photodegradation of the lignin polymer, which may well render fragments that themselves have considerably altered light-absorbing characteristics compared with the original polymer. Alternatively, the chromophores may stem from further degradation of the lignol fragments, such as photochemically modified monoor di-lignols, or possibly even smaller building blocks.

An explicit proposal regarding the type of chromophores involved suggests the formation of orthoquinones from diguaiacyl stilbenes. These are generated during the mechanical grinding, disc refining and alkaline peroxide treatment of spruce pulps [1][2][3]. The precursors of the stilbenes are, in turn, diarylpropane units of lignin, i.e., chemical/mechanical fragments of the amorphous lignin polymer. In the context of this proposal, poly-alkylated stilbenes have been shown to be important chromophores [4,5], and it has been suggested that these compounds undergo photo-induced redox and degradation reactions producing phenoxy-type radicals that in turn react further to form the corresponding orthoquinones with absorption characteristics yielding yellow coloration.

From anaerobic photochemical studies (thus eliminating the possibility of singlet oxygen-mediated reactions) of -O-4 aryl ether analogues and poly-alkoxylated stilbenes, a mechanism underlying the photo-induced yellowing based on the observed formation of low molecular-weight products methane and ethane has furthermore been put forth [6,7], as outlined in Fig 1 . According to this scheme, the excited (singlet) state readily de-methylates, followed by abstraction of the phenolic H atom by the • CH 3 radical, yielding an ortho-quinone moiety.

In this study, quantum chemical methods are applied to lignol monomers and dimers, and substituted stilbenes, as well as their corresponding ortho-quinone forms, in order to identify the chromophores responsible for the photo-induced yellowing of paper, and the underlying reaction mechanisms producing these species. 

Methodology

The geometries of all systems were fully optimized using the hybrid Hartree-Fock -density functional theory (DFT) functional B3LYP [8][9][10], in conjunction with the 6-31G(d,p) or 6-31+G(d,p) basis sets. Frequency calculations at the same level of theory were performed to ensure that the resulting geometries represent local minima.

UV-absorption spectra were calculated within the time-dependent DFT (TD-DFT) formalism [11,12], at the B3LYP/6-31+G(d,p) level of theory. Photo-dissociation of methoxy-phenols was studied by optimizing excited-state geometries employing the configuration interaction singles (CIS) methodology and the 6-31G(d,p) basis set. The O -CH 3 distance was increased from 1.5 to 3.5 Å in steps of 0.1 Å, followed by re-optimization of all other parameters at each point. Following the optimizations, TD-DFT single-point calculations were performed using the excited-state structures. We have previously employed TD-DFT and TD-DFT//CIS methodologies to successfully investigate the properties of the naturally occurring chromophores astaxanthin [13,14] and phytochromobilin [15,16]. All calculations were performed using the Gaussian 03 programme [17].

Results and discussion

A. Mono-lignols, di-lignols, and their ortho-quinones

In order to single out which light-absorbing species may give rise to the yellow coloration, we have computed the absorption spectra of the three monomeric hydroxyl-cinnamyl alcohols (p-coumaryl alcohol, coniferyl alcohol and sinnapyl alcohol; Fig 2), and the ortho-quinones derived from the latter two. In addition to these compounds, the absorption spectra of six different dimeric coniferyl alcohol systems optimized in previous work [18], and their corresponding ortho-quinones, were explored.

The computed excitation energies for this set of compounds reveal, however, that neither of these is responsible for the yellow coloration observed upon prolonged exposure to UV-light. For the phenols, the main absorptions are with a few exceptions above 290 nm. For the 5-5 dimer, a few excitations down to 345 nm are noted, but with negligible transition probability (i.e., oscillator strength (f)). In case of the monomeric ortho-quinones, some absorptions are indeed found in the range 400-700 nm, but again with very small oscillator strengths. The main absorption peaks are found at 346 nm (coniferyl ortho-quinone) and 333 nm (sinnapyl ortho-quinone). For the dimeric ortho-quinones, the situation is very similar. Approximately five excitations are seen in the range between 400 and 820 nm, but all with very small transition probability. Again, the strongest absorption in this range is found for the 5-5 dimer system (f 0.05 at 499 nm). In order to observe strong absorptions, excitation energies above 320 nm (in most cases above 300 nm) are required, i.e., well into the UV-regime.

On the basis of the results obtained, we thus conclude that neither the lignol monomers nor their different dimers will yield the yellow coloration upon UV-exposure and degradation. The results can be explained on the basis of the small size of the conjugated moieties. For all but the 5-5 dimer, the conjugation is extended over one aromatic ring only. In the 5-5 dimer, which has the largest connected conjugated fragment, the two rings will due to steric repulsion adopt a 60 degree torsional angle, which hence efficiently disrupts the conjugation to be extended over the entire system. Fig. 2 The monomeric and dimeric lignol systems investigated. The groups forming ortho-quinones are displayed in bold face.

B. Methoxylated Stilbenes

In a spectroscopic study by Weir et al. [7], it was concluded that the non-degraded stilbenes 2, 3 and 4 of Fig. 3 absorb at 340, 342 and 350 nm, respectively, with the corresponding extinction coefficients equal to 4, 3.1 and 3.4 • 10 4 dm 3 mol -1 cm -1 . After only a few seconds, a significant reduction of absorption in the 340-350 nm wavelength region was observed, concomitant with a buildup of absorption at wavelengths above 400 nm and in the 300-320 nm region. This was accompanied by a simultaneous yellow coloration of the samples. Our computed absorptions [19] of the nondegraded stilbenes match very well the experimentally observed ones, with main absorptions at 342, 342, 354 and 343 nm, respectively, for compounds 1-4. All these lowest-lying transitions correspond to HOMO LUMO transitions and have oscillator strengths close to 0.9, indicative of very strong absorption. For the corresponding ortho-quinones, the absorption pattern is markedly different. We have a set of low-lying absorptions between 438 and 492 nm, with f 0.2 -0.4, and a second band of strong absorptions at 300-320 nm; all in line with the experimental observations. Absorption in the bluepurple region (440-490 nm) in turn gives rise to a yellow -orange coloration of the sample. In addition, minor absorption in the 570 nm region (green) is noted, that further enhances the purely yellow/orange coloration. In Table 1 we display some of the main absorptions of the ortho-quinone compounds, and in Fig. 4 we show the computed absorption spectra of stilbene 4 and its orthoquinone.

Table 1. Computed main absorptions in eV and nm, and their corresponding oscillator strengths f, for the orthoquinone forms of the methoxylated stilbenes shown in Fig. 3 System E, eV (nm 

), f E, eV (nm), f E, eV (nm), f E, eV (nm), f E, eV (nm), f ( 

C. Excited-state photodegradation / ortho-quinone formation

As a model system for investigating the photodegradation mechanism shown in Fig 1, the 4-vinyl-2-methoxy-phenol molecule was chosen. The optimized structures of both the ground and first excited single states revealed that the methoxy group prefers a configuration in which it is rotated away from the hydroxyl moiety. The excitation energy of the ground state structure (4.31 eV, 288 nm) is very similar to those of the lignol monomers of Fig 2, with large oscillator strength (0.27). Scanning the O -CH 3 distance revealed that both the ground-state and the first excited singlet state (S 1 ) PES are strictly endothermic towards dissociation, with no possibility of formation of a stable dissociation product. The S 1 state corresponds to the HOMO ( ) LUMO ( *) excitation, with main orbital components as depicted in Figure 5. At the ground state structure the second excited singlet state, S 2 , corresponds to a HOMO LUMO+1 excitation, with the LUMO+1 orbital being an anti-bonding * orbital entirely localized on the methoxy moiety. At a C -O distance of around 1.7 Å, the S 1 and S 2 states change energetic order as seen in the left panel of Fig. 5, such that the state populating the methoxy anti-bonding * orbital ("LUMO+1") now corresponds to the lowest-lying excited-state dissociation pathway. The S 2 state is strictly dissociative, and hence leads to complete removal of the methyl radical from the remaining semi-quinone radical moiety. The dissociation and hydrogen abstraction furthermore appears to take place in an overall stepwise process, with initial • CH 3 dissociation followed by a secondary H-abstraction, since concerted abstraction of the phenolic hydrogen by the dissociating methyl radical to give the final products CH 4 and ortho-quinone was not energetically feasible. The intermediate system with two optimized isolated radical fragments lies approximately 55 kcal/mol above the initial methoxy-phenol reactant, whereas the methane + ortho-quinone products lie some 22 kcal/mol above the reactant. The corresponding Gibbs free energies are 37 and 7 kcal/mol, respectively.

Conclusion

In the current work, we have reported on a series of quantum chemical studies aiming to shed further light on the photodegradation of lignin, and the UV-induced yellowing of paper. It is concluded that neither mono/di-lignol systems, nor the corresponding ortho-quinones, have absorption characteristics that can explain the observed yellowing. Instead, it appears that various diguaiacyl stilbenes, formed from diaryl-propane precursors during the mechanical and chemical treatment of the pulps, could be the key species. The computed excitation energies of these systems match perfectly the experimental observations. In addition, a first mechanistic study is performed of the UV-induced degradation of the methoxy-phenols, leading to formation of ortho-quinones. It is concluded that the second excited state is of O -CH 3 anti-bonding character, and forms a dissociative pathway upon UVabsorption. The removal of the phenolic hydrogen, giving methane and the ortho-quinone species, occurs in a subsequent step.

Introduction

A dislocation is a structure easily seen in latewood fibres under polarised light microscopy and is the result of a localised change or distortion of the cellulose microfibrils in either the S2 or both S1 and S2 walls 1, 2 . Fibre deformation in the form of dislocations can appear during wood chipping, pulp cooking and bleaching. Due to the less ordered or more open structure in dislocations, they can be the target for chemical, mechanical or enzymatic attack, for example by cellulases or acids, giving fibre shortening and less paper strength 1, 2 . Small dislocations, earlier called slip planes, affect fibre flexibility and are not considered important.

Acid conditions were used already 70 years ago and Dadswell and his group 3, 4 in a "broken fibre test" used a mixture of KClO 3 and HNO 2 to test "brittle heart" in Australian timbers. Wardrop and Dadswell 4 also used boiling H 2 SO 4 and calculated the ratio broken fragments / unbroken fibres as a diagnostic test. Stone 5 in an excellent paper stated that "latent damage" is developed by acid hydrolysis during acid pulping. Comprehensive investigations on wood and pulp fibres under acid conditions or during pulping with acid sulphite and acid bisulphite have also been done by Green and co-workers 6 and by Hartler and co-workers 7-10 . In general, these investigations show that all acid conditions partly cleave fibres in dislocations (slip planes, minute compression failures, misaligned zones) and that inferior strength can be the result.

Here a modern method to measure dislocations and other weak points in kraft pulp fibres and in TMP pulp fibres is described. The method involves a combination of hydrochloric acid induced cleavage of fibres and measurement of the length weighted fibre length distributions in modern image analyses instruments 2, 11, 12 and has been used in Strength Delivery (SD) investigations for comparing kraft pulps made from the same spruce wood batch 11, 12 . SD of an industrial pulp is defined as the ratio between the tear indexes of mill and laboratory pulps at tensile index 90. These investigations are directed to finding reasons for the lower SD of industrial pulps compared with laboratory made pulps. In general, we want to study formation, properties and ultrastructure of dislocations in spruce and pine wood fibres and relate this to pulp and paper properties. In this connection, the effects of HCl on pulp fibre cleavage were further investigated as reported here.

Materials and methods

Kraft and TMP pulp fibres

Norway spruce (Picea abies) wood chips from the first thinning (T) and from final cutting (F) were kraft cooked and taken from the blow line of a Scandinavian pulp mill. To obtain laboratory pulps, the same chips were laboratory cooked 11 . Other kraft pulps, Mill 4 and Mill 5, were from StoraEnso, Karlstad. Laboratory (Lab 1) kraft pulp was from Södra Cell, Mörrum. These three pulps were run in an HCl-experiment at four different days with triplicate samples at each day. The resulting standard deviation for each pulp (Lab 1, Mill 4 & 5) is shown in Fig. 3. Samples along a pulp fibre line, giving control pulps, were taken as follows: I. After cook; II. After Wash press; III. After O2; IV. After EOP; V. After D2. These fibres, termed here EW + LW, were enriched in a laboratory hydrocyclon at M-real to obtain short-(EW) and long fibre fractions (LW). L 0 values (see below) are from each sampling point before HCl-treatment. Spruce kraft pulp fibres for testing the influence of hemicellulose content were: PH/CLD (prehydrolysed, chlorine dioxide bleached, hemicellulose 8.1 %); RDH/DED (rapid displacement heating, hemicellulose 15.9 %); ITC/DED (isothermal cooking, hemicellulose 17.0 %); PS/DED (2step polysulphide pulping, hemicellulose 20.8 %). See Åkerholm et al. 13 . Bleached pine and spruce kraft pulps were obtained from Christina Jansson, Metso Paper, Sundsvall and tested in duplicates. Thermomechanical pulps (TMP) from pine and spruce were from Metso Paper, Sundsvall. They were delignified in 30 % H 2 O 2 /conc. HAc (1:1) at 60 C for 48 h. In this way also solid wood discs can be tested by the HCl-method. -Fibre length measurement as described below.

HCl-treatment

Cellulase treatment with endoglucanase and cellobiohydrolase

Endoglucanase II (EG II) and cellobiohydrolase (CBH I) both obtained from Jerry Ståhlberg, SLU/BMC, Uppsala were mixed before addition to 225 mg swelled enriched short fibre fraction (Mill F or T, EW) and separately 225 mg long fibre fraction (Mill F or T, LW) in 40 ml acetate buffer pH 5 in duplicates (cf. Table 1). Incubation was for 4½ h at 40 C followed by final cleavage for 60 min. After treatment the fibres were washed with PB-buffer pH 7.5 and 0.5 ml PB-buffer added. Before FibreMaster analyses, the samples were kept at 8 C.

Fibre length analyses and cleavage per fibre

Length weighted fibre lengths and related fibre properties were analysed at STFI-Packforsk in Stockholm (FibreMaster) and at the following Swedish pulp & paper companies: Södra Cell, Mörrum (FibreMaster); M-real, Örnsköldsvik (FibreMaster); StoraEnso, Karlstad (FiberMaster); SCA, Sundsvall (FiberLab/Kajaani FS-100); Metso Paper, Sundsvall, kajaaniFiberLab.

Calculation: Cleavage per fibre = L 0 / L -1 where L 0 is length weighted fibre length distribution in mm for control in water (or for untreated fibres), and L is length weighted fibre length distribution in mm for HCl-treated fibres see also 11 .

Sugar analyses

Total reducing sugars in the fibre filtrates were determined with the BCA-method of Garcia et al. 14 .

Light Microscopy

For polarized light microscopy a Leica DMLB or DMLS coupled to an Image-Pro Plus image analysis program was used. Dislocations are most easily seen in latewood fibres.

Scanning Electron Microscopy

Pulp fibres and fragments following HCl or cellulase treatments were dehydrated in ethanol followed by an acetone series (20 % steps, 15 min.) and critical point dried using an Emitech K850 drier with liquid CO 2 as the substitution fluid. Thereafter samples were mounted on stubs, coated with Au/Pd and observed using a Philips ESEM or Hitachi 4500 FE-SEM.

Results and discussion

Dislocations are most easily seen in latewood fibres and one example for a spruce latewood fibre is shown in Fig. 1a As shown in Fig. 2, the breakage points can be studied by electron microscopy, which can provide valuable information on the structures of dislocations and other weak points.

In Strength Delivery (SD) investigations, the HClmethod has recently been used for comparing kraft pulps made from the same spruce wood batch 11, 12 . Recently Ander et al. 11 reported that industrial (Mill) pulps, both from early thinning and from final cutting, were significantly more sensitive to HCl cleavage indicating more dislocations than in laboratory (Lab) produced kraft pulps from the same spruce wood batch. Thus the HCl-method is a valuable tool in SD studies. These results have now been confirmed for many kraft pulps and one example with standard deviation given is shown in Fig. 3.

Fig. 3. Cleavage of Lab and Mill spruce fibres by HCl.

Lab and two Mill pulps (Fig. 3) were tested in triplicates at 82 C during four different days to see the reproducibility of the method. Cleavage per fibre for Lab 1, Mill 4 & 5 pulps were 0.95 0.20; 3.35 0.34; 3.73 0.39, respectively, at 95% confidence level. Thus the HCl method has good reproducibility for the FibreMaster instrument. As expected, Lab fibres were cleaved less than Mill fibres. Regarding sugar release by HCl it was found that ca 2 % of the fibre amount was released as monosaccharides, mainly as xylose and mannose. However in all cases (ref 11 & Table 1) no difference was found between sugars released from Mill and Lab fibres. As shown in Fig. 3, Lab fibres gave about 1 cleavage per fibre, while the Mill fibres gave 3-4 cleavages. This means that sugar release from Mill fibres should theoretically be 3-4 times higher if dislocations and weak points are the only places of HCl attack. As this was not the case, sugars must be released from the whole fibre and presumably all cell wall layers. Thus sugar analyses are not a viable method for calculating type or amount of sugars in the breakage points, or for comparing Mill and Lab fibres. Cellulases also cleave fibres in dislocations with a stronger effect of EG II + CBH I than with EG I + CBH 1 11, 12 . In Table 1, it is shown that the cellulase mixture EG II + CBH I cleaved the spruce fibres as much as HCl under the respective experimental conditions. The cellulase however released much more sugar from the fibres than HCl (4.8 % versus 1.5-1.6 %). Sugar release by HCl or cellulase did not distinguish between Mill and Lab fibres (Table 1). A possible explanation may be that cellulose microfibril cleavage in -1,4-glucosidic bonds by HCl and cellulase gives little sugar release compared with the general attack on the total fibre surface. In general, the cellulases mainly act on the fibre surface in contrast to HCl, which penetrates all cell wall layers. 

Table 1. Cleavage per fibre and release of reducing sugars by HCl (4h at 80 C + 30 min final cleavage) and by cellulase (EG II + CBH I, 4½ h at 40 C + 60 min final cleavage with stirring bar). F = final cutting; T = early

Studies of fibres from a pulp fibre line

Pulp fibre samples were taken along a pulp fibre line (see Mat. & Methods). A strong cleavage was obtained after the wash press (point 2; for EW+LW & LW; Fig. 4) suggesting fibre compression and mechanical effects in the wash press. In samples 3-5, the cleavage numbers gradually decreased, probably due to removal of HCl-vulnerable structures already in the bleaching process. Thus the HCl-method can be used to study all kinds of pulps and to evaluate pulp processes. 

Influence of hemicellulose and temperature on HCl cleavage of spruce kraft pulp fibres

Four fibre types (PH, RDH, ITC, PS) with different amounts of hemicellulose and glucomannan were tested for HCl cleavage and in Table 2 the length weighted fibre lengths and cleavage per fibre are shown. Pulp fibres with the lowest hemicellulose content (linear dependence R 2 = 0.965 for cleavage) and glucomannan content (R 2 = 0.895) gave the strongest fibre cleavage after HCltreatment. Thus surface allowing removal of hemicellulose, mainly glucomannan, during pulping may expose the cellulose microfibril a stronger effect of HCl and more fibre cleavage. Results with beech, Eucalyptus and Reed canary grass also support these results 8 . The new HCl-method was also used to study the influence of HCl temperature on cleavage of unbleached and bleached spruce fibres (EW/LW, I & V). At 78ºC, the bleached fibres were more attacked by 1M HCl than unbleached fibres (Fig. 5). Two different experiments gave the same result. With 2M HCl, the difference in cleavage between unbleached and bleached fibres occurred earlier and just below 70ºC (not shown). Absence of lignin and less hemicellulose may be involved in this temperature effect. Since 2M HCl causes too many small fibre fragments above 82 C, which are not measured in FibreMaster or Kajaani instruments, it is recommended that 1M HCl, and not 2M HCl, is used for determination of cleavage number. The temperature can be 80-82 C. Although not shown here, the HCl-method can also be used to test different TMP pulps. Preliminary studies suggest that pine TMP is less sensitive to HCl cleavage than spruce TMP. This was also the case for pine and spruce bleached kraft pulps as seen in Fig. 6. It should be noted that the cleavage number for pine and spruce TMP and kraft pulps were similar. This means that the densely packed small dislocations (slip planes) which are frequent in TMP pulp fibres do not represent weak points in the HCl testing method. 

Conclusions

-The HCl-method can be used to determine dislocations and other weak points in different pulp fibre types and may be a complement to wet zero span measurements and other paper tests. -HCl treatment and mean fibre length determination (in FiberMaster or Kajaani instruments) can be used for characterization and comparing different kraft and TMP pulp fibres in a simple procedure using equipment normally present in a pulp and paper research laboratory. -Pulp samples from fibre lines can be studied with the HCl-method.

-Cleavage points can be studied using light-or electron microscopy.

-Cleavage of -1,4-glucosidic bonds by HCl gives little sugar release. The amount of reducing sugars released from the fibres after HCl or cellulase treatment cannot be used to differentiate between Mill and Lab fibres. -Dislocation counting in latewood fibres under polarized light does not significantly differentiate between Mill and Lab fibres 17 . -Pine TMP and kraft pine pulps appear to be less sensitive to HCl cleavage than spruce pulps.

-After delignification in conc. H 2 O 2 /Acetic acid, wood discs from trees subjected to the effects of wind action and bending stresses can be analyzed.

Introduction

While the forest production in Sweden is well balanced with regard to environmental and biodiversity considerations, some attempts to intensify its volume have been undertaken in recent decades. This is justified because of the need for increased sawn timber, pulp and paper production as well as the appearance of relatively new products on the market like biofuels, charcoal etc. Norway spruce has been considered as a very suitable raw material for mechanical pulping for long time due to smaller quantities of extractives compared to Scots pine. At the same time, the wood morphology and properties of spruce are more sensitive to an increase in growth rate [1] than other softwoods used in plantations. For example intensive forest treatments like irrigation and fertilisation have a great negative impact on wood density and fibre dimensions and cause a significant increase in microfibril angle [2]. Other features of wood such as the chemical composition, amount of knots and presence of compression wood and changes by means of irrigation and fertilisation may also have important effects.

Another growth feature of conifers trees is the presence of compression wood. The phenomenon has been studied and explained for a long time, but some recent studies [3] on the influence of basal sweep when young trees strive to regain a vertical position by forming compression wood and the impact of the provenance proved that the number of forest trees containing compression wood could be significantly greater than expected. The amount and type of compression wood reduce the strength of paper [4].

The effect of irrigation, fertilization and presence of compression wood fibres on pulp and paper can be compared by the effect of fibre dislocations. Dislocations in wood fibres (i.e. microstructural misalignments in the fibre cell wall caused by compression) are typical during tree growth [5] but their number increase drastically during the production of pulp from wood [6]. The dislocations reduce fibre strength [7] and modulus of elasticity [8]. The reduction of strength is a function of the type and number of dislocations but internal stress in the cellulose chains is also of importance [8]. During pulping and bleaching at paper mills, the paper strength measured as tear index at a determined tensile index is lower than the corresponding tear index for laboratory pulps withdrawn from the same wood batch. This phenomenon is known as strength delivery and normally varies in the range 75-95 % [9] and is thus considered as a significant problem for the paper industry [10]. Dislocations introduced during pulp production in industrial conditions are thought to be one of the main explanations for reduction in strength delivery.

A direct approach to studying the effect of dislocations on the mechanical properties of paper was used in the study by Terziev et al. [11] where the fibre dislocations were induced by mechanical loading of wood samples. The results of the study showed paper made of unloaded control samples to have significantly better mechanical properties than paper made of samples loaded by compression in either dry or wet conditions [11]. These results proved the negative effect of dislocations on the mechanical properties of paper in a worst scenario.

The objective of the present study was to draw a parallel between the decreased mechanical strength in paper made of fibres with dislocations and the mechanical properties of paper made of fibres treated by irrigation, fertilisation or with compression wood fibres. The working hypothesis is that any deviation in normality of fibres, developed during tree growth or induced by various forest manipulations will have negative consequences for the fibre and respective paper properties.

Material and methods

Wood of Norway spruce (Picea abies (L.) Karst.) was used throughout the study. The trees were grown in a forest subjected to nutrient trials and located near Asa (south of Sweden) at latitude of 57º08'N and 14º45'E. The Asa forest was planted in 1975 with two-year old seedlings and the nutrient treatments were commenced in 1987. The trees from which samples were removed for the present study were previously treated in two ways. The first group (IL) had been irrigated with added liquid nutrients applied daily during the growth season. The second group of trees (F) received the same amount of nutrients as IL but were applied in solid form annually at the beginning of the growth season. A group of control, untreated trees (C) was also included. Additional information about the nutrients used and growth features of the trees can be found in the studies of Linder [12] and Bergh et al. [13]. Relatively thick disks were sawn at breast height from 6 trees and samples for pulp and paper were extracted.

Four Norway spruce logs with heavily pronounced compression wood were obtained from a sawmill near Uppsala. The compression wood comprised approximately 50 % of the crosscut area measured at breast height. Two sectors, the former located in the middle of the compression wood and the latter located exactly opposite to the first one were sawn from the discs. In this way, samples of typical compression and opposite wood were obtained.

The control Norway spruce samples and samples with 100 % induced dislocations were described comprehensively in a previous study [11]. The samples were loaded by compression to their ultimate strength in a universal Alwetron-50 testing machine. The samples were wet (moisture content close to the fibre saturation point) and failure occurred at only one end of the wood samples in the form of disrupted fibres [11]. All samples for pulp and paper were hand-chipped. The sub-samples with an approximate thickness of 2-3 mm were cut with a new sharp blade in order to decrease the influence of the cutting tool on the fibres, respectively paper produced. Pulp and paper tests were described in a previous study by Terziev et al. [11]. For light microscopy, sections were taken from the areas of interest using a microtome and examined after staining with 1 % aq. safranin using a Leica DMLS bright field microscope.

Results and Discussion

The strength of paper depends on a combination of fibre morphology and prior processing. Regeneration features inevitably change the morphology and properties of fibres, thus changing the strength of paper. The thickness of the fibre cell wall was decreased by fertilisation of the tree with liquid (IL) and solid (F) fertilisers. The treatments significantly increased the width of the annual growth rings compared to the untreated controls. An attempt to compare the morphological features of samples from fertilised and irrigated trees with those of control samples was undertaken. Although comprehensive microscopy work was carried out, no visible differences were observed between the IL and F groups. Therefore, some data about the effects of regeneration features from the Asa test forest were taken from the study of Lundgren [2]. According to this study, the thinner fibre cell walls of fertilised tree samples influence negatively the wood density which was reported as 327-340 kg/m 3 for the treated samples while the untreated Asa controls had an average density of 370 kg/m 3 . In general the effect of fertilisation on wood properties may be explained as an increase of annual ring width that consequently leads to changes in average fibre dimensions. Fertilisation of spruce trees seems to produce mature fibres with similar properties to juvenile wood, i.e. thin cell wall and large cell diameter but presumably large microfibril angle.

In wet compressed wood samples where all fibres have induced dislocations [11], buckling and indentation of the S 2 and S 3 layers of the secondary cell wall were directed into the cell lumen. The cell wall was regularly deformed and some of the pit apertures of the bordered and cross-field pits were torn. The compound middle lamella was split either within the central middle lamella (i.e. previous cell plate) or at the middle lamella-primary wall interface. The splits between the fibres and along the middle lamella were irregular and variable. Compression also caused splitting of the ray cells to cracks following the middle lamella regions [11]. The morphological changes described above are the basis for understanding the changes of the mechanical properties of paper made of the manipulated fibres. Some standard chemical and physical fibre characteristics performed on the bleached and unbleached pulps and paper from the different treatments are shown in Table 1.

The target kappa number of 20-21 was only obtained for the pulp from the untreated control samples but not for pulps from all other treatments. Pulps from the fertilised and irrigated samples from the Asa test forest showed significantly higher kappa numbers probably caused by changes in the wood microstructure. However, the Asa test forest has trees only 31-year old that have primarily juvenile or transition wood but not mature wood. The pulp from fibres with 100 % induced dislocations had the lowest kappa number, a result contradicting earlier results of Terziev et al. [11] where a significantly higher kappa number was recorded. At the present the reason for this discrepancy is unknown, it is thought to be related to the organization of lignin in fibres with induced dislocations but at the moment the phenomenon is rather obscure. The pulp with the highest kappa number was that made of compression wood; a finding consistent with the known higher lignin content of this wood type compared with normal wood.

The pulps consisting of fibres with induced dislocations and compression wood fibres had the lowest viscosity and zero span tensile strength.

The lowest brightness after bleaching defined as the percentage reflectance of light at a wavelength of 457 nm was measured on pulps consisting of fibres from Asa fertilised trees (F), with 100 % induced dislocations and with compression wood fibres. The buckled surface structure of the fibres with induced dislocations and higher lignin content in compression wood presumably absorbs more light through the increased number of chromophores (carbonyl or/and ethenyl groups).

The pulps from the Asa test forest (i.e. juvenile and very young transition wood), had completely different properties compared to the untreated control pulp made of mature wood. Irrigated, fertilised and control wood fibres were thinner and shorter than mature fibres (Table 1) and showed a higher density at all beating levels (results not shown). The same observation was valid for pulps made of compression and opposite wood as well as the pulp composed of fibres with induced dislocations. Thus, the shorter fibres did not explain the low strength of the paper. With regard to fibres with 100 % induced dislocations their length was reduced from 3.38 to 2.85 mm (i.e. 15 %) when dislocations were induced and this appears to have a significant influence on the strength of the final paper.

As shown in Figures 1 and2, the tensile strength increases for all groups of fibres while the tear strength decreases at refining. As a measure of the paper's strength, the tear-tensile relationship is significantly lower for paper made of irrigated and fertilised wood samples than that made of control untreated wood. If the paper made of control samples from Asa test forest (Fig. 1) is compared with paper from mature untreated control spruce samples (Fig. 2) it is apparent that the latter has a significantly higher tear-tensile ratio. The presence of juvenile wood fibres appears to offer a reasonable explanation of the difference.

Paper made of fibres with induced dislocations was significantly weaker than paper made of control samples with no apparent dislocations (Fig. 2). At tensile index 90 Nm/g the control sample had a tear index of 25 compared to 10 mN m 2 /g for the 100 % dislocations sample. The tear-tensile curve of compression wood almost coincides with that of fibres with induced dislocations (Fig. 2). The paper made of fibres from opposite wood had a high tensile index but the tear index was comparable with that of compression wood and fibres with induced dislocations. The variety and type of morphological changes in the cell wall introduce new pre-requisites for the chemical interactions between the substrate and cooking liquid. The tear-tensile relationship of paper made of fibres with morphological alterations (i.e. by irrigation, fertilisation, induced dislocations, compression and opposite wood) was significantly lower than that for untreated control samples. Despite the preliminary character of this study, some reduction of strength can therefore be predicted when wood subjected to irrigation and fertilisation as well as compression wood is converted to pulp and paper products. 

Conclusions

This study revealed that Norway spruce fibres from wood exposed to fertilisation with solid and liquid fertilisers, fibres of compression wood and fibres with dislocations may give rise to quality problems during kraft cooking and in final paper products. Fibres with these features reduced the desired mechanical properties of the final paper while the control normal fibres produced a paper with significantly better tear-tensile index. Irrespective of the type of treatment, all morphological changes introduced in fibre cell walls appear to directly affect changes in the mechanical properties of the paper made of the manipulated fibres.

The present observations are based on laboratory results and it should be emphasized that the effect of forest regeneration methods on the fibre cell wall are expected to be more severe in industrial situations, where pumps, mixers and other equipment can induce further fibre deformations and enhance those already present. Results further indicate that wood from forest stands exposed to intensive fertilisation or stands with pronounced compression wood should be avoided when producing paper requiring high mechanical strength.

Finite element modelling of mechanical properties of geometrically characterized wood fibres

Dennis Wilhelmsson2 , R. Cristian Neagu 3 , Stig Bardage 1 and E. Kristofer Gamstedt 2

Introduction

Wood fibres are frequently used in load-carrying applications, e.g. paperboard, composites, MDF boards, wood boards etc. It is not yet fully understood how the fibre geometry and fibre ultrastructure affects the stiffness of the fibres. At the Swedish University of Agricultural Science (SLU) in Uppsala, a research project within the Wood Ultrastructure Research Centre (WURC) has quantified the details of wood-fibre geometry with stereological and tomographic techniques [1 -2] The aim is to use this structural information to predict the elastic properties of the anisotropic fibre. Most analytical models assume that the fibres are homogenous and cylindrical [3 -5]. The twist-extension coupling due to the micro-fibril angle and the inhomogeneous shape of the structure are commonly neglected. How these simplifications limit the predictive capabilities of the models is not known. Such knowledge is useful in linking the material structure with engineering properties. Quantitative methods for materials design and development could then be devised.

Three specific subprojects have been defined as an outline for the project. First, a comparison of the tensile stiffness of an analytical model that assumes a cylindrical shape with the Finite Element (FE) model that represents the real fibre geometry. Then, an investigation of different stresses and their distribution in a cross-section and see if locations of stress concentrations can be linked to observations of failure of real fibres. Finally an examination of the effect of defects will be made. Are there really higher stresses around structural inhomogeneities in a fibre, such as natural pits?

Material and methods

The wood sample used for Three Dimensional (3D) reconstruction came from a wood disc of Norway spruce (Picea abies [L.] Karst) collected at one quarter of tree stem height from a tree which was growing in the centre of Sweden. A wood block (10 × 10 × 15 mm) comprising year rings 38-43 was taken from the outer part of the disc in an area free from compression wood and prepared for serial sectioning using a sledge microtome. A total of 170 consecutive transverse sections (20 µm thick) were made without further pretreatment. The shortest unit length corresponds to 20 µm. Sections were mounted on objective glasses and scanned for tracheid tips with a light microscope to allow localization of a suitable area to begin image acquisition. Sequential images of transverse sections were acquired using a light microscope fitted with a Charged Coupled Device (CCD)-camera attached to a computer. 3D reconstructions of tracheid segments were generated combining Computer Aided Design (CAD) (Autocad) and a Non-Uniform Rational B-Splines (NURBS) modelling software (Rhinoceros). The images were aligned in relation to each other with the help of reference points (year ring border, rays and neighbouring tracheids). The transverse shape of tracheids was extracted from each image and positioned in sequence in the computer. 3D reconstruction was accomplished by separating the serial planes in the z direction with a corresponding gap of 20 µm in between and linking the serial tracheid segment shapes using (NURBS). Although bordered and cross-field pits are of high importance in the study of tracheid microstructure they were not displayed in the reconstructions presented in this work. A section thickness of 20 µm was necessary to get a complete set of transverse sections covering whole tracheids. This section thickness did not allow the detailed reconstruction of bordered and cross-field pits. Much thinner sections are needed to allow a more detailed 3D reconstruction of these structures.

The test fibre segment used in these first investigations can be seen in Fig 1 . It consists of 14 cross-sections. The cross sections are modified in different ways depending on the model to be built in the FE-software. A general modification is to remove discontinuities in curvature and small radii. They are also aligned as straight as possible to simulate an axial pretension.

To create the shell model, a new curve is made in between the inner and outer curve. The inner curve is removed since it does not fulfil a purpose in the shell model. Two surfaces are fitted to the remaining curves. The wireframe building the outer surface is extracted from the surface which is then removed. This modification is needed due to a technical limitation when defining the thicknesses of the shell elements in the FE-software.

To modify the cross-sections for the solid model, two new curves are created as offsets to the existing ones. These represent only the S2 layer. This is done in order to facilitate the meshing of the thin S1 and S3 layers. For the solid model no surfaces are created, the cross-sections are exported as they are. The export to the FE-software Abaqus is done with the Initial Graphics Exchange Specification (IGES)-format. The geometry for the shell and solid model can be seen in The most important motivation for creating a shell model is its low computational cost compared to a solid model. This makes it possible to perform various simulations on whole fibres, without using a supercomputer. The shell model is created specifically for determination of elastic properties such as the axial and torsional stiffness. Local variations and stress distributions through the thickness can not be resolved with this model, but they are of no importance in this case. The thickness of normal shell elements is not defined by the geometry of the element, instead by a numerical value. In shell structures this value is usually constant or partially constant in the whole structure. The fibre cell wall thickness however changes in all in-plane directions in a non-constant way. The only way to solve this is therefore on an "element to element" basis. With a Python script, the shortest distance to the closest curve is calculated for every node in the mesh (the blue curves in Fig 2). This value is then multiplied with a factor 2 to get the total cell wall thickness. A composite shell definition is used to define the orthotropic material properties as lamina. An additional orientation of the main material axes around axis 3 is also made to simulate the different MFAs (red arrows in Fig 5). The orientation of the material axes can not be made from any fix reference, like a global Cartesian or cylindrical global coordinate system because of its shape. This is instead solved by projecting a global coordinate axis going through the lumen (in the direction of the fibre segment) onto the plane of the element. This gives the first direction cosine which defines material axis 1. Material axis 2 is defined as a normal to axis 1 in the element plane, and axis 3 is the cross product of these. Material axis 1 is in the direction of the fibril. The material axes can be seen in Fig 5.

When local variations are of interest, such as the stress variation in a cross-section, a solid model is needed. Compared to the shell model, the meshed domain here represents the shape of the fibre. It can be seen in Fig 4 how thin the S1 and S3 layer are compared to the S2 layer. To mesh these in a simple manner, an offset mesh technique is used from the S2 layer in both directions. To orient the main material axes in this model is not as straightforward as in the shell model. Shortly explained, the consistent shape of hexahedral elements is utilized to create an "averaged" plane similar to the shell plane. By then projecting an axis in a similar way as in the shell model, it is then possible to create a rotation that matches the MFA. All this is done in a FORTRAN subroutine. The material axes can be seen in Fig 4 .  To feel more confident about the results from the shell model, it has been validated against the solid model. The same tensile test has been performed on both models with a varying MFA. The segments compared are the ones in Fig 2 and3. It can be seen that in the case of free rotation, they match very well.

Due to the very complex structure of the different constituents forming the different cell-wall layers, there has to be a limit somewhere for the detail of modelling. Modelling each fibril would be practically impossible, and would not give higher precision to the results on a micro scale. Therefore equivalent elastic properties are calculated for each lamina with a micromechanical model by Hashin [6] that assumes transverse isotropy. These properties can then be used as input for the FE-model (Table 1). Different MFA can then be obtained by rotating these laminas with respect to a main axis. Plausible elastic properties of the constituents and their mutual volumefractions are obtained from the work of Persson [7]. Directions in Table 1 correspond to the directions in Figs. 4 and5. Two different boundary conditions are used in the study. In the first case the fibre is free to rotate and in the other the rotation is restrained. As a consequence of the latter boundary condition in a linear analysis, bending deformations due to the unbalanced symmetry are restrained.

The cross-section dimensions of the analytical model of course have an impact of the comparison. The inner and outer radii are calculated from the real fibre geometry to maintain the same volume and have a thickness that is comparable to an average thickness of the real geometry. It is calculated according to

L V r f f (1) L V r l l (2)
where r denotes the radius and L the length of the fibre. The volumes V are obtained from the CADmodel. Subscript l denotes lumen and f the whole cell including the lumen. The MFA is -80 degrees in S1 and -50 degrees in S3, where a negative MFA corresponds to a Z helix.

Results and discussion

A common approach to calculate the stiffness of fibres is to use analytical models assuming a cylindrical shape [3][4][5]. With the FE-models it is possible to make a comparison to determine how far off the analytical model is since it is not taking the inhomogeneous shape in consideration. A comparison has only been made on one segment, with a typical inhomogeneous shape, but more segments will be compared to increase the certainty of the results.

A parametric study where the MFA in the S2 layer is changed in steps of 5 degrees can be seen in Fig 7 . The solid FE-model is compared with an analytical model with results from [5] for the two load cases. The test section is elongated with a prescribed displacement corresponding to a 1 % strain. At this strain the total force in the load direction is calculated. A higher load corresponds to a higher stiffness. It can be seen that the analytical model overestimates the axial stiffness by about 12 % in a MFA range of 0-30 degrees in a case where rotation is restrained. In the other extreme case, when the fibre is free to rotate due to the twist-extension coupling, there is a deviation by about 4 %, except for the MFA interval 0-10 degrees where it is higher. It can also be seen that the stiffness for the two different boundary conditions at a MFA of 0 degrees is almost the same. This means that the S1 and S3 layers MFA have a low impact of the twist extension coupling even though the angles are very high. When the MFA is increased in the S2 layer, the axial stiffness is significantly reduced. This is because the micro fibrils are the main load carriers and their stiffness is much higher in the fibril direction.

Fig. 7 A parametric study to compare the axial stiffness. The axial force corresponds to a 1 % strain of the 260 µm long test fibre segment.

There is also a considerable difference in response for fibres that are allowed to rotate as compared to rotationally constrained fibres, the latter being stiffer. A deformation plot with a MFA of 5 degrees can be seen in 

Conclusion

The deviation between an analytical, cylindrical model and a numerical model is not significant. The actual deviation between the analytical and numerical model will vary depending on the geometry, and it is expected to increase with increasing irregularity of the cell wall structure, especially with the variations in the length direction of the fibre. The axial stiffness prediction using the analytical model is non-conservative, and this is assumed to be the case in other segments as well. This is mainly due to the bending effect that arises in the axial direction of the inhomogeneous structure, i.e. curved cell wall segments that are straightened.

Introduction

The interaction of cellulose with moisture is a complex process resulting from its highly differentiated structure. Cellulose is a biopolymer composed of (1,4)--D-glucopyranose units. These units are linked to build long chains with an approximately twofold helical structure [1], which are in turn connected by hydrogen bonds. Cellulose contains several types of hydrogen bonds within the molecule and between the different molecules. The main ones are the intramolecular hydrogen bonds O3-H•••O5 and O2-H•••O6, present on both sides of the chain, and a O3-H•••O6 intermolecular hydrogen bond, which builds a bridge between two neighbouring molecules (cf. Fig. 1). A regular arrangement of the hydrogen bonds results in the formation of crystalline regions which alternate with less ordered non-crystalline domains at the surfaces and connections of the crystallites. The intermolecular bonds and intramolecular hydrogen bonds determine the internal structure and control the mechanical properties of cellulose as well as the behaviour of cellulosic materials as a result of a [1] moisture change [2,3]. When moisture is brought into contact with cellulose, water molecules diffuse into non-crystalline domains, swell the structure and form new hydrogen bonds. Furthermore, they may create water bridges instead of the hydrogen bonds present in dry cellulose [4]. Intermolecular bonds are most easily affected in this way. In contrast, crystalline regions in cellulose are almost inaccessible to moisture. We herein examine the role of the different hydrogen bonds at moisture uptake using dynamic Fourier Transform Infra Red spectroscopy (FT-IR) in combination with deuterium exchange.

Fig. 1 Schematic drawing of cellulose molecules including the hydrogen bonds (---): Intramolecular hydrogen bonds O3-H•••O5 and O2-H•••O6; intermolecular hydrogen bond O3-H•••O6, reproduced from

Dynamic FT-IR involves the coupling of dynamic mechanical analysis (DMA) with step-scan FT-IR [5][6][7][8][9], see Fig. 2. A polymer stretcher placed in the sample chamber applies a periodic strain to the sample and induces selectively time-dependent reorientations of the electric dipole-transition moments associated with the individual normal vibrational modes in the sample. The IR light is polarised in order to obtain direction-dependent information. The directional dependence of the reorientation of the dipole transition moments leads to direction-dependent absorbances. The dynamic spectra obtained (in phase and out of phase) provide information about the interactions within and between the polymer chains as well as the elastic and viscous behaviour of the molecules.

Fig. 2 Schematic drawing of a spectrometer performing dynamic FT-IR measurements, reproduced from [7]

Exposure of cellulose to heavy water vapour (deuterium oxide, D 2 O) results in a (partial) substitution of hydrogen atoms for their deuterium isotope. The extent of deuterium exchange depends on the accessibility of the OH groups. Whereas an almost complete exchange takes place in noncrystalline regions, only OH groups located at the surfaces of the crystallites or at imperfections are affected in crystalline regions [10][11][12]. Thus, deuterium exchange makes it possible to label cellulose domains with different accessibilities to moisture.

Material and methods

The cellulose samples were prepared from a spruce pulp with a cellulose content of 98 % (provided by Borregaard1 ). Oriented sheets with a mass of 20 g/m 2 were made on a French sheet-former (Formette Dynamique) at STFI-Packforsk AB at a rotation speed of 1600 rpm, producing sheets with preferred fibre orientation in the direction of rotation. The well-aligned orientation of the cellulose fibres was proved by measurements with Wide Angle X-Ray Scattering (WAX), see Fig. 3. The FT-IR experiments were performed on a Bio-Rad FTS 6000 FT-IR spectrometer (Digilab, Randolph, MA, USA), which is equipped with a Polymer Modulator (Manning Applied Technologies Inc, Troy, ID, USA) for the dynamic analysis. For further details on the sample, the measurement procedures, and the data evaluation, see [13].

In order to control the environment of the sample during the IR measurements, the stretcher was mounted inside a temperature control system (TC-100, Manning Applied Technologies Inc, Troy, ID, USA). The sample chamber was held at 30 ºC throughout the experiments. The relative humidity in the chamber was controlled by a continuous air stream at the desired humidity, based on either normal water vapour or heavy water vapour. The sample was first dried in a pure nitrogen stream for four hours. The humidity was then increased in three steps on the basis of heavy water, up to a maximum of 80% relative humidity (RH). Afterwards, the sample chamber was rinsed with normal water vapour at the same relative humidity of 80 %. The humidity was then decreased in three steps, using normal water vapour, until dry conditions were again reached. where is the azimuthal angle and I( ) is the scattered intensity along the angle ; this indicates a good fibre orientation, as a value of 1/3 is related to a random orientation of the fibres and a value of 1 to a fibre orientation parallel to the reference direction (see, e.g., [14] for details)

Fig. 3 WAX pattern of cellulose sheet, showing an orientation parameter

Results and discussion

Static response

In order to monitor the structural changes in the cellulose samples as a consequence of changing humidity, static spectra showing the course of IR absorption at different wavenumbers with time and, thus, with changing relative humidity, are depicted in Fig. 4. Significant changes in the static spectra were observed in the OH absorption range (3550-3100 cm -1 ). Both the width and the height of the cumulative absorption band centred at 3340 cm -1 decreased with deuteration (minutes 0 to 3780). Concurrently with the decrease in the OH absorption band, a band centred at 2490 cm -1 due to OD stretching appeared at deuteration, which grew continuously during the humidity increase based on deuterium oxide vapour. The OD stretching band almost entirely disappeared again when the sample chamber was rinsed with normal water vapour at 80 % RH (minutes 3780 to 8010). The small peak remaining after the rinsing at 80 % RH remained constant during the subsequent decrease in humidity (minutes 8010 to 11100) and was also preserved under dry conditions. During the drying, the OH stretching band decreased and approached the shape and size it had originally at the beginning of the test series. The static spectrum collected after the return to 0 % RH matched the spectrum measured before the introduction of humidity to the system, with the exception of the remnant OD band. This agreement is noteworthy and underlines the constancy of the test conditions during the entire test

Fig. 4 Static FT-IR spectra of cellulose sample in the course of the test cycle (0 80 % RH with deuterium vapour, rinse with normal water vapour at 80 % RH, 80 0 % RH with normal water vapour)

cycle, which is further confirmed by the constant shape of the CH and CH 2 -stretching band ( 2900 cm -1 ). Additional details about the static response of the samples are found in [13].

D ynamic response

Evaluation of the dynamic spectra provides information about the behaviour of the functional groups under dynamic loading, in terms of re-orientation or stretching of the respective bonds.

Synchronous two-dimensional (2D) correlation spectra determined by means of 2D FT-IR correlation analysis (see, e.g., [6] for details on their computation) allow for accentuation of the differences among the reorientation rates of electric dipole-transition moments at different wavenumbers (cf. Figs. 5678). The spectra are in fact three-dimensional (3D), with independent wavenumbers on the x-and y-axis and the correlation intensities on the z-axis. Peaks appear for pairs of bands with identical dynamic behaviour. The peaks on the diagonal ('auto-peaks') indicate, which transition poles and, thus, structural components have an orientational response to the applied sinusoidal strain. Off-diagonal peaks ('cross-peaks') mark corresponding dipole moments at different wavenumbers, which orient in-phase (simultaneously) with each other. Wavenumbers of the main auto-peaks and cross-peaks are specified in cut-outs of the correlation plots in Figs. 5678, which show exclusively the OH absorption region (3500-3150 cm -1 ), the OD absorption region (2350-2700 cm -1 ), and their intersection, respectively.

The correlation plot at dry conditions (Fig. 5) shows the simultaneous excitation of hydrogen bonds at all different structural positions by the stretching: auto-peaks appeared at wavenumbers 3315 cm -1 , related to vibrations of O3-H•••O5 bonds, as well as, although rather weak, at 3255 and 3225 cm -1 , probably stemming from vibrations of O3-H•••O6 bonds. Remarkable cross-peaks were only observed at the wavenumber pair 3315/3225 cm -1 . Naturally, previous to deuteration, neither remarkable autopeaks in the OD absorption region, nor distinct cross-peaks in the intersection of the OD and OH absorption regions were observed (Figs. 3c and3d).

Increasing humidity to 80 % RH on basis of deuterium oxide (Fig. 6) brought forth auto-peaks in the OD absorption region at wavenumbers 2645, 2565, 2465, and 2390 cm -1 and a cross-peak at 3315/2465 cm -1 . In the OH absorption region, deuteration resulted in an increasing height of the autopeaks at wavenumbers 3385, 3315, and 3270 cm -1 . Also the cross-peak at 3315/3225 cm -1 was intensified, and a new cross-peak at 3385/3315 cm -1 appeared. The increased absorption at wavenumbers related to O3-H•••O5 bonds may indicate a more active role of the backbone of the cellulose molecules in the moistened structure and, thus, a stronger involvement of the O3-H•••O5 bonds in the load transfer. This effect obviously exceeds the reduction of the number of O3-H•••O5 bonds as a consequence of deuteration. Deuterium exchange affected only a minority of the O3-H•••O5 bonds, as is obvious from the only small decrease of the respective absorption peak in the static spectra (see Fig. 4 and, for details, [13]). The increased height of the auto-peak at 3270 cm -1 indicates that also the O3-H•••O6 bonds take a more active part during loading in terms of re-orientation. This effect was again more pronounced than the reduction of the number of O3-H•••O6 bonds by deuterium exchange in the swollen structure.

After vapour exchange at 80 % RH to normal water vapour, the peaks in the OD absorption region were considerably reduced (Fig. 7). Only a single auto-peak remained at the wavenumber 2465 cm -1 . A remnant cross-peak may only be related to the 2465 cm -1 peak in the OD absorption region and the 3315 cm -1 peak in the OH absorption region. In the OH absorption region, some new very weak autopeaks appeared at 3415 and 3445 cm -1 , which may both be related to absorption at O2-H•••O6 bonds. Obviously, re-hydrogenation takes place at these bonds during the rinsing. Also a cross-peak at wavenumbers 3415/3315 cm -1 appeared after the deuteration, indicating participation of the O2-H•••O6 bonds in the load transfer.

Drying of the sample resulted in disappearance of the peaks in the OD absorption region to the most extent (Fig. 8). In qualitative respects, there were no major changes of the peaks after drying as compared to the absorption peaks prior to moistening. The increased number of small additional crosspeaks and the more intense signals from the load bearing O3-H•••O5 peak may indicate that a reorientation perpendicular to the loading direction has taken place during the moistening. Thus the moistening causes swelling of the cellulose structure, which possibly is not fully reversible upon drying.

Conclusion

From dynamic FT-IR spectra in combination with deuterium exchange the following conclusions were drawn regarding the internal structure of cellulose: At high humidity the dynamic response of the O2-H•••O6 bonds is smaller (decreased height of auto-peak in correlation plot) for deuterium vapour than for normal water vapour. This may indicate active deuterium exchange at these bonds, which could point to a location of these bonds at accessible surfaces of the chains. 

Introduction

Ultrastructural features that govern fibre properties can be characterized and modelled using analytical tools such as micromechanics and composite theory. It would then be possible, at least semi-quantitatively, to assess the influence of ultrastructure (fibril angle, fibril content and distribution) and mesostructure (the layered cell-wall) on fibre properties that in turn control the engineering properties of wood fibre-based materials. For example, it would be possible to determine to what extent the twist-extension coupling affects the stiffness properties of wood fibres. Over the years several models of the structure of the fibre have been developed in order to make predictions of mechanical properties of wood fibres [1][2][3]. In many cases, the analysis is restricted to two dimensions by studying a planar element from the wall of tubular wood fibre [1,3] or a collapsed earlywood fibre [2]. In this work, an analytical model is presented that can be used to study the effects of wood fibre ultrastructural morphology on the effective elastic properties and the stress distribution in the cell wall. The wood fibre is modelled as an assembly of coaxial hollow cylinders made of orthotropic material and the state space approach originally developed by Tarn and Wang [4] is used to solve a problem in three-dimensional anisotropic elasticity theory. The model is employed to investigate the effect of twist-extension coupling on the effective elastic properties of a typical softwood fibre.

Material and methods

The generally accepted notion is that wood fibres are hollow layered structures with a primary cell wall (cambial wall) on the outside and a secondary cell wall (laid down after the cell has reached its final size and shape) and lumen within [5]. The different layers shown in Fig. 1a are designated as: the primary wall (P), the outer layer of secondary wall (S 1 ), the middle layer of secondary wall (S 3 ) and the inner layer (S 3 ) of the secondary wall. The middle lamella (ML) is not regarded as a cell-wall layer since it surrounds the wood fibres and holds them together in the wood structure. The ultrastructure of each cell wall layer is often described as being built up by cellulose microfibrils aggregated into larger structures embedded into hemicellulose and enclosed by lignin e.g. [6]. Transverse isotropic elastic properties (i.e. the axial and transverse Young's moduli E A , E T , the shear moduli G A , G T and the Poisson ratios A , T ) of the main wood polymers given in Table 1 are based on the compilation of different literature values by Persson [3].

Table 1. Elastic properties of wood polymers in the cell wall [3]. The angle between the cell axis and cellulose microfibrils is known as the microfibril angle (MFA) and has been shown to define many of the mechanical properties of a wood fibre [1]. The microfibrils are oriented differently in the S 1 , S 2 and S 3 , but usually follow a S-Z-S arrangement. A helix is defined as being either S or Z when its direction, as viewed from the outside of the cell, is the same as the centre stroke of the letter. According to the model shown in Fig. 1a, the thin S 1 layer consists mainly of cellulosic lamellae in which the microfibril orientation is in alternating S-and Z-helices with large inclinations to the longitudinal cell axis. However for Norway spruce fibres, MFAs varying from 70˚ to 90˚ in a single helix have been reported [7]. The central thick S 2 layer has cellulose fibrils with a typical Z inclination to the fibre axis of 10˚ to 30˚. The microfibrils in the thinnest layer i.e. the S 3 layer form S-helices with large inclinations to the fibre axis. Some structural parameters for Norway spruce fibres, such as layer thickness, MFA and fraction of constituents, are given in Table 2. The very short description of fibre ultrastructure given above as well as the information shown in Tables 1 and2 is necessary for attempts to make predictions of the mechanical properties of wood fibres. To make analytical treatment tractable, the wood fibre is considered as a circular tube with internal and external radii a and b composed of n anisotropic layers as shown in Fig. 1b. The hollow layered cylinder is subjected to end loads and pressure that does not vary in the z-axis as shown in Fig. 1c, hence the stress is independent of z. 

E A (GPa) E T (GPa) G A (GPa) G T (GPa) A (-) T (
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where r , ,…, r are stress components, u r , u and u z are the displacements and (c ij ) k are the elastic constants. The subscript k will be used to denote the kth layer and a comma denotes partial differentiation with respect to the suffix variable. The present analysis is limited to cylindrically anisotropic materials. The MFA is the angle between the longitudinal direction and the plane normal to the z-axis and in this case the 13 elastic constants (c ij ) k in equation ( 1) are derived from nine independent equations by rotation about the radial axis. The boundary conditions on the inner and outer surface are [ r r rz ] 1 = [ p a 0 0] on r = a and [ r r rz ] n = [ p b 0 0] on r = b, where p a and p b are internal and external pressure as shown in Fig. 1c. The end conditions require that the stress resultants reduce to an axial force, P z , and a torque, M t , such that
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where r k 1 and r k denote the internal and external radii of the kth layer, thus r 0 = a and r n = b. The condition that the shear resultants vanish at the ends are satisfied when the stress in independent of z [4]. Interfacial continuity conditions at the interface r = r k between cylinder layer k and k+1 require

k rz r r z r k rz r r z r u u u u u u 1 (4) for k = 1, 2,…, n 1.
The applied loads give rise to an axisymmetric state and produce extension, torsion, radial contraction and circumferential deformation. The expressions for the displacement field and the single equilibrium equation not identically satisfied for the axisymmetric state are

z rz r u u u u z r
) (

(5), 0 , r r r (6) where the terms associated with rigid body displacement have been eliminated and u(r), is an unknown function and the global deformations are axial strain, , and rotation per unit length, . Equations ( 5)-( 6) can be combined with equation (1) to formulate the field equations into a system of first order differential equations with respect to r. Using the state space formalism of Tarn and Wang [4], the governing equation or the state equation can be written 
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Q ij = c ij c 1i c 1j /c 11 .
The judicious arrangement of displacement and stress variables by Tarn and Wang [4] so that the matrix in equation ( 7) is independent of r, makes it possible to solve the state equation with matrix algebra. Once the displacement and stress in equation (7) are solved the output equation can be used to obtain the circumferential, axial and shear stress components: 7) is a standard first-order differential equation with a constant coefficient matrix, whose solution is obtained following the work of Tarn and Wang [4]. The solution for a general problem contains the global deformations and that are related to the end loads through equations ( 2)-( 3) by making use of the transfer matrix [4] and the output equation (8). It follows that extension, torsion and pressuring interact with the applied loads as: (9) where k ij are influence coefficients and can be found by prescribing the global deformation, internal and external pressure via equations ( 2)-(3). Prescribing = 1 and = p a = p b =0 in the analysis to determine P z and M t in equation ( 2) and (3) gives k 11 = P z and k 21 = M t , and similarly prescribing = 1 and = p a = p b =0, gives k 12 = P z and k 22 = M t , and so on. After obtaining k ij the global deformations due to a combination of applied load can be determined by a simple inversion from equation (9). The determination of the elastic properties of the cylindrical tube, i.e. the wood fibre, is then straightforward.
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Results and discussion

The model described in the previous section is employed here to predict the elastic properties of latewood fibres with properties given in Table 2. The fibre is modelled consisting of four layers, i.e. S 3 , S 2 and two equally large parts for S 1 +P to account for its cross-fibrillar structure. An area fraction of the lumen i.e. (a/b) 2 = 0.65 [3] was used together with the thickness of each layer to calculated the radii of each layer. The elastic properties of each cell wall layer must be given as input to the model. These can be calculated using the elastic properties of the wood polymers given in Table 1 and the volume fractions in each layer given in Table 2. The micromechanical model chosen to determine the properties of each layer is the Composite Cylinder Assemblage (CCA) model of Hashin [8] in a recursive manner. The properties of each cell wall layer are given in Table 3. The results, shown in Table 3 are compared with the calculation of Persson [3] who used the same input data (Tables 12) but a homogenisation procedure and finite element (FE) method based on the ultrastructural model of Fengel [6]. The results of the CCA model compare well with those of Persson [3] if the longitudinal and transverse Young's modulus are considered. The difference between the predicted shear moduli is larger, because the ultrastructural model of Fengel [6] is not isotropic in the 1-2 plane. In Fig. 2 the predicted longitudinal Young's modulus of the fibre is shown for a range of MFA in the S2 from 0º to 45º. The continuous line represents the response of a fibre that is allowed to rotate freely (i.e. M t = 0), while the dashed-dot line is the result from a fibre that is rotationally constrained (i.e. = 0). Fibres that are not allowed to twist exhibit a stiffer response as expected. Also for fibres that are allowed to twist freely the reduction of the Young's modulus is more significant with increasing MFA. The results clearly indicate that the twist-extension coupling has significant effect on the elastic behaviour of fibres that are allowed to rotate freely as compared with rotationally constrained fibres.

The analytical model was compared with a FE model and analytical model based on Lekhnitskii stress function approach [9]. The FE model was constructed with the ABAQUS® finite element software using eight-node continuum elements with orthotropic material formulation. The entire structure of a 300 m long fibre segment was discretized and additional nodes were placed on the symmetry axis at the fibre ends which were connected to their respective fibre end boundary nodes. A longitudinal deformation was applied to the centre nodes while all the other degree of freedoms were set to zero and the fibre stiffness per unit length was determined by solving for the unknown reaction force. Results from the FE analysis shown in Fig. 2 confirm the analytical model although with slightly lower values of Young's modulus. 

ABAQUS

The differences can be attributed to end effects that are excluded in the analytical model. In Fig. 2 the results obtained by Persson [3] are shown. However these results were determined with the FE method by modelling a double cell wall consisting of six layers in an antisymmetric lay-up from lumen to lumen, and hence the effects of the curvature of the cell wall are ignored. Predictions with the analytical model in this work have also been compared with FE simulations on a wood fibre with the "real" geometry characterised from microscopy. It was shown that the analytical model slightly overestimates the longitudinal Young's modulus for both zero torque and zero twist cases, with a maximum deviation of 12% for the latter case for a range of MFA from 0º to 30º [10].

Lekhnitskii stress function approach [9] extended to layered cylinders by Jolicoeur and Cardou [11] was also used to solve the problem for axisymmetric loading. The results obtained with the model of Jolicoeur and Cardou [11] were equivalent to those of the present model. The stress function approach was ineffective in treating a multilayered system in which interfacial continuity conditions require displacement as well as radial stress to be continuous. With the state space approach, which expresses stresses and displacements in a state equation, i.e. equation (7), the interfacial continuity and boundary conditions are taken into account in a simple manner. The solution requires only matrix operations and eigensolutions of 2×2 matrices for the axisymmetric state considered here.

The shear modulus, Poisson ratio and circumferential Young's modulus predictions are shown in Fig. 3a-c. It can be seen that the shear modulus and the Poisson ratio exhibit similar sensitivity to twist-extension coupling as the longitudinal Young's modulus Both the shear modulus and the Poisson ratio are strongly dependent on the MFA with maximum values corresponding to the rotationally constrained case. The circumferential Young's modulus shows quite modest response to changes in the helical angle and not the same sensitivity to twistextension coupling for typical values of MFA reported for softwood fibres (i.e. 0º to 30º).

The use of a micromechanical model in combination with the state space approach and the transfer matrix is a simple way of treating multilayered systems and it can be quickly used to reveal useful insights. For instance, it may be easily extended to study the effect of twist-extension coupling on the hygroexpansional behaviour of fibres, or to study the effects of a progressive change in MFA on stress distribution in the cell wall.

Conclusion

A wood fibre has been modelled as an assembly of coaxial hollow cylinders made of orthotropic material and the state space approach in combination with the transfer matrix [4,12] has been used to solve a three-dimensional anisotropic elasticity theory problem. A micromechanical model was applied at the ultrastructural level to obtain the properties of the cell wall layers from properties of their constituents. The model has been validated with finite element calculations and an analytical model based on the stress function approach [11]. Twist-extension coupling, induced by the helical orientation of the cellulose microfibrils in the cell wall layers, has been shown to have a significant effect on the effective elastic properties of a wood fibre. The combination of micromechanical modelling and the analytical model in a multiscalar modelling approach provides a potentially fruitful method to study effects of ultrastructural morphology on wood fibre mechanical properties. An increased understanding of the mechanical behaviour of wood fibres is needed before they can be used with confidence as load bearing constituents in structural components.

Introduction

Cell walls of softwood tracheids consist of thin primary cell wall and thick secondary cell wall, which is composed of several layers. The main constituent of the cell wall is cellulose, which forms long, partly crystalline microfibrils. The microfibrils are wound helically around the cell axis and the pitch of the helix is called the microfibril angle (MFA). MFA varies in different cell wall layers and the MFA distribution of the whole cell wall has been shown to be asymmetric for Norway spruce [1]. The mean MFA decreases as the distance from the pith increases (e.g. [2,3,4]).

X-ray diffraction is a well-established method for determining MFA [5]. In data analysis information on the cross-sectional shape of the cells is needed [5,6]. Cells are usually assumed to be parallel to each other and sometimes one assumes the shape of MFA distribution to be Gaussian [7]. The validity of these assumptions can be tested with the aid of texture analysis [8]. In this work we determine and interpret pole figures for the cellulose reflection 200 (indexed according to [9]) in corewood and sapwood samples. The mean MFA values were determined by curve fitting [3] and by the variance method [7].

Fig. 1. The sample plane is in laboratory co-ordinates e 1 e 3 -plane. Direction of microfibril (MF), i.e. the normal of the plane (004) is given with two angles

and . If there is spiral graining in the sample the orientation of the tracheid is described with angles and . The direction of the scattering vector s is given with two angles and .

Material and method

The wood material was Norway spruce (Picea abies [L] Karst.) grown in Ruotsinkylä (lat. 60.21 N, long. 24.59 E), Finland. Samples were taken from three stems at breast height; 1.3 m. Wood sections with a thickness of 1.0 mm in tangential direction were cut in transverse direction from the pith to the bark using double circular saw. Cylindrical earlywood samples 1 mm in diameter and 10 mm in longitudinal direction were prepared from the wood sections using microscope and razor blade.

Samples A, B and C are from the same stem, from annual rings 2, 4, and 20, respectively. Samples D and E are from rings 5 and 20 of another stem. These two stems were grown normally. The same samples were previously used in [2,3,6]. The sample F is from the third stem and it is a compression wood sample from ring 25.

A pole figure for a certain reflection is essentially a map of diffracted intensity values for all available orientations of the scattering vector ' s . The direction of the scattering vector can be expressed in laboratory co-ordinates (e 1 , e 2 and e 3 ) with two angles (Fig. 1). The angle is the azimuth angle in the e 1 e 2 -plane from the e 1 -axis and is the polar angle from the e 3 -axis. Thus the direction of the scattering vector is sin cos ' sin sin cos

s . ( 1 
)
In this work the transmission geometry was used (Fig. 2). The incident beam hits the sample at origin from the negative direction of e 2 . The diffracted intensity is recorded at the detector plane which is perpendicular to the incident beam. When a Debye ring is investigated in the detector plane as a function of , corresponding directions of the scattering vectors form a cone, with an apex in the origin and an opening angle of 180°-2 , thus cos 0 sin 0 0 1 0 sin sin 0 cos cos

s . ( 2 
)
The measurements were performed with Bruker AXS D8 discover -setup (Bruker AXS, Karlsruhe, Germany). Samples were attached to a sample holder capable to rotate sample around its longitudinal (e 3 ) axis. Samples could also be tilted in the e 2 e 3 -plane. The angle is the azimuthal angle in the e 1 e 2plane from the e 1 -axis and is the polar angle from the e 3 -axis. Thus the direction of the reciprocal lattice vector is 

Fig. 2. Schematic presentation of the experimental setup. The incident beam hits the sample from negative direction of the axis e 2 . The intensity diffracted at the scattering angle 2 is recorded with an area detector perpendicular to the incident beam (point r). In the detector plane the intensity of a reflection 00l is seen as a Debye ring. It is formed by reflections filling diffraction conditions with scattering vectors pointing to the reflection circle (p). The sample was rotated around its longitudinal direction, the axis

The diffraction condition can be written in a simple form

* cos s r , (4) 
where is the angle between the reciprocal lattice vector of the (00l) plane and the reciprocal lattice vector of the plane investigated. Thus it is possible to cover all available directions of the scattering vector by rotating the sample.

The measurements were performed with CuK radiation ( =1.54 Å) generated using a rotating anode X-ray tube and monochromatised and focused using Göbel-mirror. Diffraction patterns were recorded using an area detector (Hi-Star) and GADDS software package. The diameter of the beam at the position of the sample was 0.5 mm and the sample-to-detector distance was 63.0 mm. Each sample was attached to the goniometer-head using optical microscope to ensure that = =0° and tangential cell walls were perpendicular to incident beam in the beginning of the experiment. Then the sample was rotated with a step of =0.9° and 200 frames were recorded. After that the angle was tilted to 15° and the measurement was repeated. Each frame was spatially and flood field corrected.

Intensity curves as a function of the polar angle were obtained by integrating the reflection 200 over a band of 21.6°-23.6° in 2 -scale (Fig. 2). For pole figures the diffracted intensity, which is a function of angles , and , was transformed to a function of angles and . During this transformation fibre orientation in the sample was taken into account. Thus there are differences in the covered angle ranges of the pole figures. It was assumed that the x-ray beam was stabile during the experiment, therefore each intensity curve of one sample was normalised with minimum and maximum values of all the intensity curves of the sample.

In data analysis the MFA distribution was presented as a sum of two Gaussian functions. The diffracted intensity from the (200) lattice planes in the cell walls perpendicular to the x-ray beam gives the microfibril angle, whereas the other cell walls give a peak at about =0°. This was taken into account by fitting an extra Gaussian at =0°. For samples with round cross-section of the cells the method presented in [10] was used. 

Results and discussion

Fig. 3 shows the intensity of the reflection 200 as a function of the angle and the rotation angle . The MFA distributions of tangential ( =0°) and radial ( =90°) cell walls obtained using the curve fitting procedure are presented in Fig. 4 and the mean MFA values obtained either by curve fitting [3] or the variance method [7] are compared in Table 1. The MFA distributions obtained using the fitting method are in agreement with those reported in the previous study [2,3,6]. The texture patterns are presented in Fig. 5.

The shape of the intensity curves of the samples A, D, and F changes remarkably as a function of (Fig. 3). This is attributed to the fact that the cross-sections of the cells are roundish but not perfectly round [3]. This is also visible in pole figures, where the intensity maxima at = =0° repeat after quarter rotation = ±90°. The intensity curves of the samples A and D taken near the pith are quite similar, but the pole figure of the sample A shows that the cross-sectional shape of the cells is more round than in the sample D. MFA distributions of both samples A and D are wide indicating that the mean MFA is large (Fig. 4). For these samples the mean MFA obtained with the variance method and curve fitting agreed well.

The intensity curves of the samples B, C, and E with rectangular cross-sections of the cells are almost independent on rotation and their pole figures are quite similar. This is attributed to the fact that contributions of radial and tangential cell walls are not distinguishable due to the small mean and variance of MFA (Table 1). The MFA distributions of these samples show a small but discernible peak at =40-60° (Fig. 4). Such a peak was reported previously in [2] and since the area of the peak is small, it was suggested that it arises from the S3 and/or S1 layer. Even though the centre peak of the intensity curve of the samples B, C and E is narrow it reached slowly the background level. There may be some, but not remarkable amount of microfibrils oriented perpendicular to the cell axis in the samples A-E. When the mean MFA of the samples B, C, and E was determined with the variance method [7], these 'tails' increased the variance of the intensity curve leading to large MFA values compared to those obtained by curve fitting (Table 1). If one applies the variance method only to intensity curves in the range -40°< <40° the mean MFA would be 15.0°, 10.2° and 10.3° for tangential walls of samples B, C and E, respectively, and 15.7°, 10.1° and 10.7° for radial cell walls.

The mean MFA values of core wood samples determined from radial and tangential cell walls were not equal. This is in agreement with the previous study [2,3,6]. Bordered pits may increase the MFA values, thus tangentially cut samples are preferable.

In the compression wood sample F the rotation (angle ) does not affect the shape of the intensity curve markedly (Fig. 3). The maxima are at about the same angle =±38° and contributions of tangential or radial cell walls are small but noticeable. There is also a clear contribution at angles =±90°, indicating that there are microfibrils perpendicular to the longitudinal cell axis. Table 1. The mean MFA of the samples in degrees obtained by curve fitting and the variance method [7]. Tangential and radial values are obtained mainly from the corresponding cell walls. XRD results are obtained using the symmetrical transmission geometry and curve fitting [2]. The plus-minus sign indicates standard deviation. 
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Conclusion

Texture analysis gives a complete picture of the orientation of cellulose crystallites in wood and from the measured intensities MFA, spiral grain and the cross-sectional shape of the cells can be determined. However, in this work the effect of spiral graining was corrected from the presented pole figures. It is rather tedious to measure pole figures, thus the results are valuable for evaluation of the conventional MFA results [3,7]. Since the spiral grain and the cell shape affect cellulose reflections, one must be careful when determining MFA for samples with exceptional properties, say strongly increased growth rate, compression wood or increased spiral graining. Only for samples with a roundish cell cross-sectional shape the mean MFA obtained with the variance method and curve fitting agreed well. One reason for the diverging results obtained using the variance method is the asymmetry of the MFA distribution of the studied Norway spruce samples [1].

Introduction

Many families and genera of Caryophyllales are characterized by the production of successive cambia within one year [1]. Besides anatomical features of the wood, the distribution of such successive cambia has been recently described as generic in Phytolaccaceae including species such as Phytolacca dioica [2,3]. This genus commonly designated as Ombu is a large evergreen tree that is found in South America. It grows rapidly and is well adapted to areas where water availability is limited. This tree has multiple trunks and the wood is soft and spongy. Several studies have shown that the successive wood layers in this tree and in other Phytolaccaceae actually originate from true cambium [2 -4]. Thus as found in the normal pattern of secondary thickening in dicotyledons developing, a single cambium, each vascular cambium in Ombu generates phloem and xylem bidirectionally. The woody cylinders of Ombu stems are separated through conjunctive tissues of mature parenchyma. An open question is related to the identification of a lateral meristem that would be responsible for the production of parenchyma; the succeeding cambium would originate from parenchyma that then matures into conjunctive tissue [2]. In addition to the cambial activity in Phytolaccaceae, the wood anatomy has been detailed in recent papers with regards to the classification of these plants [2 -4]. The aim of this study was to give further information of the cell wall features using chemical and cytochemical approaches.

Material and methods

Ombu (Phytolacca dioica) samples were collected in a private botanical garden from the South of France. Internodes were isolated from a 2 m height stem and numbered from the shoot apex. Internodes were longitudinally divided in two equal parts for chemical or cytochemical analysis. Cell wall residues (CWR) were obtained following extractive removal using ethanol-toluene (1:2, v/v), ethanol then water. Lignin content and composition were determined using spectroscopy and thioacidolysis as previously described [5,6]. Polysaccharides were determined by CWR acidic hydrolysis and quantification by liquid chromatography using amperometric detection [7]. Cytochemical staining of lignin was performed on 30 µm fresh transverse sections using the Wiesner-(phloroglucinol-HCl) [8] or Mäule reagents [9]. Observations were made using an Axioskop microscope and AxioCam MRc digital camera (Carl Zeiss). Small stem specimens were dehydrated through an ethanol series and embedded in methyl-and butyl-(1:1, v/v) methacrylate resin. Semi-thin sections (0.5 µm) were stained using toluidine blue [7]. Prior to the study of transmission UV absorption resin was removed from 1 µm sections placed on quartz slides sections using acetone (1 hour). UV photomicrographs were taken at 280 nm using a SIEMENS UV-sensitive camera. Absorbance was further surveyed from 250 to 400 nm in 2.5 nm steps and a 5 nm band-width of an illuminating monochrometer using a microscopic spectrophotometer (Carl Zeiss MPM 800) [10]. The measured spot diameter was 1 µm for secondary-and 0.5 µm for middle lamella cell corner region. Scanning electron microscopy was used for examination of xylem in razor-blade cut longitudinal sections. Samples fixed in 80% ethanol were dehydrated through an acetone series (from 30 until 100 %, 15 min at each step) and critical point dried using CO 2 as transfer liquid. Finally, a 25 nm gold coating was deposited on the sections using a BAL-TEK, SCD 005apparatus. SEM observations of cell surface structures were conducted at 15 KeV using a Jeol 840 A microscope.

Results and discussion

After staining with toluidine blue, the cell walls of xylem and sclerenchyma showed a blue colour indicative of phenolic components in the cell walls while the cell walls of the parenchyma stained violet indicating the presence of polysaccharides (Fig 1a). Possible metachromatic effects and related variations of coloration between cell wall layers were not systematically studied here due to the complexity of these molecular mechanisms of staining, which remain poorly understood as recently discussed [11]. The successive layers of xylem displayed a very weak pink colour following phloroglucinol staining while the cell walls of the inter-xylary parenchyma were negative. Unexpectedly, all xylem cell walls gave a very intense red staining with the Mäule reagent (Fig 1b). Using high magnifications, the Mäule test showed a very intense red colour with all areas of the fibre and ray cell walls whereas the vessels stained brown-red (Fig 1c). The secondary cell walls of fibres did not show typical phloroglucinol staining while the xylem cell walls only gave a light pink colour; the middle lamella cell corners between some of the fibres show a strong pink coloration consistent with that of the vessels (Fig 1d). The typical purple-red staining was only observed for the cell walls of external sclerenchyma (Fig 1e). Under acidic conditions, the Wiesner reagent allows reaction between phloroglucinol and cinnamaldehyde end-groups that are generally found in lignin, albeit in low amounts. During the early stage of xylem formation, the newly deposited lignin in cell walls reacts with phloroglucinol and the staining with Mäule reagent is usually delayed in agreement with the initial deposition of guaiacyl rich lignin [10,12]. In the differentiating xylem layer of P. dioica, the Mäule staining showed increased staining from the outermost cells inwards (data not shown) suggesting that syringyl lignin is deposited early in xylem cells.

Microphotographs of cell walls using transmission UV at 280 nm showed a dark grey coloration at the cell corner and compound middle lamella regions indicating either the presence of high amounts of lignin, or the deposition of G-rich lignin in this zone. The remainder of the secondary cell walls layers displayed a lighter grey coloration that was clearly shown in the case of xylem fibres and rays (Fig 2 b,c). In contrast, the cell walls of vessels and sclerenchyma appeared more intensively dark grey in colour (Fig 2 a,c). UV absorption spectra were obtained from the cell corners regions of middle lamella and secondary walls of the vessels, rays and fibres. The highest absorbance was found at the cell corners between sclerenchyma (SSCC), fibre-vessel (FVCC) and rays (RRCC) followed by fibres (FFCC) (Fig 3a). Most of the spectra measured at cell corners showed a maximum absorption around 280 nm suggesting the preferential deposition of G-type lignin in this wall area in agreement with previous studies [10,12]. However cell corners between fibres appeared to have maximum absorption at shorter wavelengths. Lower UV absorbance was recorded in the secondary walls area of fibres (FSW), rays (RSW) and sclerenchyma (SSW), with a maximum in the range of 275-277 nm suggesting preferential deposition of syringyl moieties (Fig 3b). Vessel secondary walls (VSW) displayed higher absorbance values with a maximum absorption at 280 nm. Altogether the UV transmission spectra suggest that lignin distribution follows the normal pattern reported for angiosperm dicotyledons where xylem cell corners and vessel secondary walls are richer in G units [11,12]. 

a) Middle lamella cell corners between rays (RRCC), fibres (FFCC), sclerenchyma cells (SSCC) and fibre-vessels (FVCC). b) Secondary walls of rays (RSW), fibres (FSW), sclerenchyma (SSW) and vessels (VSW).

The internodes of Phytolacca dioica were moderately lignified with lignin contents lower than 20 % (Table 1). The decreasing lignin levels in the internode 10 may reflect a larger contribution of nonlignified parenchyma in the lower part of the stem. In addition, the non-condensed lignin fraction was characterized by a high value of the S/G molar ratio. Monomers involved in such labile-ether linkages represented almost 60 % of the polymer. S/G molar ratios of lignin have been reported up to 5 in hardwood lignin [13] however, a high proportion of syringyl lignin has been shown in Nothofagus dombeyi [14] and in bast fibres of kenaf (Hibiscus cannabinus) [15]. Thioacidolysis data did not suggest a strong gradient in lignin composition along the 2 m-high stem used in this study. The composition of cell wall polysaccharides showed a dominance of cellulose followed by xylan, which is characteristic of angiosperm woody cell walls (Table 1). The relative high levels of galacturonic acid may be related to the pectin-rich primary cell walls present in the non-lignified parenchyma. The predominance of parenchyma cell walls in IN10 is further supported by the decreased content in xylose, which is indicative of a lower contribution of dicot secondary cell-wall hemicelluloses as xylans. Similarly the parenchyma tissue that was selectively isolated from internode 10 had significantly higher proportion of pectin-related monosaccharides compared to the woody layers. Galacturonic acid, arabinose and galactose thus represented about 16, 11, and 9 % of the total polysaccharides respectively, whereas the relative proportion of xylose was lower than 10%. Like other evergreen plants occurring in arid environments, P. dioca may show adaptation by the xylem retaining efficient hydraulic conduction while having increased cavitation resistance under drought-prone conditions. The plant would have to develop smaller vessels diameters or produce thicker cell walls to strengthen the resistance of conducting cells against implosion. Based on the microscopic examination of the xylem of P. dioica, the vessels appear rather large with a diameter size in the range of 40-50 µm and are thick-walled as described previously [3]. Carlquist [4] has reported the occurrence of non-bordered simple perforation plates as a common feature in Phytolaccaceae. SEM observations of vessels showed numerous large pit apertures that appeared nearly circular and bordered (Fig 3). Such wood anatomy appears consistent with vessel features of species growing in tropical dry areas [1]. In a recent study [16], increased cavitation resistance has been reported to be associated with the mechanical strength of xylem with increased transverse fibre cell wall area and decrease of fibre lumina area suggesting that the supporting function of the fibres could be involved for efficient hydraulic conductance. In P. dioica, the mature xylem fibres with a wall thickness averaging 3 µm appear moderately thick-walled compared to other Phytolaccaceae [3]. Preferential deposition of syringyl lignin in fibres has been related to the mechanical function of woody cells [17], while the G-lignin type occurring in vessels would favour impermeability [11] due to easier condensation reaction between G-aromatic cycles and correlative formation of more hydrophobic polymer structures as recently reported in the case of in vitro model lignins [18]. Likewise, syringylrich lignin was found to be more abundant in stems resistant to bending [19]. One may thus suggest that the highly syringyl-rich lignin type encountered in the wood of P. dioica would enhance mechanical strength of the xylem. Notably, strong fibres may act as mechanical reinforcement for the vessels thereby preventing xylem cavitation and providing support for efficient vessel conduction in dry conditions. Another hypothesis is that P. dioica has developed strong xylem to resist stem bending, which may occur in drought conditions when turgor pressure afforded by inter-xylary parenchyma is decreased. 

Conclusions

Besides a xylem anatomy with successive woody layers, the P. dioica stem showed strong syringyl lignification and an unusual histochemical lignin staining pattern. Further studies on lignin distribution during xylem differentiation are currently under progress to address the question of a possible early deposition of syringyl lignin. Additional investigations on the resistance of P. dioica to water-stress conditions are required to address the possible contribution of the cell wall chemical features to the hydraulytic efficiency of this plant in addition to the more widely studied wood anatomy.

Introduction

The petiole (leaf stalk) of celery (Apium graveolens L.) [1] is widely used as a model plant structure in introductory botany courses. Our initial interest was in using celery as a readily accessible source of cellulosic material from which to prepare uniform cellulose nanocrystals by acid hydrolysis. Aqueous suspensions of cellulose nanocrystals have been shown to self-order spontaneously, forming chiral nematic liquid crystalline suspensions [2] and solids [3] with interesting optical properties. Normally prepared from cotton or wood pulp [4], the dimensions and ionic charge of the nanocrystals depends inter alia on the source of the cellulose, and we were interested to see if non-lignified tissue from annual plants offered any advantages in the crucial hydrolysis step. In the course of this ongoing work, we noted some properties of the arrangement of cellulose microfibrils in the petiole that caught our interest.

As is well known, the petiole of (Apium graveolens L.) and most other plants is composed of parenchyma cells, with vessel elements and collenchyma cells running lengthwise along the stem. Atomic force microscope (AFM) images in water of the layers of living parenchyma cells close to the epidermis [5] showed a uniform, oriented microfibrillar structure, with an apparent microfibril diameter distribution peaking at 15 nm. Because of the usual peak convolution distortion, this is an upper limit [6]. Although not mentioned by the authors, the excellent image of the intact hydrated wall (Figure 6 of ref. [5]) also appears to show a clear right-handed twist for each microfibril. Assuming that the reproduction in the paper has not been reversed from the initial AFM image, this is the same handedness that has been previously observed for cellulose microfibrils from an algal cellulose [7] and a bacterial cellulose [8] and also was recently predicted from detailed molecular mechanics calculations for cellulose 1 nanocrystals immersed in water [9].

In addition to the microfibrils in the parenchyma cells, other chiral structures are apparent in the petiole. In particular, the vascular elements included, to our eyes, a remarkable tightly-coiled helical structure that was isolated in the course of preparing samples for hydrolysis. Some comments on this structure are presented in this note.

Material and methods

Fresh celery (Apium graveolens L.) was obtained from a local market. Strings of vascular bundles (approximately 25 cm. long) were stripped from mature petioles. After boiling in water for 30min., hemicelluloses were removed by soaking in 5 % w/v NaOH solution for 1 hr. at room temperature. After washing thoroughly, the strings were bleached with 500 mL of solution containing 40g NaClO 2 and 7.5g CH 3 COOH at 35 o C for 1 hr. The now-white strings were washed several times with distilled water until the pH of the water remained unchanged, and were stored moist under refrigeration. Polarized-light microscopy: Approximately 1 cm. long segments were cut from treated strings and placed onto a standard microscopy slide. Helical xylem elements were separated from other vascular tissue under the microscope. Wet helices were then covered with a cover glass and photomicrographs taken with a Nikon Coolpix 990 digital camera on a Nikon Microphot-FXA polarized-light microscope with a 530 nm retardation plate. Atomic Force Microscopy: Segments of wet vascular bundles, approximately 5 mm long, were placed onto a standard microscopy slide and the long helical coils were separated from other tissues with fine tweezers while viewed with a polarized-light microscope. A single helix was placed onto a piece of freshly cleaved mica and the mica was mounted on a AFM disk with double sided adhesive tape. AFM images were recorded with a Digital Instruments Multimode scanning probe microscope with a Nanoscope IIIa controller. The atomic force microscope was operated in tapping mode in air using silicon cantilevers with a resonance frequency of 250-300 kHz.

Results and discussion

The string-like vascular elements of the celery petiole were readily isolated by hand, and subjected to a mild chlorite treatment to give very white elastic strings. Optical microscopy with crossed polars and a retardation plate clearly showed the difference between collenchyma cells and the thicker vessel elements. The retardation colours for the former showed that the cellulose chains were aligned along the long axis of the cells, whereas in the vessel elements, the cellulose chains were predominantly oriented across the long axis. Gentle stretching of the isolated vessel elements showed that this orientation resulted from a tightly coiled helical structure of the cellulose fibrils in many of the vessel walls (Fig. 1). Similar structures have recently been observed in vessels isolated from wheat straw [10]. This helical structure in celery has long been recognized, but from the isolated structure, a couple of points emerge. First, the isolated helical coils are left-handed. Second, if undisturbed, the individual turns of the coils are in contact with each other. These "contacting coils" are present in the celery stem, along with more extended coils and ring-shaped thickenings [1].

The isolated coils in water are typically ~50 m in diameter, and the diameter of the coiled fibril is ~5 m. Typically, the pitch of the contact helix is thus also ~5 m. The left-handed nature of the helical coils is most easily seen by focussing from top to bottom on the stretched fibrils. Tapping mode AFM height images of the surface of the dry coiled fibril also show a pattern of poorly defined corrugations almost perpendicular to the fibril direction, corresponding to a shallow righthanded helix. The significance of this poorly defined helical pattern is unclear. However, the AFM images of the isolated coil surface also show what appear to be randomly oriented "nanofibrils", with cross-sectional dimensions of the order of 10 nm (Fig 2). Precise AFM measurements of nanofibril dimensions in cell walls are difficult because of sample-tip artefacts [11,12], but it was possible to dry down individual nanofibrils from celery and image them on a mica surface. Measurement of the height of these nanofibrils gave more reliable values of the order of 3 nm. This is the same as the crystallite size of celery cellulose, measured perpendicular to the (020) plane by X-ray diffraction [13]. It must be stressed that whatever the details of the coiled fibril structure, the cellulose is oriented predominantly along the fibril, as indicated by the polarizing microscope, and that the handedness of the coil is distinct from the (undetermined) handedness of the constituent nanofibrils.

The main function of the helical cellulose winding in vessel walls is clearly to reinforce the walls so that they can resist differences in hydrostatic pressure. The observation that some of the coils are contacting suggests an additional role. The role of cellulose is normally to provide tensile rather than compressive strength to plant cell walls. The high compressive strength required in trees is normally provided by lignified tissue, with the cellulosic components encased in a cross-linked ligninhemicellulose matrix. Unlignified plant tissues may also require compressive strength, and we suggest that the tightly wound cellulose helices found in vessel walls may provide compressive strength. In essence, when the coils in the vessels are in contact, they form a tubular structure, where the tensile strength of the cellulose fibrils in the tangential direction prevents the vessel from swelling, and the contacting coils (held in alignment by the vessel elements) provide compressive strength. In leaf petioles such as celery, the required stiffness and strength depend on a combination of compressive strength from the contacting coils and tensile strength from the collenchyma strands in the vascular elements, along with the usual turgor in the parenchyma cells. The structure and mechanical properties of celery petioles will be discussed in more detail elsewhere.

Conclusion

Vascular bundles were separated from celery stalks and subjected to a mild chemical sequence. The isolated cellulose contained long left-handed helical structures from the vessel elements. In many cases the pitch of the helixes was very short, such that the individual coils of the helix were in contact, leading to the hypothesis that the coils contribute to the compressive strength of the vascular elements in the celery petiole.

Ultra-structural arrangement and rearrangement of the cellulose aggregates within the secondary cell wall

Lennart Salmén STFI-Packforsk, Stockholm, Sweden

Abstract

The structural arrangement of the cellulose microfibril aggregates within the secondary wall of the fibre wall has a profound influence on the properties of the fibre. Throughout the years this subject has been heavily debated and studied still without coming to a unified view. In this work some aspects based on recent ultra-structural work is reported trying to clarify some of the features.

With the use of atomic force microscopy in combination with image analysis the ultra-structure in the transverse direction of softwood fibres before and after drying were examined. It was found that the dimensions of both the cellulose aggregates as well as the interspaces of the matrix lamellae decreased after drying. The relatively large shrinkage of the cellulose aggregates supports the idea that some of the glucomannan is incorporated within the cellulose aggregates. This has also been supported by studies using dynamic FTIR indicating a very close association between cellulose and glucomannan.

With pulping cellulose aggregate enlargement occurs. This requires high temperatures where both lignin and hemicelluloses are softened as well as that the cellulose fibril aggregates are more flexible. Conditions of moist samples at temperatures clearly above 100 o C seem to be required. Increased aggregation also takes place with dissolution of hemicelluloses. However it seems plausible that some of the glucomannan could easily be incorporated into the aggregates during this aggregate enlargement occurring during cooking. This fact could also be an explanation for the difficulties in dissolving the last quantities of glucomannan in the structure after pulping.

Based on the accessibility of the cellulose to moisture as determined with deuterium exchange it seems clear that only the surface structure of aggregates are accessible. This clearly explains the large strength and stiffness exerted by the cellulose aggregates as well as the fact that this structure is highly insensitive to moisture. Thus the secondary wall of the cell could under all conditions be regarded as a composite with infinitely long fibril reinforcements in the direction of the fibril angle. This goes well in line with the high strength of fibres under wet conditions.

Introduction

The ultrastructural arrangement of the wood polymers in the secondary cell wall of softwood tracheids has for long time been of interest and is so the more today for the purpose of understanding the mechanical properties of wood fibres. On the ultrastructural scale the arrangement of the cellulose microfibrils into some sort of aggregation of the microfibrils have for long been proposed with models of Kerr and Goring [1], Scallan [2] and Fengel [3] showing different features. The association of some of the hemicelluloses to the cellulose microfibrils or even their incorporation into the aggregates [3] has earlier been advocated. Lately strong evidence for the close interaction between some of the glucomannan and the cellulose has been demonstrated [4,5]. Also the three-dimensional arrangement of the hemicelluloses as well as the matrix components as a general has large implications on both properties and how one sees structural changes during processing. Here the ideas of Boyd [6] implicating a lenticular arrangement of the cellulose microfibrils into a structure where these aggregates or microfibrils in their length direction alternatively comes close together and then depart making up a network structure possesses some interesting features. The effect that these amorphous components have on the behaviour of the aggregates, such as their water induced swelling, is of high interest. Generally structural studies of the effects of moisture on fibres are troublesome due to requirements of preserving the structure. In this paper an attempt was made to look at the ultrastructural changes due to moisture changes in the wood cell wall in its transverse direction utilising AFM, Atomic Force Microscopy. Also by applying IR-spectroscopic measurement identifying the action of the water molecules some new insight into the interaction between cellulose and water was sought.

Material and methods

The fibre material used in these studies was taken from spruce wood, Picea abies. For AFM measurements samples of mature sapwood was acquired in the green state and rapidly frozen in liquid nitrogen, for further details see [7]. For dynamic FTIR measurements pure cellulose samples taken from a dissolving pulp of spruce was used, for further details see [8] .

AFM measurements were made on a NanoScope IIIa Multimode AFM. The specimens were scanned under TappingMode using sharp tapping mode probes with a tip radius between 4.18 and 4.29 nm (according to the manufacture). The length of the cantilever was of 125 m, the spring constant was 40 N/m, and the resonant frequency was 300 kHz (according to the manufacture).

Dynamic FTIR measurements were performed on a Bio-Rad FTS 6000 FT-IR spectrometer (Digilab, Randolph, MA, USA) using a liquid-nitrogen-cooled Mercury Cadmium Telluride (MCT) detector. The interferometer was operated in step-scan mode for the dynamic spectra with a scanning speed of 0.5 Hz and a phase modulation of 400 Hz. By means of an optical filter, the spectral range was limited to 3950-700 cm -1 . The infrared beam was polarized with a KRS5 wire grid placed either parallel to the stretching direction of the sample ("parallel mode", 0º polarization angle) or perpendicular to it ("perpendicular mode", 90º polarization angle). One scan with a resolution of 8 cm -1 was performed for each measurement.

Results and discussion

Moisture has a large impact on the structure of the fibre wall and its shrinkage during drying especially in its transverse direction is well documented. The shrinkage is reflecting the deswelling of the amorphous wood polymers mainly the hemicelluloses but also to some extent the lignin. Due to the direction of the cellulose crystalline regions in the fibril axis, that for softwood fibres taken at such latitudes as Sweden should have very low fibrillar angles (not more than 10 to 15º) the shrinkage in the longitudinal fibre axis is restricted rendering all shrinkage to take place in the less restricted direction, the transverse one to the fibres. However, as seen from the measurements of the cellulose aggregate sizes Fig. 1, not only the matrix shrinks but drying caused also a reduction in the cellulose cross sectional size [9]. The reduction in volume that the cumulated shrinkage of these aggregates amounts to was estimated to as significant as that of the surrounding matrix [9]. The aggregate shrinkage must be attributed to amorphous or more correctly moisture absorbing entities of the polymers either being accessible surfaces of cellulose or amorphous carbohydrates. Due to the relatively large shrinkage seen it is likely that this can not solely be attributed to moisture removed from the cellulose surfaces but has to come from amorphous polymers in-between the cellulose fibrils. Due to the intimate coupling between cellulose and the glucomannan hemicellulose in softwood as shown by dynamic FTIR [5] and also claimed based on degradation pattern [4] it is highly plausible that the cellulose aggregates incorporates a noticeable amount of the glucomannan. This fact has also earlier been suggested by Fengel [3]. Thus the structural picture that is envisaged is that depicted in Fig. 2. Fig. 1 Size distribution of cellulose fibril aggregates in the S 2 layer for never-dried and dried wood as measured by AFM on cross sections of wood pieces [9]. The structure along the cellulose microfibrils or aggregates is also a matter of discussion. On one hand high-resolution microscopy tends to suggest a continuous lattice crystal structure along individual microfibrils such as from ramie cellulose [10]. Other results as acid hydrolysis, leading to a levelling-off degree of polymerisation (LODP), indicate disordered regions arranged at regular intervals along the length of microfibrils [11]. Also neutron scattering indicates such a structure for ramie cellulose microfibrils [12]. Another way of examining the accessible structures is to make use of deuterium oxide exchange for moisture. As seen from Fig. 3 the deuterium oxide absorbed and exchanging OH-bonds shows up in a clearly different region as compared to the normal OH-bonding [13]. Thus it is possible to distinguish between the load bearing entities of the non-deuterated structures as opposed to the deuterated ones. The loading of the cellulose molecular structure results in a straining of the glucose ring, of the C-O-C bridge and of the O3-H ... O5 intramolecular hydrogen bonding [14]. In IR-spectra the strained bonds results in a wave-number shift of these vibrations which in dynamic FTIR shows up as split peaks as seen for the O3-H ... O5 bond at 3330 in Fig. 4 [13].When comparing the response of the deuterium bonding region it is obvious that no such split peak appeared, indicating that regions that have been subjected to deuterium oxide, i.e. accessible areas are not taking part in the stress transfer when the cellulose is loaded. Thus this points to that there should be no areas along the cellulose microfibrils with complete accessible areas across the entire microfibril but merely that the accessible areas are more confined to the surface structure of those microfibrils. These findings goes well in hand with the fact that the stiffness of wood and wood fibres are only marginally affected in the direction along fibres [15] and that the strength of fibres is practically the same for dry and wet fibres. When wood or cellulose fibres are subjected to high temperatures at about 150 ºC an increase in size of the cellulose fibril aggregates occurs [16], as evident from Fig. 5. In average the increase in aggregate size is about 4 nm. At the same time the matrix lamella, i.e. the area in-between the aggregates also increase while the number of such lamella decreases [7]. The interpretation of these results may be related to the fact that the cellulose aggregate structure on the three-dimensional level may be viewed as a lenticular structure where aggregate/fibrils join each other and come apart in a network organisation. The increase in aggregate size is then only a reflection of that the area of contact between two such aggregate/fibril strands increases in contact length. This also implies a loss of matrix space in this cross sectional area and that the number of spacing between aggregates/fibrils diminishes in agreement with the observations [7]. This process is schematically illustrated in Fig 6 .  Based on these findings it may be stated that the cellulose aggregate structure is most complicated and that still much of the finer details need further studies in order to fully comprehend the arrangement of the different constituents. The strength of the connected aggregate bonds is here one thing of importance. This could provide a key to the resistance to moisture that the cell wall possesses. However the mere existence of such a network structure must be a key issue to the strength properties of the cell wall.

Fig. 5 Size distribution of cellulose fibril aggregates in the S 2 layer a native wood sample and a sample heat treated at 140 C for 30 minutes as measured by AFM on cross sections of wood pieces.
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Conclusion

The measurements here discussed tend to indicate that the cellulose aggregate structure in softwood fibres is made up of cellulose microfibrils incorporating the glucomannan hemicellulose. It is also argued that in the longitudinal direction the cellulose microfibrils should be composed of a continuous structure of non-accessible cellulose domains, i.e. that moisture accessible regions essentially only occur on the surfaces of the cellulose microfibrils. The fact that the cellulose aggregates has such a broad size distribution which upon matrix softening tend to aggregate was interpreted as the structure making up a network where in the length direction fibrils alternatively associate and dissociate to different aggregate constellations forming a lenticular cell wall structure.

Introduction

The cytoskeletons play important roles in cell division, cell morphogenesis, cellular motility and signal transduction into cells [1]. In the plant cell wall formation, the cortical microtubules are hypothesized to control the deposition of cellulose microfibrils, which has been supported by microscopic observations revealing that the orientation of cortical microtubules almost parallels that of cellulose microfibrils [2]. Cellulose microfibrils is recognized as the principal framework component to maintain the shape of the plant cell since it has a large elastic modulus of more than 100 GPa in its chain direction [3]. The orientation of microfibrils especially in woody plant cells, such as tracheids, vessels and wood fibres, greatly varies among the cell wall layers. Although the cortical microtubule array may alter continuously during the stage of cell wall generation, the physiological mechanism including inducible factors has not been discovered.

During growing, many plants respond to several physical stimuli, such as temperature, light and mechanical forces, and subsequently exhibit the adaptive morphology in cellular and tissue levels. The change of mechanical environment may significantly affect the formation of plant cell walls. The turgor pressure generated by water absorption is a driving force for elongation and expansion of differentiating cells, so that the pressure level may influence the additional deposition of cell wall components. Woody plants will form reaction wood to correct the attitudes of their stems and branches against gravity, wind and other mechanical forces. The layered structure and the cellulose microfibril orientation in reaction wood cell walls are quite different from those in normal wood. These facts are suggesting that both the internal and external mechanical environments for plant cells regulate the cell wall structure through the reorganization of cortical microtubules.

In this report, evidence is presented that hormonal and mechanical stimuli induce alteration of the cortical microtubule array in tobacco BY-2 cells. The mechanism of cell morphogenesis due to these stimuli is also discussed.

Material and methods

Cell materials

Tobacco BY-2 cells, which originated from Nicotiana tabacum L. cv. Bright Yellow 2, were transformed using GFP-MAP4 (the fusion protein of green fluorescent protein and microtubule associated protein 4) reporter gene to observe continuously the cortical microtubules. The GFP-MAP4 chimera gene was constructed according to the protocol described by Marc et al. [4]. The constructed gene was inserted into a pBI101 binary vector with CaMV 35S promoter. Agrobacterium tumefaciens LBA4404 containing this vector was used to transform tobacco BY-2 cells. The transformed cell suspension cultures were maintained in Murashige-Skoog liquid medium containing 0.2 mg/L 2,4dichlorophenoxyacetic acid (2,4-D) at 28 C in dark on a rotary shaker set to 130 rpm.

2,4-D treatment for transformed BY-2 cells

Stably maintained transformed BY-2 cells were removed to Murashige-Skoog liquid medium without 2,4-D and were incubated on a rotary shaker. After 6 to 48 hour incubations, the cortical microtubules were observed using an inverted fluorescent microscope (IX-70, Olympus) equipped with a mirror unit for GFP (U-MGFPHQ, Olympus). Fluorescent images were captured into a computer through a CCD camera (Penguin 600CL, Pixera). The cortical microtubule array of treated cells were compared with that of the cells incubated in the medium containing 0.2 mg/L 2,4-Dfor the same periods.

Compression of transformed BY-2 cells

Transformed BY-2 cells were locally compressed in the direction perpendicular to the cell long axis using a micromanipulator (MN-4 and MO-202, Narishige) on the inverted florescent microscope. A grass micro-rod with a diameter of 30 m was equipped to deform the cells. Compressive displacement was the half of the cell diameter. The images of cortical microtubules just after compression were captured by using the CCD camera. After continuous compression for 10 minutes, the images of microtubules at the same location were captured. As a control, images of microtubules for uncompressed cells were also captured.

Results and discussion

Deficiency of 2,4-D and cortical microtubule orientation

Figure 1 shows the cortical microtubule array of a transformed BY-2 cell grown in the liquid medium containing 0.2 mg/L 2,4-D. The microtubules oriented in the direction perpendicular to the cell long axis [5]. Figure 2 shows the microtubules of transformed cells incubated for 48 hours in the liquid medium without 2,4-D. No distinct changes in microtubule orientation were observed for the cell incubated for 6 or 12 hours, but after 24 h incubation, the orientation gradually changed. After 48 h incubation, the microtubules oriented randomly or obliquely with respect to the cell long axis as shown in Fig. 2.

2,4-D is hypothesized to acidify the cell walls and to induce the cell wall loosening by several cell wall enzymes [6]. This loosening result in reduction of cell turgor pressure and the acceleration of water absorption that creates the driving force to enlarge the cell walls. Deficiency of 2,4-D increases the cell turgor pressure and reduces the water absorption. Therefore, a tensile force on the plasma membrane is considered to influence the orientation of cortical microtubules.

Local compression and cortical microtubule orientation

The cortical microtubule array of the same transformed BY-2 cell was observed just after compression (Fig. 3a) and at 10 minutes after compression (Fig. 3b). The microtubules existed densely just after compression, but a part of them disappeared after 10 minutes continuous compression. Fluorescence from the same microtubule was not largely reduced within 10 minutes by first excitation (arrows). No remarkable change of cortical microtubule array for uncompressed cells was detected within 10 minutes, suggesting that the mechanical stimulus from the outside of the cell resulted in disappearance of the cortical microtubules. In other cells, a part of cortical microtubules disappeared during the 10 minutes compression, but newly formed microtubules were also observed. The cortical microtubule array of a roundly shaped cell, which might be at the beginning stage of cell expansion, changed remarkably during the 10 minutes compression (Figs. 4a and4b). Both the disappearance and formation of cortical microtubules were observed by compression for 10 minutes.

The number of microtubules increased during compression. These results are suggesting that external mechanical forces applied to cells stimulate the alteration of the cortical microtubule array.

(b) (a) Local tensile forces applied to the cell wall and plasma membrane are changed when the cell is compressed by an external load, as in the case of deficiency of 2,4-D described above. Therefore, the results obtained in these experiments indicate that the orientation of cortical microtubules depend on the mechanical states of the cell wall and plasma membrane. 

Conclusion

The influences of deficiency of 2,4-D and local mechanical compression on the cortical microtubule orientation of the plant cell were investigated using tobacco BY-2 cells transformed with GFP-MAP4 reporter gene. Disappearance and formation of cortical microtubules were observed in these two experiments. The alteration of the cortical microtubule array was considered to depend on the mechanical states of the cell walls and plasma membranes.

Influence of lignin composition on gravitropic responses and mechanical properties in genetically altered poplars (Populus tremula x P. alba)

Introduction

The mechanical strength of wood is partially attributed to its lignin content. Also, lignin impacts vulnerability of the vessels to implosion [1]. In angiosperms, lignin is primarily composed of two monomers, syringyl and guaiacyl. The monomer composition of lignin was found to vary across different plant species, according to the functional requirements of different cell types [2], and in response to environmental conditions such as drought stress [3]. Huntley et al. [4] found that lignin solubility is positively correlated with syringyl monomer content in the lignin, making the wood more amenable to bleaching chemicals. Their results indicate a 60% reduction in pulping time for wood with increased S:G ratio which would increase pulp mill capacity while decreasing chemical and energy costs.

Poplar trees have the advantage of being the most common model for perennial plants serving experimental research [5,6] in addition to their economic importance as a source of wood and fibre in plantation forestry. This same perennial model is also being used to study the different aspects of xylem composition and function and the tree's reaction to mechanical stimuli imposed by the environment. Environmental stimuli, such as gravity, impact the tree's shape by means of longitudinal growth stresses which can reorient the stem to a new position aided by the formation of specialized xylem tissue called tension wood [7]. The major anatomical characteristic of tension wood is a unique fibre with an additional non-lignified cell wall layer of gelatinous appearance (gelatinous layer) which is mostly composed of non-crystalline cellulose [7]. The combined mechanical strength of lignin in opposite wood and cellulose in the gelatinous fibres of tension wood is necessary for trees to perform gravitropic responses.

Efforts to discover correlations among the different plant cell wall components have also been made. Baillères et al. [8] found a negative correlation between growth strain, lignin content, and the microfibril angle of cellulose in the cell wall of Eucalyptus. They also found a positive correlation between growth strain and S:G ratio. Similar results were obtained in a study on yellow poplar [9]. Boyd [10] found a strong correlation between the cellulose microfibril angle and the longitudinal shrinkage reactions due to growth strains in wood.

The purpose of the present study is to investigate the reaction of the transgenic hybrid poplars (Populus tremula x P. alba) expressing different amounts of syringyl and guaiacyl to displacement with respect to gravity (tension wood formation). Investigating the impact of lignin composition in transgenic lines of the same species will minimize possible bias by other anatomical parameters introduced when different plant species or different growth forms of the same species are compared.

Ferulate 5-hydroxylase (F5H) acts downstream in the lignin synthesis pathway, converting 5hydroxy-coniferylaldehyde and 5-hydroxyconiferylalcohol towards the synthesis of sinapyl alcohol, i.e. syringyl [11]. The F5H mutants are prime candidates for use in this study, allowing us to investigate the direct influence of changed lignin monomer composition on wood mechanical properties, vulnerability to vessel implosion and water conductivity in a well known model system with no other apparent alterations in cell wall structure or tissue composition to bias the results.

It was hypothesized that genetically modified lignin monomer ratio will cause significant differences in the mechanical properties of the wood; so that higher S:G or inclined trees with tension wood will result in higher MOE and MOR.

Material and methods

Experimental plan

This study was conducted on the wild type of hybrid poplar clone 717 (Populus tremula x P. alba) and transgenetics altered to overexpress F5H/Cald5H [4]. The trees were grown under two different growth regimes: (1) undisturbed, and (2) displaced with regard to gravity. The analysis included determination of mechanical properties of the xylem, water conduction and vulnerability to vessel implosion.

Plant material

The plant material used in this study was propagated from root sprouts. The F5H lines was propagated over multiple generations by this method and the genetic expression of the F5H gene has proven to remain stable. Trees of 50-60 cm height were inclined 45° and grown for 3 months along with uninclined controls in a random block design. Initially, the chosen trees had statistically similar basal stem diameter of 6.31±0.13 mm (diameter±se, n=48).

Morphological and anatomical analyses

Stem height and basal stem diameter were measured on all trees at the beginning and end of each experiment to monitor the allometric changes. Stem diameter, tree height and the degree of gravitropic curvature in displaced trees was also measured.

Mechanical properties

Much of the published work on mechanical properties of wood has involved dried lumber as opposed to green wood. In addition to dried stems, intact green stems without bark was used for mechanical testing. Modulus of Elasticity (MOE), the Modulus of Rupture (MOR), and Flexural Stiffness (EI) were measured. The MOE, also known as Young's Modulus, is equal to the flexural stiffness divided by the second moment of xylem area of the sample [12]. EI and MOR were measured using an Instron [13] and calculated MOE from EI and the second moment of cross sectional area. Whereas MOE is measured within the elastic range of the stems, stems are loaded until failure in order to determine MOR [14]. Four-point bending, used in this study, generates a combination of tension forces at the lower side of the sample and compression forces at the upper side. In the case of 4-point bending, no biasing shear forces are generated, a problem associated with 3-point bending. Stem samples were cut to be more than ten times longer than wide, as required for bending tests [12]. Tension wood was on the upper side of the stem specimens tested.

Using the Instron (model 4202, Instron Corporation), with a 10 kN load cell and a measuring speed of 20 mm/min, 14 cm segments of green stems were loaded within the elastic range. The same stems were then dried and loaded again to rupture in order to calculate MOR. For calculation of the second moment of area, an idealized round or oval shape was assumed for the cross sections. This depended on the respective diameters of the axes, which, in the inclined stems, should increase parallel to gravity rather than perpendicular.

Water transport and vulnerability

To determine any change in hydraulic properties upon tension wood formation, or modified lignin monomer ratio, measurements of conductivity and embolism were carried out. Six stems of each clone and treatment were harvested and recut under water to obtain 14 cm long stem segments. They were connected to a tubing system and water flushed with high pressure de-ionized water to the same direction of water flow in the xylem to remove gas emboli in the vessels. Water specific conductivity Ks (in kg MPa -1 s -1 m -1 ) was calculated by gravimetric measurement of K h and xylem cross sectional area. Centrifugal force was used to create negative pressure in the xylem to measure vulnerability to implosion and xylem cavitation as described by Alder et al. [15]. Vulnerability curve was created to calculate the negative pressure achieving 50% loss of hydraulic conductivity (P 50 ).

Results and discussion

In a preliminary experiment, wild type and F5H overexpressing hybrid poplar trees were inclined 45° from vertical and were allowed to respond to gravity (Figure 1). The transgenic poplars (93% syringyl) showed faster gravitropic response compared to the wild type which may indicate a role for syringyl rich-lignin in enhancing the gravitropic growth rate. In the mechanical analyses the upright grown stems showed no difference in flexural stiffness in response to elevated syringyl and no significant change in their modulus of elasticity. Inclined stems responded to gravity by forming tension wood and had higher MOE than upright trees. Another study reports similar results on artificially tilted 1-year-old poplar trees [16]. Tension wood is characterized by fibres with a gelatinous layer rich in cellulose instead of a lignified S 3 layer of the secondary wall. The cellulose microfibrils in tension wood fibres change angle to parallel to stem axis upon shrinkage creating longitudinal growth strain. This strain helps stems reorient in response to gravity and can be quantified by measuring the microfibril angle (MFA) [10]. Coutand et al. [16] associated higher Young's modulus with the microfibril angle in the G-layer of the tension wood in young poplar stems. This change in MFA might have accounted for the more elastic stems as they were inclined.

F5H64 Wild type

The same stems (both upright and inclined), which were dried to constant weight, showed no significant difference in MOR in response to elevated syringyl expression (Figure 2). Inclined stems with tension wood showed higher stiffness which was insignificant compared to upright controls due to high variance. Allometry results showed inclined stems having shorter thicker stems compared to upright stems. Upright trees overexpressing syringyl showed no significant difference in basal stem diameter compared to the wild type. Increasing syringyl content significantly increased specific conductivity (K s ) (R 2 =0.968) in upright trees but not in inclined trees (Figure 3A). On the other hand, there was no significant effect of tension wood formation or of elevated syringyl content on the trees resistance to embolism (Figure 3B). In this study tension wood formation had no significant effect on K s or vulnerability to embolism in the wild type trees (66 mol% syringyl) which is similar to previous results from Quercus ilex seedlings [17]. Jacobsen et al. [18] found no tradeoffs between cavitation resistance and specific conductivity in chaparral shrubs. Analysis of lignin monomer composition showed a syringyl to guaiacyl ratio of 2.96 in upright stems which slightly dropped in inclined trees with tension wood which had a ratio of 2.82. Anatomy analysis showed no differences as a result of overexpressing F5H leading to higher syringyl ratio (up to 93% in F5H64 clone) (data not shown).

Conclusion

Lignin plays an important role in determining the mechanical strength of secondary cell walls and thus the whole plant. Its expression level and distribution in the plant, and in the cell, varies depending on the condition of the plant or tissue. At the molecular level, the lignin monomers ratio (i.e. syringyl to guaiacyl) seemed to vary under different environmental conditions [19,20] and according to functional requirements of different cell types [2]. The syringyl effect on the same species and under controlled condition was possible to study.

The water conductive efficiency test indicated a possible role for syringyl in facilitating water conduction in the vessels. One hypothesis suggests a less electric polarity in the vessels with more syringyl rich-lignin in the vessel walls that could be behind the enhanced water conductance. Yet that was not evident with the inclined stems forming tension wood. Overexpressing syringyl or tension wood formation did not seem to have a clear effect on trees susceptibility to embolism. It can be hypothesized that higher syringyl in vessel walls may provide more mechanical support against vessel wall fatigue, which is one source of cavitation, but this was not proven in this study. The small sample size used in this study resulted in high variance in the data and potentially actual differences were not detected. Similar experiments are currently being repeated with higher sample size in our laboratory. F5H suppression poplar lines with lower syringyl to guaiacyl ratio are also being produced to be included in the future experiments.

Poplar trees which are being used extensively in pulping and paper making are of significant economic importance. Treating poplar wood to remove lignin was reported to be expensive process whose wastes are potentially hazardous to the environment [4]. These genetically modified poplar trees can be a good candidate in an attempt to make this process more economical and less polluting. Poplar trees overexpressing syringyl was reported to have increased extractability of lignin [4,11]. In addition, this genetic alteration showed improved performance under stress conditions (faster response to gravity) with no change in anatomy or vulnerability to embolism all of which suggests genetically altered poplar can be a prime candidate for plantation forestry.

Introduction

The first Environmental Scanning Electron Microscopes (ESEMs) came up in the late 1980s. The idea behind the development of ESEM technology was to allow for investigations of samples by electron microscopy in a more natural state. It differs from the Conventional Scanning Electron Microscope (SEM) in two aspects namely: i) a high pressure (up to ~30 torr) and therefore a certain amount of gas can be maintained in the sample chamber and; ii) insulating specimens can be imaged without conductive coating [1]. By utilising water vapour with its special thermodynamic properties and excellent ionization potentials [2] as an imaging gas, one can keep samples in a wet state provided that sufficient cooling is ensured.

For our study, the mechanical behaviour of single wood cells while straining was observed in a FEI FE-ESEM, Quanta 600. Similar test protocols have already been utilized in investigations on the fracture behaviour of different plant tissues [3] and in various microfracture studies on thin wood specimens in which specific crack propagation mechanisms for different tissue types were examined [4 -6]. Mechanical tests on single fibres were carried out by Mott et al. [7,8]. They strained single pulp fibres in an ESEM chamber and analysed the recorded pictures by digital image correlation. It was shown that microstrain distribution was not uniform along the fibres. Bos and Donald [9] performed a modified loop test on single flax fibres inside an ESEM chamber. Deformation patterns at the compressive and tensile side of the loop were studied.

The main objective of this study was to subject single latewood cells in an almost natural state to in-situ tensile tests and to observe deformation behaviour and crack propagation. The focus of this article is mainly on the methodological aspects with regards to the new experimental setup.

Material and methods

Single wood cells

Latewood cells from an adult growth ring of spruce (Picea abies [L.] Karst.) were isolated mechanically using very fine tweezers in order to retain its almost natural state [10]. After isolation, the fibres were dried and then glued onto 150 µm thick foliar frames using cyanoacrylate glue. Tensile experiments in the ESEM chamber were performed with a test speed of 0.5 µm/s using a microtensile testing device equipped with a 500 mN load cell, specially designed for this purpose (Fig. 1). The testing device is controlled via graphical interface with a PC. Cables pass a feedthrough flange which allows full functionality both in-and outside the microscope. The general principle of the device is similar to the one reported by Burgert et al. [11]. Considering the saturated vapour pressure curve for water and the potential pressure in the microscope chamber, it is essential to cool the sample to maintain its wet conditions. Therefore, the device is additionally equipped with a Peltier cooling stage located below the sample which cools the upper plate of the moveable table. Additionally, a droplet of water has to be placed onto the single fibre to enhance its thermal conductivity because the single cell itself is not in direct contact with the cooled metal table. After tensile testing, the cells were allowed to shrink and curl [12] as final proof that wet samples have been measured.

In-situ microtensile testing

Results and discussion

In Figure 2 the mechanical behaviour of a single latewood cell while straining is shown. However it has to be mentioned that the displacement is overstated since it was derived from the machine path that includes additional deformation in the foliar frame. Numbers along the force -displacement curve indicate corresponding points where images of the fibres were taken. The steps in the forcedisplacement curve were due to a pausing of displacement for imaging. Therefore, a relaxation period with decreasing force is apparent. In terms of images 1 -6, it is obvious that the fibre showed a tendency to twist during straining even though torsional movement was restricted by fibre fixation onto the foliar frame. This behaviour was observed for most of the fibres albeit to variable extents. We speculate that structurally weak points along the fibre may promote this behaviour. The arrows in image 6 indicate these points, mainly pits, where cracks start to propagate. Consistently, failure events at points of natural structural weakness such as pits have been reported for pulp fibres [7]. Finally, image 7 shows the fractured fibre. 

Conclusion

A micro-tensile tester for tensile experiments on single wood cells within the chamber of an Environmental Scanning Electron Microscope has been developed which allows for single cell tests in wet condition. The deformation behaviour (torsion) and the crack initiation at points of structural weakness upon tensile straining were followed for latewood fibres of spruce. It is aimed in future studies to analyse the microstrain distribution at the cell surface by digital image correlation software. 

Molecular deformation studies on wood cell walls

Introduction

Wood is a complex biocomposite, evolutionary designed to allow trees to grow to great heights and persist for several hundred years. The wooden cell wall is composed of parallel cellulose aggregates in a matrix of lignin and hemicelluloses [1]. Functional characteristics of cell walls depend on fine details of their macromolecular structure and conformation and on their highly ordered architecture at scales from a few nanometres to several microns. When cell wall macromolecules are extracted into solution, as necessary for examination with classical techniques of polysaccharide and lignin chemistry, the highly sophisticated polymer network is degraded and "fine-structural" details are lost. By contrast, spectroscopic techniques such as solid-state nuclear magnetic resonance (NMR), Fourier-transform infrared (FTIR) and Raman microscopy allow studies of plant cell walls in the native state without prior fractionation or solubilisation [2,3].

Raman spectroscopy has developed during the last two decades as an important tool for nondestructive investigations of the structure and arrangement of cellulose and matrix molecules in plant cell walls [ e.g. 2, 4 -9]. Besides it has proven to be an invaluable method for evaluating molecular changes that occur in fibre structure subjected to stress and strain. First experiments done on monocrystalline polydiacetylene fibres [10] were followed by studies on polymeric fibres e.g. [11,12] and recently various forms of cellulose fibres have been studied [13 -19]. In cellulose fibres and cellulose composite systems (wood and paper), the intense Raman band at 1095 cm -1 was shifted to lower wavenumbers during tensile deformation. This band corresponds to the vibration of bonds within the backbone of the cellulose molecule and is dominated by the C-O stretching motion, which is almost parallel to the chain axis. The band shift was found to be indicative for the stress in the fibres and the shift rate invariant with stress in different cellulosic fibres (no matter the supposed crystal structure or specific mechanical properties) [13]. Most of the studies deal with regenerated cellulose II fibres [13 -18], but also flax and hemp fibres [18,19] as well as paper and wood have been studied [13]. The study on wood was done on small wood slivers using a 4 point-bending setup with collection of spectra at different strain levels [13].

In this work we investigated thin tissues as well as single fibres of spruce wood. Fibres were mechanically isolated [20] and thus represent the native state of a single wood cell [21]. We aimed at tensile experiments with controlled, continuous straining and concurrent force registration along with an acquisition of Raman spectra to monitor in-situ molecular changes in the wood polymers.

Material and methods

Tangential sections (100 µm) of spruce (Picea abies) early-and latewood were cut on a rotary microtome (LEICA RM2255, Germany) from which single wood fibres (tracheids) were peeled out using fine tweezers [20]. Small strips of the sections as well as the single fibres were glued onto foliar frames, before mounting onto the crossheads of a tensile test device. The free length of a fibre was about 1 mm and measured accurately before testing using a light microscope. The dimensions of the sections were about 8 mm long and 0.7 mm wide and measured with a calliper. The tensile apparatus was specially designed to measure mechanical properties and acquire spectra simultaneously. It consists of a DC-motor driven high-resolution stage that permits a wide range of feed rates and a load cell with a capacity of 50 N. Synchronized force and elongation data were recorded during measurements. After tensile testing one part of the broken fibres and sections was dipped into liquid polyethylene glycol (PEG 2000, 60°C). After solidification at room temperature the stabilized samples were cut with a razor blade and rinsed in water (60°C). Images were recorded of the section surface using an environmental scanning electron microscope (ESEM) operated in low vacuum mode to measure the cross-sectional area of the fibre cell wall for calculating the stress (Fig 1A-C). The microfibril angle in the S2 was measured by WAXS and was about 6° in the earlywood compared to approximately 3° in the latewood.

Fig. 1A-C. ESEM images acquired to determine the cross sectional area of the investigated spruce samples: latewood section (A), single latewood fibre (B) and earlywood fibre (C) Spectra were acquired using a confocal Raman microscope (CRM200, WITEC, Germany) equipped with an objective from Nikon (x10, NA = 0.25) and a linear polarized laser (diode pumped Green laser, = 532 nm, CrystaLaser). The Raman light was detected by an air-cooled, back illuminated spectroscopic CCD (ANDOR) behind a grating (600 g mm-1) spectrograph (ACTON). The electric vector of the laser was parallel to the fibres during tensile testing. To monitor molecular changes in plant cell walls simultaneously with straining required initial optimization of the acquisition (integration) time of the spectra along with the straining velocity. Integration time had to be long enough to obtain sharp Raman bands with a good signal to noise ratio to determine exactly band positions. However, short integration times were desired i) to have no severe changes in stress and strain levels in the sample as well as in the focus position during one single spectrum acquisition, and ii) to obtain as many spectra as possible during one tensile test to reliably evaluate trends. Finally an integration time of 30 s per spectrum and a straining velocity of 0.05 µm s-1 for single fibres and 0.1 µm s-1 for the sections were chosen. Real-time spectra (1s) were always monitored before starting a new measurement and in case of severe spectral changes, fibre position and focal plane were readjusted to achieve similar spectra. After sample rupture, the same measurement position was studied to acquire a spectrum after failure at the same position. With the OPUS software package (Version 5.5) band positions and heights were determined from the spectra without (data not shown) and after 9pt smoothing.

Results and discussion

The Raman spectrum of wood is rather complex due to its multicomponent nature. It is characterized by broad overlapping, often not clearly discernible bands (Fig 2A) and the main features in the wood Raman spectra arise from cellulose and lignin, whereas the hemicelluloses have been found to contribute less [22]. The strongest band in our spectra was found around 1602 cm -1 (Fig 2A), attributed to the aryl stretching of lignin [5]. Another strong, sharp band is detected around 1097 cm -1 , deriving from CC and CO stretching of cellulose [5]. Three example spectra are shown, including a spectrum before straining (black line), at a high strain/stress level (grey line) and after the sample has been ruptured (black dashed line). Besides changes in the overall Raman intensity, some bands showed clear changes in band positions, e.g. the band at 1097 cm -1 (Fig 2B). The absence of a shift at the 1602 cm -1 band was already reported by Eichhorn et al. [13]. They concluded that lignin acts as a non-load bearing low modulus amorphous polymer [13]. The shift of a band at 1095 cm -1 was shown to monitor molecular stress in cellulosic fibres (cotton, flax and hemp) [13,18,19] and in wood slivers [13]. It was found that the shift rate is invariant with stress at a value of ~ 4.5 cm -1 /GPa (not including the wood because of missing stress values [13]). Fig. 3. Stress-strain curve of a single spruce latewood fibre along with the calculated peak shift of the band at 1097 cm -1 (grey squares) and 1602 cm -1 (black circles).

In our experiments we included both latewood tissues as well as isolated single latewood fibres (Fig 1A-B). In comparison to tissues, the fibres were stronger and strained to a higher extent (Fig 4). In terms of the tissues the 1097 cm -1 band was not shifted below 1094 cm -1 , whereas in the single fibre tests, band shifts down to 1090 cm -1 were observed (Fig 5A). Within every experiment, high coefficients of determination for the strain and peak shift were observed (Fig 5A), but no overall relationship. Plotting the band shift in relation to the applied stress brought the tissue and fibre regression lines together (Fig 5B) and similar shift rates were calculated: -5.2 cm -1 /GPa for the latewood tissue and -6.1 cm -1 /GPa for the latewood fibres. The higher stress level in the single fibres was accompanied by a more pronounced stress at the molecular level of the cellulose molecules monitored by the shift of the 1097 cm -1 band. The cell wall molecules in strained tissues did not reach such high levels of molecular stress as the fibre-fibre adhesion lead to failure before this was achieved. The higher overall band shifts and shift rates in single fibres confirmed the higher observed macroscopic strain and stress at the molecular level of the cellulose molecule. ).

In addition to the latewood, the characteristics of earlywood fibres were also investigated (Fig 4 and5A-B, grey line and squares). Compared to latewood, these thin-walled fibres (Fig 1C ) were weaker (Fig. 4). Nevertheless the observed band shift was similar or even slightly higher and thus the shift rate almost doubled (-10.9 cm-1 /GPa) (Fig. 5A-B). Therefore we concluded that stress determines the band shift, but that the observed shift rate may vary for different wood fibres. 5A-B. Changes in the band position for the peak at 1097 cm -1 in relation to the applied strain (A) and stress (B) of the spruce section and fibres shown in Fig. 1A-C.

Conclusion

The reported methodical approach on micromechanical testing of wood tissues and single wood fibres along with simultaneous short-time acquisition of Raman spectra enabled us to follow molecular changes during straining. The short time acquisition and concurrent straining minimizes effects of relaxation phenomena and allows in-situ monitoring. Future experiments on native wood fibres (differing in chemical composition and cellulose orientation) and on chemically and enzymatically modified fibres will help to deepen the micromechanical understanding of plant cell walls and its macromolecules.

Introduction

Trees have the ability to make minute variations to cell architecture in response to external stimuli. These seemingly insignificant adaptations propagate to the higher levels of wood structure and can strongly influence the macroscopic behaviour, and ultimately, wood utilization. It seems obvious, then, that a thorough understanding of wood includes micro-mechanical investigations at the growth ring level.

However, a search of the literature indicates a lack of intra-ring mechanical property data for almost all commercial wood types, particularly the underutilized low density hardwoods. As well, there is no universally accepted testing regime for determining micro-mechanical properties of wood specimens. Consequently, a testing system for determining compression, tension, and bending properties of growth ring regions of wood specimens is being developed in this project. Earlier micromechanical testing of wood focused primarily on individual wood fibres due to the interest in paper manufacture [1]. More recent studies are concentrating on fracture and failure modes at the cellular level [2,3] and utilizing small specimens to determine intra-ring properties [4,5].

In this study, intra-ring compression strength parallel to the grain was determined for yellowpoplar (Liriodendron tulipifera) specimens cut from tree cores. Trees were selected in natural yellowpoplar stands that received no management and in pure yellow-poplar plantations established in 1978. Yellow-poplar was chosen because it is available in large supply, yet remains somewhat underutilized presently. With a better understanding of intra-ring properties and measurement regimes, it will be possible to improve utilization in wood-based composites, while at the same time, determine the response to selected environmental factors.

Long term research goals are to completely characterize intra-ring tension, compression, and bending properties of several hardwood species that are currently underutilized for wood-based composite products, and then correlate the mechanical data with anatomical characteristics and forestry management practices. As a first step in this process, the micromechanical testing system is being developed and used to evaluate a limited number of yellow-poplar test specimens. Extensive investigations are planned for the near future as several hundred tree cores become available during the summer 2006 field sampling season.

Material and methods

Testing small specimens of wood requires very specialized, sensitive equipment. The system designed in this study was a Fullam No. 18200 series 45.4 kg testing frame equipped with Fullam No. 18234 data acquisition software (Ernest F. Fullam, Inc, Latham, NY, USA). Figure 1 illustrates the system components, which are the testing carriage (frame), load cell, motor control, strain transducer, light microscope, digital camera, and data acquisition and control software. A personal computer is also required for automated motor control and data acquisition. Figure 2 illustrates a close-up of the load frame, which measures 115 mm long x 100 mm wide x 40 mm high. This particular system can be used on the bench top as well as in an AMRAY 1810D or 3100 Scanning Electron Microscope (SEM). It is capable of testing tension, compression, bending, and cyclic properties. With some customization and adapters, the system can also test the strength and stiffness of individual wood fibres and test specimens on-edge, among other test regimes. Customized data acquisition software (ADMET MTESTWindows) provides strain rate, load level, crosshead position, and directional control of the motor, combined with the data acquisition capabilities. In this study, specimens were tested in continuous compression loading until failure (ceasing to carry increased load). ASTM Standards [6] recommend a strain rate of 0.003 mm/mm/min, however, when this rate is scaled to the size of the specimens (1 x 1 x 4 mm), that is a load rate of 0.012 mm/min. This testing system was unable to load continuously at this slow rate, rather it had to step the load through starts and stops. Through experimentation, it was determined that a load rate of 0.0296 mm/min would produce a continuous and uniform load. A slight preload (0.5 N) was imposed on the specimens to ensure contact with the load faces and minimize shifting during loading. One side of the load apparatus is allowed to float to aid in minimizing eccentricities during loading. A plastic enclosure (not shown in Fig 1 ) surrounded the test fixture during testing to minimize moisture fluctuation.

Maximum compression stress (also known as crushing strength) was calculated by the data acquisition software. The equation used to calculate maximum stress is shown in equation ( 1):

A P (1)
where is peak compression stress in kPa, P is peak load in Newtons, and A is cross sectional area in m 2 .

Tree cores were taken from seven (7) live, mature trees of Liriodendron tulipifera (yellow-poplar) located in the southeastern USA. The trees were located in one of two growth situations -natural growth or plantations. The pure yellow-poplar plantations were established in 1978. No other management was conducted in the plantations until a thinning that occurred in 2001. The other study trees were located in natural yellow-poplar stands that were near the yellow-poplar plantations. Average tree age in the natural stands was approximately 45 years. Cores were 12.5 mm in diameter and bored through the pith from bark to bark at a height of 1.37 m from the ground. Ten (10) test specimens were cut from each ring chosen for study. Rings 20, 15, and 10 (having a cambial age of 20, 15, and 10) in the natural growth stands and rings 25, 20, and 15 (cambial age 25, 20, and 15) in the plantation trees were the focus of this study.

Target dimensions for the specimens were 1 mm x 1 mm in cross section and 4 mm along the grain. Depending on ring width, this size specimen works quite well for intra-ring specimens, and the aspect ratio is small to insure minimization of column buckling. Because yellow-poplar is a diffuse porous wood with no marked earlywood-latewood regions, specimens were centred in the growth ring. A guillotine fixture equipped with a single edge razor blade was used, first, to cut the selected rings from the core, and then, to remove the outer edges of the round disk where any damage and compaction from coring might have occurred. The squared disks were then examined with a light microscope to determine grain direction so that the test specimens could be cut perfectly parallel to the grain. A new razor blade is used for each growth ring to minimize crushing and tearing, and because specimens are cut from fresh, moist tree cores, damage during preparation is kept very minimal. The guillotine was also used to cut the specimens to their final size. Extreme care in cutting was taken to insure that both end surfaces were parallel with each other and perpendicular to the long axis of the specimen. A fixture was fabricated for the guillotine table to guarantee specimen geometry.

Highly sensitive measurement instruments (a calliper and balance) were used to determine specimen dimensions and weight prior to and following testing. Specimens were conditioned to a uniform moisture content of 12% in a standard moisture conditioning chamber prior to testing. After compression testing, the specimens were ovendried and reweighed. Moisture content (MC) was calculated on the dry weight basis and specific gravity (relative density) as ovendry weight divided by volume at test, divided by 1 g/cm 3 -(the density of water).

Results and discussion

A summary of specimen data and compression testing results is shown in Table 1. Values from Table 1 have been used to chart the trends shown below in Fig. 3 for maximum compression stress versus ring width (a), specific gravity (b), ring number (cambial age) (c), and distance from pith (d). As seen in Fig. 3, compression strength (maximum compression stress) is weakly positively correlated with ring number (cambial age), ring distance from pith, and specific gravity, however the strongest trend is found in the plantation trees for strength related to ring number (cambial age) (R 2 = 0.6058). Strength is weakly negatively correlated with ring width for both growing conditions. Perhaps part of the weakness of the correlations is related to the limited number of tree cores investigated to date. Though it can be observed that most of the values for rings taken from the plantation trees exhibit lower compression strengths and specific gravities. With ring porous hardwoods and most softwoods, changes in growth rate usually induce changes in growth ring width and subsequent wood properties [7,8,9]. However, for diffuse porous woods, the influence of growth rate on selected wood properties is reported to be inconsistent [10] or nonexistent [11].

The amount of space in which a tree grows has a significant influence on growth rate, competition from surrounding vegetation, and the amount of nutrients, water, and sunlight that a tree receives. Because spacing in a plantation is closely controlled at planting time, it should be expected that wood properties would also be influenced. For yellow-poplar, it has been found that specific gravity was independent of ring width and growth rate [12], but that it did increase from the pith outward [12]. Fig. 3b below indicates a weakly positive relationship between strength and specific gravity. Growth rate can influence cell morphology, however, in the diffuse porous hardwoods, it is generally found that fibre length is only weakly related to growth rate. What does seem to be emerging from current literature is that it is possible to accelerate growth rate of yellow-poplar without negatively impacting specific gravity and fibre properties.

Further examination of Fig. 3 below indicates that, in spite of limited data at this time, plantation trees exhibit consistently lower strength values. This could be related to several cell level variables including decreased cell wall thickness, increased microfibrillar angle in the fibres, and a decreased proportion of fibres, among others. Without additional data, the significance and source of the decrease in strength is unknown at this time. However, others have reported similar trends in decreased mechanical properties for plantation grown diffuse porous woods [7,12,13] and still others have reported no consistent relationship between growth rate, specific gravity, and mechanical properties [14]. Extensive studies are planned in this project as new tree cores become available during the summer field sampling season of 2006. It may very well be determined that wood properties are more or less constant with increasing growth and that growth rate has little influence on specific gravity and related mechanical properties. 

Conclusion

With the limited data available in this preliminary study, it is observed that compression strength parallel to the grain of yellow-poplar naturally grown and that grown in plantations is weakly 

Introduction

Dislocations are regions in the cell wall of natural fibres where the microfibril angle differs from that of the surrounding cell wall. Natural fibres subjected to excessive compression stress in the longitudinal direction of the fibres contain many dislocations and have for some applications been found to have inferior properties, for example for paper production [1] and for fibre-plastic composites [2]. However, the relationship between single fibre tensile strength and the number or severity of dislocations remains unclear. Baley [3] found no relationship for single flax fibres (48 fibres), while Davies and Bruce [4] found a weak negative relationship between the tensile strength of fibre bundles and the amount of dislocations for flax and nettle fibres (74 and 50 fibres, respectively). However, their data show a large scatter in tensile stress for the same amount of dislocations, especially for dislocations making up less than 20 % of the cell wall. For hemp (53 fibres) we found no interrelation between the amount of dislocations (up to 20 % of the cell wall) and the final tensile stress [5] and no relationship with the modulus of elasticity.

Crystalline cellulose is birefringent and dislocations may consequently be observed by use of polarized light microscopy (PLM). If the longitudinal direction of the fibre is placed parallel to the vibrational direction of one of the two polars the bulk cell wall will appear dark, while the dislocations are seen as bright areas.

In the work presented here the relationship between mechanical properties of single fibres and the amount of dislocations in hemp was studied. By combining PLM and single fibre tensile testing the dislocations in single hemp fibres could be monitored during tensile testing.

Material and methods

Hemp fibres

Hemp (Cannabis sativa L., var. Felina) fibres were isolated carefully by hand from stems of hemp plants grown in Denmark during the 2001 growth season using 32 kg seeds per ha. The plants were dried after harvest, but not retted, and stored at room temperature. The hemp stems were provided by the Danish Agricultural Research Centre (DJF).

In-situ microtensile testing combined with polarized light microscopy

Tensile experiments under polarized light were performed using a microtensile testing device specially designed for this purpose. The single fibres were glued onto a foliar frame using cyanoacrylate glue and the free length of the fibres was ~3 mm. The foliar frames with single fibres were glued onto metal adaptors mounted on the load cell and on the motor driven side of the microtensile testing device. A load cell with a maximum capacity of 50 N was used and a low test speed of 0.5 µm/s was chosen in order to investigate the changes with sufficient accuracy. Each 10 or 20 mN the test speed was set to zero to allow PLM images to be taken using a Leica DMRXA2 microscope equipped with a 20x objective. The digital camera was a Leica DFC480, and images with size 2560 x 1920 pixels were taken. Successful results were obtained for six fibres. Strain was determined from the images taken during the tensile test. Three reference points on a fibre were chosen, and their positions marked on all images of the fibre. From these positions the average strain could be estimated for each force level. PLM images were taken of fibres before, during and after the tensile testing. For some fibres images were also taken approximately two weeks and approximately two month after they were strained to failure. All experiments were carried out under laboratory conditions, i.e. at approximately 20 °C. Unfortunately it was not possible to control the relative humidity during measurements and storage.

Results and discussion

Fibres were monitored during straining and typical PLM images and a corresponding force/strain curve for a hemp fibre is shown in Fig. 1. The figure shows that dislocations disappear gradually during straining, and that they disappear long before failure; in the given example they no longer shows birefringence at around 50 % of the final stress. This was typical for the fibres tested successfully within this study. However, the force/strain curve indicates no tensile stiffening. Thus, the straining of dislocations may have no effect on the stiffness of the fibre or, alternatively and more likely, the effect is not detectable due to a small impact and superimposition of events. From the initial stage and up to half of the ultimate stress the dislocations disappear gradually. Less than 20 % of the fibre is dislocations, but nevertheless the straightening of dislocations is bound to influence fibre stiffness. However, it does not lead to an apparent softening or stiffening. For stresses above the level at which the dislocations disappear, their former positions may in most cases still be discerned as dark lines in PLM. Rotation of fibres during PLM observations did not reveal a position where the straightened dislocations could be made birefringent and discerned from the bulk cell wall. LowVacuum-SEM micrographs of the broken fibres after failure did not reveal any dislocations (results not shown, see [5]). This may indicate that the affected microfibrils are almost aligned but still partly distorted. Thus, even beyond the stage of visible dislocations they may still be marginally affecting the tensile behaviour. At the same time as the gradual decrease of this "softening" effect takes place fibres go through an increasing rate of deformation. In conjunction this may result in an almost straight stress/strain curve until failure.

Fig. 1 Force-strain curve and a series of images from polarized light microscopy that shows the gradual disappearance of dislocations from a hemp fibre during tensile testing. Length of scale bar: 100 µm. Modified from [5].

In order to illustrate this point, a few hypothetical examples of the effect of dislocations on the strain were calculated and are presented in Table 1. If it is accepted that dislocations per se do not decrease the tensile strength of hemp fibres, but rather they are straightened during straining, then in theory the elongation of a fibre with dislocations for a given stress level should be longer than for a corresponding dislocation-free fibre. It should be stressed that these values are given only in order to obtain an idea of the size-order of the effect, and thereby determine whether it is reasonable to assume that the effect is countered or obscured by other phenomena. The calculations in Table 1 are based on three simplifying assumptions:

It is assumed that the microfibril angle of the bulk cell wall is 0º, which is not completely unreasonable for hemp, for which the microfibril angle is assumed to be small (values of 6° [6], respectively up to 5° [7] have been reported). The angle of the microfibrils within the dislocations is arbitrarily set to 45º, which implies that when straightened out the dislocations are prolonged by a factor equal to the square root of two, i.e. with about 40 %, as illustrated in Fig. 2. It is assumed that for a given force larger than what is required to align the dislocation but lower than the ultimate tensile strength, the strain of the fibre wall material is the same whether it is bulk cell wall material or a former dislocation. . Table 1 shows that the calculated effect of dislocations on the strain is modest compared to the variation in the modulus of elasticity between hemp fibres (24.9 ± 10.6 GPa for a set of 53 fibres [5]), as long as the amount of dislocations is within the range normally encountered for hemp, i.e. below 0.2. If for example the strain is 5 % for a hypothetical dislocation-free fibre, then the strain would be 5.4 % if 1/5 of the cell wall were dislocations.

Additional studies were conducted to determine whether the alignment of dislocations results in a plastic or a viscoelastic deformation. Figure 3 shows PLM images of a fibre before tensile testing and of the broken fibre immediately after tensile testing, approximately two weeks after, and approximately two months after testing. For a long time it seems that the dislocations do not reappear after failure, but surprisingly after two months they could be detected again at the exact same locations. This indicates that the straining of dislocations does not lead to a new stable condition (irreversible deformation), but that dislocations creep with a long time constant. This implies that the cell wall remained affected after the dislocations were pulled straight. Presumably the rate at which the dislocations are re-formed depends upon the relative humidity level, i.e. the process could possibly have been speeded up by placing the broken fibres at a high relative humidity level. One may speculate that the former position of the dislocations function as points for crack initiation, even though inspection of the fibres after failure clearly showed that the fibres did not break in a brittle mode but showed strong fibrillation and separation between layers in the cell wall [5]. PLM does not allow the position or the extent of dislocations in the direction of the light to be discerned. It could be that some dislocations only affect one or a few layers within the S2 cell wall, and that only these layers break initially, followed by separation between layers. Fig. 3 Images from polarized light microscopy of a hemp fibre before and at three different times after tensile testing (direct after, approximately two weeks after and approximately two months after). The dislocations have reappeared after approximately two months. Length of scale bar: 100 µm. The image taken two months after the failure shows the opposite site of the fibre, hence the difference in angle between the dislocations and the fibre longitudinal axis. From [5].

Conclusion

This study showed through in-situ observations using polarized light microscopy that dislocations disappeared during tensile testing of single hemp fibres because the dislocations were straightened to alignment with the bulk cell wall. This process typically ended at about 50 % of the ultimate tensile stress, where after the dislocations were only visible as weak lines. The straightening of the dislocations did not severely affect the stiffness of the fibres, i.e. no strain stiffening was observed. However, simplified theoretical calculations indicated that the increase in strain caused by straightening of the dislocations is so small that it is reasonable to assume that the effect is normally not discernable because it is countered by a general reordering of the cellulose microfibrils within the cell wall during tensile straining.

The straightening of the dislocations did not result in a new stable organisation of the cell wall, as the dislocations had reappeared approximately two months after failure.

Introduction

The lignification of xylem is an adaptive trait of great significance. As a major cell wall matrix component lignin shapes the mechanical properties of wood and impacts water transport in terms of vulnerability of vessels to implosion [1,2]. Consequentially, a tree's response to growth conditions includes changes in lignin composition and in the pattern of deposition in different cell types [3 -5]. The structure of lignin is complex and features such as molar mass, charge density, degree of branching, cross-link density and the type of inter-unit linkages are widely changeable [6], with impact on the immediate polymer properties and the cell wall as a whole [7,8]. This variability makes lignin a distinguished target for the trees adjustment of xylem properties to environmental requirements and also for artificially manipulating xylem properties by genetic engineering. Recent findings indicate that the response to growth conditions is not confined to changes in tissue morphology but includes changes in lignin composition and in the pattern of its deposition in different cell types [3,5,9]. Results from work on transgenic tobacco lines indicate that the spatial pattern of lignin deposition is tightly and independently regulated in individual cell types and cell wall sublayers [10]. The monomer composition of lignin was found to be variable not only across different plant species, but also according to the individual requirements of lignin properties in different cell types [11] and in response to environmental conditions [e.g. 12, 13].

Lignin of angiosperm xylem is composed of the two monomers guaiacyl and syringyl. A conserved regulatory network of genes that are involved in the synthesis of guaiacyl suggests that these genes were highly conserved during evolution [14], while genes leading to the biosynthesis of syringyl lignin evolved more recently [15]. Lignin monomer composition differs for different cell types, with vessel cell walls containing predominately guaiacyl lignin and fibre cell walls rich in syringyl lignin, suggesting lignin monomer composition is involved in the cells adjusting to specific requirements.

The objective of this study is to investigate the mechanical properties in xylem of genetically altered trees with altered syringyl to guaiacyl ratio in the lignin polymer. The ratio of the two lignin monomers syringyl and guaiacyl is known to significantly affect the structure of the polymer. Utilizing transgenic trees expressing differing amounts of syringyl and guaiacyl the response of the trees to simulated wind sway during growth and the possible differences in these responses and mechanical strength caused by the alteration lignin composition was investigated. This study utilized transgenic hybrid poplars (Populus tremula x P. alba clone 717), which have been modified to overexpress the F5H/Cald5H gene resulting in increased syringyl content in lignin [1,16,17].

Evaluating the reaction of these clones to simulated wind sway improves our understanding of the role lignin monomeric composition plays in xylogenesis, xylem anatomy, and mechanical properties.

The study also provides, for the first time, data which can be used for evaluating the critical factors for mechanical stability of genetically engineered trees in intensively managed tree farms. These factors are instrumental in predicting potential field performance and overall fitness of genetically engineered trees for site dependent mechanical influences such as prevailing winds, periodic wind storms, ice, and snow loading.

Material and methods

The plant material used in this study was propagated from root sprouts of wild type and tranformed F5H lines, thus providing plantlets of uniform age. Treatment consisted in daily flexing of stems back and forth to mimic wind-sway. Mechanical stress was applied to trees by flexing the stem back and forth 20 times a day without prolonged displacement from the stem's vertical orientation. This was intended to eliminate any complicating influence of a gravitropic response [18,19] known to induce reaction wood, specifically tension wood formation in poplars [18,20]. The mechanical treatment continued for a period of four months to ensure ample wood formation under treatment conditions. At the onset of treatment the internode directly below the first fully mature leaf was marked and used as reference for the subsequent measurements after harvest. This point defines the location of the first true vascular cambium in the elongating stem, thus providing a point for standardizing tissue age [21, see 20 for a review]. Concurrent with the first treatment, internodes of control plants were marked accordingly providing internodes of uniform age for comparison.

The elastic modulus was calculated from a four-point bending test. Bending generates a combination of tension forces at the lower side of the sample and compression forces at the upper side. In the case of 4-point bending, no biasing shear forces are generated, a problem associated with 3point bending. Stem samples were cut to be more than ten times longer than wide, as required for 4point bending tests [22]. The bark was removed prior to measuring. For calculation of the second moment of area, an idealized round or oval shape was assumed for the cross sections.

To look more into detail as to where the increase in S:G is manifest, wood samples where analyzed by UV-microspectrophotometry at the wavelength of maximum absorption of syringyl and guaiacyl (273 nm and 280 nm respectively [23]). The samples were serially dehydrated in a graded series of acetone, impregnated with Spurr's epoxy resin [24] followed by immersion in pure resin and finally polymerised at 70 °C for 24 hours. 1 m sections were prepared using a diamond knife, transferred to quartz microscope slides, immersed in a drop of non-UV absorbing glycerine and covered with a quartz cover slip. Measurements were carried out using a ZEISS UMSP 80 microspectrophotometer equipped with an Osram high-pressure xenon lamp and an ultrafluar quartz condenser. Image profiles were recorded with ultrafluar objectives 32:1 and 100:1, 1.46 (oil immersion) using a computer controlled scanning stage in combination with APAMOS software (Automatic-Photometric-Analysis of Microscopic Objects by Scanning, Zeiss). The scan program digitizes rectangular tissue portions with a local geometrical resolution of 0.25 mm 2 and a photometrical resolution of 4096 grey scale levels.

Results and discussion

The ratio of syringyl to guaiacyl (S:G) can be altered genetically by manipulating the expression of ferulate 5-hydroxylase (F5H). F5H acts downstream in the lignin synthesis pathway, converting 5hydroxy-coniferylaldehyde and 5-hydroxyconiferylalcohol towards the synthesis of sinapyl alcohol, i.e. syringyl (Table 1). Our work on F5H modified poplar (P. tremula x P. alba) demonstrates a gradual rise of the elastic modulus upon progressive increase of syringyl, with an increase of 37% when raising S:G by 25% [25]. Despite statistically significant increases in the elastic modulus, bending stiffness remains unchanged across the transgenic strains: The increased modulus is compensated by a reduced stem diameter. This indicates feed-back between the mechanical properties of the wood and material allocation. At the same time, the transgenics with increased S:G ratio grow higher then the wildtype, taking advantage of the stiffer wood. Further insight into the impact of lignin composition on mechanical properties is anticipated by comparing the viscoelastic properties of the transgenic lines and the wildtype. Measurements in this regard are underway.

Increasing syringyl to different degrees leads to correspondingly higher mechanical stiffness and a subsequent change of the trees allometry to a relatively more slender and taller stem. This illustrates advantages due to the evolution of syringyl lignin concomitant with fibre cells in angiosperms and suggests feed-back between wood mechanical properties and growth allocation causing the tree to invest less material for stem diameter when the same flexural stiffness is reached at a smaller stem diameter due to an increased elastic modulus. Microspectrophotometric analysis of lignin composition of controls and trees grown under influence of simulated wind reveals that the tree also actively modifies lignin monomer composition to adjust the mechanical properties to the windy environment. The reaction of the transgenics to simulated wind in terms of changes in mechanical properties is comparable to the wild-type. Despite the shift in the overall monomer ratio in transgenic trees, the plant maintains relative differences in S:G according to cell type and function (Figure 1). Considering the bearing of syringyl content on the elastic modulus shown by our study, the conserved pattern of lignin composition according to cell type could be a hint to the importance of a gradient in the mechanical properties between vessel and fibre walls (compare [2,26]). A quantitative evaluation of the measurements, covering all the transgenic lines, is underway. In response to wind, trees typically show a thigmomorphogenetic response (altered stem taper, reduced ratio of height to stem diameter, reduced elastic modulus, see [4,19]). In accordance with these reports it was found that simulated wind influence by daily manual flexing resulted in a decreased elastic modulus of the poplar's xylem combined with increased bending stiffness of the stem. The transgenics were found to respond comparable to the wildtype. While the modulus of elasticity remained proportionally higher for the lines with increased S:G ratio, the bending stiffness was found to be adjusted under wind influence to a uniform level above that of plants grown in nonwindy environment.

As regards lignin monomer composition, simulated wind influence seems to shift the S:G ratio, as our preliminary data indicates for the wildtype as well as for the transgenics. The findings that genetic increase of S:G raises the elastic modulus of the xylem, while wind influence leads to an increase in S:G concurrent with a lowered modulus seem to be contradictory, yet changes in angle of the cellulose microfibrills may prove to be of dominating influence concerning the response to wind. Our preliminary measurements indicate differences between the wildtype and the transgenics regarding the change of microfibrillar angle under wind influence. More extensive, quantitative measurements are presently underway.

Conclusion

This study shows that lignin composition is a major determinant for key-features such as mechanical properties and allometry, and that the tree actively alters lignin composition to adjust to mechanical challenges of the environment.
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Introduction

Wind-induced motion of crop canopies may result in crop damage, namely the phenomenon of lodging (or wind-throw) which is responsible for massive loss in grain yield worldwide. Moreover, wind-induced motion is known to influence plant growth (thigmomorphogenesis) and biomass production. An accurate description of the strong coherent motion of the crops under wind and better understanding of the coupling between wind and canopy dynamics is necessary. Wind turbulence within and over plant canopies has long been viewed as a perturbed version of the turbulence present in the atmospheric boundary layer. However, over the last three decades, the knowledge of canopy turbulence has steadily advanced [1,2]. One of the major developments has been the recognition that wind turbulence is dominated by large coherent structures that scale with the canopy height, because the mean velocity profile is inflected at the canopy top, Fig 1 . This results in a plane mixing layer instability; see [1]. For canopies ranging from grass to forests, the dominant stream-wise length scale of canopy turbulence has been shown to be controlled by a unique shear length scale, proportional to the canopy height, and equivalent to the vorticity thickness commonly used to describe the inflection of mixing layer profiles. The wave-like motion of crops on windy days, called honami, provides striking visualisations of the propagating coherent structures of wind resulting from the abovementioned mixing layer type instability, if one assumes that the canopy simply behaves as a passive vibrating medium excited by the wind fluctuations.

However, several aspects of the wind dynamics and its coupling with the plant canopies remain unclear. First, it is surprising that vortex structures resulting from a mixing layer instability may form in the wind over canopies in the presence of naturally high levels of noise, whereas convective mixing layers are known to be highly sensitive to external noise. Second, the dominant frequencies measured in the wind over waving wheat were found to closely match the free vibration frequency of the wheat plants [2]. This is incompatible with the mixing layer model which predicts a dominant frequency set by the vorticity thickness of the mean wind profile. This therefore suggests a non-negligible influence of the plant vibrations on the flow dynamics. These two features, namely, the low sensitivity to noise and the selection of a dominant frequency, both suggest that the canopy does not behave as a passive vibrating medium but rather plays a role in the instability itself. Consequently it is necessary to study wind flow over canopies and wind-induced motion of plants in a fully coupled way.

Despite intensive field studies of wind flow over canopies, only few qualitative information, and no quantitative data, are available regarding the coherent motion of plant canopies. Our experimental technique, recently developed in [3], allows the characterization of the spatio-temporal motion of crops subject to wind under field conditions. In the first part of this paper, this experimental technique is recalled. Then, in order to explain the features revealed by the experiments, a model is proposed that couples wind flow and canopy motion. Results of the model and experimental data are then compared.

A more detailed presentation of this work may be found in [6].

U

Fig. 1 Sketch of the mixing layer instability of wind over plant canopies, adapted from [2]), where is the vorticity thickness and the dominant stream-wise length scale.

Experimental method

The goal of the experiments described below is to quantitatively describe the global motion of crop canopies under wind and, more specifically, to identify the wave-like motion that can be observed on crops on windy days. For completeness, the main features of the experimental technique used to measure the motion of waving crops are recalled. Details may be found in [3]. The motion of two crop canopies of alfalfa and wheat is video-recorded at 25 frames per second from the edge of the field under various wind conditions, see Fig 2 . A network of thin ranging poles, planted in the crop with a spacing of 1.5 m, is used as reference marker for subsequent image distortion correction. During each sequence of video-recording, lasting 10 to 30 seconds, the wind velocity is simultaneously measured with a hot wire anemometer located just above the crop surface. This allows us to relate the patterns of the crop motion to the intensity of wind. The spatio-temporal motion of the upper crop surface is deduced from a sequence of images, after correcting for perspective distortion, by a correlation analysis: the computation is based on standard Particle Image Velocimetry (PIV), with the small scale heterogeneities of the plants playing the role of natural tracers. This measurement technique yields a two-dimensional instantaneous velocity field of the canopy surface with high spatial and temporal resolution. In order to extract the coherent structures of the canopy motion, a Bi-Orthogonal Decomposition (BOD) is used. This allows extracting spatial coherent structures, such as in In addition to the measurements of crop motion, the mechanical properties of the individual plants, for both canopies, are also measured. The mechanical properties of the stems are derived from free oscillation, see [5]. A single plant is isolated and clamped at its foot, the stem is displaced from its equilibrium position, and then released, and its in-plane motion is video-recorded. Based on the resulting sequence of images, the oscillation of the stem is measured by tracking its position along a horizontal line versus time. The natural vibration frequency f 0 of the plant is then derived via a Fourier transform. The spacing between neighbouring stems in a canopy, their height h as well as the mass distribution along the stem is also measured.

Both the video-recording of the crop motion and the measurement of the mechanical plant properties had to be performed within a few days such that the maturity of the plants, and thus their stiffness, would not significantly vary. The experiments took place in May 2004 in Lusignan (France). The crops consisted of separate alfalfa (Medicago sativa L. cv Mercedes) and wheat (Triticum aestivum L. cv Apache) fields. The properties of six individual plants taken from the alfalfa field and four plants from the wheat field were measured. The two crop species were chosen for this study since they display different stiffness characteristics but similar height, at the growth stages at which they were sampled. About thirty image sequences of the canopy motion under wind were recorded on both crops and analysed with the image correlation and BOD techniques described above. The values of the wavelength and frequency f were obtained for different values of the corresponding wind velocity U, measured during each sequence of motion. 

Fully coupled model

Crop plants are commonly modelled as mechanical oscillators. The vibration tests performed on the wheat and alfalfa stems confirmed that most of the dynamics of the plant may be represented by such a model. Following [4], the crop canopy is described as an infinite row of identical oscillators; see 
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, where represents a mode shape and q denotes the corresponding generalized displacement. It is assumed that the canopy movement results from a local stream-wise drag force acting on the equivalent surface of each plant and depending on the difference between the local horizontal wind velocity and the horizontal plant velocity. This drag force is then projected onto the mode shape. The wind velocity is governed by the Euler equations within and above the canopy. A source term representing the effect of the drag load on the fluid flow is added to the momentum equation inside the canopy. A piecewise linear profile is used to model the inflected mean wind profiles characterizing plant canopies, Fig 5 . In order to investigate the stability of a given basic state, composed of a basic velocity profile and pressure together with the corresponding equilibrium position of the canopy, the associated small perturbations u, v, p, q. are introduced. The momentum and mass balance for the flow and the dynamic equation for the canopy may then be expanded to first order in terms of the perturbations, which yields the set of coupled equations [4,6] ) ( 1
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Here, the dimensional drag coefficient C D is assumed to be uniform along the plant height, and independent of the wind velocity. A travelling wave solution is then sought and the corresponding dispersion relation can be derived. The temporal stability of propagating waves in the wind and in the canopy motion is analysed by numerically calculating the complex frequency associated with a specified real wavenumber through the dispersion relation with the parameter values derived from the experiments. The most unstable wave, which is expected to give the most visible component of the motion, is then derived and characterized by its wavelength, and its frequency, f.

Comparison between the model and experimental results

The predictions of the coupled wind-canopy model are now compared to the experimental results on the coherent wave motion of crops under wind. In Good qualitative and quantitative agreement between the experimental and theoretical dependence of wavelength and frequency on the wind velocity has been shown. Note that the experimental points are mainly located in an interval of the reduced velocity U / f 0 h where the model predicts a lock-in of the instability frequency onto the free vibration frequency of the plants. Within the range of wind velocities from the experiments, the natural mixing layer frequency, linked to the shape of the mean wind profile, is close to the free vibration frequency of the plants and, therefore, the instability frequency locks onto it via a mechanism usually referred to as lock-in. As a consequence, the frequency, and the wavelength, characterising the wind and canopy motion are respectively, constant and increasing with U; both are dependent on the canopy rigidity.

Conclusion

The mechanical system considered in this study is quite complex in many aspects. The wind dynamics near the top of a crop canopy can be expected to behave differently from that over more classical boundaries. The canopy, modelled as a vibrating continuum made up by a large number of plants, significantly differs from structures usually considered in flow-induced vibration analyses. Each plant is mechanically unique, and the interactions between plants can be highly non-linear and dissipative. Moreover, the two mechanical components, fluid and solid, are naturally coupled through an interface of considerable complexity, consisting of the leaves and stems of all plants. Notwithstanding this complexity, regular propagating patterns have routinely been observed on canopies, such as honamis in waving wheat. First steps toward understanding this striking simplicity were made in the pioneering work of Raupach et al. [1] when measurements of wind over crops and forests showed that a mixing layer instability played a dominant role. We have shown, both experimentally and theoretically, that the crop dynamics also plays an important role in the build-up of these propagating patterns, through a lock-in mechanism. The experimental approach and the model proposed here can build the foundation for the characterisation and understanding of flow-induced motion of many types of systems: natural or grown canopies under wind, submerged aquatic vegetations under sea and river currents and, more generally, dense sets of flexible systems transversely bounding a flow.

Introduction

Wind is an important factor affecting both individual trees and entire forests in many temperate and tropical regions of the world. In response to this damage, a number classification schemes have been developed to address the risk of wind damage [1]. Quantitative assessments of risk, and the investigation of the effects of both individual tree characteristics and stand structure on this risk, can be achieved using mechanistic models that attempt to model the processes causing wind damage [e.g., 2 -8]. These models calculate the minimum wind speed required to produce an applied bending moment of equal magnitude to the maximum resistive bending moment (i.e., the maximum resistance of the roots-soil plate to uprooting or the stem to breaking) that can be provided by the tree. Although quantifying the response of trees to static wind loads provides a good basis for understanding their overall behaviour, it is a simplification of reality. Based on actual measurements made during a storm, Oliver and Mayhead [9] found that theoretical wind speeds required to damage trees were higher than those actually recorded. They suggested that this discrepancy was because of the deterioration of root anchorage strength due to tree vibration. However, the vibration or dynamic behaviour of trees does not simply act to reduce the strength of the root anchorage. The response of a tree depends on the frequency of wind loading as well as the magnitude. In situations where the frequency of wind gusts is close to the natural frequency of the tree, dynamic effects are likely to increase the bending of stems and hence the load on the root system [10].

While few of the mechanistic models described previously incorporate the dynamic response of trees to wind loading, considerable research has been conducted in this area. Several researchers [11 -15] have related the movement of a tree stem to the turbulent component of the wind acting on it. In each case the authors developed a mechanical transfer function to relate the input wind speed to the tree displacement. Other authors [11,16] have used structural dynamics theory to predict the response of trees to applied wind loading, generally with satisfactory results.

In all of these studies there has been little or no emphasis on the behaviour of tree crowns under an applied wind load, nor indeed the influence of crown structure on the dynamic properties of trees (i.e., natural frequency and damping). This is not only important for the understanding of the effects that pruning treatments may have on the behaviour of trees in strong winds, but treating branches as masses lumped together rather than as separate cantilevers coupled to the stem of the tree has been identified by Kerzenmacher and Gardiner [16] as a weakness of their model of tree dynamic behaviour. The interaction between the vibration modes of different elements of a tree may be an important adaptation to efficiently take energy absorbed from the wind and convert it into turbulent energy shed as vortices from branch tips [13,17]. This paper presents an overview of a series of studies which aimed to better understand the effects of crown structure on the dynamic behaviour of trees. Several experiments were conducted in order to obtain data on the dynamic properties of trees and branches, and finite element models of tree behaviour developed in which the branches were represented as cantilever beams coupled to the main stem of the tree.

Material and methods

Trees selected for study were from a Douglas-fir (Pseudotsuga menziesii Mirb. Franco) plantation located approximately 50 km west of Corvallis, Oregon (44º30' N, 340 m a.s.l.). The stand was planted in 1979 at a density of 920 trees/ha. For each of the eleven trees selected for study, every branch with diameter > 2 cm had its basal diameter (D), angle of origin (degrees from vertical), azimuth (degrees) and height of attachment measured. Diameter outside bark was measured at 0.5 m intervals up the stem, and the location and size of neighbouring trees were also recorded.

Tree movement was recorded by attaching a pair of strain gauge displacement transducers [18] to the stem of each tree. Transducers were attached at right-angles to each other with one transducer attached to the north side of the tree (to record motion in the N-S plane) and the other attached to the east side (to record motion in the E-W plane). Each tree was made to oscillate by pulling an attached rope, before being allowed to return to its rest position under conditions of damped free vibration. The motion of the tree was recorded by measuring the strain in the outer fibres using the strain transducers connected to a CR21X datalogger (Campbell Scientific Inc., Logan, UT). For nine of the trees, approximately one-third (by length) of the live crown was pruned off and the above process repeated. Two further crown pruning treatments were carried out with the final sway measurements conducted on a branchless bole. This work is described in more detail in [19] The total length (L) and the angle from the base to the tip of pruned branches from these nine trees were measured. Each branch was then divided into 25-cm concentric bands radiating from the base of the branch [20], and branch segments from each band were oven-dried. Dried branch sections were weighed after separation into three fractions: (1) primary branch, (2) higher order branches, and (3) needles.

More detailed measurements were made on the two remaining trees. Pairs of strain-gauge displacement transducers were mounted on the bole at 1, 3, 5, 7 and 9 m above the ground. In addition, four branches were selected in the middle and upper thirds and three in the bottom third of the crown of each tree. One transducer was mounted on the top of each branch and the other was mounted on the side. Transducers were mounted as close as possible to the base of the branch. These trees were monitored over a six month period spanning the winter storm season. At the end of this period, free vibration tests were conducted on the trees and the oscillation frequency of the whole tree and individual branches was recorded. The instrumented branches were later pruned off the tree and further sway tests were conducted. In these tests, the first 3-5 cm of each branch was clamped to a steel I-beam, with its in situ angle of origin on the tree preserved. Each branch was then swayed in both the up-and-down and side-to-side directions.

The natural frequency of each tree and branch was calculated using spectral analysis. Measurements of tree strain made in the time domain were converted to the frequency domain and the power spectral density computed. Changes in tree natural frequency were also normalized (between 0 and 1) to test whether the relative change was consistently related to the proportion of crown removed across all tree sizes. The normalized natural frequency (fnorm) for the jth tree under the ith level of crown removal was calculated using Eqn 1. Regression analysis was performed to relate changes in normalized natural frequency to the proportion of crown mass removed. 

Three trees were selected for modelling based on their diameter. Finite element models of these selected trees were constructed using the ANSYS finite element software package (ANSYS Inc., Canonsburg, PA, USA). Both the bole and branches of each tree were modelled using 3-dimensional tapered beam elements, which can have different section properties (i.e., thickness, and second area moment of inertia) at each node and also in different directions. Nodal points for the bole were located at the heights where diameter measurements were made as well as at each height where a branch attached. Branch nodal points were located at the point of attachment to the stem, the midpoints of each 25-cm branch segment, and at the end of the branch. The coordinates of branch nodes in threedimensional space were calculated using measurements of angle of emergence, azimuth and distance from the proximal end. Branch curvature was ignored. Diameters at the nodal points were either obtained from actual measurements or predicted using linear interpolation where necessary. The branches and boles of the three trees were assumed to be circular in cross-section.

Values of density, viscous damping ratio and modulus of elasticity (E) were calculated for each element. Isotropic material properties were assumed and E was also assumed to be constant along the length of both the bole and branches. The mass of needles and higher order branches attached to each branch segment was added to the corresponding first order branch as a uniformly distributed mass. No attempt was made to explicitly represent these higher order branches. Viscous damping ratios for the boles of the three selected trees were obtained during the free vibration tests. Branch damping ratios were predicted from the ratio of needle mass to total woody mass for each branch (MR) using an equation fitted to data from the branch swaying experiment. Three separate models were constructed for each tree with branch E values of 4, 5, and 6 GPa, respectively.

Information on the natural frequency and damping ratios of the three trees was obtained by applying a known force as a ramped load that reached the maximum applied force 5 seconds after it began to be applied and then decreased immediately to zero. This was intended to simulate the loading during the damped free vibration tests. Two series of tests were conducted: (1) with the ramped forces applied to the branches, and (2) the total force applied as a single point load at the centre of force.

Results and discussion

Time history plots of in-plane tree strain indicated behaviour consistent with that of a damped harmonic oscillator. The resulting power spectral density plots contained a single peak corresponding to the natural frequency of each tree. Natural sway frequencies were strongly related to DBH/H 2 , where DBH is the diameter at breast height and H is total tree height, (Fig. 1) and the difference between full-crown and no-crown natural frequencies increased with increasing DBH/H 2 . The relationship between normalized natural frequency and the proportion of total crown mass removed was very similar for all trees (Fig. 2). In all cases, approximately 80 percent of crown mass had to be removed before a difference in natural frequency was observed. This indicates that conventional pruning will have little effect on the natural frequency of a tree unless the vast majority of crown mass is removed. Furthermore, both the relative wind speed and leaf area in this region of the crown are low so their contribution to the total applied bending moment acting on the tree will be comparatively small. Branch natural frequency was strongly related to the ratio of D/L 2 . However, for the same ratio of D/L 2 , branches with a higher ratio of needle mass to woody mass have a lower natural frequency (Fig. 3). There was a difference between stem allometry and branch allometry for the nine trees studied. Ratios of D/L 2 for branches were greater than the DBH/H 2 ratio for the bole. Because of their orientation, branches have to resist applied bending forces due to their self weight, which may account for why they are shorter than the bole of a tree of the same diameter. However, for the given ratio of D/L 2 , branches have a lower natural frequency than a tree, and hence the predicted natural frequencies of the branches were distributed around the natural frequency of the whole tree. While some of the branches oscillate at the same natural frequency as the whole tree, the oscillation of others at higher frequencies allows energy absorbed by the tree to be dissipated as vortices from branch tips [13]. This prevents resonant oscillations of the entire tree from developing. During tree swaying, it was found that the branches did not oscillate at their own natural frequencies, but instead were forced to oscillate at, or close to, the natural frequency of the whole tree. This was not unexpected given that the branches were no longer subjected to damped free vibration, but damped forced vibration.

Natural frequencies and damping ratios predicted by the finite element analyses were in close agreement with values obtained from the damped free vibration tests. Significantly improved estimates of natural frequency were obtained when the branches were modelled as separate cantilever beams, rather than as a series of masses lumped to the mass of the bole. Closest agreement with results from the free vibration tests was found when branch E was 4 GPa. Oscillation of the individual branches also contributed to the damping of the tree with the level of contribution increasing as branch elasticity decreased. When branch E was assumed to be 4 GPa, the phase difference between the oscillation of the bole and some branches was almost 180 . Mechanical damping due to the oscillation of the individual branches of damping has been recognized by previous authors [10,21], but has not previously been quantified. Results from this study indicate that mechanical damping could be an important component of the overall damping of tree oscillations, particularly when branch E is low. Low E values allow branches to streamline in high winds [22], thus reducing their exposed frontal area, but it also appears that low E values enhance damping of tree oscillations. 

Conclusion

The natural oscillation frequency of coniferous trees and branches was linearly related to the ratio of DBH/H 2 and D/L 2 , respectively, which was consistent with the theory for the oscillation of a cantilever beam. Pruning increased the natural frequency; however at least 80% of the crown mass needed to be removed before this increase was noticeable. Finite element models of whole trees can be successfully constructed from detailed measurements of branch and bole geometry, and then employed to simulate their response to applied wind loading. These models can then be used to investigate and model the complex interaction between branch and bole oscillations. In particular, these models will allow the phenomenon of mechanical damping to be further studied. Preliminary results from these models showed that predicted whole-tree natural frequencies and damping ratios were very sensitive to values of branch modulus elasticity.

Introduction

Upon dynamic wind loads trees may get into large sways and even fail in a resonance catastrophe. Oscillation damping is essential for the survival of a tree. Oscillation and oscillation damping of trees have been studied in this context [1 -7] and theoretically analyzed [8,9]. Reviews with additional citations are available [2,10]. Setting aside friction among different trees or among different branches as well as movements of the roots in the soil, there exist two principal sources of damping: aerodynamic damping and damping within the material.

In complex structures like trees processes are possible which enhance damping. It can often be observed that in gusty winds branches do not sway in line with the stem but rather perform independent relative movements. In this mode energy is distributed between the stem and branches, where it is dissipated more effectively. Therefore damping is more effective than in the case where branches oscillate in line and in phase with the stem [5,7]. The phenomenon is referred to as "structural damping" [11] and has also been observed in other plants like the giant reed Arundo donax [12] or Stipa gigantea [13]. It can be provoked by a loose coupling to a mass ("mass damping") or by proximity of the resonance frequencies of the tree and the eigenfrequencies of individual branches ("multiple resonance damping"). This principle is well known, where damping elements are installed in high rise buildings [14,15]. Here the case of a Douglas fir is reported, where multiple resonance damping accounts for a rapid decay of oscillations.

Material and methods

Morphology: A 12 years old, 5.03 m high Douglas fir in a forest near Freiburg, Germany was studied. All field measurements were carried out on a dry and calm day in June 2004. The height of the tree, the length of the branches, their orientation in space and the height above ground of their origin were measured at the site. After recording oscillations of the tree all 99 branches and the top 80 cm of the stem were cut off and the oscillation of the stem was recorded. Then the tree was felled. Stem and branches placed in plastic bags with wet towels were carried to the laboratory to be weighted and photographed in two orientations to characterise mass distribution. The modulus of elasticity along the length of the stem and along the length of 17 branches of different basal diameter was measured in bending experiments using an Instron universal testing machine. All these measurements were carried out within one week after felling. The taper of the stem was obtained from the relation between diameter and height. The taper of 15 primary branches was measured and the mass distribution along a 1.54 m long branch including secondary and all higher order branches was determined quantitatively by weighing and confirmed later for 25 branches of different length from a neighbouring tree.

Recordings: Extensometers [16] were attached in two orientations at a height of 2.26 m above ground. A rope attached at 2.63 m above ground was used to pull the tree out of its equilibrium position. After release the output of the extensometers was recorded for several seconds with a sampling time of 0.1 s.

Data evaluation: The output of the extensometers was transferred to Excel and simulated by the function y = y 0 exp (-(t-t 0 ) / ) sin ( (t-t 0 )) + C

(1

)
where y is the displacement and t the time. The data are presented in form of the circular frequency and the characteristic decay time Eigenfrequencies of the branches were calculated using a Mathematica program developed earlier [17]. For this the length, the diameter at the base, the taper, the mass distribution along the length and the modulus of elasticity along each of the branches has to be known. Oscillation frequencies for some of the branches were measured with a stop watch.

Results and discussion

Figures 1a,b show a comparison of oscillations of the tree and of the stem where all branches and a tip of 80 cm were removed. The difference of the oscillation frequencies is quantitatively be accounted for by the greater length and the additional masses of the branches of the tree, as compared to the stem alone.

Damping E''/E' = 2 / ( ) is 7 times more effective in the tree than in the stem. By recording the amplitude of the oscillation and computing the relative amplitude as a function of height, as well as measuring the orientation, the height above ground and the geometrical properties of all 99 branches, we arrived at a theoretical estimate of aerodynamic damping [12]. Under the assumption (to be disproved!) that the branches do move in line and in phase with the stem, aerodynamic damping was found to be even less effective than damping within the wood of the stem (Fig 1b). Thus "Structural Damping" must account for the larger part of the tree's capability to reduce the amplitude of oscillations.

In order to understand the underlying principle we built a simple physical model consisting of a main axis and two side arms (Fig. 2). We observed that the structure performed quite complex movements if the frequency was close to the eigenfrequency of the side arms (Fig. 3).

In this mode of damping, energy is transferred from the main axis to the side arms and damping is almost twice as high as in the case, where the frequencies are sufficiently different, such that the side arms oscillate in line with the main axis.

Using this analogy we presumed that the eigenfrequency of the branches is close to the natural frequency of the entire tree. Figure 4 shows that this is indeed the case for all larger branches. A similar relation of eigenfrequencies of a tree and its branches has been reported by Fournier et al. [18]. It is concluded that the remarkably high damping in the Douglas fir is mainly due to a distribution of mechanical energy between stem and side-branches, where it is dissipated more effectively. An analogous concept has been developed by James et al. [7]. Further studies are under way to test the generality of the conjecture that trees constitute a system of coupled damped oscillators tuned to allow optimal energy distribution and dissipation. 

The effects of increased wind action on the radial growth of tree stems and structural roots

Abstract

When forest stands are thinned, trees are exposed to increased light and increased wind movement, and are particularly vulnerable to windthrow during subsequent storms. Wind movement, light and photosynthate supply of 10-year-old Sitka spruce trees were manipulated for 4 years before destructive sampling for measurement of stem and structural root radial growth response. The treatments applied were: 'Thinned' -light and wind movement were increased by removing neighbouring trees; 'Thinned and Guyed' -light increased by removing neighbouring trees and movement decreased by guying the stem; 'Pruned and Girdled' -photosynthate supply reduced by removing or girdling 50% of branches on each tree; and 'Control' -no treatment. Cross-sectional samples were removed from the stem at 0.1 m, 1.3 m, 3.0 m and 4.5 m above the base, and from the structural roots at 0.25 m, 0.5 m and 0.75 m horizontal distance from the stump centre. Growth rings were measured for an analysis of radial growth responses to the treatments.

The response to the 'Thinned' treatment was a small radial growth increase below-ground in the first growing season after treatment, followed by a much larger increase in the second year, and a growth decrease in the stem above 0.1 m in the first year, followed by a large growth increase in all parts of the stem in the second year. In the first year following application of the 'Thinned and Guyed' treatment, there was no root growth response, but there was a decrease in stem growth. In the second year, there was a large growth increase both above-and below-ground. The response to the 'Pruned and Girdled' treatment was a large immediate growth reduction both above-and below-ground. The response to the 'Thinned' treatment was greater than to the 'Thinned and Guyed' treatment, in both the stems and structural roots. The response to the 'Thinned' treatment was considerably greater in the structural roots than in the stems. Allocation appeared to be greatest to the parts of the tree that would have experienced the most mechanical stress.

Introduction

Wind movement and other mechanical stresses have been shown to influence plant growth in variety of ways [1,2]. Responses include reduced height growth, greater stem taper, and development of smaller branches. There is however less information on the growth of roots in response to mechanical stress. Roots move in the soil as a tree sways in the wind [3,4]and conifers have been observed to allocate a larger proportion of total biomass below-ground when they experience increased wind loading [5,6].

Reduction of root secondary thickening has been induced in a number of experiments by preventing stem sway [7 -11]. Seedlings of Sitka spruce (Picea sitchensis (Bong.) Carr.) and European larch (Larix decidua (Mill.)) grown in a wind tunnel responded to flexing with greater stem radial growth on the windward and leeward sides, compared to non-moving controls [12]. Two-yearold Sitka spruce trees that were flexed back and forward in a machine during the growing season increased the vertical, compared to horizontal, diameter of their lateral roots [13]. These studies indicate that there is a localised response to mechanical stress that results in a reallocation of assimilates between, along and around individual roots.

Stand thinning normally results in a large observable above-ground growth response, due to increased light availability and photosynthetic activity. However, the tree must quickly stabilise itself against the greater vulnerability to overturning from increased wind exposure and above-ground mass. Previous studies of above-and below-ground responses to stand thinning have not included control treatments that increase light without increasing wind action. Therefore, to understand tree responses to thinning in terms of C allocation and wind stability, it is important to separate tree responses to increased light availability from responses to changes in mechanical stress. This paper describes an experiment that tests the hypothesis that trees can respond to sudden changes in their movement, such as after thinning, to stabilise themselves by adapting their root and stem growth. In this experiment secondary thickening of stems and structural roots of ten-year-old Sitka spruce trees were examined, in response to treatments where wind movement and assimilate supply were modified.

Material and methods

Site details

The experiment site was at Crookburn hill in Kershope Forest, Cumbria, North England (220 m altitude, south-east aspect; latitude 55° 06', longitude 2° 47', OS grid reference NY494794). The site had a mean yearly rainfall of approximately 1300 mm, and soil was peaty-gley (humic stagno-orthic gley). Trees were Sitka spruce (QCI provenance), planted as 1+1 transplants in early 1986. They were planted without site cultivation, and the stand was not brashed or thinned before the experimental treatments were applied. The site had a stocking density of 2500 stems per hectare. Trees had a mean height of 5.3 m and a mean DBH of 7.5 cm at the time of treatment. An anemometer was installed on a 10 m mast adjacent to the experiment site in February 1996, and wind speed and direction were monitored for the duration of the experiment.

Experiment details

Treatments were applied at the end of February 1996 when the trees had grown on the site for 10 years. Four treatments were applied to the trees, with two plots per treatment. Six trees were selected at random for treatment within each plot (i.e. 12 trees per treatment). Treatment details were: 1. 'Pruned and Girdled' treatment trees. All branches on one side of the tree were girdled if they were larger than 10 mm diameter, or removed if they were smaller. The treated side was either east or west-facing, chosen at random. Branches were girdled by removing all tissue down to the wood, in a 5 cm wide band. 2. 'Thinned' treatment trees were exposed to increased light and wind movement by removing all immediately neighbouring trees. 3. 'Thinned and Guyed' treatment trees were exposed in the same way as in the 'Thinned' treatment and were then guyed by attaching steel wires (3 mm diameter) to three eye-screws at 0.5 x tree height and secured to 0.75 m long ground anchors hammered 0.65 m into the ground. The guy wires were hand tightened to similar tension on each tree and were re-tightened as necessary in each year of the experiment. 4. 'Control' trees were labelled and left untreated.

Assessment and analysis

Tree heights were measured when the treatments were applied, and again in February 1997 and 1998. Trees were harvested in early April 2000, four growing seasons after application of the treatments. Above-ground measurements were tree height (m), and growth ring analysis of stem radial growth on discs cut from the stem at four heights (0.1 m, 1.3 m, 3.0 m and 4.5 m). Below-ground measurements were root diameter, direction and depth of the ten largest structural roots on each tree at 0.25 m, 0.50 m and 0.75 m from the stump centre, and measurement of root growth rings on discs that were cut from these points. Growth rings were measured on the stem and root disks using WinDendro software (Régent Instruments, Canada). Rings were measured on each stem section on four radii corresponding with the north, south, east and west sides of the tree. Root sections were measured from the upper surface to the biological centre. Growth rings in the four directions were averaged for each stem section, and root growth was averaged for all disks on each tree for each distance from the stem centre. Relative growth responses were calculated as in equation ( 1): i 0 0 growth -growth Relative growth response = 100 growth (1) where growth 0 is mean growth of the two years before treatment, and growth i is growth during the year i after treatment. Root and stem growth after treatment were analysed as repeated measures series [14,15]. The relative growth in each year and treatment was compared with growth before treatment using analysis of variance.

Results

Wind climate

Annual mean wind speed from 2 February 1996 and 3 April 2000 was between 6 and 8 m s -1 . Wind direction was from the south-west (mean 225º, median 234º; standard error of the mean 0.8º). 

Tree height

In the first year after treatment, 'Pruned and Girdled' trees showed no height increment while the 'Control' trees showed the largest increment (Fig. 1). By the end of the experiment, 'Control' trees were the tallest and 'Thinned' trees were the smallest, but differences were not statistically significant.

Stem and root radial growth

In the year following treatment, there was a small decrease of stem radial growth at 0.1 m and 1.3 m, and in the roots at 0.25 m, in most treatments, but this decrease was most pronounced in the 'Pruned and Girdled' treatment. After the initial decrease in growth in the 'Pruned and Girdled' treatment, growth levelled out to be similar to that of the 'Control' (Fig. 2). Below-ground at 0.5 m, there was a positive growth response (85%) in the 'Thinned' treatment in the first growing season after thinning (1996). 

d's between means (P < 0.05) for comparisons between treatments within a year and between years within a treatment.

In the second growing season, trees in the 'Thinned', and 'Thinned and Guyed' treatments, showed large increases in stem relative growth at 0.1 and 1.3 m, and in root relative growth at all distances (Fig. 2). These increases were greatest at 0.1 m in the stem (93% and 42% for 'Thinned' and 'Thinned and Guyed' treatments respectively), and at 0.5 m in the roots (397% and 149% respectively), and decreased with increasing height on the stem and distance along the roots. 'Thinned' treatment trees showed a considerably greater growth response after treatment than 'Thinned and Guyed' treatment trees, both above-and below-ground. The difference was significant in the lower stem at 0.1 and 1.3 m, and in the roots at 0.25 m and 0.5 m from the stem (all P < 0.05). After the second year, relative growth levelled out in the lower stem (Fig. 2), and continued to increase slightly below-ground in all treatments except for the control.

Discussion

These results show a small below-ground radial growth response in the growth season directly following stand thinning, and a strong response both above and below-ground in the next year. Other authors have found similar delays in response to thinning treatments, but the duration of the reported delay varies. Urban et al. [16] used dendrochronological techniques to examine the response of 120year-old white spruce (Picea glauca (Moench) Voss) to increased light and wind stress following road clearing. These trees showed an immediate 'release' in structural root radial growth and a release of above-ground growth (at 1.3 m) that was delayed by between 3 and 9 years. Trees appeared to have allocated assimilates below-ground at the expense of that above-ground. Ruel et al. [15] found a similar immediate response in structural roots of balsam fir (Abies balsamea (L.) Mill.) to stand thinning at ages 17 and 22 years old, and a significant increase in stem growth (at 1.4 m) only after 2 years. The below-ground response in the Ruel et al. [15] study was in the growing season following the year of treatment, and as the thinning treatment would have been in the summer (Achim, A. pers. comm), the response is comparable to the present experiment where the largest response followed the first autumn and winter after treatment. These results are also similar to those of Kneeshaw et al. [17] who, following thinning of a mixed lodgepole pine (Pinus contorta Dougl. Ex Loud.) and Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) stand, found a root radial growth response in the next growth year, a one-year delay before a stem response, and 2-3 year growth reductions in branch radial growth and leader height growth.

The considerably greater growth response below-ground than above-ground in the 'Thinned' treatment trees, supports the hypothesis that the allocation of assimilates within trees is modified in response to mechanical stress [18]. This may also explain the relatively slow shoot extension growth in the 'Thinned' trees that experienced increased movement. However, despite this alteration of allocation, radial growth was greater in the 'Thinned' than in the 'Thinned and Guyed' treatment both above-and below-ground. Trees in these two treatments may be expected to have similar amounts of assimilate available for cambial growth, so if the greater growth response in the moving trees is not purely a reallocation to parts of the tree that experience the greatest stress, a possible explanation would be that the density of wood in the new growth rings is reduced in the moving tree [19].

Introduction

Windthrow is a common natural disturbance in forests that produces ecological impacts and imposes economic costs. This research is a component of a program of research which is adapting the UK Forestry Commission's mechanistic windthrow risk model ForestGALES for British Columbia forests. ForestGALES estimates critical wind speeds, which are derived from wind loading and resistance functions. Stem and root resistance are represented in the models, however the effects of stem deflection and pivot point location are less well characterized. Stem mass is generally the best predictor (e.g. [1]) of maximum resistive moments and for a given species, regression slopes typically vary with soil type and root characteristics (e.g. [2]). Calculation of resistive moments requires accurate location of the tree centre of gravity and point of cable attachment at failure. Methods of estimating stem deflection vary in winching studies. Usually it is obtained by estimating the horizontal displacement of the attachment point and stem curvature is generally assumed to be zero. As the tree deflects and the root/soil system begins to fail, the pivot point shifts from directly below the base of the stem, to the leeward side hinge. In most previous winching studies (e.g. [3 -6]) turning moment calculations used a pivot point located at the base of the tree. This study was designed to examine the following questions: 1) is stem mass the best predictor of overturning resistance; 2) do western redcedar (Thuja plicata (Donn ex D. Don) Spach) and western hemlock (Tsuga heterophylla (Raf.) Sarg.) have the same stem mass-resistance relationship when growing in the same stand; and 3) does the relationship between critical turning moment and stem mass continue to be linear as the tree size increases. Prior to answering these questions, the implications of: 1) the characterization of stem curvature at the time of failure; and, 2) the position of the actual pivot location for uprooted trees on critical turning moments were investigated.

Materials and methods

Trees for this study were winched in the spring and summer of 2003 and 2004 at the Malcolm Knapp Research Forest in Maple Ridge, approximately 50 km east of Vancouver, Canada. Candidate redcedar and hemlock trees had single straight stems, no obvious crown damage, or pathological indicators and represented a range of sizes. Sample trees ranged from 15 cm dbh and 16 m tall to 57 cm dbh and 33 m tall. The cable attachment point was at approximately one-third the height of the stem for most trees, to a maximum of 11 m up the stem. Tilt sensors (Seika N4 inclinometers +/-70() were used to measure tree deflection from initial position. A load cell (BLH Type U3G1 10,000 lbs) was used to measure tension in the winching cable. A manual winch (2500 kg Tirmaster, Wesco) was used to winch the tree to complete root or stem failure se Fig 1 . Data from the tilt sensors and the load cell were transferred to a datalogger (Campbell Scientific CR23X) and instantaneously uploaded to a notebook computer for processing by data acquisition software (Campbell Scientific PC208W Version 2.0, Datalogger Support Software). These measurements were recorded in real time at a sampling rate of 1 Hz.

Figure 1. Examples of typical uprooted and stem broken trees.

Stem curvature increased with increasing load up to and including the critical moment. Two methods of estimating stem curvature were examined; the "spline method" which used a combination of two third order polynomials to fit the curvature of the stem, and the "coordinate method" which assumed a constant change in slope between the tilt sensors. Both methods estimate stem curvature for the section of stem between the top and bottom tilt sensors, and the stem was assumed to be straight above the top sensor. The coordinates of the attachment point and COG were then located from this grid se 

Results

It was possible to winch the full range of tree sizes within the stand, up to 57 cm dbh se Table 1. Most trees uprooted during winching. No western hemlock trees failed in the stem, and only 13% for western redcedar. The spline method deflected the tree more than the coordinate method because it allowed the rate of change of deflection to change between tilt sensors. The stem curvature ratio is the ratio between the length of the curved stem and the length of a straight-line between the stem base and cable attachment point. Stem curvature increased with increasing slenderness with the spline method, but this effect is much less pronounced with the coordinate method se Figure 3. The distance from the base of the tree to the pivot point increased with diameter for both redcedar and hemlock se Figure 4. In some of the largest and most tapered trees, offsetting the pivot caused the calculated gravitational moment to be negative se Table 2 and Figure 6. Stem mass was the best predictor of the critical resistive turning moment and for the range of tree size investigated, the small differences in calculated moments for the two deflection methods did not produce differences in subsequent regressions. The difference that pivot-point location produced in the calculated turning moment did not cause significant differences in the regressions for western redcedar, but they did for western hemlock. 

Table 2. Table of differences between moments calculated for each species using an offset pivot and a pivot at the base [p-values].

Upper

Discussion

The differences between the spline and coordinate methods were very small. Therefore, the coordinate method is recommended as a simple and universal method to characterize stem curvature for trees in this size range. Finer resolution of stem deflection could be obtained with finite element modelling (FEM), but FEM requires detailed data on stem taper and elastic modulus [7]. Neither the simplified FEM approach taken by Morgan, nor the spline or curvature methods used in this study fully account for the irregular curvature of tree stems under load which results from irregularities in stem form and branch nodes and the anisotropic nature of wood (e.g. [8,9]). Using the moments calculated with the offset pivot did not improve the fit of the regressions, which is likely due to the poor relationship between tree size attributes and hinge position, especially with trees at the smaller end of the tested size range. This winching experiment is one of the few studies to investigate the effect of pivot position on tree self-loading. Nicoll et al. [1] accounted for hinge position but then reasoned that when determining critical wind speeds it is important that resistive turning moments are compared at a standard point. He added that turning moments calculated at the base were most useful for comparison in risk assessment tools such as ForestGALES. Coutts [10] found that leeward lateral roots in Sitka spruce act as a cantilever beam upon which the masses of the root-soil plate and tree act to resist the overturning forces. This effect would be expected to increase in shallow, plate-rooted trees. If negative self-loading of stem mass at failure is true on a consistent basis with larger, less flexible trees then it adds another dimension to how the design of stems and root systems resists windinduced moments. More study of large, inflexible, and plate-rooted trees would provide better insights into the effect of an offset pivot on tree stability. Even though the moment calculated with the offset pivot did not improve the fit of the stem mass-resistive moment regressions, the data suggest that pivot point location has a significant impact on the calculated moment for trees in the upper range of this sample and should be considered in future winching studies of large plate-rooted trees. The tight critical moment-stem mass relationship has been reported by many other authors working on a range of sites with a variety of species (e.g. [4, 11 -13]) and appears to hold regardless of mode of failure (e.g. [2,14]). With static loading, there is no obvious mechanical reason why this should be the case. Formulations of loading and resistance that better account for momentum transfer under dynamic wind loading and stem sway may provide a better basis for this persistent empirical result. A biomechanical model that takes into account the acclimation of tree crowns, stems and roots to long term wind loading (e.g. [15]) would provide further insights into the underlying growth processes.

Conclusion

This study highlights the need to further examine the effect of pivot point location on the stability of large plate-rooted trees. It is consistent with many previous static winching studies that have found stem mass to be the best predictor of critical resistive turning moment. The biomechanical basis for this relationship is unclear and may require a dynamic model to explore momentum transfer and the acclimation of trees to long-term wind loading.

Modelling the mechanics of oak trees growing on slopes

Introduction

Models like ForestGALES [1,2] and Hwind [3] have been developed that account for the relations between wind forces and the mechanical reactions of trees. Through modelling the risk of either breakage or overturning can be estimated as a function of site, stand and tree characteristics, which enable implementation of damage preventive decisions. Understanding tree mechanical stability and how to quantify and evaluate the safety of trees [4,5] are of fundamental importance for forest management [2].

The physical properties of the stem (structural stiffness) and the stiffness of the root anchorage are crucial in determining the ability of trees to withstand mechanical stresses such as wind and selfloading [5]. At the same time slope inclination and soil cohesion are important factors [5,6] on steep slopes. To understand the controlling factors and the adaptation of trees growing on slopes requires a combination of experimental work and mechanical modelling. Tree pulling experiments in which the response of stems and root to external forces is measured can provide input to mechanical models of tree and root bending. These models can then be used to make predictions about unmeasured mechanical properties of the tree and the risk of overturning or breakage.

Neild and Wood [7] compared measured deflection curves for Sitka spruce trees and classical linearized (small-deflection) beam-bending theory. They found that a significant improvement in the prediction of the deflected shape of a tree could be obtained if the flexibility of the root anchorage is taken into account as well as the bending flexibility of the stem. In the current work a model was developed using the approach of Neild and Wood [7] to determine tree bending on a slope by incorporating root-soil plate movement, the mass distribution with height and the variation with height of stem flexibility. This allowed an evaluation of variation of whole tree elasticity as a function of the direction in which the tree was pulled relative to the slope.

Material and methods

Sites. The site was located in the Trigno river basin near Trivento (Molise, Italy), on the East side of the central Italian Apennine. The site itself is located on a north-facing slope (580-620 m altitude, latitude 41˚ 43'N, longitude 14˚ 33' E) with a mean slope inclination of 19°. An area adjacent to the sloping was selected as the control site with a mean slope inclination of 4°.

Trees. The characteristics of the winched trees are given in Table 1 andTable 2 Tree-winching. As incremental loads were applied to the tree using a winch, the tree bending was measured at the tree base and at 1.3m up the stem using inclinometers (Fig 1 A) and strains on the outside of the tree stem, base and main surface roots, were recorded using strain gauges. For each tree we used an average of twelve gauges, which were glued to 3 sides of the tree (Fig 1 B). The test was carried out pulling in up-slope, down-slope and across-slope directions. The surface strain was measured simultaneously on the stem at 1.3m and at the base and on the lateral roots [8] on all tree sides of the tree, together with the angle of the stem at 1.3m and at tree base.

Tree measurements. A total of 20 trees were selected at random among the total of 40 trees present on the steep slope experimental site. Diameter measurements at 0.5 m intervals up to the base of the crown were collected on the standing trees together with tree height and the maximum width of the crown. 4 trees among the 20 were selected for destructive stem and crown weight measurement, from which equations of mass distribution up the tree were obtained.
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Fig. 1 Tree winching down slope field instrument apparatus (A) Strain gauges allocation (B)

Mathematical model for tree bending. Common basic assumptions and adoption in the model.

1) Generally, according to the theory of classic elastomechanics, the stem of a tree is considered to behave as a beam [9] [10]: (2) r is the stem radius, is the stress, M is the bending moment, d is the cross section diameter and I is the second moment of area.
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2) The deformation of the specimen of wood follows a linear-elastic pattern described by Hooke's law; i.e., the modulus of elasticity E determines the relation between strain , the relative change in length l / l, and stress . The mechanical properties of wood are not constant but vary spatially within a stem. Although, in the model, it was assumed that elasticity (E) is constant in the radial direction. Therefore, the wood of the stem was considered preliminarily as homogeneous to develop the modelled bending equation. The variation in whole stem effective stiffness was considered subsequently. The variation of E between opposite sides of the tree (upper-and lower) stem was calculated by using a model developed in MathCAD® applications.

3) The unloaded beam is not curved; its straight axis is given by the line, which intersects the mass centroids of all cross sections. All external forces were acting perpendicularly to the axis of the stem and were lying within a vertical plane, the force or momentum plane, which includes the tree axis. In approximation, without loading of the tree, the axis was assumed straight. As for the forces, due to an asymmetric crown, normally they did not lie within a plane and moreover, did not run through the stem axis. Additional torsional moments are the consequence. In the present state of modelling, torsional moments were ignored; the spatial curvature of the axis was only represented in two dimensions (vertical and horizontal). The modelling of the mechanical reaction of Oak trees was based on the mathematical model of tree bending described by Neild and Wood [7] and Gardiner [9]. The central requirement for predicting the stress and strain of the wood fibres in the stem for a given load is the calculation of the elastic curve of the stem axis. The bending curvature is described [10] as the second derivative of displacement in equation ( 3): Where R is radius of Curvature, x is the deflection of stem from vertical axis, z is vertical height. The stiffness of a linearly elastic system is defined as the ratio of force to deflection being measured at the point of application force and in direction of the force [7]. The structural stiffness of a stem is defined as the ratio of force to deflection [9] as given in equation ( 4):

2 m N Curvature BM I E (4);
Where E is the Young's modulus, BM is the applied bending moment, I is the second moment of area.

A straight vertical tree of height h and mass per unit length m(z) was pulled by the tension force P of a rope. The rope was attached at height zp and is inclined downward at an angle . The force P bends the tree into a curved shape and as it does so, the overhanging weight increases the bending effect so that the deflection is greater than that due to P alone. The bending equation ( 5) must take account of: (a) the horizontal component of P acting at height zp (for < zp); (b) the vertical component of P which has an overhanging displacement xp -x( ) (for < zp); and (c) the sum of moments due to all weight elements m (mass) , g (gravity force) , dz (distance from the tree base), between height and height h, each with a relative overhang displacement x(z) -x( ).

h p dz x z x g z m x x P P M ) ( ) ( ) ( ) ( sin z cos ) ( p (5)
To account for flexibility of root anchorage equation we used the following relationship (6):

k M 0 (6);
Were M 0 is the ground-level bending moment the stem deflection at the ground. The flexibility of the entire root system is lumped together and considered as an elastic hinge of stiffness k [7]. To evaluate the bending moment taking into account the stem curvature and the root-soil-plate deflection integration over height to calculate displacement was used as shown by: . ) (

) ( ) ( ) ( 0 0 k M z d EI z M z x z (7)
The distribution of mass m( ), bending stiffness E I( ) and stiffness of hinge (or anchorage) k value are input data to the model. It can be seen that in equation ( 7) the deflection depend on the bending moment and in Equation ( 5) the bending moment depends on the unknown deflection. Consequently an iterative procedure was necessary to solve these equations as well a recasting of the equation in dimensionless form [7].

The mathematical equations showed above were incorporated in a model in MathCAD ® in order to find the steady state for a given load. Pull direction, average slope, rope attachment height, distance of anchor, initial stem inclination, tree height, tree DBH, stem diameters and tree mass at 1 m intervals, bending at stem base and applied load were used as inputs to the model. For each applied load applied tree displacement and bending moment were evaluated with height up the stem of the subject tree.

The value of E was initially estimated from published values for oak [11]. The model then adjusted the value of E in order to obtain the best fit to the measurements. Specifically this involved minimising the sum of squares between the two measured strains on the same side of the stem (at 1.3m up the stem and tree base respectively ( 1.3meas .and basemeas ) and the modelled values ( 1.3mod .and basemod ) as shown in equation ( 8 

Young's modulus (E) in trees varies both vertically and is dependent on the direction of the load (wood is anisotropic). Since we calculate a single value of Young's modulus for the whole stem of a living tree, it will be referred to as the structural Young's modulus (E lt ) recognising that it is a property of the whole structure and not just the wood itself. Using the best estimate of E lt from equation ( 8) allows a calculation of the bending of the tree and the bending moment.

Variability of structural Young's modulus.

The analysis was designed to test the hypothesis that differences of E lt can be observed as a function of the direction of loading relative to the slope direction. The estimates of E lt obtained from the MathCAD ® model were analysed using Restricted Maximum Likelihood (REML) [12]. E lt estimates for trees growing on steep and shallow slopes were analysed separately with the tree as a random effect. Force (applied incremental loads applied), pull direction (up, down, across) and treeorigin (seed or coppice) and also their interactions were considered as fixed effects. A variancestabilising square-root transformation of the response was used. The result of this analysis can define for each direction of pulling which parameters involved in the tree-winching experiment influence the E lt values. Significant differences were investigated and compared for each factor in order to identify for which parameter E lt differed.

Results and discussion

Previous studies demonstrate that the directional component of a constant mechanical perturbation is predictable by adaptive alteration of cross-sectional morphology in root, stem and branches [13], [14], [15] and wood mechanical properties, including wood elasticity [16].

The results obtained from the REML analysis of the averages of E lt demonstrate that there are significant differences of apparent wood elasticity between the upper, lower and lateral side of the stems for both steep and shallow slopes (Table 3). 

Elt-slope (GPa)

Elt-shallow slope (GPa)

Fig. 2 E lt (GPa) values for each side of the stem for steep and shallow slope trees.

The upper side of the stems were characterised by a higher elasticity compared to the lower-side. E lt on the lateral-side was smaller compared to the both latter, see Fig 2 . The differences in mechanical characteristics (E lt ) between the opposite sides of the stem found for different pulling directions, indicate that an adaptation to the directional gravitational stimuli could be observed even on areas with only a few degrees of inclination (4 °) and that this adaptation is related to the inclination and direction of the slope. In hardwood species such as oak trees tension wood that forms in response to stem leaning is characterised by higher elasticity compared with corresponding normal wood. This is due to having a lower lignin content and a higher cellulose content. Tension wood is characterised by thicker fibres, which are less lignified and more gelatinous and generate greater tensile stress than normal wood [16]. As found by Timell [17] and Stokes et al. [6] the higher structural elasticity (E lt ) showed on the upper side of the stem (subjected to tensile stresses) could be due to a production of tension wood. Furthermore in wood subjected to increased flexing, such as the upper side of stem basal area of trees growing on steep slopes, an increase in microfibrils angle was observed by Mattheck and Breloer [18]. This reduces the wood stiffness, which could be in order to accommodate larger strains and consequently to increase growth in the buttress [19]. Significant differences (P<0.027) were also found between the upper side of seed-origin trees (6.0 GPa) and the upper side of coppice-origin trees, (1.0 GPa). The difference between seed and coppice origin trees can possibly be explained by the fact that the coppice tree developed from an existing stump with an existing root system. A process of decay after tree felling could have occurred in some part of the root system and consequently led to root-wood strength deterioration [20]. Moreover, the different age of the cambium inside the wood of coppice and seed stems could be a determining factor of the differences observed between the elasticity in coppice and seed stems. The cambial age in the stem of a coppice-tree is the age of the stump from which the stem was regenerated. In this work these were greater than forty years old and the cambium inside the coppice trees stem will be physiologically old and be in the process of laying down mature wood rather than juvenile wood. Mature wood is found to be generally stiffer owing to having smaller microfibril angles [20].

Conclusion

The finding of this study shows that stem elasticity variation in oak trees growing on slopes and subjected to mechanical loading can be observed in differences in the mechanical response to winching in different slope directions. Furthermore, the stiffness of stem (E lt ) generally increased with increasing slope inclination. From this work it would appear that the wood formation in the stems of oak growing on slope responds to chronic mechanical perturbation, such as the constant overloading of the aerial part of the tree. The differences of the elasticity of the stem in different slope directions and the differences between seed and coppice trees requires further biochemical and anatomical analysis. In particular stem growth patterns and eccentricity and the presence of reaction and opposite wood need to be investigated in more detail.

Growth response and root architecture of Black locust seedlings growing on slopes and subjected to mechanical perturbation

Introduction

The use of vegetation to reinforce soil on unstable slopes is now becoming a standard engineering practice in many countries around the world [1] and studies concerning the choice of species and their management are a priority in this area. Although the mechanisms by which plant roots fix soil are relatively well understood [2 -4], how these mechanisms can be manipulated, and the physiological processes involved are still uncertain.

To determine species suitability for reinforcing soil on a given slope, it is necessary to examine root growth and anchorage. Experiments whereby woody plants or young trees have been grown on slopes of different angles have shown that lateral root growth along the up-and down-slope directions increased [5] and anchorage strength was improved [6]. Similar results have also been found in adult trees growing on hillslopes [7] and it has generally been assumed that a highly asymmetric growth within the root system is an adaptive response to static mechanical stresses caused by growing on a slope. However, when a plant has grown from seed on a slope, and no other environmental conditions e.g. light, water or nutrition are limiting, and when no other mechanical stress e.g. wind loading, exists, the only imposed stress on the root system will be the weight of the soil or the shoot and branches [6]. Nevertheless, such conditions rarely exist in a natural environment, especially on mountain slopes where wind loading and superficial soil movement are frequent. Therefore, in previous studies whereby asymmetric root growth on slopes has been assumed to be due to static mechanical loading, other factors may contribute to or even cause the changes observed. Hence, it is necessary to distinguish and separate the different types of mechanical loading which may influence plant growth on slopes, and determine which stress results in which adaptive response.

The way in which plants respond to repetitive, dynamic mechanical loading, or mechanical perturbation, has been well-documented over the last few decades [8 -10]. Woody stems are often shorter and thicker, but more flexible, allowing plants to bend without breaking. In root systems, topology is altered [11] and changes in root shape occur [12], leading to increased anchorage and better resistance to uprooting. Plant root response to static loading is less clear, but stem and crown weight plays an important role in determining the distribution of stem internal stresses [13]. Few studies have been carried out whereby plants have been subjected to static and dynamic loading and the growth response analysed [14], and as far as the authors know, the effect of mechanical perturbation on plants growing on slopes has never been studied.

An experiment was carried out where seedlings of Black locust were grown in pots at 0° and 45° and were subjected to mechanical perturbation. After 23 weeks, shoot biomass was measured and 3D root topology and diameter measured in situ. Results are discussed with regard to the adaptive growth observed, and the physiological processes involved.

Materials and methods

Seeds of Black locust (Robinia pseudoacacia L.) were sown in 40 plastic containers (30*30*15 cm) in a glasshouse. Pots were tilted at 0° (controls), or 45° (slope) in a fully randomised design. Air temperature was 22°C during the day and 12°C at night with 18 h of continuous light (06.00 -24.00), and relative humidity was constant at 80%. Plants were watered daily using a fine spray to avoid damaging the soil surface. Three weeks after seedling germination, one plant from each container was chosen to continue the study and the remaining seedlings were cut with scissors at the stem base and discarded. The mechanical perturbation (MP) treatment then began. Half the plants were randomly assigned to the MP treatment and the remainders were used as controls. With a bamboo rod, seedlings were gently flexed 30° from the vertical, in different directions, for 5 min a day and for 5 days a week, for 23 weeks. Plants were then harvested and biomass determined. Soil humidity was measured from different positions within the pot, to test if in tilted pots, any water logging occurred.

Measurement of root architecture

An aluminium frame was built to fit over the pots Fig 1 so that the X, Y and Z spatial coordinates of each root could be determined. Root diameter was measured using vernier callipers. Spatial coordinates, root diameter and topology of the origin of all root axes and the end of all root segments was recorded simultaneously in a .mtg format file [15]. Roots with a basal diameter less than 7 mm were not measured in this way, but the number and mean length of these "fine roots" on each root segment was noted. The taproot (order 1) is the largest root which continues vertically from the stump.

Data analysis

The topological and geometrical information from the root architecture data file was analysed according to Danjon et al. [16,17], with the following adaptations to cope with the small tree size, growth on a slope and the specificities of the measurement method:

(1) The fine roots were included in the root length and root number analysis.

(2) The mean segment length was large compared to the root system size. Therefore each root segment was divided into 10 mm long virtual segments for spatial distribution analysis.

.

Fig. 1 The frame used for the manual measurements of root architecture. A square frame with one ruler is attached, on which a second ruler gliding on axes is fitted. On this second ruler the operator can move a cursor which moves a third vertical ruler.

(3) According to Danjon et al. [17], the root segments were classified into several compartments. The limits between shallow, intermediate depth and deep roots were set respectively to -35 and -70 mm. The root systems had a very low volume of sinkers and oblique roots, so these compartments were respectively pooled to the taproot and intermediate depth root compartments.

(3) The stump and taproot of seedlings grown on slopes was 25% more inclined. Therefore, the lower stump limit was computed by using a standard stump length of 45 mm for all trees, instead of a standard stump depth. In the compartment and circular distribution computations, radial distance and azimuth of a segment was not computed relative to the collar position, but relative to the end of the taproot segment which bears the corresponding root arborescence. This relative radial distance was used to define the limit between the zone of rapid taper (ZRT) and horizontal surface root beyond ZRT, using the 10 mm long virtual segments.

(4) Most of the roots were straight, but those which had reached a wall or the bottom of the pot generally followed the wall. To remove this artefact, such roots were virtually extended in the direction the root was growing before it attained the pot, keeping the same segment length (see Danjon et al. 1999a).

A three way analysis of variance was used to test the slope and MP effect; with the block effect also included (each factor has two levels):

Y ijkl = mu + block i + tilt j + MP k + tilt j * MP k + e ijkl To test the circular heterogeneity, three discontinuous slope oriented sectors were defined, upslope (us), downslope (ds) and perpendicular (pp). An analysis of variance was performed to test the differences between sectors within each treatment.

Results and discussion

Surprisingly, overall biomass was doubled in the slope and MP treatments compared to the controls, and in the slope + MP block, biomass was 63% greater Table 1. Root collar diameter was also significantly higher in the slope + MP block compared to slope and MP treatments, which were greater than the control treatment. These results were not due to differences in soil moisture content, as no significant differences within pots were found. Nevertheless, some soil compaction downslope of the plant could be seen, which could be due to watering.

With regard to root architecture, specific root surface (SRS) was significantly lower in the slope and slope + MP treatment compared to the controls and MP plants Table 1. Mean root tip diameter was larger in roots from MP plants, whereas taproot length/root collar diameter was significantly lower in seedlings from the slope treatment only Table 1. The mean distance between laterals along the taproot was significantly greater in controls, whereas in slope and MP plants, taproot angle was greater with regard to the vertical axis Table 1. The %volume allocated to the ZRT was significantly higher in the MP treatment only and %volume allocated to the stump was greatest in plants on slopes Table 1. No differences in root architecture were found between sectors in any seedlings in pots which were not tilted Table 2. Seedlings grown on slopes allocated 2/3 of total root volume, root number and length to the perpendicular slope sectors. The same trend was observed in the four compartments analysed (ZRT, beyond ZRT, intermediate and deep roots), and in particular in deep roots Fig. 2. When seedlings on slopes were subjected to MP, no circular heterogeneity was observed, except in the ZRT and deep roots. Significantly more volume was allocated to the ZRT upslope and the deeper roots downslope. 

Conclusions

Digitizing of the root systems yielded a high number of parameters providing a comprehensive overview of the influence of slope, MP and their interaction, on root architecture. The most surprising result was that when growing on slopes and/or with MP, biomass was increased by 50% or more. Scippa et al [6] also found that biomass was increased in roots and shoots of Spartium junceum L. tilted at 45° and attributed this result to changes in radial growth or wood density. Rather than stimulating growth, it is often held that mechanical loading negatively influences plant size [see review by 9], although Smith and Ennos [18] showed that sunflowers (Helianthus annuus L.) subjected to wind loading and MP do not react in the same way, and that the former results in increased stem elongation. Recent studies have also demonstrated that wind loading stimulates photoand gravitropism in young trees [19,20], possibly by enhancing cross-talk between different mechanotransductive pathways. MP was used rather than wind loading in this experiment on Black locust seedlings, but few data exist on the adaptive response of young broadleaf trees to any type of mechanical loading [20], therefore results obtained may be specific to this species or to broadleaves only.

With regard to architecture of the whole root system, the %volume allocated to the ZRT was the only parameter to be significantly increased in MP (0° slope) plants only. In plants growing on slopes (no MP), taproots were significantly more vertical in growth with more %volume allocated to the stump, probably at the expense of taproot length which was significantly shorter. When plants were growing on slopes of 45° and subjected to MP, root collar diameter was almost double that of the controls. The more detailed analysis of root system architecture, in sectors and compartments, showed that plants growing on slopes (no MP) had surprisingly more %volume allocated to perpendicular roots, whereas plants on slopes + MP had greater %volume in the ZRT upslope and more deep roots downslope only. Plants tilted at 0° with MP showed no differences in architecture between sectors or compartments, probably because MP was not unilateral.

It can be assumed that the changes observed in root architecture in seedlings subjected to MP and growing on slopes will enhance plant anchorage [11]. It is not known why plants tilted at 45° (no MP) should produce more roots and allocate more %volume to roots perpendicular to the slope direction, and further investigations should be carried out on the physiology of this response. In conclusion, it can be seen that some differences do occur in tree response to dynamic and static loading; however, it is not clear what the underlying mechanism is or how a plant perceives different types of loading.

Introduction

In mountainous regions, vegetation is usually seen as having a positive effect on slope stability. Not only do root systems reinforce the soil, but forests can act as protective barriers against falling debris and rocks [1,2]. Although studies have been carried out on how trees react to mechanical stresses in mountain forests, in particular with regard to growth adaptation on steep slopes [3 -5] and to wind loading [6], little information exists concerning the influence of altitude on these different types of stresses. As root systems not only provide trees with water and nutrients, but also anchor it to the soil, the effects of elevation should be considered when trying to understand the physiology of tree growth in mountain forests. With regard to the anchorage of trees growing on steep slopes, the thin roots held in tension play a major role in both the anchorage mechanics of the root system and also for soil fixation [7 -10].

Due to climatic conditions that differ substantially from those at lower altitudes, several morphological modifications can occur in trees. For example, Hoch and Körner [11] observed that the maximum tree height, the annual shoot increment and the mean annual ring width all decreased with altitude. As environmental factors differ with altitude, in particular temperature, irradiation and wind loading, trees growing at high altitudes must stock resources sufficiently to enable them to survive harsh abiotic stresses. At the tree line, an increased amount of carbon is converted into non-structural carbon (NSC) throughout the tree [12] therefore, although trees have significantly larger amounts of sugar stocked in functional cells, it can be hypothesized that structural carbon (SC) exists in smaller amounts. SC can be determined by measuring the cellulose content in the xylem. Cellulose is largely responsible for the high resistance in tension of wood. In woody roots, it has been found that tensile strength also depends on cellulose content and that both parameters usually increase with decreasing root diameter [13].

To measure if differences in SC content occurred at different altitudes, and to determine the consequences for mechanical properties, a study was carried out whereby roots were sampled from Abies georgei var. Smithii, growing at different altitudes along the same mountain in south-east Tibet. The Tibetan Plateau is ideally located for studying adaptations of trees to the natural environment, because it is relatively undisturbed by humans [14,15]. Tensile tests were performed on roots and the amount of cellulose present was measured. Results are discussed with regard to how elevation may affect chemical and mechanical properties in tree roots.

Material and methods

Plant material

The study sites were located on Sergyemla mountain, at 50 km from the town of Linzhi, in southeast Tibet, China. The climate is characterized by high precipitation, cloudy days, cold winters and cool summers. The mean annual temperature is -0.73°C with a minimal annual temperature of -31.6°C and maximal temperature of 24°C. Average annual precipitation is 1134.1 mm with 75% of the annual average amount in June to September.

Roots were collected from Abies georgei var. smithii growing at two different altitudes of 3480 m and 4330 m (tree-line). Ten trees in each site were selected from a forest growing along the same side of the Sergyemla mountain. Trees were aged 100-200 years old. The mean diameter at breast height (DBH) was 113 ± 8.13 mm for trees growing at 3480 m and 201.6 ± 7.12 mm for trees growing at the tree line (data are mean ± standard error). Live roots were manually excavated with care to avoid any damage to a depth of about 0.6 m below the soil surface. Samples were collected around each tree in three directions along the slope (upslope, downslope and perpendicular to the slope direction). Roots were then washed, dried in the open air and stored in a dry place until future laboratory tests.

Increment cores were also collected from the stem of each tree, at a height of 1.3 m, so that the cellulose content in the roots could be compared to that in the stem.

Root tensile tests

Tensile testing was carried out on 208 tree roots for trees growing at 3400 m and on 180 tree roots for trees growing at the tree line. The diameter of the roots tested was measured with an electronic slide gauge with 1/50 mm accuracy. Root diameter varied between 0.2 mm and 3.8 mm with a mean diameter of 1.24 ± 0.04 mm at 3400 m and of 1.29 ± 0.05 mm at the tree-line. The length of each root sample was at least 15 times its central diameter. Mechanical tests were performed with a universal Testing Machine (ADAMEL Lhomargy, France). A load cell with a maximal capacity of 1.0 kN was used. The crosshead speed was kept constant at 10 mm min -1 . The tensile strength was calculated as the maximal force required to cause failure in the root, divided by the root cross-sectional area (CSA) at the point of breakage [13]. Tests were considered successful only when specimens failed approximately in the middle of the root so that root rupture was due to the force applied in tension and not due to any structural damage of the root.

Cellulose content

The method used to measure the total cellulose content was based on that developed by Leavitt and Danzer (1993) and consisted of removing as many non-cellulosic compounds as possible from the root material [13]. Hemicelluloses, which are polysaccharides linked to the cellulose present in the cell walls, are not separated from the crystalline cellulose. The quantity obtained at the end of the experiment represents therefore both cellulose and hemicelluloses. After removing bark, each root was ground into a fine powder with a vibration mill (Retsch MM 300) and poured into a Teflon sachet (no. 11842, pore size 5.0 µm). The first step consisted of eliminating lipids compounds (waxes, oils and resins) from the ground tissue by means of a mixture of toluene 99%-ethanol 96% (2-1; v/v) followed by 100% ethanol. The samples were then immersed in distilled water heated to 100°C for 6 h to remove hydrosoluble molecules. The lignin was finally removed with 700 mL of distilled water, 7.0 g of sodium chlorite (NaClO 2 ) and 1.0 mL of acetic acid (C 2 H 4 O 2 ) heated at 60°C during 12 h and concentrated by 100% three times. The percentage of cellulose was evaluated by calculating the relative difference in the initial and final weight of each sample.

Statistical analyses

Power regressions were carried out initially to evaluate the relationship between root tensile strength and diameter. Data were log-transformed, before analysis, to reflect the power relationship in linear regressions. Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) were used to detect differences in cellulose content and tensile strength between the two field-sites at 3400 m and that at the tree line. Data were analyzed with Minitab version 13.

Results

Root tensile tests

The mean root tensile strength was 28.47 ± 1.09 MPa for trees growing at 3400 m with and 13.46 ± 0.58 MPa for those at 4330 m. A power regression between tensile strength and diameter was found for the two different altitudes (Figure 1). The tensile strength was notably higher in roots from trees growing at 3400 m compared to those from the tree line (F=173.86, p<0.001, ANCOVA) with regard to root diameter (F=61.39, p<0.001, ANCOVA). In the stand at 3400 m, roots growing perpendicular to the slope direction were significantly more resistant than those growing along the slope (F=11.47, p<0.001, ANCOVA) with regard to root diameter (F=46.84, p<0.001, ANCOVA). In trees growing at the tree line, no significant differences were found in the tensile strength of roots between trees growing perpendicular or parallel to the slope. Nor were any differences found in tensile strength of roots with regard to up-and downhill directions, at either altitude.

Cellulose content

The mean cellulose content was 39.19 ± 1.0 % in roots of trees growing at 3400 m and 29.91 ± 1.31 % in roots of trees growing at 4330 m. Cellulose content was significantly greater in roots at 3400 m compared to those at 4330 m (F=32.77, p<0.001, ANOVA).

No significant differences in stem cellulose content were observed between the two altitudes. The mean cellulose content in stem-wood was 46.79 ± 1.03 % at 3400 m and 44.88 ± 1.33 % at the treeline. Cellulose content was significantly higher in the stem-wood compared to that in the root in trees growing at 3400 m (F=34.75, p<0.001, ANOVA) and also for those growing at 4330 m (F=74.11, p<0.001, ANOVA).

A linear relationship existed between root tensile strength (y) and cellulose content (x), although variability was high ( , R²=0.20, p<0.001). x y 51 . 0 89 . 0

Discussion

The results from the tensile tests of roots were comparable to those obtained in previous studies, where tensile strength decreased significantly with increasing diameter according to a power law relationship [13, 16 -20]. Previous studies also showed that tensile strength variation with diameter could be explained by differences in root structure [13, 21 -23]. Wood material differs according to root size and age. Cellulose is made up of polymer chains linked together by highly resistant hydrogen bonds and has been found to be optimal for resisting failure in tension [24,25]. As smaller roots are more resistant in tension than larger roots, it can be assumed that differences in cellulose content occur, with smaller roots possessing more cellulose per dry mass [13].

Differences in root tensile strength were also observed with changes in altitude. The tensile strength was significantly lower from roots from trees at the tree line. This variation can be explained by the observed decrease in cellulose content. At the tree line, an increased amount of carbon is converted into NSC throughout the tree, and it can be hypothesized that a non-equilibrium with SC may explain the results observed. Trends in chemical wood properties with altitude are still unclear. Gindl et al. [26] observed an increased lignin content with altitude which helps to maintain mechanical integrity of the tree xylem and Nylinder and Hägglund [27] reported that cellulose yields of Norway spruce (Picea abies L.) were lower as latitude and elevation became greater. Nevertheless, no differences in stem cellulose content were found between the two altitudes examined in this study. Therefore, fine roots may either be more sensitive to changes in NSC content, or differences in environmental conditions might occur which influence the root structure. For example, changes in soil properties [28], or plant response to cold temperatures [29] may influence the mechanical properties of the roots. Therefore, future work needs to include a mechanical characterization of the soil and anatomical studies of root structure. Such results should indicate the underlying mechanisms between the differences observed at the two altitudes.

Not only do chemical changes in trees occur with increasing elevation, but other physiological and morphological properties can occur e.g. a decrease in growth ring width, xylem cell wall thickness, latewood percentage and wood density [26]. Root system morphology in several species also differs markedly between altitudes. Soethe et al. [30] found that in native forest tree species in Ecuador, the mean ratio of root cross sectional area decreased with altitude whereas the extent of root asymmetry increased. Trees growing at higher elevations also demonstrated a variety of morphological traits that could improve tree stability. In the trees examined in our study, no other root system characters were measured which would show if a trade-off had occurred between root tensile strength/wood chemistry and any other property. Therefore, it is not known if other traits, similar to those measured by Soethe et al. [30], occurred to compensate for the decrease in root tensile strength. Hence, further research needs to be carried out on the interaction between tree morphology, wood chemistry and environmental variables at different elevations, to better understand physiological changes in trees growing at extremely high altitudes.

Introduction

Wind is the primary abiotic cause of damage to forests. Major gales such as the one that occurred in Denmark, Latvia and Sweden in January 2005 may be responsible for wood loss equivalent to several years of harvest. In an attempt to reduce such severe economical loss, numerous studies have been carried out in the past decades on the mechanical behaviour of trees submitted to aerodynamic forces [1,2]. The analysis of wind and tree interactions is also essential to investigate the adaptive mechanisms activated by dynamic loads during plant growth.

To a large extent, the atmospheric flow in plant canopies is dominated by turbulent processes activated by instabilities developing at the top of the canopy, where the mean horizontal velocity is inflected [3]. As in mixing-layer flows these instabilities evolve as coherent turbulent structures responsible for the sweep-ejection patterns visible in turbulent time series [4]. These structures were first observed by Inoue [5] as 'Honami' gusts and are mainly responsible for plant motion in canopies. Turbulence is characterized by fluctuating wind velocities, exerting dynamic loading to trees through drag forces. Consequently, static approaches of tree behaviour fail to evaluate accurately the critical wind load leading to tree uprooting or stem breakage unless they use correcting factors that indirectly account for wind gustiness [6,7].

The aim of the present study is to evaluate the ability of a process-based model to simulate the tree aerodynamic behaviour under turbulent forcing, as occurs in the field. The model relies on an explicit description of the geometry and topology of the plant aerial system so that it can simulate the coupled vibrations of all aerial elements. Use of the finite element method allows the model to deal with the complexity and variability of the crown structure of trees. Evaluation of the model is achieved through the comparison of measured and simulated tree motions, using time series of wind speed recorded in a pine forest. A 40 m high tower located on the site was equipped with 3D sonic anemometers located at five different altitudes:

Material and methods

Experimental arrangement

over the under storey level (z = 5 m), at the level of the lowest green branches (z = 13 m), at mid-height within the tree crowns (z = 17.5 m), near the top of the canopy (z = 20 m), at about twice the canopy height (z= 40 m). Each anemometer recorded three components of wind velocity that were later rotated so as to provide the horizontal component in the mean wind direction u, the horizontal crosswind component v and the vertical component w.

Two trees, hereafter referred to as tree 1 and 2, were chosen in the neighbourhood of the tower. Their relative location is displayed in figure 1. The height of tree 1 was 21.5 m, i.e. slightly larger than the mean canopy height, whereas tree 2 was 19.8 m high. Tilt sensors were set up on the stem of each tree in order to measure their angular displacements at four different altitudes (respectively 1, 4, 7 and 10 m above ground level).

Fig. 1 Schematic view of the experimental site.

Tilt angles of tree stems and wind velocities were simultaneously recorded at a sampling frequency of 10 Hz. From the two-month duration of continuous measurement, we only use here 30 minutes to test the model. During this period, the maximal horizontal velocity was 10.8 m s -1 .

At the end of the measurement campaign, several geometrical characteristics of the branches inserted in the stem were measured on both standing trees (height of insertion, angle of insertion and azimuth). All branches were then removed and their basis diameter, mass and length were measured. After their spatial orientation was recorded, both stems were cut out into 1 m long segments. Mass and diameter at both ends were measured for each segment. The collected data allowed the finite element meshing of trees to be performed.

Modelling the tree aerodynamic behaviour

Axes of 1 st and 2 nd branching order are modelled with beam elements following Timoshenko beam theory. Aerial elements of higher order, including the needles, are aggregated in such a way that their mass is linearly distributed on the upper half of their respective bearing axis. Wood is treated as an elastic and homogenised material. The discretisation process of the tree structure is detailed in [8]. As an example, figure 2 shows the three-dimensional models of trees 1 and 2.

Fig. 2 Discrete models of trees 1 and 2, after digitization of elements of 1 st and 2 nd branching order.

For a tree submitted to wind and gravitational forces, the equations of dynamic equilibrium can be expressed in discrete form as:

M q" + D q' + K q = F + G (1) where M, D, K are respectively the inertia, damping and stiffness matrices of the structure; F is the column vector of aerodynamic drag and G the column vector of gravitational forces; q", q' and q are the column vectors of acceleration, displacement speed and displacement, respectively.

The geometry and mass of structural elements were derived from field measurements whereas damping, modulus of elasticity and Poisson's ratio of wood material were obtained from the literature.

The drag forces are calculated for each horizontal component of wind velocity, u and v. The action of vertical velocity w is not accounted for. In the streamwise direction for example, the drag force exerted by the wind to a tree element e at time t is given by the following equation:

F e (z,t) = c D A e (u(z,t) q' e ) |(u(z,t) q' e )|

(2) where c D is the drag coefficient, A e the area of element e exposed to the wind, u(z,t) the instantaneous horizontal streamwise velocity and q' e the displacement speed of element e. A similar equation with v(z,t) instead of u(z,t) is used to calculate the cross-stream drag load.

Values for the area of tree crowns and c D were obtained with the same method as in [9]. In order to evaluate the individual area of each beam element, the ratio between A e and the total crown area was As previously stated, its relatively large distance to the tower makes it difficult to evaluate the local wind forces acting on it with the same accuracy as for tree 2. For both trees, the calculated time series appear close to the wind time series whereas the measured displacements exhibit some peaks that do not correspond to similar peaks in the u series.

Fig. 4 Time series of streamwise velocity at z=20 m over1800 s (30 min) and comparison of stem angular displacements along the mean wind direction as measured and simulated at z=10 m. For the sake of clarity the simulated displacements (broken lines) are plotted with an opposite sign to the measured ones (solid lines).

Spectral analysis was used to identify the frequency content of tree motions. The power spectral densities obtained for the measured trees show similar frequencies for the first oscillatory mode: the f 0 value is 0.18 Hz for tree 1 and 0.19 Hz for tree 2. These values are consistent with those previously measured in the same pine forest [12] and close to 0.2 Hz. The spectral densities obtained from the simulated displacements also exhibit a major peak at frequencies around 0.18 Hz for both trees. The predictive error of the numerical model is less or equal to 6% for tree 2.

Conclusion

This experiment further highlights the difficulty to evaluate the local wind forces applied to a tree. Despite the large spatial variability of velocity fluctuations, the numerical model is able to simulate with a satisfactory accuracy the prominent features of tree motions induced by wind. Variations and amplitude of stem displacements as well as the natural sway frequency of the tested trees were close to the experimental observations.

The numerical model appears as a sound basis to further investigate tree stability to wind since the agreement between modelled and measured values has been obtained by using only physical and measurable characteristics. The evaluation of tree wind-firmness can be performed through a multifactorial analysis including a series of factors related to tree aerial architecture, wood properties and turbulence characteristics. A further numerical analysis with the present model will allow the major factors affecting the tree capacity to withstand gales to be identified.

Thigmomorphogenetic acclimation of plants to moderate winds as a major factor controlling height growth and biomass distribution in crops, as demonstrated in alfalfa (Medicago sativa L.)

Bruno Moulia 

Introduction

Thigmomorphogenesis, the mechanoperceptive control of plant growth, has received recurrent attention by plant physiologists over the last 30 years (see reviews in [1 -3]). The occurrence of a general syndrome of plant response to mechanical stimuli has been demonstrated in many plant species. This syndrome involves a reduction in growth in height, a stimulation of the growth in stem diameter, and a change of the root/shoot ratio toward the production of more roots. Moreover, a biomechanical analysis demonstrated that the perceived variable is strain and not stress and that the control of primary growth can only be explained assuming that a systemic signal is produced integrating the overall field of strain all over the living tissues in the stem [4]. On this basis, a quantitative dose-response curve compensated for the mechanical characteristics of the stem was produced for the mechanical control of stem extension growth [4].

Speculations have been produced about the ecological significance of these general results. It has generally been thought that thigmomorphogenetic responses are of adaptive value in two situations (see review in [5]). It is likely to reduce risks of lodging by acclimating plants to prevailing wind. And it may also be involved in the trade-off between light competition and buckling risk, particularly for indeterminate stems. However, direct evidences of thigmomorphogenetic responses to moderate winds in outdoor conditions for crop plants are scarce, limited to monocots, or to determinate dicots, sown at very low densities [6,7]. Moreover some studies in dense canopies tended to indicate that thigmomorphogenetic sensitivity may be reduced by photomorphogenetic responses to canopy shade [9], but contradictory results can also be found [10]. As a consequence, thigmomorphogenetic effects of moderate chronic winds on herbaceous canopies and crops have been neglected by agronomists or ecologists up to now. Moreover, in all these studies of thigmomorphogenesis in natural conditions thigmomorphogenetic effects have been assessed by comparing staked and free standing plants. However, when plants are staked, a non-natural situation is provoked whereby the stimulus is negligible in the stem. As growth response curves are highly non linear [8] even when compensated for altered biomechanical and mechanical characteristics of the stems along thigmomorphognetic responses [4], the effect observed in these conditions may in fact be saturated at very low stimulation levels, and thus be of no ecological relevance. Last but not least in most studies in crops the wind conditions have not been recorded so that the range of wind load that may be thigmomorphonetically active is unknown.

The objective of this study was thus to assess the thigmomorphogenetic influence of wind in the ecological range in an indeterminate plant cultivated in canopies at high density in standard agrotechnical practices.

Materials and method

To assess the thigmomorphogenetic influence of wind in the ecological range, field grown alfalfa canopies, an indeterminate dicot cultivated at high sowing density in standard agro-technical practices, were submitted to three mechanical treatments (Fig 1).: i) supported by frame that reduce stem sway (Supported Control), ii) free standing submitted to natural wind-sways (Free Standing), and iii) with additional artificial 1 Hz swaying 1 min every hour (Shaken).

Support frames involved 2 stiff meshes with large mesh size (Fig 1C) so that additional shading due to these meshes was negligible (less than 10 %). Plants were allowed to grow across the mesh freely (Fig 1A). When their height above the upper mesh reached approximately 15 cm (so that their primary extension zone sit above the mesh), the supporting frame was move up once or twice a week, to keep this height constant (Fig 1B). During the last week though, the response being unexpectedly strong, the maximal height of the frame was reached, and the plant height over the frame increased. The shaken treatment involved a frame with a single mesh with larger threads (to reduce pressure on the stem during movement) (Fig 1D) sitting at 5 cm from the ground. It was given a 1min cycle of back and forth oscillatory movement (at approximately 1 Hz) every hour.

Wind just above the canopy was recorded by 3D sonic anemometers (frequency 50Hz, Fig 1E) whereas standard meteorological wind speed measurements (30 min means) where conducted in the nearby automatic meteorological station of the INRA research centre. The global wind conditions during one growth cycle were measured by calculating the total amount of wind that flowed over the crop canopy (i.e. the time integral of the longitudinal wind speed, unit= km). The structure of the turbulence was assessed for 3D anemometer data by analysing both mean wind horizontal velocity and its standard deviation [11] Three successive growth cycles were studied over two years (spring year 1, fall year 1 and spring year 2) in order to sample the natural variability in wind conditions. At the incipient flowering, all the material was harvested. Dry aerial biomass (and its partitioning into leaf and stem fractions), number of stem per m-2, and the heights of the entire stem in 2 lines of 1 m long each were measured.

In contrast with previous study, the thigmomorphogenetic effects was not assessed by the difference between the supported control and the free standing plants for one growth cycle but by the variation of this difference across the various wind conditions. Indeed the range of variation of the difference between the supported treatment and the free standing treatment provides a measurement of the thigmomorphogenetic effect of wind in its natural range of variation.

Moreover, the difference between the Free Standing and the Shaken treatments provided two additional results. In case no difference would be found between the supported control and the free standing treatment this would provide a way to assess the mechanoperceptive competence of the plants. In the opposite case where a clear difference between Free Standing and the Shaken treatments would be observed, it provides a way to assess the saturation of the wind response.

Results

Wind conditions

Fig 2 displays the histogram of standard meteorological wind speed for the two extreme wind conditions (Spring Year 1 and Fall Year 1). In all the cases only moderated winds (< 30 km.h -1 i.e. 8.3 m.s -1 ) were observed. However the overall wind over the experiment in the Spring of Year 1 was 13000 km whereas in the Fall and Fall of Year 1 it was 8000 km, i.e. 39 % less (Spring Year 2 was intermediate, data not shown). This global wind differences affected all the wind velocity classes higher than 3 km.h -1 (Fig2.). Thus these global differences were related to changes in the frequency of windy periods rather to a large change in the wind regime. Indeed the turbulence content over the canopy was similar in all the conditions (not shown) 1 the values of the 95 th percentile of stem height in the different treatments. Consistently with the picture Fig. 3, the Supported treatment had much longer stems than the Free Standing in Spring Year 1. Indeed the 95 th percentile of stem height was 41 % higher in the Supported control treatment than in the Free Standing. Wind sway thus induced a very strong reduction of stem elongation. This effect might be maximal as additional artificial shaken did not produced additional reduction in stem height. On the contrary in the Fall, no significant difference between the Supported and the Free Standing treatments could be observed on height. This was not due to a loss of mechanical sensitivity in that growing season, as the Shaken treatment displayed a 27 % decrease in stem height. Mechanical stimulation due to wind sway had an even greater effect on aerial biomass in the Spring of Year 1 (Table 1). Indeed the Supported treatment had +64% more aerial biomass than the Free Standing one. As for height, no effect of the Shaken treatment was noted. These effects were not due to changes in the number of stems. Thus it is the aerial biomass per stem that is decreased upon mechanical stimulation by wind sways. In the Fall of Year 1 no significant effect of any treatment was observed. 

Spring Year 1

Number

Conclusion

The effect of moderate winds on the growth of alfalfa crop are qualitatively consistent with the thigmomorphogenetic response observed in artificial conditions in mechanically stimulated plants , i.e. i) a reduction in height growth and ii) a stimulation of the allocation of biomass to root and hence a reduction of the stem biomass [1 -3, 5]. Moreover their quantitative effects were very large. Indeed a variation of approx 40% in the amount of wind produced a variation of 41 % in height and of 64% in aerial biomass. These effects demonstrate that thigmomorphogenetic effects of wind sways in crops have been largely underestimated. They could be involved in explaining the high residual variability in the prediction of yield by agronomists. Therefore not only chronic high winds [12] but also chronic moderate winds should be considered as an ecological factor, acting like an environmental signal driving growth and form acclimation. Subsequent studies in other species (and other genotypes) should be conducted to assess the inter-and intra-specific genetic variability of such response. Moreover, as models and measurements to analyze wind sways in dense canopies are now available [13], more quantitative analyses of the relation between the mechanical strains experienced by the stems in natural wind loads and the growth response should be conducted.

Wind loading on trees in a mature Sitka spruce forest

Introduction

More and more forest stands in Britain are being managed as continuous cover forests (CCF) where recreational, aesthetic and environmental aspects are considered as important as the production of timber. This type of management requires regular thinnings to establish natural regeneration, which is the major precondition for a successful transformation towards CCF [1]. There is less experience with CCF in Britain than in other European countries and there are doubts these structured stands are stable enough to withstand the severe British wind climate [2]. All the advantages that CCF has over clear felling would be of less value if it turned out that there was increased risk of wind damage so that the economic penalties exceeded the benefits.

For a quantification of this risk a detailed understanding of the interaction of stand structure, trees, and wind is crucial. Foresters in Britain currently make use of a mechanistic wind risk model called ForestGALES to calculate wind damage risk [3]. However, the model was developed for unstructured forests and for more complex stand structures adaptation of the model is necessary.

Material and methods

A field campaign was conducted in Clocaenog Forest (North Wales, SJ 043 540), in a mature pure Sitka spruce (Picea sitchensis (Bong.) Carr.) stand, which was 55 years old see Fig. 1. The stand density was 292 trees•ha -1 , which was low enough to allow natural regeneration. The stand can therefore be described as a stand in transformation towards CCF. The last thinning of the stand was carried out in 1999.

Based on calculations using ForestGALES the stand appears to be unexpectedly stable. ForestGALES predicted a critical wind speed for the stand of 17.8 m•s -1 and a return period for damage of 1 year (i.e. every year), but the last record of wind damage for the area was in 1997 and this was very light.

The experimental setup was designed to measure the wind and tree interaction with a high temporal resolution. The wind profile was measured with eight cup anemometers (NRG#40, NRG Systems) and two wind vanes (NRG#200P, NRG Systems) mounted on a 30m mast. An ultrasonic anemometer (USA-1, METEK GmbH) measured turbulence at 29.8 m height (see Fig. 2). Fig. 1 Detailed sitemap (60m x 60m) of the experimental plot. The probed trees are the ones with the filled dots. The polygons represent the crowns. Note that the mast is in the buffer zone of the experimental plot, where no tree coordinates are available. The experimental plot (about 300 trees in total) was set up by Arne Pommerening [4] and his team from the University of Wales in Bangor to monitor the growth of the trees. (His allocated identification numbers were used for this experiment). An array of 3x3 trees, which represented a wide range of tree characteristics (see Table 1) and which was located in close proximity to the mast, were chosen as experimental trees. The selection included trees from all dominance classes. Each of the experimental trees had two, orthogonal strain transducers (see Fig. 2) attached to them [5]. These were calibrated individually by stepwise loading of the trees with a known force to transform the signal into a turning moment.

When the experiment was running data loggers (CR10, Campbell Scientific) recorded the signal with 4 Hz with the raw data being sent to an industrial PC for final storage every 3 minutes. More than 400 hours of data were gathered for the period May to November 2005. Due to the high power demand it was not possible to run the system unattended for longer periods and it was only switched on when a gale was due. For data analysis the individual calibration coefficients were applied to convert strain into bending moment and afterwards the time series were despiked and digitally filtered to remove low frequencies resulting only from changes in temperature.

The force on each of the experimental trees can be calculated from the measured turning moment assuming that the zero-plane displacement (d) is the height, at which the wind acts as proposed by Thom [6]:

force = turning moment / d (1) 
Dividing the force by the individual crown area gives the stress per unit crown area for each of the trees: stress = force / crown area (2) Now the drag imposed by the wind on a forest canopy is given by the shear stress ( ):

= -• u * 2 (3) 
Where is air density (1.226 kg•m -3 ) and u * the friction velocity (m•s -1 ). Shear stress is the force per unit area on the canopy and is measured directly by the sonic anemometer. In an unstructured stand if we assume the stress is uniformly distributed then the force on each tree is given by •D 2 where D is the average spacing between trees [7]. This allows us to compare the measured stress on each tree and the average stress derived from the sonic anemometer.

Results and Discussion

The calculated hourly mean values for force and stress for the nine experimental trees are shown in Table 2. The mean wind speed measured in 30.8 m height was 5.56 m•s -1 and the shear stress directly measured by the sonic anemometer was 3.07 N•m -2 . The stress values for the nine trees were in a range of 2.01 to 7.16 N•m -2 . Only the values for the two smallest trees (42, 43) were below the shear stress ( ). It appears that the tall trees (4, 37, 43, 80) had to withstand much higher stress than the smaller sheltered ones. Therefore it seems that the assumption that the stress is uniformly distributed is not valid for structured stands. For such stands the position of each tree has to be taken into account to estimate the individual loading. Also the assumption that the zero-plane displacement is the height at which the wind acts is questionable.

Fig. 3 Hourly normalised maximum turning moment versus hourly mean wind speed in 30.8 m height. The turning moment is normalised by the calculated breaking moment. The red curves represent the best fit of a second order polynomial. The estimated critical wind speeds are calculated for 10m above the zero-plane displacement.

The maximum hourly mean wind speed that was measured during the experiment was 8.4 m•s -1 and was far below the critical wind speed that was predicted to be needed to damage the trees. Figure 3 shows that the measured maximum turning moment reached about 15% of the predicted individual breaking moments. By extrapolating the best fit curve it was possible to estimate the critical wind speed for each experimental tree. The range of critical wind speeds (17.2 to 21.1 m•s -1 ) was small compared to the range of calculated breaking moments (8.3 to 75.5 kNm, see Table 1) that were calculated from the tree properties. 

Conclusion

The data from the field experiment contradict the hypothesis that the wind load on individual trees is scaled by the trees crown area. Dominant trees have to withstand much higher loads per square meter crown than smaller sheltered trees which is in agreement with Gardiner et al. [8].

Nevertheless the calculated critical wind speeds for breaking -and therefore the risk for failurefor the nine trees are in a relative narrow range compared to the breaking moments that are calculated from tree properties. This might indicate that the trees have already adapted to their individual wind climate since the last thinning in 1999.

The data gives us the possibility to test several parts of the ForestGALES model. Further analysis will improve our understanding of the wind loading and wind risk in structured forest, which at some point will be implemented in the model.

A second field campaign was carried out in spring and summer 2006 in a forest stand that had two canopies representing a stand that has been successfully transformed to CCF. Data from this forest will provide validation of the modified ForestGALES model. 

Refilling in conifers at the alpine timberline

Introduction

Trees at the alpine timberline are exposed to harsh climatic conditions during the winter season. In contrast to smaller plants which are protected by the snow cover, trees are coupled to the atmospheric environment also during the cold season. The extreme atmospheric radiation and temperature regime on the one hand and the long period of blocked water uptake due to ice formation in soil, roots and stem base on the other, affect tree water relations at the timberline ecotone [e.g. 1]. Previous studies demonstrated that during the winter season the water transport system of trees may be excessively impaired [2,3,4]. In twigs of some conifer species up to 100% loss of conductivity was observed during late winter and it was shown that this embolism was caused by drought [2] as well as by freezethaw events [2,5]. In embolized xylem conduits, the transport of water is blocked by gas bubbles which interrupt the transmission of tension to the soil ("cohesion theory"; [e.g. 6]).

Drought causes embolism when the water potential ( ) in conduits exceeds xylem-specific thresholds so that air enters from adjacent, already air-filled spaces ("air seeding"; [6]). At less negative than the air-seeding threshold, the surface tension of water stabilises air-water interfaces and prevents the spreading of embolism. Conifers have a special pit anatomy with a central thickening, the torus, sealing the pit upon low . Therefore, vulnerability to drought-induced embolism depends on the properties of the pits, where air-seeding normally occurs [7]. Freeze-thaw events are the second major factor known to induce embolism: It is suggested that bubbles are formed during the freezing process because air is hardly soluble in ice. During the thawing these bubbles may expand when the xylem saps is low and the bubble is big [e.g. 8]. Therefore, the risk of embolism increases with the conduit diameter, as large elements contain large amounts of dissolved gas which form big bubbles within the ice [e.g. 9]. In contrast, some studies indicate embolism to be formed during the freezing process when in the xylem is low [e.g. 10]. However, drought as well as freeze-thaw induced embolism was shown to contribute to excessive conductivity losses observed at the timberline.

Tree species growing at the alpine timberline evolved several strategies to avoid embolism. Pinus cembra has an excellent cuticular protection shield and is able to maintain moderate by reduced water losses during winter [2]. The deciduous strategy of Larix decidua and angiosperm species also helps to avoid critical . Shrubs, like Pinus mugo or Juniperus communis are at least partly protected by the snow cover. In Picea abies, vulnerability thresholds for drought induced embolism were found to decrease with increasing altitude. Furthermore, leader shoots are especially protected by a low drought-induced vulnerability. These adaptations in hydraulic safety are based on anatomical properties.

Despite this broad spectrum of avoidance mechanism, several tree species are not able to protect their xylem from embolism. Studies on Picea abies [2,3] and Pinus mugo [11] indicated that conifers are able to refill xylem sections during late winter and spring to restore a functional water transport system at the beginning of the vegetation period. Refilling was described for several angiosperms [e.g. 12, 13], in which it is probably linked to active processes. Osmotic gradients within the xylem are thought to create positive required to push water into air-filled conduits [e.g. 14,15]. However, the process is not yet completely understood especially as refilling sometimes occured under negative . Also in conifers refilling was demonstrated [2,4,11,16,17,18] whereby the mechanism in conifer xylem may differ from refilling in angiosperms due to differences in wood anatomy. In the present study, the dynamics of refilling processes in conifers growing at the alpine timberline were analysed in the field during several years and simulated in laboratory experiments.

Material and methods

Material

In field studies, sun-exposed twigs of Picea abies L. Karst., Pinus cembra L., Pinus mugo Turra, Larix decidua Mill. and Juniperus communis L. growing at the alpine timberline between 1900 to 2010 m (Birgitz Köpfl, 47°11´N/11°19´E and Praxmar, 47°09´N/11°07´E) were analyzed. From shrub-like conifers (Pinus mugo and Juniperus communis), parts above the snow cover or specimen at snow free (wind blown) sites were studied. For annual courses (year 2000 to 2006) of embolism rates, about 40 cm long pieces of the main axes were harvested, wrapped in a plastic bag and transported to the laboratory (n 3 per species) for conductivity measurements and staining procedure. In addition, end segments (length up to 10 cm, n 5 per species) were collected and transported in a plastic bag to the laboratory for water potential ( ) determination. In late winter, some twigs of Picea abies trees growing at the timberline at Birgitz Köpfl were in situ wrapped in plastic bags, which were filled with water. Embolism rates and of these twigs were compared with control twigs during the consecutive weeks.

In laboratory experiments, 5 years old Picea abies trees were dehydrated to a of about -3.5 MPa, at which drought induced conductivity losses of 50 % were expected according to the vulnerability curve. Afterwards the trees were completely (root and shoot) or partially (shoot) immersed in water and water potentials as well as embolism rates were studied during the following three weeks. Control trees were just wrapped in a plastic bag to avoid further dehydration. In addition, the pots of another set of trees were watered in regular intervals.

Water potential ( ) Water potential ( ) was measured with a pressure chamber (Model 1000 Pressure Chamber, PMS Instrument Company, Corvallis, OR, USA) on up to 10 cm long end segments of twigs.

Loss of hydraulic conductivity

Loss of hydraulic conductivity was quantified by measuring the increase in hydraulic conductivity after removal of xylem embolism by repeated high pressure flushes [19]. Samples, 3 to 8 mm in diameter and up to 4 cm long, were prepared as described in [3]. Measurement pressure was set to 4 kPa. The flow rate was determined with a PC-connected balance (Sartorius BP61S, 0.1 mg precision, Sartorius AG, Göttingen, Germany) by weight registration every 10 s and linear regression over 200 s. Flushing (at 130 kPa) and conductivity measurements were done with distilled, filtered (0.22 µm) and degassed water containing 0,005 % (v/v) "Micropur" (Katadyn Products Inc., Wallisellen, Switzerland) to prevent microbial growth. Flushing was repeated until measurements showed no further increase in conductivity. Loss of conductivity in percent (PLC) was calculated from the ratio of initial to maximal conductivity [19].

Dye experiments

After removal of the bark, and re-cutting under water, samples, up to 5 cm in length, were sealed in silicone tubes connected to a reservoir filled with dye solution (Phloxine B, Sigma Chemical CO., St. Louis, USA; 2 % (w/v)). After staining (4 kPa, 5 to 10 min), cross sections of samples were prepared.

Results and discussion

At the alpine timberline, refilling was observed in all conifer species which exhibited winterembolism (see Tab. 1). All species reached summer embolism rates below 10% regardless of conductivity losses during the previous winter season. [3,11] and unpublished data).Due to the low embolism rates in Pinus cembra and Larix decidua it is unclear if refilling occurs also in these species.

Table 1: Maximum embolism rate observed during winter and occurrence of refilling processes in conifer species growing at the alpine timberline (based on data from

Species

Max Figure 1 demonstrates that the decrease in the loss of conductivity during late winter and spring was in fact due to refilling and not based on the growth of a new year ring. An analysis of conductivity losses just based on the Sperry technique [19] could be misleading as a possible closure of dysfunctional tracheids in late winter may impair the flushing process and lead to an underestimation of embolism rates. Dye experiments of the present study prove that in all studied species the whole twig cross section was conductive during the vegetation period.

The course of embolism varied with respect to year, study site and species, but the general pattern shown in Fig. 2 was always observed: Conductivities started to increase in March when water potentials ( ) were still low (-1 MPa at a maximum) and the soil and stem base were frozen. Refilling occurred stepwise and lasted until August. Conductivity losses of Picea abies in mid winter often reached 100%, but these extreme values are masked in Fig. 2 by less embolised twigs. We meanwhile know that there is a complex pattern of embolism rates even within trees due to differences in the intensities of drought and freeze-thaw stress. 

Fig. 1 Phloxine B staining of Pinus mugo (upper cross sections) and Juniperus communis (lower cross sections) in winter (13 and 1 April 2005, left cross sections) and summer (22 June 2005, right cross sections). Red stained areas indicate conductive regions within the cross section, embolised areas appear white.
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Fig. 2 Mean annual course of loss of conductivity in sun-exposed twigs of Picea abies. Data from [11,13] and unpublished data.

The most intriguing aspect of the conductivity courses observed at the timberline is the fact that refilling occurred at a time when the access to soil water resources was still blocked by the frozen soil, frozen roots and frozen stem base. Previous [2,3,4] and recent measurements (data not shown) revealed that was less negative than in mid winter but still indicated water stress at the onset of the refilling process. The increase in at this time is probably due to water shifts driven by differences within the tree. Especially the xylem in the stem may act as a water reservoir which is available in late winter when the whole tree thaws due to increasing temperatures. During mid winter basal sections and north-exposed parts of the stem stay frozen throughout months [20] and twigs, although exhibiting decreasing due to cuticular transpiration, do not have access to water stored in the stem. Nevertheless, even after equilibration of within the tree in late winter, values seem to be too low to enable refilling processes. It is fascinating that conifers at the timberline are able to refill their xylem despite these unfavourable conditions and we tried to get more insights via field and laboratory experiments.

The surface of conifer twigs is often very wet during late winter due to melting snow packs. We suggested that this water may support the refilling process as a water uptake over needles seems possible [21,22]. However, in our laboratory experiments, shoots of young trees, although completely immersed in water did not show any refilling. These trees obviously were able to take up water over the shoot as increased during the treatment but this water uptake did not lead to refilling (data not shown). In contrast, wrapping twigs of Picea abies growing at the timberline in water filled plastic bags caused a decrease in embolism rates. This indicates that external water supply can support refilling at the alpine timberline. The following reasons may be given for the fact that the laboratory experiment failed to simulate refilling processes: First, it may be that young trees are not able to use external water for refilling. Second, refilling may be a special adaptation of specimen growing at the alpine timberline. Third, the climatic conditions at the timberline are required for refilling. In ongoing studies, especially the latter possibility with respect to the temperature regime is analyzed. It should also be studied if active processes, despite low temperatures, may play a role.

Conclusion

Refilling processes are probably a substantial prerequisite for life and survival of some conifer species growing at the alpine timberline. The harsh conditions of alpine winter cause embolism due to drought and freeze-thaw stress in most conifers growing at the timberline. In all species exhibiting winter-embolism this effective repair process was observed indicating an important adaptation strategy. It enables trees to restore a functional water transport system before they enter the vegetation period. The mechanism of this fascinating process, which starts already in late winter, remains unknown.

Introduction

In tropical rainforests, light is the main limiting factor concerning growth and installation of saplings. Many references show that barely 1% of incident light riches the soil of the understorey [2][3][4]. Shade tolerant trees are adapted to poor light conditions (they grow very slowly and are able to survive during several years with almost no growth, waiting for a canopy opening and better light conditions) since most shade-intolerant have to use strategies of shade avoidance [5]. Actually, from an ecological point of view, different growth strategies exist according to the light requirement of trees, and our idea is to study how they are related to traits that describe mechanical stability and biomass allocation to support tissues. Schematically, it can be thought that, during juvenile stages (in the understorey), the most shade-intolerant species would invest the main part of their biomass in height growth at low diameter growth expense. So they take risks concerning their mechanical stability. On the opposite, the most shade-tolerant species would tolerate a slow height growth leading to a diminished risk. The most relevant mechanical risk in these juvenile stages can be supposed to be buckling, as saplings are scarcely thrown or broken by weights or wind forces in dense stands of tropical rainforest, whereas their high slenderness and high buckling risks are well known [6]. For instance, one usually observes not self-supporting individuals (that grow in height with the help of lianas or neighbouring trees, and then collapse when one isolates them) for some species as Tachigali melinonii.

In order to study the diversity of biomechanical strategies in French Guiana's tropical rainforest, a sampling of about 1500 trees among 15 different species covering a large range of shade-tolerance has been done in permanent plots of the long term experimental research site of Paracou. The problem was then to compute an individual risk factor against buckling for each tree. From a mechanical point of view, this risk is defined as the ratio of the actual tree height to its critical buckling height (inverse to the safety factors often used [7,8]). The critical buckling height is the greatest height a structure can reach before falling under its self-weight. Critical buckling height was calculated thanks to a model developed by Greenhill [1]. This model states that the stem section is circular, with a constant wood stiffness (constant Young's modulus) all along the tree. Some modifications on this model were made replacing the basal diameter by the trunk volume as size parameter of trees. Actually, for comparing the buckling risk between species or individuals, the amount of wood allocated to the stem is more relevant than the diameter, which is only an easily measurable size parameter. Some of the model parameters are easily measurable on standing trees (height and diameters) but others need destructive measurements (total mass of the tree, trunk volume, stem taper, biomass distribution, Young's modulus). First, in order to get all inputs parameters required to run the model a subset of trees representative of the studied population was harvested (10-20 trees of 7 species covering all light demands) and measured all the input variables independently. Then the variables needing destructive measurements were estimated according to the two variables easily measurable (total tree height and diameter at 1.50 m). Finally the effect of estimated values on the risk computation was tested.

Material and methods

The risk for a tree to buckle under its self-weight is calculated by the ratio of its actual height to its critical buckling height. The more complete model to calculate the critical buckling height of a tree, assimilating it to a beam, is Greenhill's [1] one:
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where E is the Young's modulus of the green wood, r 0 the basal radius, M tot the total biomass of the tree and c the first root of the Bessel function J with =(4n-1)/(m-4n+2), n is the tapering parameter of the trunk and m is the parameter defining biomass distribution along the whole tree according to equations ( 2) and ( 3), respectively:
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where z is a height level in the tree, H is the total height of the tree, r(z) the radius at the z-level and W(z) the total biomass (trunk, branches and leaves) supported above the z-level. To clarify ideas, if n=0, the stem is a cylinder, if n=1 it is a cone. If m=1, the biomass is uniformly distributed along the whole tree. Moreover, the volume of the trunk above z is given by: 2 0 H V z r z dz (4) which, using equation ( 2), gives:
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So, if branches and leaves are neglected, and if wood density is assumed to be constant along the stem (i.e. the tree is supposed to be a tapered pole of constant density), then: W z V z (6) and m=2n+1. This assumption and the derived formulas with m=2n+1, given by Greenhill [1] have been used by several authors (e.g. [8]) and scarcely discussed. As explained in the introduction, equation (1) was transformed using the total volume instead of the basal radius. From equation ( 5), the total volume is given taking z=0:
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) and equation ( 1) becomes
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This expression of critical buckling height which is constituted of three types of parameters was used: one ([c.(m-4n+2).(2n+1)] 1/2 ) defining both the distribution of biomass along the trunk (load) and the trunk form (taper of the pole, that defined its bending inertia at the cross section level), the second defining wood mechanical stiffness independently of form and size (E 1/4 ) and the last one involving the constitution (total supported biomass and trunk's volume) of the tree (M tot 1/4 /V 1/2 ) independently of accurate distributions of biomass along the stem. The variability of each variable of the equation and the three parameters between species was calculated.

Trees were harvested from Paracou forest (5°18 N, 52°55 W), near and outside the permanent plots of the long-term experiment, except a few ones (11 O. Asbeckii) cut from the closed site of "La Piste de St. Elie" (5°14'N, 53°03'W)). Seven abundant species were chosen, covering a range of light demands (Tab. 1) from understorey species to heliophilic ones, with various morphologies (although most of them follows the very common architectural Troll's model). The trees were 1.94 to 15.45 m high with a mean of 7.21 m ± 3.35 SD, and had a mean diameter at 1.50 m from the ground of 3.49 cm ± 1.84 SD. There were no significant differences between species concerning mean height and diameter at 1.50 m.

Tab. 1. Studied species with their botanical family, Latin names, symbols (used in the following chapters), light demand, according to Favrichon's classification [9], architectural model according to Hallé et Oldeman [10] and sample size for each species and each light demand. On each tree, all the geometrical variables and fresh biomasses required in equation ( 8) was measured. Each tree was cut at its base and its whole length has been measured. Immediately after felling, trunks were cut up into 6 logs of equal length, and the two apical logs were each cut again by their middle. Lengths of logs were measured as well as their diameters at both ends. These measurements enabled to calculate the taper n from linear regressions of log (diameter) versus log ((Hz)/H), with a wide range of regularly spread out values of log ((H-z)/H) (measuring smaller logs near the tip avoids to not give enough weight to the shape of the diameter decreasing near the tip). Then, the volume of trunks is estimated by summing volumes of each log assimilated to a truncated cone. Moreover, each log was weighed (trunk, branches and leaves) enabling to calculate the value of m from regressions of log (W(z)) versus log ((H-z)/H) and to get the total biomass. With n and m values c was calculated using the Bessel's functions of software Scilab (3.1.1).

Young's modulus is not so simple to measure, with quite great discrepancies between methods (static or dynamic, tension or bending…) and sample sizes. Density is logically a good proxy for estimating the stiffness of cellular materials as wood [11,12]. Therefore, an average Young's modulus E of green wood from wood basic density b (oven dry mass/fresh volume), as proposed by Fournier et al. [12] (equation ( 9)) was estimated. So, on each log of wood, a small disc of about 1 cm thick was sampled, taken back to the lab and used to measure specific wood density. Green volume was measured by the water displacement method and oven-dry mass was weighed after three days at 103°C. After having established relationships allowing estimations of each variable of the formula (8), the effect of those estimations was tested on the value of critical buckling height and risk factor. The critical buckling height computed using measured values and the critical buckling height computed with estimated ones was compared by calculating the percentage of variation between both results (real and estimated) for each tree. The effect of using estimated values was also tested on the discrimination between trees known to be self-supporting or not among our sample.

Statistical analysis were conducted with Statistica 6.0 (StatSoft) and consisted of normality tests on each variable with the Shapiro-Wilk test, analysis of variance (ANOVA) to show or refute differences between species for a given variable, and finally homogeneity of slopes tests was used to compare the relationships found for each species.

Results and discussion

ANOVA (for each variable between all species) leads us to the conclusion that there are significant differences between species for all the variables, excepted for the taper n and for m, the variable defining the biomass distribution along the whole tree. Thus for the following steps of this work an average value for n of 0.64±0.19 SD and an average value for m of 1.69±0.39 SD will be taken. The uniformity of stem taper among trees is consistent with the results of Chave et al. [13] for trees of different sizes (5cm<D<140cm) in different types of forests and with those of King et al. [14] on juvenile tropical trees (they found little variations among form factors defined as the ratio of trunk volume to a reference cylinder volume calculated with the height and diameter of the real trunk). This mean that taper is well conserved among species. However, this value is higher than this of Chave et al., of 0.27. This could be explained by the smaller size of our trees as trees become more and more cylindrical during their ontogeny (n value decreases with size). Such a decrease could not be observed on this sample, probably because the range of sizes is not wide enough. For future investigations, it would be interesting to study accurately the kinetics of evolution of n with ontogeny with interaction with stand characteristics.

Then, other variables have to be estimated as functions of total height (H) and trunk diameter 1.50m above ground (D). Concerning the total trunk volume, the best estimation comes with the product HD²: V=0.43HD² (R²=0.98). This relationship is consistent with the former result of a unique value for n for all the species and individuals, as for n=0.64, equation (7) gives a volume of a tapered trunk of V=0.34HD 0 ². The discrepancy between the theoretical slope and the empirical slope is probably related to the fact that the diameter measured 1.50 m above ground was used instead of the basal diameter D 0 . Such a value for n indicating a trunk form closer to a cone than to a cylinder, the diameter may decrease noticeably between the base and 1.50m above the ground.

The second variable that has to be estimated is the total above-ground biomass for each tree (M tot ). It could be felt natural to estimate the total biomass by the same way than the volume ie by a proportion of HD². The classical link between biomass and volume is wood density but here, as branches and leaves are included in the total above-ground biomass, the slope of the relation between biomass and volume is not wood density but the total biomass supported per unit of wood volume. As wood density is known to vary greatly between species [14] and as the proportion the crown represents in this total biomass could also vary between species, the slope can be different from one species to another. Actually, the best relationship, all species confounded, is ln M=0.63 ln HD 3 + 2.09 (R²=0.96).

Concerning wood basic density used as a proxy of Young's modulus, variations with ontogeny [15], species successional-status and growth rate [14,16,17] was expected. Moreover, because of many environmental factors [18] variability inside species is important. However, these intra species variations should be lower than between species ones. Anova analysis shows significant and high differences between species as expected. So, with one mean value for each species, Young's modulus can be estimated from equation (9). Since the further aim was to study buckling risk among trees living in the same stands and of the same range of size as trees used in this paper, the values of wood basic density can be used with confidence. However, it will be necessary to measure wood basic density for each species among the 15 species in the study.

The test of critical buckling height and risk factor calculation with real values and estimated ones gives the following results. The use of estimated from H and D values (M tot, V, n=0.64, m=1.69 and mean E) leads to an average overestimation of 8% of the critical buckling height and thus to an average underestimation of 3.8% of the risk factor (actual height/critical buckling height). This result is quite heartening and the correlation between both ways of calculation is very good (Fig. 1) with a slope close to 1. 

Critical buckling height (H crit ) calculated with estimated values versus critical buckling height calculated with initial values for 108 trees of 7 species. The calculation with estimated values leads to pretty overestimated H crit values. The dotted line corresponds to y=x. the plain one to the regression curve.

Indeed, using these estimated values it is possible to discriminate trees according to their stability. The average risk factor of a lot of T. melinonii known to be non-self-supporting is significantly different of the one of trees of the same species known to be self-supporting if risk factors are calculated with initial values (p<0.05) as if they are calculated with estimated ones (p<0.05).

Conclusion

This study demonstrated the possibility to study the interspecific diversity of buckling risk with only a few non destructive or easily measurable data and thus to enlarge the computation of tree risks to a very large number of individuals and species. Improvements could be found in the estimation of the parameter "m" defining biomass distribution along the whole tree. However, using a real value of m instead of an implicit estimation from the stem taper neglecting the crown biomass (as done by many authors) is still a real improvement. Moreover, the validity of wood basic density as a proxy for the Young's modulus (at individual or specific level) should be checked accurately among a sample of particular species, as wood scientists know that some tropical species are outliers concerning their specific stiffness (ratio Young's modulus / dry density, I. Brémault and B. Thibaut, pers. com.). Lastly, one has to check if the Greenhill's model (using accurately individual values or estimated ones) predicts properly risk. Greenhill's model, although quite complicated, is based on many assumptions, as for instance a regular taper and biomass distribution along the stem (diameter and supported mass are power laws of height), a simple distribution of self-weight on the stem neglecting inertias of big branches, a perfectly stiff anchorage. As risk or safety factors against buckling are not easy to measure directly, it was suggested to use the natural diversity of tropical trees, checking among a sample of naturally self supporting and not-self supporting trees whether the model actually predict a risk <1 for the self supporting trees and >1 for the others. Beyond the study of risk factors, an analysis of the post-critical behaviour of trunks could be interesting: indeed buckling is naturally quite frequently observed on tropical saplings of dense rain forests and the consequences of buckling on growth -how the tree can repair and restore a vertical habit, and at what cost -are dependent on the collapsed form.

Moreover, this analysis opens other interesting perspectives on the study of diversity of biomechanical strategies such as the effects of perturbations' on those strategies: this work is actually under process.

Aspects of growth

Introduction

Plant xylem transport, being in essence a physical process, can only be fully understood by invoking biomechanics. The problems of frictional resistance, cavitation, and conduit collapse are biomechanical in nature, as are the adaptive solutions to these problems. Much more is known about comparative wood anatomy than about comparative wood function. Trade-offs in function are especially important because they presumably drive the evolution of anatomical diversity. The field of evolutionary and ecological wood anatomy is rife with hypotheses waiting to be tested. The structurefunction knowledge gap can only be closed by a combination of biomechanical and physiological study.

In this paper the focus is on biophysical constraints on the size of xylem conduits. Xylem conduit size is a very important trait because it strongly influences conducting efficiency-the bigger the conduit the more water it can conduct per unit pressure and cross sectional area. However, while bigger is better for conducting efficiency, it is not necessarily better for protection against cavitation, wall collapse, and mechanical support of the plant body. Complex trade-offs appear to exist between these functions. Recent publications have analyzed these trade-offs within either conifer tracheids [1,2] or angiosperm vessels [3,4] in secondary xylem. Here the opportunity is taken to compare the results for these two very different conduit morphologies and update a previous theoretical treatment of the topic [5].

Material and methods

The size and function values we report are species-and organ-specific means. The wood was sampled from branches (and roots of some conifers) of 8-12 mm diameter, and is biased towards juvenile xylem with typically smaller conduits than in adult wood. Conifer species ranged from northtemperate Pinaceae and Cupressaceae to southern hemisphere Podocarpaceae and Araucariaceae [2]. Angiosperm species were Eudicot shrubs, trees, and vines from numerous North American habitats and families [4]. Tracheid and vessel diameters represent the diameter of a conduit of average lumen conductivity as calculated by applying the Hagen-Poiseuille equation to measurements of conduit lumen diameter. Conduit length was measured in macerations (conifers) or using a silicon-injection method (vessels; 3). Vessel length distributions are short-skewed, and means represent logtransformed data. Cavitation resistance was measured on the same material using the centrifugal force method. Cavitation pressure of the xylem sap is represented by either the mean cavitation pressure (angiosperm data) or the pressure causing a 50% loss of conductivity (P 50 , conifer data). The two metrics are similar for the typically sigmoidal relationship between conductivity and xylem pressure in conifers and many angiosperms.

Results and discussion

The largest size difference between vessels and tracheids is in length rather than diameter (Fig. 1). Tracheids, being unicellular, were restricted to less than 6 mm in length. Tracheids in adult stem wood reach a similar maximum length [6] and so terms of size, our juvenile root wood approximated the maximum tracheid sizes of adult trunk wood. Multicellular vessels, in contrast, were an order of magnitude longer, ranging from 1.17 to 27 cm.

In contrast to length, diameter was more similar between tracheids and vessels. Tracheids ranged from 10 to 42 m in diameter. Vessels had a minimum diameter of 17 m and overlapped considerably with the tracheid range. Vessels, of course, reach the larger maximum girth, reaching 150 um in one vine species. [4,7].

Conduit diameter and length have major consequences for conducting efficiency. The conducting efficiency was defined as hydraulic conductance standardized for path length and cross-sectional area (an "area conductivity"). The conduit area conductivity represents conducting efficiency at the single conduit level (flow rate per conduit cross-sectional lumen area per pressure gradient).

Conduit area conductivity increased approximately with the 2nd power of diameter within tracheids and vessels (Fig. 2A). This is consistent with the Hagen-Poiseuille prediction for how lumen area conductivity should increase with conduit diameter. However, the conduit area conductivity was less than half of the theoretical lumen value across both conduit types (Fig. 2A, solid line). The discrepancy can be attributed to the flow resistance of the end-walls, which accounted on average for 64 4 % of the total resistivity in tracheids and 56 2% in vessels (mean SE; Fig. 3). This large end-wall limitation implies that conduit length is constrained in tracheids as well as in vessels. [4,7].

The end-wall contribution in both conduit types was independent of conduit size because longer conduits were also wider (Fig. 1), and sufficiently so as to maintain the end-wall contribution nearly constant (Fig. 3). Theory predicts that diameter must increase with length to the 2/3 power to maintain a constant end-wall limitation if there is no size-dependent variation in the pit conductance per tracheid wall area [8]. This 2/3 scaling is consistent with the regression slope in both conduit types (Fig. 1), where the slope is for reduced major axis regression because neither length nor diameter was controlled [9]. A size-independent end-wall contribution allows the conduit area conductivity to increase with the 2 nd power of the conduit diameter (Fig. 2A, reduced major axis regression), just as the Hagen-Poiseuille equation predicts for the lumen area conductivity (Fig. 2A, lumen conductivity line). However, because of the very substantial bottleneck of the end-wall pits, the conduit area conductivity is less than half the lumen conductivity across all sizes of vessels and tracheids (Fig. 2A, compare conduit and lumen conductivities).

While a constant end-wall contribution insures a 2 nd power increase in conduit area conductivity with diameter, why should the percentage of end-wall resistance seemingly converge on 56% for angiosperm vessels and 64% for conifer tracheids? In conifers, this percentage may reflect the optimization of conduit area conductivity under a conduit length constraint. For a given length, there is an optimal diameter that maximizes the conduit area conductivity at which point the end-wall contributes 67% of the total resistivity. The optimal 67% end-wall percentage is similar to the 64 4% average value measured for tracheids (Fig. 3, 67% diagonal), suggesting that tracheid diameters are optimized on average to maximize conducting efficiency for a fixed tracheid length in each species or organ sampled. [4,7].

Although multicellular vessels achieve much greater lengths than unicellular tracheids, their substantial end-wall resistivity suggests that they have still encountered some kind of length limitation-just at much longer lengths than for tracheids. Their 56 2 % end-wall contribution is less than the 67% optimum predicted for the fixed length scenario. Vessel length may be limited indirectly by a constraint on vessel surface area as discussed below in relation to cavitation protection. For given vessel surface area, the maximum conduit area conductivity occurs at 40% end-wall resistivity instead of 67% (Fig. 3, 40% diagonal). At 56%, vessels are intermediate between these two scenarios, but either way, the data indicate a species-specific constraint on vessel size.

There is a paradox in the data presented in Figs. 123. Figure 1 shows that vessels have a much higher length-to-diameter ratio (average 1660 180) than tracheids (average 104 5.9). Yet Figure 2 indicates that both conduit types have very similar conduit area conductivity for the same diameter because as shown in Figure 3, they have a similar end-wall resistivity. How can vessels be 10 times longer than a tracheid of the same diameter, and yet experience essentially the same end-wall resistivity? Seemingly the only answer is that conifer tracheids must have much higher pit conductance per tracheid wall area than vessels to compensate for the much greater number of endwalls crossed per unit length.

Recently it was estimated that the higher pit area conductance per tracheid wall area is achieved by a 59-fold higher conductance of conifer pits per pit area as compared to angiosperms [7]. Based on earlier theoretical calculations, this higher conductance was attributed to the torus-margo pit membrane structure [10]. This membrane permits large pores to maximize water flow in the margo region without compromising the ability of the pit to seal off an air-water interface to protect against the air-seeding of cavitation. The sealing function of the pit is performed by the aspiration of the impermeable torus. In contrast, the typical inter-vessel pit requires much narrower pores because they lack a torus and the pit must be sealed against air-seeding by capillary forces alone.

The superior hydraulic conductance through the torus-margo membrane compensates for the much shorter length of tracheids, thereby minimizing the difference in hydraulic efficiency between conifers and angiosperms. The homoxylous xylem of conifers also plays a role by packing more tracheids per unit sapwood area than the dispersed vessels of heteroxylous angiosperms. When conducting efficiency is expressed on a sapwood area basis rather than on a conduit area basis, conifers actually average greater sapwood conductivity per area than angiosperms for the same conduit diameter (Fig. 2B).

The results indicate that for a species or organ, conduit shape maximizes conducting efficiency given a constraint on conduit length or surface area (Figs. [1][2][3]. But what causes this tracheid or vessel size limit to be larger in some species than others? One possibility is that larger conduits result in greater vulnerability to cavitation-the rapid growth of the vapour phase in a water-filled conduit. Species or organs that need less protection from cavitation may be able to exploit the greater conducting efficiency of larger conduits.

Based in part on correlations between habitat and conduit diameter, it has long been suspected that wider conduits are more vulnerable to cavitation [11]. With respect to cavitation caused by freezethaw cycles, this has been confirmed by experiment and it is consistent with proposed cavitation mechanisms, although more remains to be learned [12]. The situation is more complex for cavitation caused by water stress [13].

The complexity is evident by comparing cavitation pressure of a xylem sample with its representative conduit diameter (Fig. 4). There is no simple relationship between conduit diameter and cavitation pressure across tracheids and vessels. Conifer tracheids show the same wide range in cavitation pressure as angiosperm vessels despite their narrower diameter range and much shorter lengths. Clearly, any link between diameter and vulnerability is indirect.

-Cavitation Pressure (-MPa) [2,4].

The complexity is consistent with what is known about the mechanism of cavitation by water stress. Numerous experiments indicate that the cavitation by water stress is triggered by air entry into the xylem conduits [13]. The air-bubble "seeds" the expansion of the vapour phase, causing cavitation. An important site of air-seeding is the inter-conduit pits. There is no self-evident reason why the airseeding pressure of a conduit should be directly determined by conduit size, hence the complexity of diameter vs. vulnerability relationships.

The "pit area hypothesis" has recently been advanced to explain a link between vessel size in angiosperms and vulnerability to cavitation [3]. The hypothesis is based on a relatively tight correlation between the total inter-vessel pit area in a vessel and the cavitation pressure (Fig. 5, r 2 0.77). The hypothesis is that this is a causal relationship. If cavitation occurs by air-seeding through pit membrane pores, the ease of air-seeding will be determined by the single largest membrane pore. The more pit membrane area there is in a vessel, by chance the greater will be the largest membrane pore. According to the pit area hypothesis, vessel surface area is indirectly constrained by pit surface area. As discussed in relation to Figure 3, the 56 2 % end-wall resistivity of vessels places them in between the optima for constrained surface area and constrained length.

Does the pit area hypothesis apply to conifers? The data suggest that it does not. Although stem tracheids show a relationship between tracheid pit area and cavitation pressure, root tracheids do not, nor do all tracheids pooled (Fig. 5, tracheids). It is possible that the significant relationship in stem tracheids is simply the consequence of fewer pits fitting into tracheids that become smaller with increasing cavitation protection for some other reason.

Given the very different torus-margo structure of the conifer pit membrane, it is not surprising that the pit area hypothesis is not supported. If the cavitation pressure of a tracheid is not significantly influenced by the quantity of pitting, and if the main site of air seeding is at the pits, there is no obvious rationale for a linkage between the protection against air-seeding and the size of a tracheid [2]. In theory, the largest of tracheids could occur in combination with air-tight end-walls for maximum protection from cavitation. Nevertheless, wider tracheids were more vulnerable, at least within stems (Fig. 6). We conclude that some other factor must result in the relationship between tracheid size and cavitation protection.

-Cavitation Pressure (-MPa) [2,4].

Xylem conduits, in addition to transporting water efficiently while avoiding cavitation, must also protect themselves against implosion. Negative sap pressure puts the conduit wall under compression, drawing it inward. The size of a conduit should have important consequences for its strength against implosion. To a first approximation, this strength is proportional to the "thickness-to-span" ratio of the conduit [14]--the double-wall thickness per lumen diameter. If conduit strength is to be independent of conduit size, the wall thickness must increase in proportion to the conduit diameter.

It follows that any limit to wall thickness can lead to a mechanical constraint on conduit diameter. To maximize lumen diameter and conducting efficiency for a given mechanical strength, the conduit walls should be as thick as possible. "As thick as possible" would be determined by the rate and duration of wall growth before the conduit must die to become functional. If walls are always near their maximum thickness, the conduit can only achieve greater strength against implosion by narrowing its diameter. If this is happening, wall thickness should vary much less than conduit diameter across conduit size and strength. This mechanical constraint may play a pre-eminent role in limiting tracheid sizes in the homoxylous wood of conifers. Two observations support this idea. First, variation in thickness-to-span ratio across the conifer data set was overwhelmingly determined by diameter rather than wall thickness (Fig. 6; [1]). This is consistent with wall thickness being near a developmental maximum across the board, requiring greater strength to be achieved by narrowing diameter. Second, stem tracheids were narrower than root tracheids, yet had similar wall thickness (Fig. 6). Stem tracheids presumably must be stronger against implosion than root tracheids because they have the additional burden of holding up the foliage. Because the ability to gain strength by increasing wall thickness is limited, they must become narrower instead.

A mechanical constraint on tracheid diameter can also explain why narrow tracheids and protection from cavitation tend to go together (Fig. 4; [1]. Greater protection from cavitation is associated with more arid habitats and lower negative sap pressures [13]. More negative sap pressures require stronger tracheids with greater thickness-to-span to resist implosion (Fig. 7A; additional data from [10]. Greater thickness-to-span means narrower diameter (Fig. 6) because walls are presumably as thick as possible. Root tracheids can be weaker and wider than stem tracheids for the same cavitation pressure (Figs. 4,7A) because they do not need as much extra reinforcement to resist bending of the axis. Separate limits appear to apply to conifer (con-limit) and angiosperm wood (ang-limit). Data points are mean values for species or organs. Data from [1,10], and unpublished wood density values accompanying the cavitation pressures reported in [3] and [4].

According to this interpretation, the diameter-vulnerability relationship in tracheids (Fig. 4) is not required to protect against air-seeding and cavitation per se, but rather to withstand implosion by more negative sap pressure. The tendency for tracheid thickness-to-span to increase with more negative cavitation pressure is consistent with a tendency for conifer wood density to increase (Fig. 7B, conifer data; [14].

Variation in the tracheid diameter vs. vulnerability link (Fig. 4) is consistent with variation in the thickness-to-span and density vs. vulnerability relationships (Fig. 7A,B). Negative sap pressure is only one of many possible demands on thickness-to-span ratio and wood density. The "sap-induced implosion" diagonal in Figure 7A is a conceptual lower limit: the minimum thickness-to-span ratio required to avoid implosion by sap pressure. Its analogue for the density relationship is shown as the "con-limit" curve in Figure 7B. As mentioned, roots are less mechanically challenged by bending than stems and come closer to this limit. But some data points, mostly stems, are quite far above the minimum strength boundary. This may reflect additional demands beyond that of negative sap pressure. Windy or snowy habitats may require greater resistance to branch breakage. Greater wood density and hence durability might promote longevity of woody parts. Extra stiffness could be necessary to efficiently support horizontal branches in some architectures. The most extreme data points, in the upper left corner of each panel, are from Podocarpaceae and Araucariaceae species [1]. Their exceptional density and thickness-to-span at modest cavitation pressure may result from selection for longevity in their typically wet habitats.

In contrast to tracheids, vessel size may be most directly constrained by the need to protect against cavitation by air-seeding (via the pit area hypothesis; [3] and only secondarily, if at all, limited by mechanical constraints. With fibres to bear additional stress, vessel walls need only withstand implosion by negative pressure. Accordingly, vessels tend to have smaller thickness-to-span at their inter-vessel walls than even the root tracheids of conifers [15]. In addition, fibres can surround vessel clusters and probably help prop vessels open, making vessel wall thickness less critical. Both factors would allow much wider lumen diameters for the same safety from implosion by negative pressure than in conifer tracheids.

The importance of fibres for bolstering vessel strength is suggested by an increase in angiosperm wood density with cavitation protection-the same trend seen in conifers (Fig. 7B, open symbols). Angiosperm wood tends to be denser for a given cavitation pressure than conifer wood because of its sizable fraction of fibres (Fig. 7B), and the conceptual minimum density required to support a given cavitation pressure is greater (dashed "ang-limit" curve). The increase in angiosperm wood density with cavitation resistance results from the combination of two factors: an increase in the volume fraction of wood devoted to fibres [4], and an increase in fibre thickness-to-span ratio [16]. Just as in the conifer situation, there is considerable variation in angiosperm wood density above the boundary line that is not related to cavitation pressure and may reflect additional requirements for high wood density.

Conclusion

The size-function relationships shown in the figures are empirical, but the constraints driving their evolution are a matter of interpretation. Interpretations must be tested and refined. Although the proposed trade-offs are hypothetical, it is useful to consider their implications for trends in ecological and evolutionary wood anatomy.

Under what ecological circumstances might the transport properties of conifer tracheids be superior to angiosperm vessels? The conducting efficiency of conifer wood on a sapwood area basis actually exceeds that of angiosperm wood for the same conduit diameter, thanks to the combination of torusmargo pits and homoxylous organization (Fig. 2B). Any factor that limits vessel diameter to within the tracheid range should therefore favour conifer water transport. Water-limited habitats are such a factor, because according to the pit area hypothesis, vessels must be small to minimize cavitation. For cavitation pressures below -2 MPa, there is overlap in sapwood area conductivity of conifer and angiosperm branch wood (data not shown).

Habitats where freezing occurs during the growing season can also limit vessel diameters to within the tracheid range. Experimental work suggests that mean vessel and tracheid sizes need to be less than 30 m to avoid cavitation by freezing and thawing [19]. While 30 m is a respectable diameter for a tracheid, it is a relatively narrow vessel. The many tracheids narrower than the cavitation threshold are ready to function when transpiration resumes early in the spring. These limits to vessel size caused by water and freezing stress are consistent with conifers being an important element of north temperate arid and boreal ecosystems.

Another advantage of conifers in water-or nutrient-limited habitats is that their homoxylous wood can be less dense for the same cavitation pressure than the fibre-containing wood of angiosperms (Fig. 7B). Conifers might be able to grow larger for the same biomass and negative pressure requirement than angiosperms, an advantage in resource-limited habitats. And finally, many conifers maintain large margins of safety from drought-induced cavitation-particularly in their stem xylem [16,18]. This is attributed to the lack of any strong trade-off between tracheid size and protection against airseeding. The luxury of a large safety margin may contribute to the longevity of some conifers which can be advantageous in nutrient or water limited sites.

It may also be true that greater conducting efficiency is not equally advantageous in all circumstances. It would be less important for humid, wet, and low-light habitats, or where nutrients are more limiting than water. These conditions would minimize the importance of trade-offs between conducting efficiency and competing functions. Some Podocarpaceae and Araucariaceae that were sampled grow in such habitats, and it is possible that any disadvantage of their dense and therefore hydraulically inefficient wood is offset by the advantage of dense wood for the promotion of longevity and slow growth rate-factors that contribute to their persistence in rain-and cloud-forests of the south-temperate zone [1].

Turning to evolution, the ancestral vascular type was tracheid-based without secondary growth [20]. The tracheids were not significantly involved in supporting the plant body. This describes the primary xylem of a variety of extant plants. Free of any mechanical burden aside from resisting implosion by sap pressure, these primitive tracheids were potentially free to reach larger sizes than their descendants in conifer wood [21]. As a consequence, their conducting efficiency could be relatively high, even if their pits lacked the hydraulic efficiency of a torus-margo organization. The evolution of longer and wider vessels from such primary tracheids created no problem for support of the plant body because the tracheids were not structurally important to begin with. Consistent with this, there is a relatively high incidence of independent vessel evolution in ferns [22].

The evolution of secondary xylem enabled plants to grow taller, but brought with it the problem of combining mechanical support and vascular function in one tissue. Assuming that ancestral wood was homoxylous, mechanical constraints may have forced a reduction in tracheid size well below that of the primary xylem. Conducting efficiency would be extremely low, combining the disadvantages of short and narrow tracheids with possibly high-resistance, unspecialized pit membranes. The evolution of the torus-margo pit membrane would have solved a major problem-permitting an order-ofmagnitude leap in conducting efficiency without compromising the mechanical role of the tracheids in homoxylous wood.

The alternative solution in the angiosperm lineage was the evolution of heteroxylous wood with vessels. The literature has emphasized the significance of the origin of vessels themselves [23]. But much more may have been required for vessels to fulfil their hydraulic potential in secondary xylem. It is not enough for tracheid end-walls to become perforation plates, because as long as the wood remained homoxylous, conduit diameters could not increase beyond the same mechanical limits that we suggest limit the size of conifer tracheids. The end-wall resistivity would be reduced, but possibly at the price of increased vulnerability to cavitation. According to the pit area hypothesis, the opening of tracheid end-walls could increase the total area of homogenous pits in the conduit, increasing the vulnerability to air-seeding.

The evolution of vessels in angiosperm wood may have faced problems of mechanical and hydraulic stability-problems solved only by the evolution of a fibre matrix and the heteroxylous condition. Fibres were essential for taking on the mechanical role of the homoxylous conduit and freeing it to achieve greater size. Presumably the vessel network also had to evolve to minimize the pit contact area and vulnerability to cavitation. The coordination of these evolutionary changes may have required a reduction in plant stature and water stress, relaxing the mechanical and hydraulic demands while the heteroxylous condition originated. Perhaps the herbaceous and aquatic groups at the base of the angiosperm tree arose at this phase [24], along with a number of basal vines and lianasmechanical parasites [25]. More study of xylem function in transitional groups will shed light on the problems facing vessel evolution in angiosperms.

Introduction

The water pressure inside tree tissues is submitted to daily variations related to water absorption and transpiration. During the day, the xylem water pressure decreases and reaches strongly negative values (i.e. tensions up to some MPa). During the night, water pressure increases to values closer to zero. It has been recognized that these pressure variations cause the swelling and shrinkage of plant tissues, and consequent variations in tree diameter [1]. These strains can be easily measured at the surface of trees, e.g. using strain gages [2]. This allows recording continuous information about the variations in tree water status, and has practical uses such an irrigation scheduling [3][4] or the correction of dendrometric data [5][6][7]. These measurements are also a powerful tool to study tree physiology by providing a convenient way to obtain spatial and temporal patterns of variations in xylem water potential [8][9][10][11]. If the diurnal strains are simultaneously recorded at the surface of xylem and inner bark, additional information can be derived about the osmotic potential of phloem [12] or the area of conductive wood [13]. Also, the possible influence of these periodic strains on xylogenesis has been questioned [14][15][16].

A biomechanical study of diurnal strains was conducted on tree saplings of European beech and Japanese cedar. The objectives of this work were to: (i) Study the nature of the strains recorded at the surface of xylem and inner bark: Are the observed strains mainly due changes in hydrostatic pressure? Is the response elastic? What are the respective magnitudes of tangential strain at the surface of xylem and inner bark? (ii) Quantify the relation between diurnal strains and variations in xylem water pressure: Can we obtain experimentally the parameters linking these two quantities? Can we separate the contributions of xylem and inner bark to the apparent strain? What is the relation between empirical calibration factors and usual elastic properties of the plant tissues? (iii) Assess the influence of such periodic strains on the biomechanics of xylogenesis: What is the magnitude of the periodic strains undergone by cambial cells during their differentiation? What can be the consequences of such a perturbation during the elaboration of the cell wall? Are diurnal strains involved in the generation of the large pre-stresses (often called growth stress [17]) appearing in wood fibres during their maturation? In this paper we tried to give a synthetic overview of our work on these questions, which will be published with more details in separate reports [18][19].

Material and methods

Observation of diurnal strains. Plant material used for all experiments was 3-year-old tree saplings (height 1 m, diameter at the base 1 cm) of European beech (Fagus silvatica L.) and Japanese cedar (Cryptomeria japonica D. Don.). Experiments were conducted at Nagoya University (Japan) in 2004. Measurements of tangential strains were performed using strain gages bonded tangentially at the surface of inner bark (IB) or xylem and continuously recorded using a data logger (see [20]). Diurnal strains of artificially lighted sapling were studied in winter 2004 on C. japonica. Saplings were brought from the greenhouse to a growth chamber at constant temperature (24°) and air humidity (70%), where the light was monitored alternating periods of 10h darkness and 14h light (300-400 lux at the foliage level). Periodic strains were recorded with strain gages both at the surface of xylem and IB. Note that plants were taken during winter, and were not growing.

Stem pressurization. Experimental stem pressurizations were performed between January and July 2004, on C. japonica and F. silvatica saplings. Stems were cut at their base and inserted into a pressure chamber, where the base of the stem was lying in a glass container filled with water. Using this experimental set-up, the pressure is transmitted to the water filling the xylem and extra-cambial tissues, and thus changes in water potential within the whole stem can be monitored. Strain gages were pasted at the surface of xylem and IB to record tangential strains during pressurization. Pressurization experiments were performed in a dark chamber at constant temperature (24°) and air humidity (70%). Stems were first left for acclimatisation during 16 hours at atmospheric pressure inside the experimental set-up. Then, the pressure was rapidly increased by steps of 0.1 MPa up to 0.6 MPa. The interval between steps was set to 20 minutes for C. japonica and 15 minutes for F. silvatica.

Test of the relation with maturation stress. Other saplings of C. japonica and F. silvatica were used for this experiment. For each species, two paired sets of 4 saplings were selected and put in separate growth chambers. The first set was submitted to continuous lighting, while the second set was used as a control, with alternating periods of 12h light and 12h darkness. We checked that the continuous lighting treatment prevents the occurrence of diurnal strains. The sapling were then inclined 40° from vertical to induce the formation of reaction wood with high maturation stress and the consequent up-righting movement of the stem. The diameter of the stem and the orientation of their top part was measured weekly using a calliper and a clinometer.

Model of transverse strains. A simple geometrical model allows calculating the relations between radial and tangential strains inside xylem and IB. Let r denote the radius of xylem and t the thickness of IB. Let r and t denote their increments after a pressure increment P. Let denote the circumference of xylem, its increment,

r c X 2 r c X 2 t r c B 2
the circumference of IB and its increment. The tangential strain at the surface of a tissue is its relative variation in circumference, and the radial strain is the relative variation of its radial dimension. The tangential and radial strain at the surface of xylem are respectively:
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From eq. ( 1) and ( 2), it is clear that the mean radial strain in xylem is equal to the tangential strain at its surface. The tangential and radial strains at the surface of IB are respectively:
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From eq. ( 3) and ( 4), it is apparent that, inside IB, the radial strain is not equal to the tangential strain. Combining eq. ( 2), ( 3) and (4), we obtain:

t r t r B R X T B T / , , , (5) 
Eq. (5) shows that the tangential strain at the surface of IB is the sum the of contributions of xylem and IB. It also allows computing the radial strain of IB from the tangential strains.

The behaviour of a given structure can be characterized by its compliance, defined as the ratio between the strain and the stress that caused it. We define the apparent compliance K on a given tissue as the ratio between the tangential strain and the change in pressure: P K T / . This parameter allows to directly estimate the change in water pressure from the tangential strain measured at the surface of a given tissue (

). Let us assume that the behaviour of each tissue is characterized by its material compliance J, defined as the ratio between the radial strain in the material and the
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change in internal pressure: P J R / . For xylem, radial and tangential strains are equal, so that the apparent compliance and the material compliance are equal ( X X

J K

). The apparent compliance on IB,

, is a characteristic of the whole stem structure. Using eq. ( 5), we can deduce its dependence on the relative thickness of xylem and IB, and on the compliance of these tissues: 
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Results and discussion

Tangential strain at the surface of xylem and inner bark of stems submitted to pressurization

Various factors have been identified as possible causes of stem tangential strains: stem diameter growth, changes in hydrostatic pressure, changes in osmotic pressure and thermal dilatation due to changes in temperature [22]. Experiments shown here were performed at constant temperature so that this factor can be excluded. At the surface of xylem, stem diameter growth and osmotic pressure cannot have any significant influence, so that the only possible cause of tangential strains in this tissue is the change in hydrostatic pressure. The remarkable similarity between strains at the surface of xylem and IB during day/night cycles (fig. 1) strongly suggests that both strains are due to the same cause. This implies that the effect of cambial growth and changes in osmotic pressure inside IB were negligible in this experiment. During the pressurization experiment, the variations of xylem hydrostatic pressure were controlled. It seems clear that the recorded strains are a direct consequence of this. Many arguments support the statement that the strains inside xylem are purely elastic: the wood material is know to behave elastically when submitted to this range of stress; the strain were fully reversible during the diurnal strain observations; after an increase in pressure, the strain quickly reaches a plateau; the reversibility of the xylem behaviour during pressurization (not shown) was also checked, and is consistent with the results of other authors [23][24]. Some of these arguments also apply to the behaviour of IB, but this tissue also shows evidence of a time-dependant behaviour (gradual increase of strain after an increase in pressure), probably due to the combined effect of water diffusion and a visco-elastic behaviour. However, the reversibility of this behaviour is clearly illustrated by the periodic nature of strains during day/night cycles.

The observation of diurnal strains and pressurization experiments both showed that the strains at the surface of xylem are lower that those at the surface of IB, but not negligible when compared to it. This is consistent with observations made by other authors [e.g. 21]. This implies that not only the strains inside IB but also the strains inside xylem participate significantly to the changes in apparent stem diameter.

Strain-pressure relationship. Results obtained during a pressurization test can be used to estimate the material and apparent compliances at the surface of each tissue. The relation between strain and pressure is plotted in fig. 3 for the same data as in fig. 2. The slope of this relation is a direct estimation of K at the surface of both tissues. Using the dimensions of the tissues and eq. ( 6), the values of apparent compliance can be deduced (tab. 1). Inside IB, the apparent compliance (related to tangential strains) is much lower than the material compliance (related to radial strains). This can be explained by difference in mechanical restriction: inner bark can expend freely in the radial direction, but is restrained in the tangential direction. Indeed, the tangential expansion is limited by the fact that the inner bound of IB is glued to the internal wood cylinder. Then, at this level, the tangential strain can not be freely expressed in IB, and is limited by the value of wood tangential strain. 328 7013 527 6118 Numerical values of J (tab. 1) also show that the IB material is much more compliant than xylem. However, as shown by eq. ( 6), the contribution of a tissue to the overall behaviour also depends on geometrical factors. The compliance of wood is much lower than IB, but, because its thickness is much larger, both tissues significantly contribute to the apparent strain.

a-Japanese cedar

The pressurization test presented in this paper allows a direct estimation of the parameter linking water pressure and apparent strains. Once this calibration factor is known, the water potential of a living plant can be continuously estimated from the strain records, provided material and geometrical parameters remain constants. A simple geometric model allows to separate the behaviour of xylem and IB, and to account for the effect of the relative bark thickness. This model can be used to account for the variations in bark thickness when comparing apparent compliances or when transposing a calibration factor from a plant material to another. The simultaneous measurement of strains at the surface of wood and IB allows to derive much more information of physiological significance [12][13]. Next step of this work is to try and relate the apparent compliances as defined in this article to the usual mechanical parameters measured on plant tissues. First results of the mechanical modelling (not shown here) showed that the material compliance parameters depend on the Young's moduli of the tissue in both the radial and the tangential direction, on its Poisson's ratio and also on a parameter related to the transmission of pressure from the cell lumina to the walls.

Diurnal strain and maturation stress. The change in stem angle with time (averaged for 4 saplings) is shown on fig. 4. Clearly, the continuously lighted saplings achieved an up-righting movement at least as well as the controls. Actually, this up-righting movement was even faster than in controls, probably because of the larger diameter growth achieved because of larger light availability. 
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Fig. 4. Change in angle of the top part of tree sapling submitted to continuous or alternate lighting

It is well established that the secondary up-righting movement of stems is due to the production of a wood with large maturation stress on one side of the stem. Results indicate that a large maturation stress developed in the external wood layer of continuously lighted plants, while no diurnal strain occurred. We conclude that diurnal strains are not a major cause of the apparition of wood maturation stress.

Tall tree mechanics and hydraulics

Introduction

Hydraulic and mechanical limits to tree height growth have been examined by several researchers [1 -7], but the multiple factors that influence the genetic potential of trees to reach maximum height are poorly understood [4]. In this study we examine the habitats, and mechanical and hydraulic strategies of the two tallest trees in the world, and test for commonalities that might reveal basic requirements for extreme height growth in trees. Although redwood (Sequoia sempervirens (D. Don) Endl.) is currently the tallest tree species [8], within the settlement history of Australia, mountain ash (Eucalyptus regnans F. Muell.) probably reached the same or even greater heights [9,10]. Since mountain ash and redwood are both globally and genetically widely disjunct, we postulate that commonalities in intrinsic features and extrinsic influences will reveal basic conditions needed for the tallest trees.

Material and methods

The factors we examined in this study were those that, in our opinion, could directly or indirectly relate to maximizing tree height, and these were considered on both structural and functional grounds (i.e. features might be structurally different but functionally similar). Since the tallest redwood and mountain ash trees occur in mostly monotypic stands, this is the model we used in this analysis. This approach avoids potentially complicated interactions with other tree species that could mask basic mechanisms. Meta analysis of the relation of tree height to the moduli of elasticity (MOE) and rupture (MOR) was conducted to test the Euler column theory for tall slender columns [11].

We assumed that critical load could not be reduced due to crown physiological constraints, and, therefore, MOE should be greater for tall trees than for shorter ones. The Euler column formula assumes an insignificant column weight, yet trees vary considerably in xylem density. We, therefore, chose for comparison the density-specific metrics of MOE/G b and MOR/G b (G b = basic specific gravity calculated from oven-dry weight and green volume). Within each group differences were evaluated with a paired t-test ( = 0.05), using the open source software package R (R Foundation for Statistical Computing, Vienna, Austria). The sources for values were: [12 -21]. Limits for tall and short trees had to be adjusted somewhat for different geographical regions, and insufficient data was found for short tropical hardwoods.

Results and discussion

Extrinsic Influences. Despite the very large global distances separating redwood and mountain ash, their natural environments are essentially identical (Table 1). Of key importance is a cool, moist climate with low temperature fluctuation and below freezing excursions rare and of short duration. This environment avoids transpiration stresses imposed by high temperatures as well as freeze-induced embolism triggered by sub-freezing temperatures. Continuous moisture combined with evergreen crowns theoretically allows for an uninterrupted water column. Similar environments in other parts of the globe have either been deforested or the genetic potential for maximum tree height has been diminished through successive, high-grade harvesting.

In many ways both species adapt to their environments similarly, reaching greatest height in primarily monotypic, mutually wind and sun protective stands where they produce narrow crowns with evergreen, narrow, elongated foliage, with leaves that develop progressively more sclerotic attributes with tree height [2,22]. However, they respond differently in some important ways. Mountain ash is shade intolerant at all stages, and reproduces only by seed. It is typified by even-age stand replacement after catastrophic fire, which, because of thin bark, tends to kill all trees in the stand. Through rapid growth rate (1.43 my -1 , young; 1.0 my -1 , older), maximum height can be reached within a fire frequency of 350 to 400 years. In contrast redwood has shade tolerant seedlings that can be produced by seed or root sprouts to fill forest gaps. Older trees have very thick, fire resistant bark, which, combined with a slower growth rate (0.75 my -1 , young; 0.25 my -1 , older), leads to maximum height after 900 + years. Mechanical Strategies: a) Tree stem form (taper). Stem form in trees can be described by the formula D h = (M h ) --where is relative cross-sectional area and D and M are respectively diameter and bending moment at height h; trees in closed canopy stands not stressed by wind generally have values close to 0.333 [23; 24], and we postulate that the tallest trees will fit this profile. West et al. [25] tested the model in a monoculture of mountain ash and found values close to 0.333 except in areas where trees had been thinned and wind profiles were steeper. Although not tested, similar values would be expected for redwood under similar conditions. On the other hand, giant sequoia trees (Sequoiadendron giganteum (Lindl.) Bucholz) growing at higher elevations (1500-2500 m) exposed to greater wind and snow loading develop a stem with little taper until the upper crown (not fitting = 0.333), producing tree stems with greater volume but less maximum height than redwood. b) Tree Height and MOE and MOR. The data in table 2 compares MOE/G b and MOR/G b among tall and short conifers and hardwoods from all global environments, and reveals consistently large differences in MOE/G b values between tall and short trees, whether in dicotyledons or conifers and whether from tropical or temperate areas. The least difference (18%) was for N. American hardwoods, which also had the shortest trees within the tall tree category. The differences for MOR/G b values between tall and short trees were smaller, and were not statistically significant for N. American conifers. This analysis provides strong evidence that tall trees develop greater stiffness, in conformance with the Euler column formula [11]. Almost certainly a large proportion of the tested wood samples that created the data for table 2 were collected from interior xylem and from trees that were well below maximum achievable height for the species. This suggests that tall trees may have a genetic potential for producing wood with greater stiffness, and this is manifested before the trees reach full height. c) Brazier buckling. Long-lived trees tend to adapt one of two strategies to avoid Brazier buckling: 1) produce a dense wood that will avoid buckling even if heart-rot occurs, or 2) conserve resources by producing a lower density wood, but invest in chemical extractives that will confer decay resistance to the heartwood [26]. Redwood fits the 2 nd strategy (low density, decay resistant heartwood), while mountain ash fits the first strategy (higher wood density, but decay-prone heartwood). This difference is consistent with conductive constraints imposed on conifers versus dicotyledons. With conduction spread over many cells, tall conifers with minimal latewood are limited to moderately low densities, and, therefore, protect heartwood against bio-deterioration. Dicotyledons can more easily increase sapwood density without sacrificing conductive capacity.

Hydraulic Strategies: a) Sapwood moisture content. Water in the xylem exists as either free water in cell lumens or bound water in cell walls. The moisture content (MC) at which both cell walls and lumens are completely saturated is M max and is calculated as: M max = 100(1.54 -G b / 1.54 G b ), where 1.54 is the specific gravity of wood cell wall [13]. A comparison of sapwood MC to M max in freshly cut conifer stems can be a useful way of assessing water conductive stress. Unlike conifers, only a subset of cells (vessels, and sometimes, vasicentric tracheids) are involved in conduction in dicotyledonous trees, but if fibres are gas filled, which appears to be common, they can be sources of embolisms through air seeding [27].

Table 3 compares average sapwood MC (%) to M max in three North American west-coast conifers and one mid-south conifer (bald cypress). The data was obtained for different purposes and at varying times during the growing season, and, therefore, provides only approximate comparisons. The westcoast conifers maintain MCs closer to M max than is the case for bald cypress --presumably due to greater temperature-driven transpirational stress and possibly deciduous habit of bald cypress in a subtropical environment. The 100 + M max value for redwood is an artefact of using wood samples with slightly differing G b values. *Average from fresh green samples. Data calculated from values in [13].

An indirect measure of whether xylem cells are water saturated may be revealed through an unusual wood drying defect known as collapse [28; 29], an abnormal kind of shrinkage that can occur during lumber drying, leading to cellular buckling. It begins while cell lumens are water-saturated [30]. The prevailing explanation is that collapse occurs when hydrostatic tension inside cells exceeds the compressive strength perpendicular to the grain in woods of very low permeability [31,32]. These tensions are only possible when cells are at M max since an embolism will expand under tension [33]. The two commercial tree species most prone to developing collapse are redwood and mountain ash [31]; although it can also occur in other tall eucalypts and western red cedar [29,33,[START_REF] Ilic | Woods of Eucalyptus -part 1. Distinguishing three species from the ash group (E. regnans, E. delegatensis, and E. obliqua)[END_REF]. In redwood the collapse occurs in earlywood cells where conduction is maximized, and cell walls are weakest [33]. The high incidence of collapse in mountain ash suggests that this species, like redwood, has a high xylem MC. Since collapse in this species is initiated in fibres or tracheids, it would appear that these cells are often water saturated rather than being gas filled. Because collapse can occur in heartwood, this internal water storage area may be a recharge zone for sapwood, by radial transport, which has recently been shown to be a significant contributor to vertical sap flow [START_REF] Nadezhdina | Radial patterns of sap flow in woody stems of dominant and understory species: scaling errors associated with positioning of sensors[END_REF].

b) Wood anatomical structure. Both redwood and mountain ash have scanty axial parenchyma and uniseriate (rarely biseriate) rays, with low ray volume, consistent with the evergreen habit and continuous photosynthesis. Scanty parenchyma relinquishes xylem volume for conduction and support, and minimizes volume for potential starch accumulation (which is particularly low in mountain ash) and subsequent hydrolysis that could release CO 2 as a potential air seeding gas.

Redwood appears to maximize conduction potential by producing large diameter (80 m max.) and long (5-7 mm) earlywood tracheids, and by producing only a small amount of hydraulically lessefficient latewood -similar to other Cupressaceae [START_REF] Jagels | A synchronous increase in hydraulic conductive capacity and mechanical support in conifers with relatively uniform xylem structure[END_REF]. Bordered pits, as in other conifers, provide embolism protection. Progressive increase in secondary wall thickness in all tracheids with diameter increase, and possibly maintenance of high microfibril angle, as shown for Metasequoia [START_REF] Jagels | A synchronous increase in hydraulic conductive capacity and mechanical support in conifers with relatively uniform xylem structure[END_REF], may provide implosion resistance. These need to be investigated.

Mountain ash has mostly solitary vessels surrounded by vasicentric tracheids. Average vessel diameter (160 m) and range (105-198 m) predict maximum mid-day sap velocities in the range of 6-16 mh -1 , intermediate between ring porous and narrow-vessel diffuse porous trees [27]. Vessel pits are vestured, with an average diameter of 7-10 m. Vessel-to-ray pits are 8-13 m providing a restriction on tyloses formation, which is sparse in this species [START_REF] Ilic | Woods of Eucalyptus -part 1. Distinguishing three species from the ash group (E. regnans, E. delegatensis, and E. obliqua)[END_REF]. Maximum vessel diameter is about 2.6 times maximum redwood tracheid diameter, but vessels are sparse (5.1/mm 2 ) occupying about 10% of xylem volume. The strategy for maximizing conduction while minimizing vulnerability to embolism in mountain ash appears to be: 1) isolation of vessels to minimize spread of embolism, 2) use of vasicentric tracheids as alternate conductive routes around embolized vessels, 3) tyloses limitation by small pit size to ray parenchyma, and 4) maximization of structural integrity of vessel-to-vessel pit membranes with chamber vesturing [START_REF] Sperry | Analysis of circular bordered pit function. I. Angiosperm vessels with homogeneous pit membranes[END_REF].

Both redwood and mountain ash have relatively narrow sapwood: 8-10cm and <6cm, respectively. This compares to wider sapwoods in many tropical hardwoods [START_REF] James | Axial and radial water transport and internal water storage in tropical forest canopy trees[END_REF] or some temperate conifers [START_REF] Domec | Relationship between growth rates and xylem hydraulic characteristics in young, mature, and old-growth ponderosa pine trees[END_REF]. Whether narrow sapwood is a prerequisite for these tall trees, or is simply a response to low transpirational stress remains to be investigated.

Conclusions

The two tallest trees in the world are geographically and taxonomically widely separated yet occupy nearly identical habitats -characterized by moderate temperatures that rarely fall below freezing, and high annual precipitation with a winter maximum and summers with frequent fog/rain events. Mechanically both species develop taper and stiffness consistent with tall trees that occupy closed canopy, wind protected niches; but they differ in Brazier buckling prevention strategies. High sapwood moisture content in both species may reduce embolism formation and equilibrate stresses on opposite faces of cell walls. Although the species differ in wood anatomy, they each develop structures to maximize hydraulic conductance while minimizing embolism development.

Impact of water status, biochemical and mechanical product properties on bent neck occurrence in cut roses

Introduction

The vase-life of cut roses is largely determined by the postharvest water regime. Particularly, the inhibition of a continuous water supply in the peduncle leads to bending of the flower (bent neck), as described by Burdett [1].

The cultivars 'Akito' and 'Milva' differ greatly in their resistance to postharvest drought stress [2]. From unpublished investigations by the authors the cultivars 'Akito' and 'Aloha' have a short vase-life and low bent neck resistance whereas 'Milva' and 'Red Giant' have a long vase-life and good bent neck resistance.

After turgor loss, bending resistance is entirely determined by the mechanical strength of the stalk tissue at the stem section where the neck normally bends. This section is the upper third of the peduncle mainly consisting of young differentiating tissue [3,4]. Therefore, the mechanical properties of the tissue will be studied in more detail.

Cell wall structure and composition are important determinants of strength [3,5,6]. Changes in content, biochemical composition and distribution of the different groups of structural carbohydrates have already been studied in detail during flower development of roses [3 -7]. Zamski et al. [6] found that cultivars with strong peduncles showed an extended vase-life, and low bent neck susceptibility. In contrast, weak peduncles may result in a short vase life due to a high probability of bent neck occurrence. Furthermore, vascular bundles arranged in closed rings provide a higher resistance to bending then solitary ones.

A documentation of the arrangement of vascular bundles at the place of bent neck is missing for new important rose cultivars. In the whole project the arrangement of the structural carbohydrates will be visualized by fluorescence microscopy studies.

Material and methods

Plants of the varieties 'Akito' and 'Aloha' (both with a short vase life), and 'Milva' and 'Red Giant' (both with a long vase life) were grown under greenhouse conditions at the Institute of Horticultural Sciences (Humboldt University Berlin, Berlin, Germany). Mean climate conditions were: 20° C air temperature, 23°C aeration temperature, 60% to 80% relative air humidity. Natural light was supplemented with sodium high pressure lamps to yield a minimum light intensity of 10 klx (approximately 140 µmol m -2 s -1 ) for 18 h. Plants were automatically trickle irrigated with nutrient solution to keep substrate water potential above -70 hPa. With the "Japanese system" (bending down the blind or redundant stalks to get more leaf area for photosynthesis), 8.6 plants per m 2 were cultivated in double rows in 7l pots on tables. Roses were harvested at the flower development stage 2, modified from Grszynska et al. [11].

On unstained freshly hand-cut sections from the bent neck susceptible upper third peduncle part arrangement, structure and dimensions of the vascular bundles were examined with a light microscope (magnification 40x, Eduval 30, China).

The apparent quasi-static modulus of elasticity [12] was determined by compression tests (v = 100 mm min -1 , spherical steel body, diameter = 6.35 mm) at the middle of the upper third of the peduncle part with a material testing machine (Zwicki 1120, Zwick, Ulm, Germany). Finally, mean cutting force over the entire spear diameter (F cut ) was obtained by slicing (crosshead speed 600 mm min -1 ) the peduncles at the same position as the force deformation measurements with a stainless steel microtome blade (Feather S35, 0.26 mm total thickness) adapted to the material testing machine. Mean cutting force and the true cutting length (L cut ) was used to calculate the total cutting energy (E cut = F cut / (L cut * p/4) which closely indicates tissue strength. The water potential of cross-sections (2 mm thick and 4-8 mm diameter) of this stem part was measured psychrometrically [13] with Wescor C-52 dew point hygrometers connected to a Wescor HR-33T micro voltmeter (Wescor Inc., Logan, USA).

Results and discussion

The anatomical examination of the peduncle tissue revealed important cultivar-specific differences in the structure and the arrangement of the vascular bundles (Table 1 and2). The cultivar 'Milva' was characterized by an extremely loose arrangement of the bundles, lacking a true ring structure. Most of the vascular bundles were assorted disjunctively, clearly separated from each other. Only in some rare cases the configuration had a loose wavy structure.

Zamski et al. [6] reported a high correlation between the arrangement of the vascular bundles, the occurrence of bent neck and the vase life. According to these authors this should reflect the bundle structure of varieties with a short vase life and high susceptibility to bent neck. In contrast, 'Milva' has a very long vase life. On the other hand, the vascular bundle structure of the peduncle of 'Red Giant' is very compact. The bundles form an almost closed ring with few openings and with a strongly wavy form like a corrugated iron sheet. This variety shows the most advanced differentiation of the vascular ring in the peduncle. 'Akito' has only slightly waved rings with many openings in it. Compared to 'Akito' the bundle structure of 'Aloha' is much more compact but clearly less than that of 'Red Giant'.

A significant difference in the vascular bundle structure was found only between the cultivar ´Red Giant` and the three other cultivars. The most important result is that ´Milva` (long vase life and high bent neck resistance) has a looser structure than the short vase-life cultivars 'Akito' and 'Aloha'. This is contrary to the results of Zamski et al. [6], who reported a strong correlation of a loose structure and a short vase life.

Table 1: Rating of the structural arrangement of vascular bundles in stems of the four cultivars (n=20).

Cultivars

Numbers The water potential of the upper third peduncle is shown in Fig 1 . The results from 'Red Giant' and 'Akito' corresponded well with the vase life and the susceptibility to bent neck. On the other hand, the results from 'Milva' were not consistent with their postharvest reaction. According to Graf et al. [2] 'Milva' had always a higher flower water potential than the other varieties, which contradicts these data, too. One probable explanation is that the tissue water potential of the peduncles differed from the flower water potential. There is no information published in the literature about the water potential in this part of the rose stem. Furthermore, large differences occurred between the results obtained on the two days. Further investigations are needed. The apparent quasi-static elastic modules of the peduncles were not significant different between the varieties studied (data not shown). The correlation between tissue stiffness and water potential reported for white asparagus [11,12], and for radish and carrots [10] under different postharvest conditions, could not be verified with cut roses in these initial experiments.

The mean cutting energy of the upper third peduncle (Fig. 2), which closely reflected the integrated tissue strength of this stem part, was highly and significantly different between 'Red Giant' and the three other cultivars. In 'Red Giant' these results corresponded well with the structure of the vascular bundle rings. Nevertheless, the assumption that a structure with closed rings and only a few openings, and almost a strongly wavy form provided a higher mechanical strength than a loosely structure is only partially affirmed in this investigation. In this first test, roses of 'Milva', which have a low bent neck susceptibility and a loose configuration of vascular bundles, showed the same low strength as 'Aloha' and 'Akito` with their much closer ring structure. 

Conclusion

Bent neck is a multifactorial phenomenon, which need to be studied under various aspects. This phenomenon cannot be explained with two cultivars as reported by Zamski et al. [6] for studying the effects of the mechanical strength. The bent neck can be indicated by different factors in the different cultivars. One factor is the mechanical strength investigated here. A second factor is the stomata control in postharvest. Additionally, unpublished investigations indicated that flower stems of 'Akito' and 'Aloha' showed faster mass losses, i.e. higher transpiration rates under drought stress than 'Milva'. Accordingly, Schmid et al. [14] reported a less effective stomatal control under drought stress in 'Akito' in comparison to 'Milva'. The four investigated cultivars might be a good basis to approach different factors determining the bent neck susceptibility as they reveal different physiological reactions in postharvest. In further experiments physiological parameters (stem and flower bud water relations, hydraulic conductance, leaf and flower gas exchange concomitant with vase life) will be studied. Furthermore, a more specific look of the anatomical properties in the cross-section of the upper third peduncle part will be conducted. Hence, vessel diameter, cell wall thickness, structure and carbohydrate of the peduncle tissue will be investigated in detail.

Introduction

Several species in the genus Acer are capable of generating positive stem pressure when diurnal temperature fluctuations subject the trees to freeze/thaw cycles during early spring in temperate-cold areas. The magnitude of pressure generated can be of up to 2 atm. A few Juglans species (e.g. butternut, J. cinerea) are also known to have this characteristic, though the amount of pressure is usually more modest. Yet birch trees (Betula spp.) are capable of positive stem pressures late in the spring, but while birch shows positive pressure in the roots, maple and butternut display negative root pressure indicating a different mechanism. Currently, two opposing theories provide explanations for the mechanism that causes stem pressure in maple. While some experiments have shown that some stem pressure can be generated without sucrose [1,2], others have shown that sucrose is needed for both reaching and maintaining the pressure values measured in living stems [3]. The osmotic involvement of sucrose would require an absence of pits between fibres and vessels, since interruptions in the secondary wall would create openings mediated only by pit membranes allowing sucrose to diffuse out of the vessels, quickly equalizing the osmotic differential between vessels and fibres. Pit membranes, composed of middle lamella and primary wall, are porous enough to allow the passage of sucrose [4,5]. Further, these membranes may be subjected to occasional rupture. Secondary walls must therefore be responsible for impeding the diffusion of larger saccharides outside the vessels. In the present paper we examine the relationship between the anatomical features of sugar maple, butternut and birch wood and the sap exudation phenomenon. We focus on 1) determining microscopically how the cells in the xylem of maple, butternut and birch are interfaced and whether this anatomical evidence supports the vitalistic model and 2) assess the behaviour of the system in terms of semi-permeability with perfusion experiments, using a fluorescent dye as a sucrose surrogate.

Material and methods

Plant material

Branches of sugar maple, butternut and white birch were collected from late February through early March 2004. Samples were collected at the Proctor Maple Research Centre, University of Vermont (sugar maple) and at the University of Maine campus (all three species). Stem segments were stored in 50% ethanol at room temperature (for anatomical analyses) or quickly frozen at -20 °C (for dyeperfusion experiments).

Anatomical analysis

Cross (X), radial (R) and tangential (T) sections were analyzed by light and scanning electron microscopy (SEM). For light microscopy 10 m-thick sections were obtained using a sliding microtome and stained with saffranin-fast-green, acid fuchsine or Bismark brown. SEM analyses were performed on X, R and T faces smoothed on the same wood block, and on macerates obtained after incubation in Franklin's solution at 60 ˚C [6].

Perfusion experiments

Fluorescein isothiocyanate (SCN-fluo, MW=389) 0.1% w/v, was used for perfusion experiments; 1.9% w/v sucrose was added to bring the perfusate to a similar osmotic activity as the average solution present in the vessels during sap-flow season. Twigs 1 cm in length were inserted into one end of a tubing system with a low-flow peristaltic pump. Samples were flushed with distilled H 2 O for 30 minutes and then the fluorescein-sucrose solution was perfused for 5 min, when fluorescein concentration of the perfusate was equal to the concentration of the solution in the syringe, as determined by spectrophotometric analysis. Samples were partially air-dried for 2 hours to avoid smearing during sectioning. Twig sections (20 m) were obtained with a sliding microtome and observed using UV light from a mercury-halide lamp source in an epifluorescence-capable microscope. A set of overlapping images was captured for each specimen from the pith outward and a digital composition was created to form a single image, encompassing the tissue from pith to bark.

Imaging

All image processing was done with GIMP (GNU Image Manipulation Program, http://ww.gimp.org/). Measurements were taken with ImageJ (Image Processing and Analysis in Java, http://rsb.info.nih.gov/ij/).

Results and discussion

Anatomy

Cross sections of sugar maple revealed no pits connecting fibres to vessels. In a few cases blind simple pits were observed in fibre walls adjacent to vessels (Fig. 1a). Fibre to fibre simple pit pairs were observed (Fig. 1b). SEM analysis confirmed that bordered-pit pairs existed between fibre-tracheids and vessel elements and the complete absence of pit connections between libriform fibres and vessel elements (Fig. 1c). In longitudinal sections both fibre-tracheids, interconnected with bordered pit pairs, and libriform fibres with or without sparse simple pitting were observed. Fibre-tracheids were usually associated with vessels and were connected to them through bordered pit pairs.

Fig. 1 X-section of sugar maple wood showing vessel -fibre blind simple pits (a, arrows), fibre -fibre simple pit pairs (b, arrows) and SEM X-section/split combination (c) showing border pit pairs between vessel elements (V) and fibre-tracheids (ft).

X-sections of butternut showed abundant banded confluent parenchyma. Since vessels were surrounded by axial paratracheal parenchyma fibre to vessel contact was infrequent. Profuse pitting was observed between vessel elements and axial parenchyma. No connecting pits were found between fibres and axial parenchyma when observed in radial view. Birch showed a general scarcity of axial parenchyma and SEM examination of the vessels showed the characteristic minute alternate intervessel bordered pitting. We occasionally observed simple pits connecting fibres to vessels (Fig. 2). Therefore, pit connections in maple show that vessels, associated fibre-tracheids and axial and ray parenchyma collectively form an interconnected system that is isolated from axial sclerenchyma. The vessel to fibre-tracheid connection in maple has not previously been noted in the literature. This connection permits fibre-tracheids to be part of the water-transport system as described in some other hardwoods [7,8]. Butternut also displayed pitting isolation between vessels and fibres but contained a substantially higher volume of axial paratracheal parenchyma. Birch vessels have a different inter-vessel pit pattern and in contrast with maple and butternut, birch specimens (based on SEM evidence) showed simple pits on vessels that connected with surrounding fibres (Fig. 2).

Perfusion experiments

In maple, both fluorescein solutions were seen primarily in the vessels after perfusion, while fibres revealed only the native blue lignin fluorescence (Fig. 3a). Some fluorescein was also absorbed by ray and longitudinal parenchyma. Some cells surrounding vessels also contained a small amount of fluorescein. Usually the areas were not large and were typically associated with the presence of another nearby vessel or with ray parenchyma. These regions presumed to be bundles of fibretracheids. In all cases the pith failed to absorb any fluorescein and in some twigs the first 1 or 2 rings held only a limited amount.

Fig. 2 SEM image of Xsection/split combination sample of birch wood. Arrows indicate places

where simple pits appear on the face of the vessel element and in two cases correspond to the pit pair on the contiguous fibre. Note the relatively large size of the simple pits when compared to the minute bordered pitting of vessel-to-vessel connections.

Butternut behaved similarly to maple. The occurrence of considerable banded and confluent parenchyma in butternut led to greater overall fluorescence of sections but, as in maple, fluorescence was limited to vessels and parenchyma (not shown). In contrast to maple and butternut, fluorescein staining in birch occurred in non-parenchyma areas around vessels (Fig. 3b).

Fig. 3 Digital composition of fluorescein perfusion images of sugar maple (a) and white birch (b). Under UV light, fibres in birch emit a darker blue that maple fibres which tend to cyan. Despite differences in image contrast birch shows much more bleeding outside the vessels while having much less parenchyma to account for the dye diffusion.

These fluorescent dye experiments revealed that molecules similar in size to sucrose can move between vessels, parenchyma cells and fibre-tracheids, while fibres are effectively isolated. These observations are in agreement with those of [4] and [5] who showed that pit membranes are porous to sucrose. Our results provide strong evidence that the lignified secondary wall can function as an effective barrier for molecules similar in weight to or heavier than sucrose, thus establishing the basis for developing an osmotic differential between vessels and fibres. We suggest that the secondary wall has pores of diameters that restrict the movement of molecules with a MW cut-off above 300 g mol -1 as suggested by the experiments of Johnson et al. [9] in which sucrose (MW ~342 g mol -1 ) induced sap flow but hexoses (MW ~180 g mol -1 ) did not. More experiments, including perfusion-diffusion kinetics with different fluorescent dyes and perfusion with radioactive sucrose are being conducted to further test this hypothesis.

Conclusion

These findings suggest that lignified cell walls are semi-permeable to molecules heavier than 300 g mol -1 . This is the foundation for the vitalistic model since dead wood cells lack plasmalemma. No clear pathway from vessels, fibre-tracheids or parenchyma to fibres could be identified in maple, which is also in favour of the vitalistic model. The opposite was found in birch where we could identify pits connecting fibres and vessels. Further research is needed to confirm the semi-permeable nature of the cell wall; experiments using sucrose labelled with tritium are in progress.

Water distribution in xylem of Acacia mangium planted in Sabah,

Malaysia.

Introduction

Acacia mangium is one of the favourable candidates for plantation tree species in tropical regions. It grows very fast and is tolerant to a range of soil and pH values [1]. Furthermore, it has a rather good wood quality not only for timber but also for pulp and paper [2][3][4][5][6]. A. mangium occurs naturally in Queensland, Australia, Papua New Guinea, the Islands of Sula, Ceram, Aru and Irian Jaya [1]. In Asia, this species was first introduced to Sabah in Malaysia for plantation trees in 1966 [7]. After that, as the species has become a major plantation tree species in Sabah, the wood properties such as wood density, fiber length and adhesive performance have been intensively investigated [2][3][4][5][6]8]. Moisture contents of stems of living trees are also an important factor to utilize wood, because water has to be removed from the wood [9]. It is well known that heartwood of A. mangium has very high moisture content and heart rot in the middle part of stem. Thus, the moisture contents of Acacia spp. were also studied. However the mechanisms of water accumulation in the heartwood in a living tree are still not understood. This may be because it is very difficult to estimate the moisture content of a living tree as exactly as possible, because of the transpiration of water from the samples during collection.

The purpose of this study was to investigate true water distribution in wood of living A. mangium. For this reason the moisture content of A. mangium trees was measured immediately after the cutting down of the trees at study sites.

Material and methods

For the investigation of longitudinal change in moisture content 13 year old Acacia mangium Willd. trees in the plantation of Segaliud Lokan of the Forest Research Centre of Sabah (FRC) were investigated. Eleven trees of several sizes were cut, and a sample disk was collected every 2 m beginning from breast height from July to September in 2003. The disks were separated into the sapwood and the heartwood, and cut into a irregular shape with a hatchet. The green wood weights were measured as soon as possible after cutting at the sampling site, to prevent water evaporation from the samples. After oven drying the dry weights were measured, and the moisture content was calculated.

For the investigation of radial change in moisture content, 16 year old A. mangium trees in the plantation of Kolapis of FRC were investigated, eleven trees of several sizes were cut, and one disk was collected at breast height in September in 2005. The disks, wrapped in plastic sheets, were brought to FRC. Small blocks (3cm(L) x 3cm(T) x 2cm(R)) were continuously excised every 2cm from the pith to bark from the disks with a rotary saw. Green wood weights of the blocks were measured and the dry weights were measured after 1 week drying in an oven.

Results and discussion

Figure 1 shows longitudinal changes in the moisture content of the sapwood and the heartwood. The moisture content of the sapwood and the heartwood decreased from the bottom toward the top of the trees, and the moisture content of heartwood decreased more rapidly than that of sapwood. It was reported [3] that the moisture content decreased from the bottom part toward the top part of stems of A. mangium grown in Ulu Kukut, Sabah. Figure 2 shows the radial variation of moisture content in the xylem at breast height of an A. mangium tree. The moisture content of the wood was extremely high (200 -300%) around the pith, and decreased rapidly toward the outer part of disks where it became constant (100 -150%). There was no difference between the moisture contents in the sapwood and the heartwood, and there was no distinct region with lower moisture content that differed from other regions between the sapwood and the heartwood. A continuous distribution of the moisture content in xylem of A. mangium was previously reported with measurement of using increment cores taken at breast height [9]. 

Sapwood Heartwood

Fig. 2 A radial profile of moisture content of a sample disk at breast height Moisture contents of sapwood and heartwood blocks adjoining each other had a positive correlation (Fig. 3). This means that the moisture content of heartwood is reflecting the moisture content of the sapwood. Generally, it is considered that water in the heartwood is not movable because of deposition of heartwood substances. However, our results suggest the possibility that water can move between the sapwood and the heartwood in the xylem of A. mangium.

Figure 4 shows the relationship between moisture content of the wood blocks taken at the innermost heartwood, which had highest moisture content in xylem. The moisture content of the wood near the pith had a positive correlation to the tree diameter. This means that trees with larger diameter have higher moisture contents in the heartwood near the pith.

From the results obtained in this study, it is suggested that water is continuously distributed from the heartwood to the sapwood in the xylem of A. mangium and that the water content of the heartwood is changeable in relation to the water condition in the sapwood. It is possible that a pathway exists between the sapwood and the heartwood in the xylem of A. mangium.

Trees with larger diameter had higher moisture content in the heartwood, and xylem of lower parts of trees had higher moisture content. Water in the heartwood may also have some function in the living trees of A. mangium. 

Introduction

In a previous study, the ultrastructure of interfibre pit pairs was examined by transmission electron microscopy. Ultrathin transverse sections of heartwood showed two different conditions of the pit pairs: one with diffusion blocked in front of the pit membrane (Fig. 1a) and the other with diffusion of heartwood substances through the paired pits (Fig. 1b). Thus, not all pit pairs serve as an intercellular diffusion pathway for heartwood substances. Zhang et al. [1] have reported that the heartwood substances are not deposited homogeneously throughout the heartwood in Albizia julibrissin and Acacia mangium, and indicated that different conditions of the pit pairs might cause the uneven cellular distribution of the heartwood substances. Thus, in this study a closer inspection of interfibre pits was conducted with field-emission scanning electron microscopy. 

Materials and methods

Albizia julibrissin (DBH: 21 cm; growing in Kyoto Prefecture, Japan) and Acacia mangium (DBH: 10.4 cm; growing on the Malay Peninsula) were used in this study. Both have coloured heartwood and a distinct boundary between the sapwood and heartwood.

Fresh wood blocks were taken from the stem at breast height and fixed immediately with 3% glutaraldehyde in 0.07 M phosphate buffer at pH 7.2.

Small blocks (L x R x T = 5 x 5 x 5 mm 3 ) were cut from the sapwood, washed with distilled water, and freeze-dried with a freeze-drying apparatus. After drying, the blocks were split along the radial plane, as described by Sano et al. [2,3], mounted on specimen stubs with carbon cement, and coated with platinum-carbon by vacuum evaporation. These blocks were observed with a field-emission scanning electron microscope (FE-SEM; JSM-6301F; Jeol Co. Ltd., Tokyo, Japan) at an accelerating voltage of 2.5 kV and 15 mm of working distance.

Results and discussion

The structure of interfibre pit pairs of outer sapwood was examined with a field-emission electron microscope. In order to keep the natural condition of paired pits as much as possible, wood samples were freeze-dried, split along the radial-longitudinal plane, and then affixed to specimen stubs. Both faces of the split pit pair were identified by comparing the images on two monitors, which were installed in FE-SEM, and photographed (Fig. 2). Figures 2 and3 show various conditions of interfibre pit pairs. Some were covered with incrusting materials and some were not, and further, the extent of the incrustation was extremely variable. As shown in Fig. 2a, b, the pit membrane was largely open in the centre (arrows), and not covered with incrusting materials (the appearance of such type of pit pair was not frequent in Acacia mangium). In contrast, in other samples, there were no visible openings to be detected, owing to the heavy deposition of incrusting materials (Figs. 2c,d and Fig. 3d). In the case of light incrustation, more than one visible opening was observed. For example, in Fig. 3a only one small opening (arrowhead) was observed in the centre of an incrusted pit membrane; in Fig. 3b a heavily incrusted central pit membrane (asterisk) was supported by surrounding string-like structures (arrowheads), and in Fig. 3c many small openings (arrowheads) were observed throughout the incrusted pit membrane. From these findings, it was concluded that a pit pair with heavy incrustation does not serve as an intercellular diffusion pathway for substances, and a pit pair with slight incrustation (or without incrustation) and visible openings does serve as an intercellular diffusion pathway. Thus, the extent of incrustation and the structure of pit membrane appear to control pit capacity for passing heartwood substances. The size of pits varied considerably, ranging from 0.6 µm to 4 µm in diameter in Albizia julibrissin, and from 0.4 µm to 2.3 µm in Acacia mangium respectively (Fig. 4), and in addition, the shape of the inner pit aperture was also variable, ranging from circular (Fig. 5a) to slit-like (Fig. 5b). Obviously, besides the extent of incrustation, the size and shape of the pit might be also factors which affect the pit capacity for passing heartwood substances.

There are two diffusion pathways for heartwood substances -namely, intercellular diffusion pathway (pit pairs) and extracellular diffusion pathway (a network of intercellular spaces). However, not all pit pairs serve as an intercellular diffusion pathway for heartwood substances (Zhang et al. [1,4] Wan et al. [5]). What made this difference among the pit pairs? Sano et al. [2,3,6] investigated the structure of pits in both softwood and hardwood, and reported that there are variations in the structure of intertracheary and interfibre pit membranes. The results obtained in this study also showed a considerable structural variation in paired pits in both surveyed species, and such different structures appear to be a contributing factor to the uneven distribution of heartwood substances.

Conclusion

Considerable structural variations of interfibre pits were revealed. Some were covered with incrusting materials and some were not, and further, the extent of the incrustation was extremely variable. No visible openings were detected in the case of heavy incrustation. In contrast, more than one visible opening was observed in the case of light incrustation. The size of pits was also variable, ranging from 0.6 µm to 4 µm in diameter in Albizia julibrissin and from 0.4 µm to 2.3 µm in Acacia mangium respectively. Moreover, the shape of the inner pit aperture ranged from circular to slit-like.

Introduction

Plants frequently exposed to high flow rates require special morphological and biomechanical adaptations to ensure survival over several years. As sessile organisms, plants have developed various passive means of reducing drag forces, i.e. through reconfiguration of parts of their bodies into more streamlined shapes [1 -3]. The morphological units that change during regular reconfiguration processes depend on the overall morphology (bauplan) of the organisms. With trees, mostly leaves and small branches bend to streamline, whereas with grasses, the culm as main axis is often bend to such a degree that significant reductions in drag entail [4]. Overall, the potential to reconfigure constitutes a multifactorial optimisation [5], balancing sometimes contradictory demands like maximization of photosynthetically active area and the ability to streamline.

In general, the passive adaptation strategies or main shaping factors seem to be similar in terrestrial and aquatic flow-dominated habitats [6]. With terrestrial plants, there are often developmental constraints in the way their morphologies can be adapted, e.g. the way side branches angle from the main axis in monocotyledonous trees [7]. With seaweeds, the morphological structure is less predefined and mechanical forces can have a major impact on the overall shape of individuals [8]. Therefore, seaweeds represent an appropriate model to demonstrate directly how mechanical forces can influence morphology.

The aim of this part of the study was to analyse how plants minimise drag through passive reconfiguration processes and to find first trends in the way flow forces directly influence the development of an overall morphology that facilitates these drag-reducing reconfiguration processes. The work presented in this article is part of a larger ongoing project on passive drag-reducing mechanisms in terrestrial and aquatic plants.

Material and methods

In engineering, drag is commonly defined as:

2 1 2 d c F AC d u (1)
where F d : drag force, : density, A c : characteristic area, C d : drag coefficient, and u: fluid's velocity relative to an object. The flow regime in general can be characterized by the Reynolds number and ranged approximately from 10 5 to 10 7 in this study [10].

With increasing flow velocities, many plants will change their overall shape and thus their drag coefficient, reducing the increase of drag expected from equation (1). Several studies have shown, that in numerous plant species, drag is not proportional to the velocity squared but to the velocity with an exponent < 2 [4,[11][12][13][14]. In some cases, an almost linear proportionality between drag and flow velocity was found. To accommodate for this unorthodox flow reaction, it has been suggested to alter the equation for drag [2][3][15][16]:

2 1 2 B d c d F AC u (2)
where B is a figure of merit, also called Vogel number. Empirically, the Vogel number, B, is defined as the slope of a double-logarithmic plot of the velocity-specific drag as a function of velocity [17]:

2 log log( ) d F u B u (3) 
The greater the absolute value of the negative slope, the smaller the increase in drag with higher flow velocities and the better the reconfiguration process is considered to be.

The model organisms for the whole project on passive drag reduction mechanisms encompass several terrestrial and aquatic plant species. For this part of the study, the southern bullkelp [Durvillaea antarctica (Chamisso) Hariot] was selected. This kelp of temperate rocky shores of the southern hemisphere belongs to the Phaeophyceae and is one of the largest intertidal seaweeds [18]. It has a very simple morphological setup with a holdfast, stipe, and lamina (blade). The positively buoyant lamina of Durvillaea is approximately 4-7 m long and often subdivided into thin strips depending on the wave exposure of a particular site, see Fig. 3. If the wave climate at a particular site is more wave-sheltered, the lamina is cape-like with undulating edges, see Fig. 3. It is thus possible to assess local wave exposure at least qualitatively [8]. For this part of the study, eight individuals of D. antarctica were harvested and tested. Based on the overall morphology of the kelp, the specimens were grouped as "wave-exposed" (N = 4) or "wave-sheltered/intermediate" (N = 4).

The eight specimens of D. antarctica were tested in a flume at the Human Performance Centre, Dunedin, New Zealand, to measure drag at various velocities. The dimensions of the flume were B × W × D = 10 × 2.5 × 1.4 m. Drag tests were conducted at velocities of 0.5, 1.0, 2.0, and 2.8 m s -1 . Each test run was recorded for at least two minutes at a frequency of 10 Hz via a load cell connected online to a computer logger [14].

To assess mechanically triggered changes in morphology, the branching patterns of four additionally harvested individuals of D. antarctica with intermediate morphologies were analysed. The branching pattern in D. antarctica is a result of rupture and healing processes probably triggered by overcritical mechanical loads due to wave actions. The kelp were harvested, spread out on the ground and the length of each "branch" of a bifurcation was recorded.

Results and discussion

The tests in a flume demonstrated how, with increasing velocity, drag increased "unorthodoxically" and the shape of the tested Durvillaea individuals changed through reconfiguration processes, see Fig. 1. The relation between drag force and velocity for the eight tested individuals clearly deviated from the expected proportionality of F drag ~ u 2 . Rather, all tested specimens exhibited proportionality between drag and velocity that can be described by the introduction of individual figures of merit or Vogel numbers: F drag ~ u 2+B .

Fig. 1 The relation between drag force and velocity for eight tested individuals of the kelp D. antarctica.

Error bars indicate standard deviations of 60 s of data, recorded at 10 Hz (i.e. 600 data points). Small insert: streamlining exemplified for one individual in a separate test run. Reconfiguration occurred during acceleration as well as during deceleration within the same range of forces. There seems to be a "high velocity" streamlined shape and a more "relaxed" state at lower velocities.

As the thallus of seaweeds and other bauplans can be described as mesh-like bodies rather than as solid shapes, Reynolds numbers are mostly useful for a description of the general surrounding media and of only little use to accommodate for flow conditions within the mesh-like space occupied by a plant body [19]. Thus, Reynolds numbers are difficult to determine for various test conditions for samples with variable morphologies. The empirical determination of drag and Vogel numbers therefore seems an appropriate means of comparison between different morphologies and plant species.

The empirically determined Vogel numbers for the eight individuals of D. antarctica ranged from B = -0.25 to B = -1.21, see Fig. 2. The more negative the slope the more the tested individuals could minimize an increase in drag through reconfiguration with higher velocities. The most negative Vogel numbers were found for individuals with "wave-exposed" morphology and the least negative numbers could be attributed to individuals with "wave-sheltered/intermediate" morphologies. The "waveexposed" morphology therefore probably represents a passive adaptation to a wave climate with on average higher velocities and concurrent higher mechanical loads for the subsample from more waveexposed sites. In contrast, the cape-like "wave-sheltered/intermediate" morphology is more spread out at the water surface, increasing photosynthetically active area exposed to ambient sunlight, but also increasing the risk of mechanical failure through wave action. As a consequence of a variable, reconfigurable morphology, the drag coefficient C d is not constant but decreases with higher velocities, see Fig. 3. If calculated according to equation (1), at each test velocity, the C d was on average lower for individuals with a "wave-exposed" morphology than for individuals with "wave-sheltered/intermediate" morphology. Therefore, although velocity-dependant, the C d supports the hypothesis that the "wave-exposed" morphology of D. antarctica allows to minimise drag forces to a larger degree than a "wave-sheltered/intermediate" morphology.

Fig. 3 The drag coefficient C d is not constant but decreases with higher velocities. At each test velocity, C d is on average lower for individuals with a wave-exposed morphology. Error bars indicate 1 standard deviation.

Reconfiguration occurred during acceleration as well as during deceleration within the same range of drag-dependant forces. There seems to be a "high velocity" streamlined shape and a more "relaxed" state at lower velocities. Similar results were found in terrestrial plants, e.g. the giant reed (Arundo donax), where distinct thresholds could be identified at which the proportionality between drag and velocity changed and the Vogel number decreased significantly [4,6]).

The branching patterns of four individuals of D. antarctica were analysed to identify general trends in the way the overall morphology is influenced by mechanical forces. There is a clear trend to within the lower branching orders (< 10) of a steady increase of length with further bifurcations, irrespective of absolute overall length, see Fig. 4. With higher branching orders (> 10), the pattern becomes less obvious. A possible explanation is an ongoing process of self-pruning and longitudinal growth, leading to high branching orders with little gain in length. This uncontrolled process of morphological optimization can thus lead to a "good shape", which maximises the ability to quickly form a streamlined bundle at times of high flow velocities. The selective forces with contradictory optima for maximisation of photosynthetically active area and minimisation of drag can act in D. antarctica on a broad range of the spectrum of possible combinations, enabling this species to adapt its morphology and occupy habitats with a great variety of wave climates. This conclusion is further corroborated by the observation that the sometimes sympatric, congeneric species D. willana -which has not the morphological plasticity of D. antarctica -is absent at sites with very high or very low wave exposure, where D. antarctica can still thrive [8,20].

Conclusion

In summary, it could be shown that in plants, passive reconfiguration can significantly reduce the increase in drag with increasing velocities and probably due to its considerable morphological plasticity, the seaweed D. antarctica can successfully occupy habitats with various wave climates. A good means for comparison of the ability to reconfigure is the figure of merit or Vogel number, which seems more appropriate than conventional parameters like e.g. drag coefficients. As the processes involved in reconfiguration and subsequent ecological conclusions are relevant for most plants growing in flow-dominated habitats, further research in this direction is necessary.

Introduction

Water plays an important role for plants as it represents on one hand a medium of transport as well as an essential component of the plant metabolism. Thus the investigation of water transport processes and the plants water balance appears as an important issue. For the determination of water transport processes in plants several methods like e.g. thermoelectric measurements (heat-pulse, heat-balance), thermocouple psychrometers or pressure chambers [1,2] have been used. Most of these methods affect the transport processes to a conspicuous degree, thus it seems appropriate to consider non-destructive testing methods like Nuclear Magnetic Resonance Imaging (NMRi) [3].

A relatively new and innovative non-destructive testing method in this field of investigation is neutron imaging, which represents a method complementary to X-ray methods. But unlike X-ray which is relatively insensitive to water, neutrons show a conspicuous sensitivity to hydrogen and hydrogenous materials. Hence neutron imaging has proved to be a suitable method for the investigation of water transport processes in plant parts like wood or leaves [4,5,6] as well as in living plants [7,8].

In the presented work the method of neutron imaging is explained and clarified with two examples of use, namely the water uptake in wood specimens and the on-line observation of the root growth of plants in relation to soil properties and soil wetness.

Material and methods

Basic principles of neutron imaging

Neutron imaging is a method complementary to X-ray radiography and works along the same basic principles. Both methods are based on the measurement of transmission. The radiation is led from a source on a sample attenuating the beam which is subsequently registered by a detector. The extent of attenuation depends on the sample thickness and on the inner constitution of the specimen, namely its elemental composition and its density. In a first approach, the transmission can be described by the simple exponential attenuation law (see equation 1):

d e I I * 0 ( 1 
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where I is the transmitted beam, I 0 the incident beam, d the sample thickness in beam direction and the attenuation coefficient respectively the macroscopic cross-section. Equation (1) applies for neutrons as well as for X-ray, the main difference being the attenuation coefficient which is labelled with in the case of X-ray.

The main difference between X-ray and neutrons can be found in their respective microscopic cross-section, which describes the interaction probability between the incident radiation and the elements within the sample. The microscopic cross-section of X-ray shows a strong correlation with the atomic number of the periodic system resulting in a higher likelihood of interaction the higher the atomic number of an element is. In contrast, neutrons show no evident correlation with the atomic number but some light elements like hydrogen show high interaction probabilities while other elements like lead are practically transparent to neutrons. These differences result from their different type of interaction: While the X-ray photons interact with the electron shells of the atoms, the neutrons interact with the nuclei.

Due to the high interaction probability with hydrogen, neutron imaging is an appropriate method for the investigation of hydrogenous material, water in particular.

The present investigations were carried out at the neutron imaging facility NEUTRA at the Paul Scherrer Institut (PSI) in Villigen (Switzerland) which is fed by a spallation neutron source [9]. A scintillator-CCD-camera system was used as detector. The scintillator which contains Li-6 as neutron absorbing agent transforms the incident neutrons in light signals led by a mirror on a cooled CCDcamera registering the signals. The output is a two-dimensional 16-bit data set with up to 65536 greylevels. These data sets form the base for all further evaluation procedures. The digital data acquisition allows qualitative appraisal as well as quantitative statements.

As the neutron beam is not absolutely homogenous, it is necessary to reference the images in a first step on the so called "open beam" being an image of the beam without any object, yielding information on the beam geometry and the neutron distribution. The referencing is done by dividing all further images by the "open beam" images, resulting in homogenously lightened images, which is mandatory for a proper evaluation.

When processes like the water uptake are in the scope of the investigation it can be necessary to make further referencing on the initial status of the process. In the present case images of the dry specimens were used. By referencing the images of the wet samples with the dry images it was possible to remove the signal from the wood structure calculative, leaving only the differences between the images, namely the water moving in the wood structure.

For the appraisal of water uptake into the different wood samples, line profiles were laid in the referenced images (see Fig. 1). With these data the attenuation coefficients along the longitudinal axis were calculated by means of equation (1).

Water uptake in wood

The investigations on the water uptake aimed primarily at the potential to make differenciating statements on the quantity of absorbed water by means of neutron radiography. For these experiments four different wood species were used, namely spruce (Picea abies), beech (Fagus sylvatica), ash (Fraxinus excelsior) and oak (Quercus spec.). For each species 3 to 4 specimens with dimensions of 15x15x30mm and 15x30x30mm were produced. For the oak specimens two varieties were tested, heartwood and sapwood. Before the actual measurements the samples were kiln-dried at 103°C until mass constancy was reached.

The dry samples were placed on thin bars in small aluminium basins being positioned in front of the detector within the neutron imaging facility. After obtaining reference images from the dry samples, water was filled in the basins until the samples were standing ca. 3mm deep in water. Subsequently images were taken in intervals of 60s at the beginning and 300s after one hour. The experiments were carried out for 8 to 12h.

Fig. 1 Neutron image of wood specimens after 8h in a water basin; upper row: oak heartwood (left) and oak sapwood (right); lower row: spruce (left) and beech (right.) The samples were aligned in tangential direction with exception of the beech sample (radial direction). The white rectangle shows an exemplary line profile used for the appraisal of the data.

The in-situ study of plant roots by neutron imaging methods

Neutrons have the ability to transmit soil structures up to about 5 cm thickness in beam direction (depending on the moisture content). On the other hand, the organic structures of roots, plants, leaves and fruits can be visualised, measured in size and material distribution very precisely. This is caused by the high neutron attenuation in hydrogenous substances as plants. As shown in Table 1, the attenuation cross-sections of structural material for the sample case (Al) and the soil structure (Si, O, Ca) are much less than for hydrogen. Furthermore, the real conditions around the plants can be observed in high spatial (about 0.1 mm) and temporal (about 10 s per frame) resolution, especially in respect to the moisture content of the soil matrix. In this way, it becomes possible to study the moisture distribution in soil and the water uptake by individual root parts in-situ. Even very small changes of the water distribution can be observed by comparison of different image data in sequences. This method is very sensitive but requires a pixel-wise relation and a very stable setup in respect to positioning. Because root growing occurs in the time scale of hours, days and weeks and not in that of seconds, the repositioning of the sample is a matter of precise adjustment. It is not practicable to block the expensive beam line for neutron imaging for long time when only few pictures are taken per day. These kind of non-invasive studies have been performed recently [10] with success (see Fig. 2). The method is also in use to investigate the influence of poisons like boron or cadmium on root growing behaviour. Neutrons can be used here preferably because the attenuation cross-sections of these two elements are several orders of magnitude higher than the components of soil (see also Tab. 1). Even small amounts of contamination can be observed in the arrangement.

Fig. 2 Observation of two lupine plants in a soil box (about 15 cm wide and 1.7 cm thick). A controlled amount of water can be added with the tool (left side): the increase of the root substance and its distribution can clearly be seen on the picture on the right. (Courtesy : M. Menon, ETH Zurich)

Results and discussion

Water uptake in wood

The water uptake of the different wood species showed relatively big variations between the tested wood species as well as between the specimens of the same wood species as can be seen exemplarily in Fig. 3. It is clearly visible that in the lower parts of the samples (left side of the charts) more water was absorbed than in the higher parts. Due to the very restricted sample number, it is not possible to make final statements on the behaviour of the different wood species.

In the present case, only the attenuation coefficient was calculated which can furthermore be used to calculate the quantity of water at a certain moment and at a certain point in the sample. For a precise estimation of the water quantity, a couple of problems have to be solved first. One problem is related to the data acquisition itself, namely the problem of scattering due to hydrogen. This element is responsible for the most part of the attenuation of the materials. A second issue is a consequence of the referencing on the dry status. Due to the swelling and shrinking processes of the wood structure resulting from the water content changes, the dimensions of the specimens vary to a conspicuous degree which leads to void areas in the referenced images at the edge of the displayed specimens.

The solution for the first problem of scattering might be the use of scattering correction procedures based on a Monte-Carlo model. The solution for the second problem might be the use of X-ray radiographies as referencing images containing mainly information on the wood tissue due to the very low interaction probability of the X-ray photons with water. 

Conclusion

Although the sample number was very restricted and the results concerning the difference between the tested wood species show no clear trend, the method itself proved to be appropriate for investigations on water transport processes in plant parts and in living plants. Qualitative as well as quantitative statements will be possible after having solved some methodical problems.

Neutron imaging is nevertheless an appropriate method for the investigation of water transport processes, because of its high sensitivity for hydrogen, the possibilities to make quantitative statements and to survey time depending processes from seconds to several days.

Mechanical constraints on the hydraulic architecture of tropical trees

Karen K Christensen -Dalsgaard 

Introduction

It is well known that two of the main functions of the woody tissue of trees are to mechanically support the structure of the crown and to provide the leaves with an adequate supply of water. It has often been suggested that there could be a trade-off between these two functions (e.g. [1][2][3][4]): more and especially larger diameter vessels increase the conductivity but could contribute to weakening the wood. Understanding such trade-offs could be of considerable interest; together with the need for mechanical stability, resistance to water flow may be one of the main factors that influence the competitive ability of species and the macro ecology of a system.

Of the relatively few studies performed on the subject a number have in fact demonstrated such trade-offs [5][6][7][8], (as may also be the case for herbaceous plants, see e.g. [9]), though some have not [10] or even shown instead that there is a positive correlation between conductivity and stiffness [11]. It is not particularly surprising that the results obtained are so apparently conflicting, since a number of different factors affect the mechanical properties of wood, many of which have little or no apparent relationship with hydraulic properties. These include the inclination angle of the micro fibrils [12], the width of vascular rays [10] and the thickness of fibre cell walls [10]. It has been suggested that in an analysis of hydraulic-mechanical trade-offs, comparing very closely related species growing side by side could reduce the problem of having to take into account such factors [8], through reducing phyletic and environmental differences. This could be the case to an even greater extent if one compares different sections within the same individuals.

Various parts of trees are subjected to very different forces during e.g. wind loading. In transferring external loading forces to the roots, stems act as long lever arms producing high bending moments at the base of the stem which must be counterbalanced by the root system in order to prevent mechanical failure [13]. In the presence of a large taproot or vertical sinkers, these forces are transferred to the ground relatively close to the stem [14], and so more distal roots can be expected to be of little mechanical importance. The lateral root connecting the sinker roots to the trunk, however, are subjected to very large tensile and bending stresses if the trees do not modify them to increase the rigidity and so even out the stress. Hence such trees, including most that produce the characteristic triangular buttress roots, can be expected to have highly mechanically loaded roots close to the trunk in which it is of great importance for the tree to increase the rigidity, and much less loaded roots distally. This has been supported by measurements showing that longitudinal strains fall to near zero at the tip of buttress roots [15]. In taproot anchored trees on the other hand, force flow is concentrated down the taproot and lower trunk rather than in the laterals [16].

These variations in the mechanical importance of different sections of the tree make it possible to study trade-offs between hydraulics and mechanics within an individual. If such trade-offs exist, mechanically important sections of the tree, e.g. roots close to the root-trunk interface, should have a lower conductivity than mechanically less important sections, e.g. distal roots. Trees in the wet tropics provide an ideal system for studying such mechanical limitations on the hydraulic architecture, since they are not subjected to frost or severe drought. Thus from a purely hydraulic point of view they have the possibility of developing a highly effective vascular system.

In the present study we tested the hypothesis that the hydraulic architecture of tropical trees is mechanically constrained. We did so by measuring the conductivity of various more and less mechanically important sections of four species of trees: Xylopia nitida, Tachegali melinonii, Jacaranda copaia and Oxandra asbeckii. X. nitida and T. melinonii are both pioneer species that produce buttress roots while relatively small. J. copaia is also a pioneer species, but never produces buttress roots, and neither does O. asbeckiik, which is an understorey species.

Material and methods

The root system of 24 juvenile trees with a diameter at breast height of 7-13 cm. was dug out and the trees subsequently felled in Paracou National forest in French Guiana over two periods: October -December 2004 and October -December 2005. The trees represented the four species X nitida (n=7), T melinonii (n=7), O. asbeckii (n=5) and J. copaia (n=5). After felling, the root-plate, lower trunk, upper trunk and one or two branches were sampled, wrapped in plastic bags to reduce evaporation and transported back to the lab. Here digital images of the root plate were taken and it was sectioned into individual roots. J. copaia did not develop branches, and so only roots and trunk were sampled.

All root, trunk and branch sections were stored in water until needed for the conductivity measurements, which took place no later than three days after the trees were felled to avoid problems with microbial growth. The sections were prepared for conductivity measurements by first re-sawing at least 5 cm off each end of the root-or branch sections, or 20 cm off the end of trunk sections, in order to remove potential impurities and embolisms. Subsequently, the ends were cut with a razor blade to remove sawdust and damaged vessel ends.

The conductivity of the sections was measured as in [17]. A pressure head generated by an approximately one meter high column of distilled water was used to apply a known pressure gradient ( P) over the section, and the flow rate of water (q, Kg s -1 ) through the section was measured. Depending on the conductance of the segment, the length of time over which the measurement was preformed varied from 30 -240 seconds. After the initial conductivity measurements the sections were flushed for 5 minutes at 1 bar in order to remove embolisms, and the flow rate subsequently remeasured. The sections were flushed with air to check for open vessels in which no vessel ends and so pit crossings were present. Previously used methods of attaching sections of plants to the pressure head could only be used on small or cylindrical sections. Since many of the sections in this study, most noticeably the buttress roots had asymmetrical cross sections, a new way of attaching them to the pressure head had to be found. This consisted of using soft, flexible attachment collars, with an inner waterproof collar made of plastic sealed with a bag-sealer, and an outer, pressure-resistant collar sown out of nylon. These were attached by means of flexible hose-clips to a soft rubber ring placed around the end of the tree section.

For each tree, the conductivity was measured on at least one trunk section, one branch section as well as six root sections from at least two different roots of the buttressed species, or three sections from at least two roots from trees of the non-buttressed species. The distance between the segments and the root-trunk interface was measured. The sapwood area of the trunk sections was measured using blue India ink dissolved in water. It was found that this solution did not reduce the conductivity substantially. The sapwood area (A s ) was measured digitally using ImageJ image analysis software. In the case of roots and branches, the sapwood was assumed to constitute the entire cross-sectional area of the section, an assumption that was supported by preliminary tests. The conductivity (k, Kg m s -1 MPa -1 ) and specific conductivity (k s , Kg m -1 s -1 MPa -1 ) of a section with length l was calculated from the post-flushing flow rates as: P ql k (1) and

s s A k k (2)
The sapwood area as function of distance from the root-trunk interface was estimated from the digital images of the root plate. The total conductivity was then estimated as the specific conductivity of the root section(s) measured at this distance from the trunk multiplied by the total sapwood area. Root sections from different roots taken at approximately the same distance from the trunk ( 5cm) of the same tree were grouped and the average value was used. These measurements were only possible for the buttressed species. It was not possible to measure the conductivity of the taproot, and this is likely to contribute substantially to the total conductance of the root system of non-buttressed species.

Results and discussion

X. nitida and T. melinonii had relatively small taproots and many sinker roots under the buttressed part of the root system but none or few in the more distal parts. Hence their rooting morphology conforms to that expected for species that produce buttress roots, and so the parts of the root system close to the trunk can be expected to be much more mechanically loaded than the distal parts. This was confirmed by strain measurements (data not shown). O. asbeckii was clearly taproot anchored, with a large taproot and small and weak lateral roots. J. capaia had a larger taproot than the buttressed species though not as large as O. asbeckii, relatively large lateral roots and was generally poorly anchored (data not shown). In both of the two latter species there was no consistent change in strain along the lateral roots; instead, there were fluctuations not correlated with distance (data not shown). The results for the specific conductivity of sections of the buttressed species as function of distance from the root-trunk interface are presented in Fig 1 . As can be seen, differences in specific conductivity of one to two orders of magnitude were found between inner and outer (distal) roots. The conductivity of the roots increased approximately linearly with distance from the trunk. This was due to an increase both in vessel size and frequency, and was correlated with a drop in Youngs modulus of elasticity (YME) and yield-stress (Christensen -Dalsgaard et al in prep). Hence our results support the hypothesis that the hydraulic efficiency of the roots close to the trunk is severely limited by their mechanical requirements. The trunk had a higher specific conductivity than the roots close to the roottrunk interface and sinker roots, but lower than the distal toots (paired t-test, P<0.01). There were no differences in specific conductivity between upper and lower sections of the trunk.

Distance from root-trunk interface, m

The length of the sections of the roots used for conductivity measurements was limited by the branching pattern of the root system. The vessels turned out to be too long for it to ever be possible to obtain sections from the buttressed species that were long enough to avoid open vessels with no pitpairs. The length distribution of vessels in trees is typically skewed with many short vessels and fewer large ones [18], and so it is unlikely that more than 50% of the vessels were open and probable that a lot less were. With pit resistance estimated to contribute around 50% of the total resistance of the vessels [18], it is still possible, however, that the conductivity could be overestimated by as much as 33%, an estimate that is likely to vary between root sections. The differences observed between the conductivity of inner and outer roots are much greater than this though, and if the conductivity of the inner roots is overestimated it only increases the difference between these and the trunk. Hence it does not affect the conclusions drawn in this paper.

In the two non-buttressed species, the specific conductivity was higher in the upper than the lower part of the trunk in all 10 individuals studied, but differences were much greater in O. asbeckii than J. copaia, Fig 2 . The differences were associated with vessels of larger diameter towards the top, and typically also with a higher frequency of vessels and a slightly reduced YME and yield-stress (Christensen -Dalsgaard et al. in Prep). This corresponds well to the force flow concentration expected around the bole and taproot of taproot anchored trees [16], which can be expected to be greater in the clearly taproot anchored O. asbeckii than in the less clearly taproot anchored J. copaia. The specific conductivity of the lateral roots was highly variable but not correlated with distance from the trunk in accordance with the fact that the changes in strain with distance from the trunk were nonuniform.

As shown also in previous studies (e.g. see review by Gartner, [2]), branches had a lower conductivity than stems (Fig 1 and2). This could be due to mechanical effects [19], but there could also be a number of other reasons, including the general tapering in vessel size from the trunk towards the leaves typically observed in trees [e.g. 20], and so it is not possible to draw any final conclusions.

Oxandra asbeckii

Distance from root-trunk interphase, m The roots of buttressed trees show a strong distal tapering. When estimating the total conductivity of the root system summed up over all the roots at a specific distance however, this only partially compensated for the low specific conductivity (Fig 3). Whereas the specific conductivity of the distal roots is one to two orders of magnitude higher than that of the inner roots, the total conductivity was 3 -5 times higher. Though the values are imprecise, they do indicate that the root-trunk interface also on the scale of whole trees forms a region of low hydraulic efficiency.

Xylopia nitida

Distance from root-trunk interfase, m It has several times been shown theoretically that optimising growth forms or physiological traits with respect to two or more parameters rather than one can increase the diversity of a system. [e.g. 1,21]. For this to be the case, however, it is necessary that there is some trade-off between the respective parameters. Since we here show that this is the case for tropical trees when it comes to hydraulic and mechanical traits, this may help explain the great morphological and anatomical diversity seen in tropical forests. There is some evidence that trees outside the tropics are hydraulically limited to a greater extent than being co-limited by hydraulics and mechanics. If this is the case, it may explain why the diversity of these forests is somewhat lower. This, however, is at present purely speculative, and should be tested by performing similar comparisons between mechanically more and less loaded parts of trees from these regions before any conclusions are drawn.

Conclusion

Our results clearly suggested that the hydraulic architecture of the tropical trees studied was mechanically limited. Roots from the mechanically more loaded inner parts of the root plate of trees with buttress roots had specific conductivities that were up to two orders of magnitude lower than those of the distal superficial roots with little mechanical importance. The reduction in specific conductivity towards the trunk was so great that in spite of the larger sapwood area of these inner parts of the root system, they still provided an area of low overall conductivity. Analogously, the more mechanically loaded bole of the non-buttressed species had a lower specific conductivity than upper parts of the trunk. These differences in conductivity, however, were much smaller than those observed in the case of buttressed species. The fact that there appears to be a clear trade-off between the hydraulic and mechanical functions of the wood of tropical trees could help provide a better understanding of the morphological variation and diversity patterns in tropical forests.
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Introduction

The wettability of the lumen walls of xylem conduits (tracheids and vessels) is an important parameter in understanding water relations in living plants [1,2], particularly in models of embolism repair [3 -7]. The contact angle (θ) of water on the lumen walls of xylem conduits also affects the use of wood as a material, influencing, for example, the impregnation of wood with aqueous solutions [8,9]. The extent to which wood will absorb water vapour, particularly at high humidities, also depends on wettability.

There is a large literature on the wettability of macroscopic wood surfaces and the external surfaces of wood fibres (see, for example [10,11], and references therein), but the results of such studies are difficult to extrapolate to lumen wettability. Studies on macroscopic wood surfaces are complicated by the effects of surface roughness, and imbibition of water into the wood. The external surfaces of fibres may differ in composition from the lumen wall, and may undergo alterations in surface chemistry as a result of the processes used to separate individual fibres from intact wood. So, what is actually known about lumen wettability? Plant physiologists commonly assume that lumen walls are perfectly wetted by water (θ = 0°). In contrast, opponents of the cohesion-tension theory of sap transport assert that lumen walls are hydrophobic, due to the presence of lignin in the cell wall [12,13]. As far as the author is aware, there is only one direct, quantitative study of lumen wettability: Zwieniecki and Holbrook measured the contact angles of water on the lumen walls of six different tree species and reported θ values of between 42 and 55° [5].

There is clearly a need for further studies of lumen wettability, and one might reasonably expect lumen wettability to depend on a range of parameters not explored by Zwieniecki and Holbrook. In this short paper, observations of the wettability of the tracheid walls of two species of the Australasian softwood genus Callitris Vent. (commonly known as Cypress pine or Australian cypress) are described. The study was originally motivated by a desire to understand the potential effects of wall sculpturing (e.g. warty/vestured layers and helical thickening) on lumen wettability. Heady et al. [14] demonstrated that the tracheid walls in Callitris species native to dry habitats are lined with large warts, giving rise to rough capillary walls, whilst the warts in species native to high rainfall environments are small and squat, leading to relatively smooth capillary walls (for illustrations see [14,15]). Herein, the results of measurements on one species with smooth-walled tracheids (C. macleayana) and one species with rough-walled tracheids (C. endlicheri) are reported. Wettability was studied by analysing microscope images of bubbles produced in the tracheids upon rewetting of sapwood sections, an approach which has previously been used to study the collapse of emboli [3].

Material and methods

Branches (5-25 mm in diameter) were collected from mature healthy trees growing at the Australian National Botanic Gardens, or on the Australian National University campus, and transported to the laboratory in plastic bags. Thin sections (approximately 1 cm long, 0.5 cm wide and 100-200 m thick) of the sapwood were cut parallel to the length of the tracheids (tangential longitudinal sections) using a clean razor blade, paying special attention to avoid sampling heartwood or compression wood. The tracheids in the samples studied were 0.5-2 mm long with a radius of ~ 10 m, ensuring that most of the tracheids in the prepared sections were complete. Seven types of sections were studied: 1. Fresh sections, obtained by cutting sections from fresh sapwood and allowing them to dehydrate in laboratory air for 5-20 minutes; 2. Rinsed fresh sections, obtained by rinsing fresh sections in a large excess of pure water at room temperature ( 20 °C) for 1-2 days; 3. Dry wood sections, obtained by cutting sections from branches which had been dried to constant mass at room temperature and humidity ( 50%); 4. Dried fresh sections, obtained by cutting sections from fresh sapwood, and then drying the sections to constant mass at room temperature and humidity; 5. Rinsed dry wood, obtained by rinsing dry wood sections in a large excess of pure water at room temperature for 1-2 days; 6. Redried rinsed dry wood, obtained by drying rinsed dry wood sections in laboratory air for at least 24 hours; 7. Dried rinsed fresh sections, obtained by drying rinsed fresh sections in laboratory air for at least 24 hours.

Wettability was studied by examining air bubbles formed in tracheids upon rewetting of the sapwood sections. Sections were placed on a clean microscope slide and flooded with pure, filtered water. Sufficient water was added such that when a cover slip was placed on the sections they remained immersed in a continuous film of water. Some measurements were also performed using saturated salt solutions (of BaCl 2 , NaBr, NaNO 2 , and K 2 CO 3 ) in place of water. Images of the bubbles were captured approximately 15 minutes after rewetting, using a digital camera attached to an optical microscope. Sets of between 6 and 10 sections were examined, and 5 images were taken at random from each section. For a given air/water meniscus the contact angle of water on the tracheid wall was obtained by fitting a circle to the meniscus and calculating the angle of intersection with a straight line fitted to the tracheid wall (Fig 1C,D). When the fitted circle did not intersect the tracheid wall (Fig 1C) a zero value for the contact angle was recorded. Between 200 and 500 values of contact angle were obtained in this way for a given set of sections. Multiple branch segments were examined for each species, and the results for a given type of section were obtained from measurements on between 4 and 13 sets of sections. Approximately 90% of the measured contact angles were zero in tracheids with rough walls (C. endlicheri), as compared to only about 40% in tracheids with smooth walls (C. macleayana). The spread of contact angles observed in measurements on C. macleayana can be attributed to hysteresis of the contact angle [16], arising from heterogeneity of the lumen wall. Movement of the bubbles in the initial stages of rewetting will produce a range of contact angles between the receding ( R ) and the advancing ( A ) contact angles. The shape of the distribution will depend on details of the rewetting process, and it is plausible that zero contact angles will sometimes arise as a result of the metastability of thin films produced by receding menisci. Here, the advancing and receding contact angles were respectively estimated as the mean plus and minus twice the standard deviation of the distribution of nonzero contact angles. The intrinsic, or equilibrium, contact angle E was then calculated using the equation cos E = 0.5(cos A + cos R ) [16]. For C. macleayana, E = 40 ± 1° (mean ± s.e.). The contact angle of the small fraction of nonwetting menisci in C. endlicheri was E = 43 ± 3°. Apparently the intrinsic contact angle of water on the material of which the tracheid walls are composed is approximately 40° for both species, a value which is close to those reported by Zwieniecki and Holbrook [5].

Fig. 1 Optical micrographs of air bubbles in tracheids of rehydrated fresh sapwood sections of C. endlicheri (A and C) and C. macleayana (B and D). The contact angle of water on the lumen wall was obtained by fitting a circle to the air/water meniscus and calculating the angle of intersection with

Results and discussion

The fact that tracheids in C. endlicheri were significantly more wettable than tracheids in C. macleayana, a trend which persists across all seven types of sample examined (Fig 3), can be attributed to the presence of a well-developed warty layer in C. endlicheri, as discussed in detail in [15]. Surface roughness amplifies the intrinsic wettability of surfaces [17], and a detailed analysis shows that the lumen walls in C. endlicheri are sufficiently rough to reduce the contact angle to zero, but not significantly rougher [15]. This suggests that wall sculpturing may be a functional adaptation designed to increase the wettability of lumen walls, a phenomenon which is analogous to the wellknown Lotus effect [17,18]. This hypothesis may provide an answer to the long-standing debate on the function of wall sculpturing [19]. It is well known that wall sculpturing is common in plant species native to harsh environments, where cavitation of sap is likely to be common. Enhanced wettability is likely to be of benefit in numerous regards to plants growing in such environments [15].

Fig. 2 Histograms of contact angles of water on the lumen walls of tracheids in fresh sapwood sections of C. endlicheri (n = 211) and C. macleayana (n = 306).

Measured values of both the relative frequency of occurrence of zero contact angle and the intrinsic contact angle E for all seven types of sample studied are reported in Fig 3 . In addition to the enhancement of wettability which arises from the presence of a pronounced warty layer in C. endlicheri, two further trends can be identified from this data. First, drying, or aging, led to a reduction in wettability (reduced value of the frequency of zero contact angles, and a slight, but statistically significant, increase in equilibrium contact angle). An increase in contact angle with aging has been observed in studies on wood and fibre surfaces, and may be due to reorientation of hydrophilic functional groups at the lumen surface and/or closing of nanometric pores in the cell wall ("hornification") [10,11]. The increase in E which occurred upon drying was sufficiently large to significantly reduce the effectiveness of the warty layer in reducing the contact angle (compare, for example, the results for the rinsed fresh sections before and after drying). The results in Fig 3 also demonstrate that rinsing sapwood sections in excess water significantly reduced the wettability of the lumen walls. This can be attributed to the presence of hygroscopic residues of sap solutes on the lumen walls, deposited during the evaporation of sap. Such residues coat the lumen walls with a hydrophilic layer, thus enhancing the wettability. The presence of hygroscopic sap residues was obvious from microscopic observations of the rehydration of sapwood sections. During rewetting of unrinsed sections, these residues absorb water, leading to condensation on lumen walls contained within air bubbles, as illustrated in Fig 4 . In tracheids of C. endlicheri, water condensed as films which spanned clusters of warts (Fig 4A). In C. macleayana, water condensed as droplets (Fig 4B,D,E), which grew with time and eventually bridged the tracheid diameter, leading to a 'pinching-off' of the original bubble into numerous smaller bubbles. Sap residues were removed when sapwood sections were rinsed in excess water, and wall condensation was no longer observed (compare Figs 4B and4C). The amount of sap residue present on lumen walls will obviously depend on the manner in which the xylem conduit is dehydrated. A large fraction of the conduits in wood samples dried in air must contain relatively large amounts of solutes, because all of the solutes contained in the original sap must remain in the wood. In the cavitation of an individual conduit in a living plant, the amount of solutes remaining will be determined by the amount of sap left behind during the drainage process. The amount of residual sap will increase with the rate of drainage of the conduit [20], and with the surface roughness of the lumen walls [21].

It is known that sap contains many types of solutes [22]. Regardless of the precise composition of the residues observed in these experiments, it is clear that they are very hygroscopic, as revealed by experiments in which sections were flooded with saturated salt solutions. Wall condensation was observed with water, and saturated aqueous solutions of BaCl Based on tabulated values of the equilibrium humidity of saturated salt solutions [23], these observations suggest that the deliquescence point (humidity) of the residues is approximately 50%. The presence of such residues clearly enhances wettability (Fig 3), but is also likely to have a significant effect on the adsorption of water by wood at humidities larger than 50%. Residual solutes may also aid in the refilling of embolised conduits, by ensuring the presence of water into which osmotica could be actively pumped from living cells [4][5][6], and by contributing to the total amount of dissolved solutes. It has previously been hypothesised that sap solutes (mucilage) may be beneficial in maintaining water transport in salt tolerant plants [13,24], but such effects may well be of significance in a broader range of plant species. 

Conclusion

The wettability of the lumen walls of xylem conduits is affected by wall roughness (wall sculpturing), aging (air-drying), and the presence of sap solutes. The intrinsic contact angle of water on fresh lumen walls is approximately 40°, with a contact angle hysteresis of θ A -θ R 60°. Prominent wall sculpturing leads to perfect wetting, which may explain why wall sculpturing is common in plant species native to harsh environments, where cavitation of sap is likely to be common. Air drying increases the intrinsic contact angle by up to 10°, and significantly diminishes the effect of wall sculpturing on wettability. Finally, wettability is enhanced by the presence of sap solutes deposited on lumen walls during drainage of sap from conduits. These residues are hygroscopic and adsorb significant amounts of water at humidities as low as 50%, an effect which may be of importance in understanding embolism repair, as well as the adsorption of water by wood.

Introduction

The lignin of cell walls of land plants may have evolved first as an adaptation to allow for water transport rather than for mechanical support of the plant body, since the xylem tissue of the first fossil land plants was in the center of the axis, where it would provide the least mechanical reinforcement [1]. The lignified cell walls of modern land plants are critical both for long distance water transport and for mechanical support of the plant body. The xylem tissue of angiosperms includes cells that are specialized for long distance transport (vessel elements), mechanical strength (fibers) or storage of water and food nutrients (xylem parenchyma). All these cell types tend to have lignin in their cell walls, which helps to make the cell walls rigid. In the last stages of xylem cell wall development, lignin monomers are impregnated into the walls, where they polymerize to lignin of specific structure and properties depending on the monomer ratio. Mechanical reinforcement is provided by the hydrophobic effect of lignin that protects the cellulose fibrils from the weakening influence of water [1,2] and by interactions of lignin with other cell wall components. Water is normally transported under tension in land plants, and lignified cell walls help to prevent implosion of the conduits under negative pressure potentials [1, 3 -6] Recently it was found that transgenic poplars with enhanced ratios of syringyl/guaiacyl have stiffer xylem (greater modulus of elasticity, MOE) and different stem allometry, with a greater height to width ratio than the wild type [7]. Even partial inward bending of vessel walls could result in microfractures of the cell walls or of the pit membranes, leading to air-seeding and cavitation of water columns, which would lead immediately to air embolism (blockage) of the transport pathway. Thus it may be a better package design to have the stiffer, more brittle material (fibres walls with S-rich lignin) fused to, but outside of, the slightly more pliant material (vessel walls with G-rich lignin). It is a common conjecture in the literature that G-rich lignin is more adequate for the water transport function, whereas S-rich lignin is are more effective for mechanical support, but this has not been tested [8]. In the present study the possible interactions of mechanics and hydraulics in two very different systems are explored: (1) A naturally occurring group of 26 evergreen chaparral shrub species that are known to vary in their transport efficiency and in their resistance to cavitation, and (2) wildtype and transgenic poplar lines that are known to vary in the proportion of syringyl/guaiacyl lignin. The poplars were given either a control treatment or were subjected to mechanical perturbation to simulate wind.

Material and methods

The chaparral shrub species were all collected in the Santa Monica Mountains of southern California, near Pepperdine University in Malibu, CA. Shoots were collected in the field and the stems were soon re-cut under water in the laboratory at Pepperdine University, for various anatomical and hydraulic measurements. Other shoots were shipped to Michigan State University, overnight delivery, for mechanical measurements. At Michigan State, measurements of flexural stiffness (EI), Young's Modulus (MOE) and Modulus of Rupture (MOR) were done with a four-point bending test on an Instron Universal Testing Machine [7,9,10] Wild-type and genetically transformed clone 717 of Populus tremula x P. alba were grown in greenhouses at Michigan State University [11,12] with transforms provided by Dr. David Ellis (CellFor Inc., Vancouver, BC). These transforms over-express the Arabidopsis gene encoding ferulate-5-hydroxylase (F5H) driven by the cinnamate-4-hydroxylase promoter [11]. This alters a key step late in the lignin synthesis pathway resulting in S-rich lignin. The plants were either given simulated wind treatment (flexing treatment [10]) or no wind (untreated control). The internode below the first fully mature leaf was marked at the beginning of the experiment, and the plants were flexed daily for 12 weeks, with the measurements made on the parts of the plant above the marked internode. Shoots were cut off below the marked internode and taken to the laboratory at Michigan State University for hydraulic and mechanical measurements.

Hydraulic conductivity (K h ) and percent loss conductivity due to embolism (PLC) were measured in isolated stem segments with a Sperry Apparatus [13] using a pH 2 HCl solution filtered though a 0.2-m-mesh filter, to minimize microbial growth. To determine specific conductivity (K s ), K h was divided by the xylem area.

Resistance to water stress-induced embolism was measured by the centrifuge technique [14], wherein centrifugal force is used to generate tension in the xylem water columns, simulating water stress. The maximum K h was measured gravimetrically using an analytical balance to collect water from a tubing system connected to the stem. Stem segments were then spun in a centrifuge (RC-5B Sorvall Superspeed, Kendro Laboratory Products, Asheville, NC, USA), using a modified rotor to accommodate stem segments. Stems were spun at a prescribed RPM in order to generate a known negative pressure on the water column in the xylem vessels, after which the K h is measured and compared to the maximum K h to determine the PLC [14]. Vulnerability curves were constructed by plotting decreasing values of xylem pressure potential versus the PLC. For each stem the PLC values were used to predict the pressure potential at 50 PLC (P 50 ).

A sliding microtome was used to make 30 m transverse sections of the chaparral species. The sections were stained with Safranin O and the mean vessel diameter, vessel hydraulic diameter, vessel wall thickness, fibre wall thickness, fibre lumen diameter, and percent vessel, fibre, and parenchyma cell transverse areas were measured on a compound microscope using image analysis. The vessel implosion resistance [(t/b) h 2 ] was determined for those vessels forming pairs in which one or both vessels fall within ±5 m of the calculated d h , with "t" as the thickness of adjoining vessel walls and "b" as the lumen span of the vessel [15]. The hydraulic vessel diameter (d h ) was calculated from the formula d h = ( d 5 )/( d 4 ), based upon all the sampled vessels in a stem.

For the chaparral species the seasonal low pressure potential was estimated by measuring the midday pressure potential of twigs with a pressure chamber [16] several times during the years from 1989 through 2004. The lowest pressure potentials were always the end of the dry season, which is between October and early December.

Results and discussion

Below are some of the major points of this study summarized. For 26 species of chaparral plants the cavitation resistance ranged from a P 50 -1.35 MPa in Umbellularia californica, the least resistant species, to a P 50 of -10.97 MPa in the most resistant species, Ceanothus megacarpus. The minimal seasonal pressure potential was well correlated to cavitation resistance in the 26 species (r 2 = 0.80; p < 0.001) and the slope of the regression between these two parameters was not significantly different from a 1:1 relationship. Apparently stomatal closure helps prevent the pressure potentials in the field from dropping much lower than the pressure at which there is a 50% loss of conductivity due to cavitation of water columns in the xylem.

Several xylem traits were significantly correlated (p < 0.05) with cavitation resistance. Among these were MOR (r 2 = 0.45), MOE (r 2 = 0.43), xylem density (r 2 = 0.40), and percent transverse fibre wall area (r 2 = 0.28). This suggests that mechanically stronger xylem tissue is needed to prevent cavitation of the water columns. The parameter for theoretical resistance to vessel implosion (t/b) h 2 , was weakly correlated to cavitation resistance (r 2 = 0.23; P = 0.013). It might have been expected that vessel diameter would be inversely correlated with resistance to cavitation, but this was not found to be the case for the 26 chaparral species.

In dryland plants the density of the wood is related not only to rigidity of the plant axis, as is widely recognized, but also to resistance to implosion [4,15]. It may be that implosion resistance is accomplished by thicker cell walls of the vessel elements and fibres. The cells surrounding vessels, mostly fibres, provide a mechanical reinforcement matrix. The (t/b) h 2 value may be more or less relevant depending upon the extent of fibre reinforcement and the properties of the cells that immediately surround the vessels. That is, when thin-walled parenchyma cells immediately surround the vessels, implosion resistance may depend almost entirely on the (t/b) h 2 value, whereas in chaparral plants, where the vessels are generally surrounded by fibres, the fibre wall properties may be more relevant than the (t/b) h 2 value in resisting implosion [4]. Aside from being able to resist implosion, a conductive vessel must resist entry of air through pit membranes. A new fibre-inclusive/mechanical model shows how mechanical strength might be related to resistance to air entry with water stress [4]. Partial implosion could lead to microfracture of vessel walls and/or tearing of pit membranes which would explain why, although embolism is commonly found in plants, widespread implosion of vessels in living plants is not usually observed. Embolism may occur before vessels become completely imploded, releasing the tension on the walls [15] but perhaps not before creating checks or other microfractures [4]. However, implosion has been observed in tracheids of conifer leaves [5,6] and in angiosperm vessels that were deficient in cellulose [17] or lignin [18] .

In the wild-type and transgenic poplars it was found that there were treatment effects, with the wind simulation resulting in lower values of xylem specific conductivity and greater resistance to embolism (Fig. 1). Such reductions in conductive efficiency have been attributed to reductions in vessel number and diameter in wild-type poplars [10] and the same could be true for transgenic lines. The increased resistance to embolism with the wind treatment has not been reported before in any plants. Anatomical measurements and chemical analyses of the S/G ratios with the wind treatment have not been completed, and so it is not sure if the increased resistance to embolism is a result of anatomical and/or chemical changes.

Transformants with enhanced syringyl monomer content had stiffer (higher MOE) and stronger (higher MOR) tissues than wild-types. So far no clear effect of syringyl lignin concentration on conductive efficiency has been found, but effects on resistance to embolism have been observed (Fig. 1). Wild-type syringyl content has been reported as 65% [11]. Somewhat enhanced syringyl content (about 80%) resulted in greater resistance to embolism with the wind-simulation treatment, but not in controls. For both the wind treatment and in controls, the transformants with 93% syringyl had considerably reduced resistance to embolism (Fig. 1). Excess syringyl monomer may have resulted in more brittle vessel walls that were more prone to cavitation of water columns. Fig. 1. Specific conductivity (k s ) and resistance to embolism (P 50 ; the pressure potential at 50% loss conductivity) for wild type and transformed poplars with enhanced percent syringyl concentrations in the xylem. Open symbols represent the wind simulation treatment, the closed symbols are controls. The percent molar syringyl concentrations are based upon literature reports for free-standing greenhouse plants of these lines [11].

In a preliminary experiment it was found that a moderate drought treatment resulted in greater mortality in a transformant with very high syringyl content (Table 1). This may have been due to drought-induced embolism and it may reflect excess brittleness of the vessel walls with enhanced syringyl lignin. With uv-microspectrophotometry it has found that the syringyl content is increased in the walls of the vessels as well as the fibres of the transformant F5H 64. 

Conclusion

Pleiotropic effects of altering the lignin content may be greater than earlier expected. Aside from altering pulpability of transformed poplars, enhanced syringyl lignin concentrations appear to impact mechanical properties, resistance to xylem cavitation, and hence, drought resistance. Environmental factors such as wind could enhance or reduce some of the pleiotropic effects on xylem structure and function. Conifers possess valve-like pits (see Fig. 1): a pressure difference between the conduits they connect causes them to close. In this manner, an embolized conduit becomes hydraulically isolated from its neighbours. (Also, certain angiosperms show pits with tori, such as, for example, some Ulmus species in their latewood (see [1]). Since it is, however, not clear whether they function in the same way as coniferous torus-margo pits, we will concentrate on coniferous wood throughout the rest of the text.) The sealing mechanism based on the torus-valve system differs from the typical angiosperm pitmembrane system since it immediately seals the embolizing conduit if a significant pressure drop develops. This rapid sealing of the tracheid has consequences for the subsequent interplay of forces acting upon the bubble and therefore on the process of embolization, because cell wall mechanics becomes significant. In this contribution, the effect of cell wall mechanics on bubble dynamics in conduits with torus-margo pits will be explored.

Introduction

Physical background

After its creation by air seeding or spontaneous cavitation the development of a gas bubble is controlled by various expanding and contracting forces:

Expanding forces: gas pressure of water vapour and air molecules and xylem water pressure (if negative) Contracting forces: surface force exerted by liquid/gas-interface at bubble surface and xylem water pressure (if positive) n a air molecules introduced into a tracheid form very rapidly a bubble of initial radius R, containing also n w = 4 R 3 p w /(3RT) water molecules, which vaporize almost instantaneously into the bubble (p w : water vapour saturation pressure). Such an embryonic bubble develops further according to the following net force acting upon it (see also [2], [3]) (p s : xylem water pressure, T: temperature, R: gas constant, : surface tension). The bubble radius R evolves according to the relation between the expanding and contracting forces: F < 0: bubble expands F > 0: bubble contracts F = 0: bubble in equilibrium (stable or unstable) An equilibrium radius R is called stable if the expanding and contracting forces react on a radial perturbation R << R by restoring the bubble to the equilibrium radius R. Otherwise it is called unstable.

During gas bubble expansion, the distance between adjacent water molecules decreases because the xylem water occupies gradually less space. Macroscopically, this is equivalent to an increasing water pressure, i.e. p s becomes less negative. The water pressure difference p s p 0 between embolizing and intact tracheids (the latter maintaining the initial water pressure p 0 ) induces (i) the closure of the "pit valves" (Fig. 1), and, (ii) a second effect: Since the tracheid walls are elastic they bulge towards the intact tracheids. Hence, the volume of the tracheids carrying the expanding bubble increases by an amount which is calculated from the theory of elasticity (E: Young's modulus, : Poisson's number, d 0 : thickness of tracheid wall, r 0 : radius of undeformed tracheid, L 0 : tracheid length, V 0 = r 0 2 L 0 : volume of undeformed tracheid (before air seeding), p 0 : tracheid water pressure before air seeding). The difference in tracheid volume fraction occupied by (liquid) water before and after the formation of the gas bubble (and including the compressibility of water) affects p s according to the following equation (see Fig. 2): Fig. 2 Xylem water pressure p s as function of bubble radius R as given in equation ( 3). R stab 0.047 µm and R inst 0.13 µm have been obtained by setting n a = 0.5 n crit in equation (5). R large 42.21 µm follows from equation (7).

Via intermolecular forces and volume change, the process of bubble expansion is thus interrelated with cell wall mechanics. In the following, it will be explored how cell wall mechanics influences bubble dynamics and therefore embolism formation. Insertion of equation ( 3) into (1) leads to a more general equation for the net force acting upon the gas bubble which includes the effects of cell wall properties.

The equilibrium radii at which a bubble ceases to expand (or shrink) are identified by setting F = 0 in equation ( 4). Closed solutions for this sixth order algebraic equation in R are not available. In the next section, approximate solutions for the interrelated system of bubble dynamics and cell wall mechanics will be presented and discussed.

Results and Discussion

Approximate solutions of equation ( 4) (restricted to p 0 < p w ) apply to either small or large bubbles Small R (neglecting first term in equation ( 4)) Large R (neglecting last two terms in equation ( 4)) R stab and R inst are meaningful only if the condition n a n crit is fulfilled. It should be noted that R large is independent of n a . Furthermore, only R large (and therefore only a large nucleating bubble) depends via the quantity defined in equation ( 2) on cell wall mechanics. The equilibrium radii R stab and R large are stable against radial perturbations R << R whereas R inst is unstable. Together with (4), this implies the stability diagram of Fig. 3 summarizing bubble behaviour: The net force F acting on a bubble is positive (i.e. contractive) in the area between the lines R stab , R inst and the R -axis, and beyond R = R large . In all other (n a ,R)-areas of Fig. 3 expression F is negative, a bubble expands towards R large . For typical values of p 0 1MPa, stable equilibrium radii are R stab 0.047 m and R large 42.21 m, that is, they differ by three orders of magnitude. Thus, according to (3), if a bubble expands towards the radius R stab the water pressure p s is nearly unaffected due to its small radius, whereas the expansion of a bubble towards R large causes a drastic increase of p s (see Fig. 2). A small bubble at R stab thus does not lead to pit valve closure since it does not cause any pressure change, neither by embolism (because it is stable) nor by affecting p s (because it is too small). Consequently, a conduit may tolerate bubbles at stable equilibrium R stab for a long time without losing its conductivity.

Bubbles, however, which expand (or shrink) towards the stable equilibrium R large , induce -due to the sharp increase in p s during their expansion -the closure of the pit. This seals the tracheid segment hydraulically from its neighbours. A residing bubble of R large can only develop with a sealing torusmargo pit.

Fig. 3 Stability diagram for bubbles with initial radius R and initial air content n a . (i) Bubbles starting within the grey region expand or contract towards R stab (solid curve, left). (ii) Bubbles starting within other regions (white) expand or contract towards R large (solid line, right).

Since R stab , R inst and R large are solutions of F = 0 (equation ( 4)) they depend -although to a different extent -also on the parameters present in equation ( 4). Inspection of solutions ( 5) and ( 7) reveals the following: The positions of the lines representing R stab and R inst in Fig. 3 vary only with the number n a of air molecules injected by air seeding and with the pressure p 0 inside the tracheid before air seeding. R large , however, depends also on the elastic properties of the tracheid wall, on the volume of the tracheid and on p 0 : If E, d 0 or p 0 increases, R large shifts to smaller values (see Figs. 4 and5). If, however, r 0 , L 0 or V 0 increases, R large shifts to higher values (Fig. 6). A combination of a thicker or more rigid cell wall thus decreases the maximum radius of stable bubbles. Since smaller bubbles dissolve more readily under favourable conditions than larger bubbles, this may enhance the chances for embolism repair.

Fig. 6 shows that the connexion between R large and r 0 is approximately linear for sufficiently high values of r 0 . This can be understood from the structure of equations ( 7), (2) and the relation V 0 = r 02 L 0 for the tracheid volume, leading to R large [3 L 0 (p w p 0 ) (1

Fig. 4 Bubble radius R large as function of (i) thickness d 0 of vessel wall (upper abscissa) and of (ii) Young's modulus E of the vessel wall (lower abscissa). See equations (7) and (2).

Fig. 5 Dependence of bubble radius R large on initial water pressure p 0 within the vessel as given by equation ( 7).

Fig. 6 Bubble radius R large as function of vessel radius r 0 . See equations ( 7), ( 2) and the relation V 0 = r 0 2 L 0 for the vessel volume.

Conclusions

1. Embryonic bubbles introduced (e.g. by the air seeding process) into a tracheid possessing torusmargo pits expand (or contract) towards stable equilibrium at either bubble radius R stab or R large . 2. Bubbles expanding towards the radius R large lead to immediate closure of the pit valves due to a pressure gradient developing between embolized and functioning tracheary element. 3. Stable bubbles with R large can only form with sealing torus-margo pits. 4. R stab depends only on the number n a of air molecules injected by air seeding and on the water pressure p 0 inside the tracheid (before air seeding occurred). R large depends on the (elastic) properties of the tracheid wall (like Young's modulus E and wall thickness d 0 ) and on p 0 , but not on n a . 5. R large decreases with increasing d 0 , with increasing E-Modulus and with decreasing r 0 . Small tracheids with thick walls may thus be favoured with respect to bubble dissolution.

Table 1 Numerical values used in the figures

Quantity Symbol Value

Tracheid water pressure before air seeding 

Introduction

In France during the past, many efforts were carried out to perform research about the consequences of silvicultural management according to the pattern of monospecific high forests. More recently, facing the foresters' demand corresponding to a large area of the French forest a shift has appeared and taking advantage of the knowledge gained about high forest, many researchers recently emphasize their efforts for dealing with mixed-species and uneven-aged forests.

Furthermore, due to economical pressure there is a trend towards less and less operations in silvicultural practice. Some arguments are still in discussion among the experts to define advantage of such forest structure in terms of biodiversity stand stability against storms, resistance to pathogens, or drought etc….. However, rather poor knowledge is available about wood quality produced by such forests and for instance questions were addressed by the foresters to scientists concerning the ability of stems to give valuable wood after a long stay as suppressed trees.

In this context, the case of Beech -Fagus sylvatica L.-was especially acute because of its propensity to produce growth stresses leading to end-split logs, and their associated consequences: the distortion of wood products due to the release of growth stresses during sawing and due to moisturerelated distortion increased by the presence of tension wood.

Even in the case of high forests, despite numerous works dealing with the subject [1,2], the knowledge concerning the management of trees to avoid high growth stresses is rather coarse since only the ratio -H/Dbh -the total height divided by the diameter at breast height can give an indication about the level of growth stresses present in a tree. Nevertheless, there is an enormous gap between the increasing knowledge about the genesis of growth stresses from a theoretical and biological point of views [3 -8], and the foresters' needs. According to the results of a recent European project FAIR named "Growth stresses in Beech" [9], where five hundreds trees were sampled, other effects than H/Dbh were not very significant. Nevertheless, one can consider that this ratio reflects the competition supported by the tree all along its life. To better take into account the competition, one possible track is to derive this information from different stages of the crown development for quantifying the reaction produced within the trunk and step by step for reconstructing the growth stresses development. The modelling work performed by Fourcaud et al. [10 -11] and Ancelin et al. [12] were based on this approach. The advantage of this method is to be suitable with many approaches dealing with tree growth modelling as soon as three dimensional crown development is produced by the approach. In this panel, different levels can be considered, from structure-function models where detailed information of geometry and topology is provided [10 -11] to empirical or theoretical models where crown is considered as a convex hull [12 -14]. The idea is to be able to build, from these different approaches, an equivalent crown from a mechanical point of view to induce reaction within the tree.

To verify the validity of these assumptions, several works are in progress. The purpose of this paper was to present one experiment and its first results. The first objective of this experiment was to demonstrate how narrow are the links between crown development and trunk motion even for mature trees. So we use specifically developed methods to follow the crown development and the associated motion of the trunk. But in fact, this objective is a preliminary to a future second objective which is to compare the previous data with internal characteristics after some years of observation in order to clarify the relationships between tension wood occurrence, trunk shape and solicitations due to crown. Some of these methods were already applied in another experiment described by Barbacci et al. [15] in this issue.

Material and methods

The chosen stands are located in the state Forest of Souilly in the Eastern part of France-Department Meuse. They are two experimental Beech plots followed by our laboratory since 33 years; originally they were designed to study the effect of pruning and thinning for Beech silviculture. [16]. It is the reason why, one stand is named 3,5 x 3,5 because of the initial spacing of the experiment and the second one served as a control. Nevertheless, since the beginning of the ninety's, a common silviculture was applied and dendrometrical data were regularly recorded.

In 2002, before a thinning was carried out we selected remaining twenty trees taking into consideration the possible effect of the thinning for these trees, selecting trees of different social status, ranging from 10 to 25 centimetres for diameters and from 15 to 21 meters for height, with the idea to have different cases of competition between trees. For these twenty trees horizontal pairs of targets were drawn onto the trunks with a spacing around fifty centimetres from the bottom to the crown base. Practically, a target is a spot of white paint with a diameter between five and ten millimetres and a circle red for the right targets and yellow for the left ones was drawn around to facilitate the location of the targets from the ground. The 3D location of each patch was recorded by means of an apparatus called a total station or tacheometer, which is used in civil engineering to perform surveying. This method was derived from a method previously developed in our laboratory [17]. For measuring the twenty trees, six different locations of the device within the stands were required (3 per stand). Each positioning is materialized by a metallic post with a screwed top, which is replaced by a special top with a 2 millimetres drilled hole to locate the device at the same place each year. In practice, for each tree we used a bottom target as an origin to compare the values between the yearly sets of measurements in the same coordinate system. Furthermore, for the horizontal orientation permanent poles far from the trees are used and vertical orientation is defined by the settings of the device itself.

In addition to the measurements of targets, the skeleton of the tree structure is recorded by measuring 3D points along the average lines of the trunk and the main branches in order to precise in the future the mass distribution within the crown. These measurements are supplemented by more traditional dendrometry as diameters at breast height, height of the first living branches, total height and horizontal projection of the crown. For each tree, the crown projection area is defined from measurements around a permanent central pole by using polar coordinates to record the horizontal positions of the vertices of the best polygon describing the horizontal projection of the crown. Then the shape of the polygon could be numerically sampled at fixed azimuth values in order to compare the change between two different years. The neighbours of the twenty trees are also measured with this protocol.

Results and discussion

Unfortunately, despite the 2005 and 2006 data availability, time has lacked to perform analysis including these two years. By performing measurement each year, we knew that the time step was short, for getting important change in the observations. Nevertheless, as these measurements are delicate it was an insurance in case of problems because, with such time steps, observations can be confirmed by a preceding or following series of measurements. Fig. 1a presents the horizontal displacements computed from the coordinates of the targets of the tree n°21 measured in 2002 and 2004 after correction to have the same coordinate system. In order to have a control for checking the data measured in the field, the axis X is very close to East, and Y to North. Due to the chosen origin, the yellow bottom target, the displacements of the targets are in the range of accuracy of the method at the bottom of the trunk and the targets close to the crown exhibit the most important motion. For this tree, the maximal displacement reaches an important value, but this tree was not chosen at random, and its crown is really unbalanced as visible in Fig. 1b where the horizontal crown projections in 2002 and 2004 are shown. From the coordinates of the targets, it is obvious that the trunk bends towards the South-East and this is in agreement with the crown shape which is more developed in this direction. Nevertheless, the displacements are clearly in the opposite direction. This result can seem astonishing but the explanation could be that the increase of weight due to the crown development tends to bent the stem towards the south, and as the measurement of the targets positions are performed during the winter seasons, when there is no leaves, the mechanical solicitation is decreased and the stem moves towards the North when leaves fall, but to measure a motion towards the North between two winter measurements, it is necessary to suppose that the tree reacts to the development of the crown to compensate it from a mechanical point of view and what we see is a position of equilibrium between the solicitation due to the crown without leaves and the reaction of the tree developed during the growth season.

After this visual analysis, we can perform a more detailed analysis of the behaviour of this tree presented in Fig. 2 on the left side. This graph presents several elements relevant to the change of the mechanical balance between the years 2002 and 2004. Each element is represented by both an azimuth value on the horizontal axis and a module on the vertical Y-axis. Thus, inclination or bending moment or a surface defined by a set of radii can be represented on the same graph. The scale on Y-axis is not very important because the unit indicated in the caption differs for each type of element, and it is chosen above all to distinguish the elements by avoiding superimposition. The main purpose of this graph is to synthesize different kinds of information to observe how the links between them, particularly concerning the azimuth values are. Firstly, the diamond curve represents the different radii of the horizontal crown projection area obtained in 2004 for eighteen discrete angular positions. This curve can be compared to Fig. 1b representing the horizontal crown projection of the same tree. But the most interesting curve is the one with triangles because it shows the increase since 2002 of the horizontal crown area for the same directions. The series of small black squares is an indicator of the bending moment caused by the change of the crown projection between 2002 and 2004. They are derived from the above mentioned curves as follows: Each sector was characterized by an area depending of both measured radii and the fixed angular step. This bending moment was computed by assuming a unit of mass per squared meter for this area located at the mean radius: a shift of 90 degrees can be noticed and results from the cross-product involved in the calculation. It is clearly visible from peaks on above-mentioned curves around 260° and the corresponding maximal bending moment value at 350°. The eighteen bending moments were summed up as vectors to obtain an assessment of the bending moment supported by the trunk. This value is represented by a big square which is, in this particular case, at the rather same angular position than the highest value of the elementary moments. Other items are also figured: the horizontal dash corresponds to the leaning of the trunk assessed from targets set at the bottom of the tree and below the crown base. And finally the black dot corresponds to the average displacement, calculated from horizontal displacements greater than 18 mm to ensure a rather high value for the averaged value by eliminating low values exhibited by the bottom targets. The angular shift between the mean displacement and the indication of the increment of moment due to the crown development is about 90 degrees, and as it was already visible on Fig. 1, the average displacement is opposite to the main direction of the crown development.

To better evaluate the reaction process and verify whether it is just a compensation of the solicitation due to leaves or more, a measurement could be performed at the end of the vegetation period when leaves are still present and compared with a new one performed during the following winter season. For the latter academic case, the analysis is straightforward. For less obvious development of the crown, as for the tree numbered 068 presented in Fig. 2 on the right side, despite an unbalanced horizontal crown shape, and a low horizontal extension between 2002 and 2004 the direction of the measured displacement is in the same angular sector than the unbalanced crown. In this second case, an explanation could be proposed: because of the low solicitation generated by the crown development this tree does not react or at least insufficiently and no opposite motion can be detected by the measurements but just a consequence of the weight increase. By comparing both trees, the observed displacements seem under the control of an unbalanced crown development rather than under the control of an irregular shape of the crown.

In fact these two trees are representative of two groups visible on the Fig. 3a where the azimuths of the observed averaged displacements are plotted versus the azimuths of the increment of the crown. Most trees are close to the lines indicating an offset of 180° between both azimuths, and some remaining trees are close to the diagonal indicating no offset. It is interesting to mention that this behaviour is less clear when looking at the change of the centre of gravity for the whole crowns (This result is not shown). The average displacement used in the analysis only took displacements over 18 mm into account. This average value was computed from 2 to 30 values depending on the tree and ranged from 28 mm for more than half of trees until 68 mm. Nevertheless, considering the confidence of the measurement [17], all trees exhibit a significant average displacement between both series of observation.

Gravity through the tree leaning is often mentioned as an important factor for explaining tension wood occurrence. When the leaning of the trunks assessed between 3m and the bottom of the crown is plotted against the azimuth of the average displacement, a rather similar trend than previously is observed and presented on Fig. 3b. Once again, most observed displacements were in the opposite direction than the direction of leaning. Some of the trees exhibiting a different behaviour are the same in graphs 3a and 3b but not all of them. Phototropism is an other factor often mentioned for explaining tree biomechanics, once again our measurements pinpoints that even when looking at the mature tree level, most of the observed tree bents South-Westwards despite the location of the stands on the North facing side of a small valley oriented along the East-West direction. One difficulty in this approach is the rather poor description of the crown provided by its horizontal projection. Nevertheless, allometric relationships describing the tree growth often takes advantage of this variable, and its validity cannot be discussed. But for the purpose of our study, a better description of the tree structure is required especially for establishing quantitative relationships between crown development and trunk reaction. In a next future, a more detailed analysing step will be carried out to take the skeleton of the main branches got by means of the tacheometer into account. Furthermore, some recently performed measurements [15] gave us a clear idea of the huge contribution of the shoots supporting leaves to the bending efforts supported by the trunk. By coupling these different kinds of information, in a first step we hope to precise the links between the observed displacements and the tree growth and in a second step after having observed the inner distribution of tension wood we plan to precise the laws governing the tension wood occurrence during the secondary growth on such mature trees. Whether we are successful, this approach could be used to model the development of growth stresses within beech trees. Nevertheless, we intend to continue this original experiment during several years at least until the next thinning in order to have a series of observation corresponding to forestry practice.

Introduction

In France, Beech high forest will be probably less and less the standard of management, and there is a shift towards more irregular structure in age and species. Foresters would like to know how beech trees will react to this new trend in forestry and whether the quality of the production would stay within an acceptable level with a particular focus on the development of growth stresses and the associated production of tension wood. Indeed, reaction wood is an essential component of wood. It plays, associated with growth stresses, an essential role during reorientation and stabilization processes of the tree [1 -3]. However, tension wood, present in angiosperms, is an important feature for wood quality because of its effect increasing the level of normal growth stresses which is the reason for more severe end logs splits in hardwood than in softwoods [4,5].

The final objective of this work consists in establishing a biomechanical model allowing the computation of growth stresses within the trunk of trees based on spatial competition for space between trees. In order to verify whether the level of description of the plant required by such an approach is compatible with the description of the crown used by the forester, a preliminary work is carried out.

The aim of this preliminary work is to restore the shape history of a beech tree (Fagus Sylvatica L.). To do this, the tension wood distribution in each annual ring is used. Indeed, the different characteristics of tension wood created heterogeneity in wood maturation strains which are, associated with growth eccentricity responsible of the reorientation of the whole tree [1 -3]. Since, the quantity and the distribution of tension wood depend on the bending moment created by the development of the crown on the trunk and the gravity, localizing and quantifying tension wood inside the tree are two of the main keys of this work.

In order to link TW ratio with the moment induced by the crown on the trunk, the experimentation done on 3 beeches is described.

Material and methods

Mechanical overview

As the tree is mature and located in a forest with dense canopy, the causes of the displacement of the trunk are limited to apical and cambial growth which corresponds to an increment of the self-weight, its distribution and the maturation process. The current paper deals with the focussing of the acquisition of data needed to compute the displacement of the trunk during a part of its life.

The slender shape of the tree and the small radial and tangential rigidity allow the use of a unidirectional approach in the beam theory context. Moreover, this simple mechanical context is in harmony with the precision of measurements and the results yields similar values compared to a 3D approach. In this way, the action of the crown on the trunk extremity (the point V) is summarized in a torque time dependent. is the weight increment linked with the growth of the current year, the weight at the end of the last year and the weight centre of the crown at the present year (Fig. 1). Because of the slender shape of the tree, the normal stress N and the bending moment M x , M y are considered to calculate the displacement. The self weight of the tree at the year n is supported only by the annualrings created until the year n-1. That's why the displacement of a point V i belonging to the generatrix of the trunk s n , is given by: ( 4 ) However for tree, during their maturation, wood cells are submitted to physiological processes inducing longitudinal strains. For beech tree, it is a spontaneous tendency to shrink more in the longitudinal direction. The new layer of wood sticks to the already mature wood core meaning that the natural deformation of the new layer is fully blocked. In the case of tension wood, the resulting state of stress inside the new layer is a tension stress. This kind of wood has new mechanical properties which allow a more efficient reorientation movement.
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Since the tensor n is reduced with our hypothesis and our simplification to one component , an expression of the maturation induced moment is expressed in beam theory context (Annexe 1). In the same manner than previously, the displacement is calculated: .
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So, the displacement caused by maturation process is thanks to ( 5), ( 6), ( 7 ( 8 ) The link between high growth stresses level and tension wood is traduced by
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In order to verify and adapted this mechanical model, some measurement are done to quantify all the parameters in ( 4), ( 8) and (9).
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V Fig. 1 Mechanical modelling of a tree.

Tree measurement

Three trees were chosen in permanent plots dedicated to the study of different intensities of thinning by removing a different number of competitors around an individual all along its life. This experiment, named "route de Frouard" is in the state forest of Haye close to Nancy in the eastern part of France. The crown projection of each tree was measured 6 times every 5 years. The chosen trees were selected because of the important asymmetry of their crown, and the shape of their trunk.

To begin, the tree was digitized with a close range photogarmmetry method. Two pictures were used as masks and the tree was modelled in 3D by ray tracing. In this manner the global shape of the tree and its main axis were known.

The generatrix s n of the real trunk was measured in 3D with a laser tacheometer Leica TCR407. Growth Stresses Indexes (GSI) were measured each meter on 8 directions. The first measurement is done on the most inclined face of the log.

) , , ( r s n is directly deduced to these measurements.

To determine the bending moment created by the crown on the trunk, each branch was sawn and get down carefully. The moment of the branch for an angle equal to 30 degrees was measured directly with a dynamometer after having fixed the branch onto a rotating support. By measuring also the weight of the branch the gravity centre of each branch can be assessed and used to compute the real moment. P n and M n are directly calculated by summation.

Furthermore, the contributions to the moment and to the weight of 3 categories of branches were measured meter by meter. These categories were the branches which carried buds which are small branches, the branches with a diameter less than 2 centimetres and the branches with a diameter greater than 2 centimetres. Once all branches were sawn, the generatrix of the trunk was measured again with the tacheometer. The trunk of each tree was cut into 1 meter long logs. The weight of each log was measured in order to determine the gravity centre of the log, as well as its moment for an angle of 30°. The age of each branch, each log were determined as well as the annual ring width. Young's modulus is measured for each tree. In this manner all the variables in ( 4) and ( 8) are known but a method to measure tension wood (TW) ratio is needed.

Tension wood detection and measurement

Anatomically, tension wood (TW) is distinguishable in most cases, by the existence of a gelatinous layer (G-layer), which replaces the secondary wall of the S3 layer and sometimes, the S2 layer. This part of the secondary wall is mainly composed of cellulose (98%), with a low microfibril angle [6]. TW areas are sometimes identified directly on microscopic sections or on a crosscut disc but, most of time, detection methods are based on the mechanical and chemical difference between TW and normal wood (NW). At this scale, the reference method consists in a stain of samples thanks to reagent as astra-blue and safranine making cellulose blue and lignin mauve [7 -9]. As tension wood is mainly composed by cellulose it appears blue. At disc scale, the most frequent method is the use of zinc chloro-iodine, known as Herztberg's reagent for staining the disc surface. In this case, TW would appear purple and NW yellow. However, transient feature of this reagent and the needed care in preparing the solution prompt us to find a more confident method. Other methods can be found in literature but they required more sophisticated equipment. It is also possible to observe shrinkage in different direction [10 -14] or fibres length [10, 15 -17] referring directly to the microfibril angle. In the same manner, density could be evaluated directly [8,12,15,18] or used as a discriminating factor in Nuclear Magnetic Resonance [19], X-Rays [20] or ultrasounds [17].

The relevancy of the method is determined by the use of the result and the working scale. In our case, we looked for identifying TW on a crosscut disc in order to reconstitute its distribution in the tree. The suggested method is based on the naked-eye visible areas of shiny wood on beech crosscuts discs. This particularity of TW was already mentioned by several authors who noticed white rings [16,18,21,22]. This aspect has ever been used to identify TW on poplar tree [23]. A preliminary work has validated the correspondence between the shiny wood and TW for beech tree.

The shiny aspect of TW is naked-eye visible with natural light when the angle of incidence between crosscuts disc surface and light is approximately 30 degrees. The discs were digitized with a digital camera (Sony DSC-F505V) and the camera location was defined for each disc according the field of vision and the disc size in order to have the maximum contrast between TW and NW. To ensure that all TW areas and all crosscut disc were digitized, 8 pictures were taken for each disc. Between each shot, the disc was 45 degrees rotated. To do this without error of position, the disc was set horizontally by adjusting supporting screws of a horizontal plate which could rotate around a vertical axis.

Firstly, the barrel distortion, intrinsic camera distortion due to lens, was corrected using a third order polynomial of the radius from the centre of the image. The coefficients of the polynomial were estimated by the least square method using the differences between the theoretical and the measured position of points on a grid.

Secondly, the whole surface of the crosscut disc was reconstituted with the 8 pictures representing the disc in conic perspective: each picture was virtually straightened (Fig. 2.1, 2.2), rotated and superimposed with the other one. The straightened operation is a homography. The parameters of this operation are computed thanks to 4 points. The isomorphy between the 2 pictures constituted an injection involving many gaps in the resulting picture. The final output picture was computed by superimposition of the 8 straightened pictures (Fig 2.a). During the superimposition, the gaps were not considered. The resulting colour was the average of the pixels colour. In this way, the whole surface of the crosscut disc was reconstituted with the areas of TW. The number of gaps on the surface of the crosscut disc in the output picture was not significant (0.0001%) (Fig. 2.a). 1 2 Thirdly, TW, NW and background were segmented by thresholds steps (Fig. 2.b). The first threshold separates TW and NW from background. This value was easy to find automatically because of the great contrast between the background close to black and the disc surface. The second threshold separated TW and NW. This value was harder to compute because of the important difference of contrast for the same nature of wood depending on the location of the pixel on the crosscut disc. Indeed, on the picture, a pixel corresponding to TW was darker close to the bark than close to the pith. As a global threshold was not findable, local thresholds were determined by the user. The result was a segmented picture in 3 categories (Fig. 2.c): TW, NW and background. This digitized picture allows, by interpolation between the crosscut discs, to restore the TW distribution and to compute the bending moment created by maturation in the trunk which corresponding to ( 8) and (9).

Micromechanical analysis of Urticaceae wood

Guillermo Angeles 1 , Raymundo Dávalos-Sotelo 1 

Introduction

The family Urticacea consists of 45 genera with ca. 1000 species [1]. It is distributed almost worldwide, mostly in tropical and subtropical regions. It includes small trees, shrubs, lianas, and herbs. The woody members of the family are characterised by the presence of unlignified parenchyma (UL) cells in clusters or tangential bands [2]. The lianas have unlignified ray cells in addition to unlignified axial parenchyma cells [2]. In the tropical rainforest of Los Tuxtlas, Veracruz, Mexico, the family is represented by the genus Myriocarpa (from the sub-tribe Boehmeriae) and Urera (from the sub-tribe Urticeaea) [3]. The purpose of this study was to determine how the presence and distribution of the cell wall components affects the micromechanical properties of the stems of Urera corallina, U. elata, and Myriocarpa longipes, all small trees growing at Los Tuxtlas Natural Reserve. In order to evaluate this effect, we used the mathematical model of homogenization. This approach consists of making a linear structural analysis of the wood to study its response to applied loads both at the local (microscopic) and global (macroscopic) level. The theory of homogenization is a systematic method to turn the average values into more representative ones in heterogeneous media. This type of approach was applied to the case of conifer wood free from defects by Holmberg et al. [4] and, more recently, by Dávalos-Sotelo [5], who applied it to a variety of wood species, both hardwoods and softwoods.

Material and methods

Stems 3-4 m long were collected from Los Tuxtlas Natural Reserve (experimental area) in Veracruz, Mexico and transported to the laboratory at Xalapa, Veracruz, where they were subdivided into 0.6 m long segments and submerged in water. Cross-sections were obtained with a sliding microtome and stained them with phloroglucinol-HCl in order to detect the presence of lignin [6]. Digital photomicrographs were obtained of the stained cross-sections, in order to measure the area covered by UL parenchyma. An average for 10 different areas in each cross-section was obtained. Mechanical tests were made to determine the values of the longitudinal modulus of elasticity (macroscopic properties) through bending tests. Seven segments in "green" condition obtained from different individuals were used. The load-deformation relation was determined experimentally, in agreement with ASTM methodology for small, clear wood specimens using Standard ASTM D-143 techniques [7]. In this method, a load is applied at constant speed to the centre of the span, simply supported at the ends, until the maximum load is reached. Load-deflection (P-) curves were plotted and values of Modulus of Elasticity (MOE) and Modulus of Rupture (MOR) were obtained. Relative density (ovendry weight/green volume) was obtained using eight specimens for each species. At both ends of each specimen, 2-cm-long segments were obtained, giving a total of 16 measurements per species for this parameter. Myriocarpa longipes, Urera corallina, and U. elata wood was chemically analysed in order to determine lignin and holocellulose content, following the standard methods of TAPPI [8]. The samples were extracted sequentially, using Soxhlet extraction equipment. At the final solvent extraction stage, samples were extracted with hot water. Finally, the material was dried at room temperature and the percentage of extractives was determined by weight, subtracting it from the initial weight. From the sample free of extracts, the Klason lignin was prepared. The Björman (or MWL) lignin [9] was also prepared from this sample. Soluble lignin was determined with a spectrophotometer (UV absorbance at 205 nm) using a 4% solution of H 2 SO 4 as a reference; the sample was diluted until absorbance values of 0.2 and 0.7 were obtained. Insoluble lignins (Klason) were obtained following the TAPPI procedures [8]. The extract-free sample was hydrolysed with a 24 N H 2 SO 4 solution for two hours and then with 3 N H 2 SO 4 solutions as a reflux. The precipitated lignin was separated from the soluble one by vacuum filtration. Additionally, holocelulloses were determined using the Wise method; alpha-cellulose, beta-cellulose, and gamma-cellulose, as well as pentosanes, were all determined following the TAPPI procedures [8]. The theoretical equivalent stiffness properties of an element of representative volume were determined by means of the homogenization procedure. The analysis process was as follows: 1) Calculation of the stiffness matrix of the diverse layers of microfibril (three independent analyses, one for each type of stress, for each set of layers) 2) Correction of this stiffness matrix caused by the microfibril angle with respect to the vertical axis 3) Calculation of the stiffness matrix of the cell wall, taking into account the areas with and without lumen 4) Adjustment of these results by the amount of rays and extractives

Results and discussion

As an example of how the procedure works, the results for Urera corallina are shown. The values for anatomical fibre data, which are the variables of interest when calculating mechanical values, are given in Table 1 The chemical constituents are not distributed evenly along the cell walls. Using a procedure described in Davalos-Sotelo [5], the distribution of chemical components was estimated. For the S 2 -S 3 layers, the volumetric fractions of the components are 59.4% for cellulose, 30.5% for hemicellulose, and 10.1% for lignin. The volumetric fractions of the components in the combined layer of middle lamella and primary wall are assumed to be 30% for cellulose, 25% for hemicellulose, and 45% for lignin. The homogenized stiffness matrix for the layer that represents the middle lamella and the primary wall, denoted as D PH , is Another matrix was obtained for the S 2 -S 3 layers. These values must be modified to take into account the effect of the microfibril angle with respect to the vertical axis for the different layers in the model. Microfibril angles are shown in Table 3, along with microfibril wall thickness. 

Comparison of theoretical with experimental results

The values calculated analytically were very similar to the macroscopic elastic values determined experimentally. The average experimental values obtained for the longitudinal modulus of elasticity E11 is 4245 MPa with a standard deviation of 1027 MPa. The range of values goes from 3291 MPa to 5630 MPa, the upper value being very close to the value calculated with the model.

The result of analytical calculations based on the application of the homogenization model produces elastic parameters that overestimate the actual values. It should be noted that the experimental values for elastic properties were obtained from a three-point bending test, which generally underestimates the value of the MOE by about 10% for the conditions of this type of test, due to the shear deformation component. A compression parallel to the fibre test might give more accurate MOE results, but it not feasible to use a standard test on Urticaceae wood, as it is flimsy and prone to failure from instability. Nevertheless, these differences are not considered significant. The variation between theoretical results and experimentally obtained elastic parameters is inferior to 25% for the case of the longitudinal modulus of elasticity, E11. A large part of this variation could be explained by the difference in unlignified tissue as compared to other kinds of wood that do not possess this characteristic. In those places where lignin is not found, other chemicals should take its place, thus changing the elastic values that would otherwise be expected. Figure 1 shows a cross section of Urera corallina. 

Conclusion

The homogenization method was applied to study the mechanical behaviour of Urticaceae wood. With the aid of the homogenization procedure and the finite element method, it was possible to derive the constitutive global behaviour from the corresponding heterogeneous material. The solution with the finite element method was used to obtain homogenized elastic coefficients, and from them, the stresses and macroscopic states of displacement of the homogenized problem. The results of the numerical analysis have been validated and verified through laboratory tests. The theoretical work involved the characterisation of Urticaceae wood structure at the microstructure level, and the experimental work consisted of tests with clear wood specimens. 

Growth stresses in Iranian alder

Abstract

A Growth Stress Indicator (GSI), based on the measurement of the residual strain at stem periphery using the single-hole method, is commonly used to quantify the level of growth stresses in a standing tree. Particularly, extreme values of GSI are associated with the presence of reaction wood. The influence of site factors such as wind, slope of the site, minor trembling of the ground etc. could affect the growth strains. According to the data obtained from Hyhrothermal Recovery (HTR) experiments, the amount of transverse strains has a positive relationship with the increase of temperature at heat treatments. It was found that the increase in release of transverse strains in most of the samples obeyed a similar fashion and it was found that the optimum heat treatment in order to reach more softening and less deformation of wood texture could be at temperatures of around 60 °C.

Material and methods

Alnus glotinosa obtained from two locations near Lahijan province, in north of Iran was used in this study. A total number of 26 Alder trees were used: 12 alders in parcel 1 and 14 trees in parcel 2. The "single hole method", Fig. 1, was used on all trees for evaluating the longitudinal residual strain at tree periphery. It consists in removing the bark, nailing two pins aligned along the fibres on the standing stem and measuring their distance change induced by the drilling of a hole between them. The displacement can be quantitatively related to the strains locked in the trunk by using correction factors taking into account the degree of material anisotropy. In this paper, only the direct displacements will be presented, which gives enough qualitative indication on the level of surface growth strain. The measurement of stress level is possible on the standing tree and on logs by the single hole drilling method, which measures the increment of strain at the circumference of the tree when a hole (20mm diameter) is bored into the xylem with approximately 20mm depth. Generally, 8 measurements at 45° angle interval were made at breast level all around the trunk.

The transverse strains were measured using the "V-cut" method [2,3], based on the measurement of the relative displacement of two pins nailed on the green disk next to the periphery (Fig. 2). Elastic residual strains are released by the sawing off of an angular sector from the periphery to the heart between the two pins. Then, the steaming of this opened disk induces a further "hygrothermal" strain release. Both V-cutting and steaming normally make the two pins to get closer to each other. The difference between the initial and the new distance divided by the remaining circumference of the sample is called the "transverse strain" because it usually combines the effect of tangential and radial locked-in strains. This was measured using 20 or 30 mm thick wood disks sawn from each green trunk, next to the level of the longitudinal measurements described above. The hygrothermal strains were measured at increasing bath temperature, from 20 to 100 °C. 

Results and discussion

Growth stresses develop as a consequence of internal strain in the wood tissue during the xylem development. Internal growth stresses occur in the stem of living trees and develop in all trees as a consequence of growth and wood formation [1]. Alder trees seem to be less susceptive to stresses than many other broadleaves in Iran such as Fagus Orientalis and Quercus persica. Some site factors like the inclination of the trees, the slope of the ground etc. are very important to the amount of growth stress. Local strains were measured at the periphery of standing trees.

The mean of the 8 points measurement of longitudinal displacements here made on each tree varied from 20 to 90µm, with a mean value of 66µm (Fig. 3). These positive values reveal a longitudinal shrinkage at the periphery of the tree and thus correspond to negative longitudinal strains. No difference between the two species can be noticed.

The influence of tension wood on the variations, depending on the circumference, has been specifically shown up for the GSI: in general, a marked angular dissymmetry. However, in certain cases, a flat angular profile was observed. The most marked GSI is most often recorded on the upper part of the stem in the case of a tree with an overall slant or visually noticeable curvature. The peak deformation position may be explained by a sharp dissymmetry of the presence of a large branch. This is when the tree stands at a slight angle and has a well balanced crown. High GSI values are associated with the presence of tension wood.

LRSM radar graphs for all measuring points of parcel samples are displayed by four categories in Figure 4. It is obvious that values of LRSM at the inclined part of the stem which was under tensile growth strain (53 m) were higher than the other circumferential points. With regard to this matter that parcel 1 had a slope of the ground of approximately 30 degrees, it was apparent that the average radar diagram shows an asymmetrical geometric shape which could be related to the slope of the ground that could exert a bending force and consequently generating more reaction wood in trunks and thus higher LRSM values in leaning parts.

Figure 5 shows transverse strain values of site I for each sample that could be attributed to hygrothermal recoveries (HTR) at five different temperatures [3]. The steaming led also to a further closing of the disk: the hygrothermal strain at 80 °C varied from about 1 to 10‰ (Fig. 5). (It should be mentioned that the results of the specimens used in increasing temperature tests were incorporated by selecting the value following the 80 °C bath, after checking that similar values with those directly tested at 80 °C would be so expected). According to the good correlation obtained, Fig. 5 (r²= 0.98), it could be demonstrated that there is a straight and direct correlation between the increase in temperature and the release of tangential strains, especially at higher temperatures. When applying more heat treatments at higher temperatures the effect of temperature on the release of tangential strains is more apparent [5,6].

Figure 6 shows a comparison between the percentage of hygrothermal strain and instantaneous strain. From this figure it is apparent that there was a clear relationship between strain values at 20 and 100 °C. This could be as a result of a release of more strains at higher temperatures of heat treatments. 

Introduction

During tree growth, wood is created by deposition of successive layers at the stem periphery. The maturation process of each new layer induces a longitudinal shrinkage, partially prevented because of adhesion to older wood layers. The resulting pretensioning of the new layer leads to the contraction of the inner layers and a progressive reduction of the tension induced by cell-wall maturation, until compression stress appears close to log pith. These residual stresses are well known as « growth stresses ». It is necessary to estimate them correctly to predict their technological consequences in terms of deformation and rupture of lumber, or to understand the tree orientation strategy during growth.

A common experimental method to determine longitudinal residual strains at the stem periphery consists in making two horizontal cuts (grooves) and measuring the shortening in the direction of the fibres, using a strain gauge or a transducer equipped with two pins. This method aims to measure residual strains in the lastly formed wood layers. These strains are assumed to be very close to the maturation strains. However, the relation between measured strain and maturation strain strongly depends on geometrical factors such as the distance between the two cuts, the distance between points or the gauge size, the depth of the cuts and the diameter of the stem [1]. This method has been analysed through finite element simulations [2]. The effect of groove depth and distance between gauge and groove are qualitatively similar to previously published experimental findings, but a strong effect of the stem radius can be observed. Simulations show that for too small groove depths and gauge lengths the residual strain value would be considerably underestimated.

The relation also depends on some characteristics of the growth stress field such as the intensity of the maturation strain at periphery, the distribution of the maturation strain around the stem (presence of tension wood zone), the profile of the growth stresses along the radius of the stem. In the case of a small stem, it is likely that any cutting operation on one side will significantly influence the whole periphery. In this paper, several distributions of the maturation strain around the stem will be simulated and the longitudinal release strains resulting from the cutting of two grooves on one side will be analysed.

Material and method

The two-groove method, used to evaluate maturation strain at the periphery of a stem, is commonly performed on a standing tree. The bark is removed around a portion of the stem at breast height. In the basic "strain gauge method" several strain gauges (typically 2, 4 or 8, depending on the stem diameter) are glued at a given height, all around the stem, aligned with the stem axis. Two grooves are made horizontally up and down each gauge until the signal by the gauge is stabilized. The longitudinal strain released by cutting is recorded for each gauge. In this work, 2 or 4 gauges were placed around the stem. The grooves were made up and down gauge 1; longitudinal strains were recorded on gauges 1 and 2 (as well as 3 and 4 in the case of 4 gauges). Figure 1 shows the principle of the method, the position of gauges and indicates geometrical parameters. 

Experimental protocol

Two logs, 400 mm long, were cut from a 9 year old, slightly inclined Chestnut tree (Castanea sativa Mill.) of a diameter of 45 mm, taken from a coppice stand in the Cevennes, South of France. On the upper log, 2 gauges were glued at opposite sides, while on the lower log 4 gauges were glued around the stem (Fig. 2). The two-groove method was performed on side 1, chosen on the upper face of the slightly inclined stem. Longitudinal strains were recorded for all gauges. The gauges were 2 mm long (g=1 mm), the distance between each gauge end and the groove was 5 mm (D=6 mm). The groove depth ranged from 0.25 to 4.5 mm for the upper log, to 6.5 mm for the lower log, corresponding to a maximum groove depth relative to the radius equal to 0.2 and 0.3, respectively.

Numerical model

A finite element model was developed to simulate the two grooves method. Calculations were conducted using the finite element code CASTEM. The trunk was modelled as a cylinder; the horizontal symmetry plane allows to mesh only the half-length of the log, and only one groove. The upper part of the cylinder, above the groove, was necessary to avoid edge effects. The thickness of the groove, described by a portion of a horizontal section at distance D from the mid-plane and with a varying depth d, was neglected. Each node of that cross-section was doubled and the sawing of the groove was simply simulated by allowing the relative movement of corresponding nodes.

The wood was considered as orthotropic, with the transverse plane RT and the radial plane RL constituting two orthogonal planes of material symmetry. The values of elastic constants used for the simulations have been obtained using empirical equations established by Guitard [0] for hardwood of a density of 0.65 at a moisture content of 30% see Table 1. The principle of the calculation is that an initial stress field σ i is assumed to be locked in the standing tree; when the free surface (the groove) is created, a displacement field results, and one obtain the predicted gauge measurement as the relative displacement of the node corresponding to the upper end of the gauge. At the stem periphery a state of plane stress is assumed [4], so that the T and L components of the growth stress σ i are related to those of the residual strain α by:

σ L i = -E L α L + ν TL α T [ ] /(1-ν LT ν TL ) ; σ T i = -E T α T + ν LT α T [ ] /(1-ν LT ν TL ) (1) 
The initial growth stress, in the standing tree, is supposed to be independent of the axial coordinate z. The transverse components are axisymmetric and given as a function of the relative distance to pith r/R by: ;

σ R i (r) = q (r /R) k -1 [ ] /k σ T i (r) = q (1+ k)(r /R) k -1 [ ] /k
where q is the surface strain in T direction, and k a constant. This formulation is a generalization of Kübler's model [5] which is obtained when k tends towards 0. In the L direction, the possible presence of reaction wood is taken into account. An asymmetric term is added so as to fit with peripheral values of residual stresses usually measured on standing trees:

σ L i (r) = ( p 1 + p 2 ) (2 + k)(r /R) k -2 [ ] /k
where the constant p 1 is the level of axisymmetric part and p 2 , a function of the angular position, that of the additional asymmetric part. For the simulations, k=1 was chosen. A maturation strains of α T = 0.2%, and α L = -0.1% in normal wood, α L = -0.3% in tension wood was assumed. Hence q, p 1 and p 2 are calculated from equation ( 1) and added in Table 1. p 2 was taken as 0 to simulate the axisymmetric case of no reaction wood.

To simulate asymmetric cases, p 2 will be taken as 2*p 1 in an angular sector of 90 degrees corresponding to the tension wood zone and 0 in the rest of the log, corresponding to normal wood.

Figure 3 shows the deformed shapes due to the relative groove depths of respectively 0.1, 0.25, 0.4 and 0.7 in case T 0 , for which the two-groove method was performed on the side of the tension wood zone. Five positions of tension wood were simulated (Fig. 4). In each case, 4 simulated gauges record longitudinal strains around the stem; the two grooves were made up and down gauge 1.

To be close to the experimental case, the geometrical parameters were: R=25 mm, g=1 mm, D=6 mm. 

Results and analysis

Numerical results.

Figure 5 shows the longitudinal strains corresponding to each gauge for the distributions of the maturation strain described in Fig. 4. In the axisymmetric case A, the longitudinal strain recorded by the simulated gauge 1 (on the side of the cut) decreases down to -0.1%, corresponding to the longitudinal maturation strain α L . This value was reached for a relative groove depth of 0.1 (10% of the stem radius). For a deeper groove, the strain tended toward a value slightly smaller than α L , by about 92%. The simulated gauge 2 (on the opposite side of the cut) recorded a negative strain slowly decreasing to -0.02% for a relative groove depth of 0.4, and reaching 82% of α L when half the stem was cut (d/R=1). Gauges 3 and 4 (on the lateral sides) recorded the same values: the strain was close to zero until a groove depth of 0.6, and then increased to reach 0.1% for a groove depth of 1.

In the asymmetric case T 0 , the strain of gauge 1 decreased to -0.25%, close to the maturation strain of tension wood. In case T 45 , it decreased to -0.16%, close to the mean value of maturation strain in normal and tension wood. In cases T 90 , T 135 , T 180 , the strain of gauge 1 was not or not much influenced by the tension wood zone, it tended toward the maturation strain of normal wood, or close to it. In all cases T 0 to T 180 the strain of gauge 2 was influenced by the tension wood zone.

Measuring the strain on two opposite gauges (1 and 2) while the two-grooves method was made around one of the gauge (gauge 1) should give an indication on the internal distribution of growth stresses. Further simulations with different stress profiles are required to investigate this point. 

Confrontation of experimental and numerical results.

On the upper log, the longitudinal strain recorded by gauge 1 decreased until -0.02%, which is reached for a relative groove depth of 0.13, when this value seemed to be stable. On the lower log, the strain of gauge 1 decreased until -0.016%, which was reached for a relative groove depth of 0.11. For a deeper groove the strain increased slightly. In both logs, gauge 2 measured very small strains that tended to decrease. On the lower log, gauges 3 and 4 indicated small strains that tend to increase slightly with groove depth.

In order to test out the numerical model, the two-groove method was also performed on side 2, to evaluate the maturation strain corresponding to the opposite side. Gauges 2 estimated maturation strains of about -0.038% on the upper log, and -0.028% on the lower log. In both cases, these values were higher than those on side 1. Thus, for calculations, the case T 180 was assumed for upper and lower logs, with a maturation strain in normal wood of respectively -0.021% and -0.016%, and in tension wood of -0.038% and -0.028%. The following formula, based on the application of superposition principle, was used:

ε sim = α NW exp α NW sim ε A + α TW exp -α NW exp α TW sim -α NW sim ε T 180 -ε A ( ) ( 2 ) 
where:

ε sim : simulated longitudinal release strain ε A , ε T180 : simulated longitudinal release strain from case A, T 180 α NW sim ,α TW sim : longitudinal maturation strain used in the simulation in normal wood (-0.1%) and tension wood zone (-0.3%), respectively α NW exp ,α TW exp : measured longitudinal maturation strain in normal and tensed wood zones, respectively Numerical results are presented in the curves in Fig. 6. Simulated gauges 1 and 2 gave results quite similar to the experimental ones, especially in the case of the lower log. The difference observed between the strains of gauges 1 may indicate that the case T 180 does not correspond to the maturation strain distribution. It may also suggest that the assumed internal profile of growth stresses was not entirely correct. Concerning gauges 3 and 4 of the lower log, the tendencies of experiment and calculations were opposite. Nevertheless, in both cases the values were small. 

Conclusion

The finite element simulations correctly predicted the strain release at the stem periphery, as was observed by recording the strain at several positions around the stem while grooves of increasing depth are cut on one side. The application of the superposition principle, possible as long as no difference of material properties is assumed between normal wood and tension wood, allows to construct, from a limited number of simulations, an estimate approaching the measured values. By recording the strains at several positions while various kinds of cutting operations are performed on the stem, it is hoped that the internal distribution of longitudinal growth stresses in small diameter tree can be evaluated with enough precision.

Introduction

Longitudinal growth stresses are present in all standing timber and cut logs. In fact, if they did not exist, trees could not maintain a vertical position. Growth stresses are not visible although they can be measured and are often called growth strains (GS). When trees are felled and cut into logs and processed into lumber the results of the growth stresses being released, particularly in small diameter timber, become evident. Heart checks in the butt of felled trees and cut logs are the first evidence of the presence of longitudinal growth stress relief in timber [1,2]. These checks will occur as soon as the tree is felled or the log is bucked and may increase with time.

Growth stresses occur in all three anatomical planes within a tree trunk and are in a technical sense prestresses. They develop during cell maturation as the S 2 layer thickens causing a swelling in the radial and tangential plane and a contraction in the longitudinal plane. Longitudinal contraction leads to tensile prestress in the outer sheath of the trunk [3,4]. The swelling of cell walls causes compressive stresses in the radial and tangential plane. In the central trunk opposite forces are active keeping a tree in its state of equilibrium. The compressive strength of wood is significantly lower than its tensional strength.

Jacobs [5 -7] defined growth stresses as the forces found in green stems disregarding stresses due to the weight of the tree's crown and sap tension. According to Post [8] growth stresses are the forces that develop in the wood of growing plants. These stresses are different from those developed as a consequence of drying, although they may interact [9 -11]. Growth stresses in wood are distributed orthotropically in the longitudinal (axial), the tangential (ring, circumferential) and the radial directions in the stem. The longitudinal tension force compresses the adjacent interior layer and reduces the tension of older cells [12].

Growth stresses are present in the tree as internal or residual stresses even without the action of external forces. As a result, the mean growth stress in vertical standing trees and the corresponding felled trees differ only slightly [13].

Compressive longitudinal growth stresses tend to increase toward the pith and when felling and crosscutting, the internal-stress balance is altered resulting in splits and heart checks in the log ends [14]. Longitudinal growth stresses are largest in magnitude and the most serious in processing because they result in warp [4, 15 -17]. In addition, surface growth strains have been found to be closely related to variations of wood properties such as, MOE, basic density, shrinkage, fibre wall thickness, lignin/cellulose content, and microfibril angle [16, 18 -21]. Growth stresses are more critical in smaller logs from young fast growing trees because of steeper growth stress gradients [13,22,23]. In addition, growth stress release in hardwoods is of a much greater magnitude than in softwoods [8,24,25]. The aim of this research has been to quantify the longitudinal prestress which influences the compressive strength of a trunk under bending load.

Material and methods

The resistance of green wood of an individual species to compression is of major significance for tree safety analyses. Prestresses as a result of trunk growth enhance the compressive strength and can be regarded as an additional safety reserve of trunks and branches against fracture. Stress appears in woody plants in the form of tension and compression. The stress acting on wood produces strain, which is a change in dimension. Since stress cannot be measured directly, strain is used to evaluate defects caused by growth stresses [26,27]. In the longitudinal direction, the tree is pre-stressed in tension on the periphery and in compression near the centre.

The specimen trees used in this work has been Carpinus Betulus from Haraz a site in the North of Iran. In order to determine the quantity of longitudinal prestresses the single hole method was used [18,24,28]. This method releases the longitudinal stresses which causes alterations in the length of the fibres. The length alterations delivered by this method are recorded and used to calculate the quantity of prestress according to Hooke´s law:

= E * ( 1 ) where: 
= stress E = Modulus of Elasticity (E-Modulus) = strain (±l/L)

The E-Modulus as one factor in the equation above was obtained from pulling tests measuring the strain in the marginal fibres of the trunks with a strain gauge. Prestress measurements were carried out on standing trunks using the single hole method in four different geographic directions around each tree [24,29]. The cutting geometry of this method is influenced by the anisotropy of wood. Therefore it is important to incorporate a factor of correction into all prestress calculations. = l * * E

(2) where: = stress in N/m² l = length alteration related to base length in 10-6 m E = modulus of elasticity in N/m² from pulling tests = factor of correction in 1/m.

Directly after finishing the measurements of the E-moduli and the prestress values all sample trees were felled and disks of 100 mm thickness were cut from various heights up the stem. To avoid moisture loss the specimens were immediately sealed on site in airtight plastic bags and deep frozen at a temperature of -20° Celsius. The wood disks were cut with a bench saw parallel to the grain to specimens of 2*2*3 and 2*2*6 (cm) size. The specimens obtained from disks of 1 m and 0,8 m trunk height were used for compressive tests carried out with an Instron machine. The remaining disks from 0,6 m trunk height were used for density and moisture tests. All specimens used for compressive stress tests had a moisture content well above the fibre saturation point. The factor of correction used was taken as proposed for different species in the literature [18,24].

Results and discussion

The mean compressive strength for the samples of Carpinus Betulus was 171 kg/cm 2 . The density of all specimens showed only little variation being 0.68 g/cm³ with a standard deviation of only about 8%. The average displacement of the standing trees in different geographic directions using the single hole method is shown in Figure 1. The average displacement in all four directions measured was about 108.16*10 -6 m. According to equation (2) with l =108.16*10 -6 m, E= 48575 kg/cm 2 and =13/m, the mean prestress value obtained from the single hole method was 68.3 kg/cm 2 , ranging from 60 to 77 kg/cm 2 . The values showed a steep increase of the measured strains in the first 10 mm cutting depth.

The strain measurement showed that between 10 and 20 mm cutting depth the values still increased steeply but beyond the 20 mm depth level to the final cutting depth the values reached a plateau or even decreased [18]. From the data obtained it can be concluded that the highest prestresses occurred in the marginal fibres near the cambium. Statistical analysis of the data showed that the influence of density and prestress on the modulus of elasticity were significant but not linearly related [9]. The evaluation of the E-modulus data derived from leaning trunks compared to those from straight, upright trunks gave no evidence for a significant influence on the elastic properties. One way and two way analysis of variance showed that within set limits the prestress (measured as strain) and modulus of elasticity were independent from each other which allowed for a better differentiation of cutting depth values and further prestress calculations [9]. Comparison between compressive strength and growth prestress showed that longitudinal growth prestresses compromised about 60/171=0.35 to 77/171=0.45 of the compressive strength. Thus, it could be concluded that longitudinal growth strength can increase the breaking safety of Carpinus Betulus proportionately.

Introduction

Liquid transport in the arterial beds and conducting systems of high plants is provided by special branching networks of tubes with 5-9 branching orders in plant leaves and 20-30 branching orders in mammalian blood vessel systems. Construction principles of network geometry have been investigated on the X-ray images and plastic casts of arterial and venous vasculatures, cleared leaf preparations and digital images using image analysis software. Some statistical relationships between the diameters , lengths and branching angles j D j L j of the consecutive vessels in the bifurcations have been revealed in blood vessel systems [1], bronchial trees [2], fluid transport systems of sponges [3], tree branching [4][5], conducting systems of plant leaves [6][7] and river systems [8].

Solution of the optimization problem where W is total energy expenses for the fluid delivery and construction of the conducting element has been obtained for the Poiseuille flow [1], developed turbulent flow, laminar flows of the non-Newtonian liquid in the in the rigid tube and of the homogenous Newtonian liquid in the tube with permeable walls [10] 
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, where the indexes 0,1,2 correspond to the parent and two daughter vessels, leads to the Murray's law: . . for the respiratory tree, for the intra-organ arterial systems of mammals. In that way the most part of the investigated arterial branching as well as the bifurcations of the conducting elements in plant leaves and tree trunks possess that correspond to the model of the optimal bifurcation of rigid tubes for the laminar flow of Newtonian liquid [1,4,[6][7][8]. The corresponding relationships between the diameters and branching angles of the vessels in a bifurcation were also found to be similar in the arterial beds [1] and plant leaves [6][7].
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Similarity of the construction principles in bifurcations of the conducting elements of plants and in arterial systems of mammals and humans is consistent with conception of maximal transport efficiency operating in living organisms [1,11]. The optimal branching pattern in plant and animal organisms could not be provided by the same mechanisms for the evolutionary ways of the animals and plants were parted at single-cellular level when there were no needs in special conducting systems for the long-range transport of fluids. In arterial beds the vessel walls are impenetrable and the mass exchange with outer tissues take place in the elements of the last branching order only. In the conducting elements of leaves the smaller elements or the next branching order are located either at the end of the parent element or along its outer lateral surface and provide mass exchange with leaf tissues through the wall of all the elements with . The model of sap motion in plant leaves as the liquid filtration through the porous tubes with permeable walls has been proposed [7] and the optimization problem has been solved [10]. It was shown that at certain model assumptions for the tubes with permeable walls and possible biophysical mechanism of construction of optimal vein bifurcation in conducting systems of leaves can be connected with balance between the inflow of the liquid and the dissolved components into the element and its absorption by the alive cells of the corresponding influence domain of the element [7,10]. Here some new results of the measurements and the comparative study of the hydraulic resistance of the plant leaves with different shapes and venation types with different evolutionary age are presented. 

Materials and methods

Geometry of the conducting systems of plant leaves of different shape, size and venation type has been investigated in high-resolution digital pictures of the fresh-cut leaves. The number of the veins ( ) of each branching order (j=1-6), the lengths, diameters, branching angles at each bifurcation and the areas of influence domains of separate veins have been measured for 875 digital pictures. The computer software has been used for contrast enhancement of the images, edges-finding (leaf blade perimeter, leaf veins), determination of separate bifurcations, measurements of the diameters and branching angles, skeletization of the veins and measurement the vein lengths [7]. The 150-250 bifurcations of veins of different branching orders have been selected at each leaf blade and the average diameters , branching angles is calculated for optimal branching angle [7].

Results and discussion

The dependence between the branching angle on the diameter of the parent vessel is found to be similar for all the investigated leaves (see Fig. 2). According to the dependence two subsystems of the bifurcations may be distinguished. The first subsystem (I) is presented by relatively large parent vessels which branching angle is constant or gradually increases with decreasing . The second subsystem (II) includes middle and small veins that exhibit significant scatter in their branching angle = . The dependence is also different for the two observed subsystems (see [7],

where For the first subsystem the Murray's law with 3 is valid (M~1). For the second subsystem and the average values for the different leaf blades are . In that way maintenance of the value M=1 that is optimal for both the networks with rigid impermeable and permeable walls seems to be the main construction principle for the leaf venation systems though the scatter may by significant for some separate bifurcations. The comparative study of the measured and calculated optimal branching angles revealed that both values are in a good agreement. Consequently, the obtained regularities show that in branching patterns of the conductive systems of leaves the optimal relations between the diameters and branching angles are implemented. The corresponding regulatory system which provides optimality of separate bifurcations is unclear. In the mature leaf the conducting elements are presented by the hollow tubes but in a developing leaf when the cells of the conducting elements divide and still have their cellular contents, the maintenance of the balance between the inflow of the sap into the conducting system and its consumption by the cells can be provided. Our measurements of the area of the influence domain of each leaf vein shows that there is a linear dependence between The radiuses of the veins of the 1-2 branching orders, the bifurcation angles between the vein of the first order and its branching (the veins of the second order), the angles between the main veins, the sector angle and diameter j r j j a d 2 of the leaf blade have been chosen basing on our measurements [6,7]. The radius has been selected for the second order veins. Each part of the model of the leaf blade bounded by the first-order veins has been considered as filled with parallel tubes of the second-order veins. The interfaces between the correspondent regions of the leaf blade supplied by the fluid through different first-order veins have been introduced as radial lines at the angles (see Fig 5b,d). The hydraulic resistances of the transport systems have been calculated

assuming that the constant pressure drop in the inlet of the conducting system and inside the leaf mesophile (in the outlets of all the second order veins) is given. The Poiseuille resistances of main veins have been calculated basing on the model of the Poileuille flow of a viscous incompressible liquid through the long rigid tube with permeable walls [10]. Liquid flow in the regions between the main veins has been considered as percolation in the anisotropic porous medium which permeability is completely defined by . The calculated distribution of the hydraulic resistance for one of palmate and pinnate types are considered in biological sciences as more evolutionary adaptive then the conducting systems with lower angles between the veins of 2-4 branching orders. The value is always lower for the pinnate venation then for the palmate type for a given blade shape defined by the parameters and for the same radiuses of the main veins for both venations. In that way the results of calculations on the simple models of the leaf shapes and conducting systems correspond to biological considerations of evolutionary adaptivity and optimality of the transport systems in high plants. The optimal relationships between the resistivity (diameter) of the main vein and the area of the corresponding influence domain filled by the second order branching of the main vein (see system and its consumption by the alive cells of the influence domain, i.e. between form and function of the leaf. The retardation of the cell growth and divisions in the influence domains at the insufficient water delivery by the small or narrow main vein leads to decreasing the area of the influence domain according to the diameter of the supplying main vein. In that way the linear relation between the lateral surface of the vein and is valid as it was shown on the model elaborated in [19]. As far for all the investigated leaves the linear relationship 

Conclusions

The relationships between the diameters of the veins in the bifurcations and between the diameters and branching angles for the veins of the leaves with different size and shape and for the arterial bifurcations in mammals are statistically similar and correspond to the model of the optimal pipeline that provides liquid delivery at minimal total energy costs. Similarity of the design principles of the network construction in high plants and animals can be explained by similar solutions of the corresponding optimization problem for the blood flow through the artery as the rigid tube and the sap flow through the vein as the long tube with penetrable wall with numerous side branching. The calculated differences in the total hydraulic resistances of different leaf shapes and venation types correspond to the concept of evolutionary transitions between the palmate and pinnate venation types and to the statement of increasing the branching angle between the first and second order veins to as the sign of evolutionary optimality of the high plants.
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Introduction

A tilted tree is submitted to a gravitropic signal (inclination within the gravity field) but also i) to a phototropic signal (one side of the organ is more shaded than the other) and ii) to a thigmomorphogenetical signal (when tilted, an organ bends under its self-weight) and during its tropic movement because the stem curves. Some studies have been conducted on the interactions between these different signals but their relative contributions to the control of the kinematics of reorientation have never been studied. In plants, two types of "motors" can be found to trigger the tropic response of organs: in elongating organs the motor of reorientation is differential growth (i.e. an asymmetry of elongation rates between the two sides of the organ) [1,2] and in radially growing organs the motor of reorientation is the production of reaction wood on one side of the organ (which leads to an asymmetry of prestresses between the sides of the organ) [3,4]. The first aim of our study was to investigate the interactions between these three signals. Instead of modifying the gravity using for example clinostat [5] centrifugation or spatial flights [6], our rationale was to study the effect of a modification of light environment in terms of light direction while inducing the same gravitropic signal in each treatment. Moreover, lots of studies about tropism have been conducted on organs displaying only primary growth such as hypocotyls [2], epicotyls [7], coleoptiles [8,9], roots [6,10,11], stipe of coprinus [9], and algae [12]. Generally, gravitropic response has been described to exhibit different phases [13], mainly first an upward curving of the stem and then a decurving enabling the stem to become straight and vertical. This second phase has been called autotropic straightening [7,8], automorphosis [5], autotropism [14], see Stankovic [15], for a discussion about the use of these terms. The second aim was to compare responses of elongating parts with responses of radially growing parts in order to check if some analogies could be found.

The effect of thigmomorphogenetic signals on plant growth have been demonstrated using different mechanical signals on herbaceous species (see Biddington, [16]) as well as on woody species [17 -19]. Some studies have demonstrated the effect of controlled bending on stem elongation [20] and that the mechanical variable in this case was strain and not stress [21]. These studies suggested that a threshold of strain exist in the mechano-sensing but that it seems to be very low [21]. The potential effect on stem radial growth of a thigmomorphogenetic signal induced by tilting (when tilted the stem bents under its self-weight) was also studied.

Material and methods

Experimental device to test the effect of light direction on the gravitropic response of stems

The aim of this study was to investigate effects of phototropism on the gravitropic response in trees. Experiments were conducted in a controlled environment (T 22°C/26°C, D/L 8/16h, HR 70%) on young poplars (Populus cv B717), three weeks old, cultivated on hydroponic medium. Three types of experimental designs were set up: in all of them, trees were artificially tilted with an angle of 35° from the vertical. In the first one the light came from the roof; in the second the light came from above and bellow the plant and was provided by two neon lamps placed parallel to the tilted stem; in the last type the light was provided by one neon lamp placed below and parallel to the tilted stem, see Figure 1. Delimiting the elongating-and the purely radially growing-zones within stems Tree stems contains from top to base: a zone of pure elongation (EZ), a zone of elongating and then growing in diameter via cambial activity (NZoRG), a zone of pure radial growth (RGZ). As one aim of our study was to compare differences and similarities of tropistic reactions in elongating and radially growing parts, the length of EZ was determined with a kinematical analysis of elongation using ink marks as described in [22]. In average the elongating zone (EZ) was 80 5.1 mm long. The length of the RGZ was given by the total stem length at the time of tilting minus the length of EZ.

Kinematics of stems movements

Tropic movements of plants were analysed by taking successive pictures of the stem. The kinematical analysis of the tropic movement was done in the EZ and RGZ only. For the elongating part of the stem pictures were taken every half hour for 7 hours after tilting; for the radially growing part of the stem pictures were taken every day at the same time for 17 days. Pictures were then digitised using NIH free software. Digitised sets of points were fitted by a spline function and the field of curvature of each stem was computed using equation 1: For the radially growing part of the trunk, as there is no elongation, material points remain at a constant distance from the stem base. Within the elongating part the problem is a bit more intricate because of elongation: indeed the position of a material point from the stem base will increase with time because of primary growth, see Figure 3. Radial growth was measured in the ZRG by a vernier calliper and elongation was measured within the EZ using ink marks. ). To the left, the case of a non-elongating zone: material points (white and grey dots) are not displaced from the stem base with time. To the right, the case of an elongating zone: because of elongation, materials points will be displaced from the stem base. The evolution of the curvature of a material point versus time has to take into account the successive displacements due to elongation.

Checking the effect of a potential thigmomorphogenetical signal induced by tilting the stem, on radial growth Stems were first maintained vertically using a clamp at the collar. A linear voltage displacement transducer (LVDT, Solartron DF 5.0) was installed on the stem; 10 cm from the collar in order to measure the growth in diameter continuously, the clamp was then rotated to tilt the stem 35° from the vertical. Data were acquired every 30 seconds thanks to an omega bus (OMEGABUS D5131 5V).

Results and discussion

Tropic reaction within the radially growing zone (RGZ):

With I+LP treatment, the radially growing part curved upward and then decurved within the upper most part of the stem; the stem became straight and vertical. This demonstrates the existence of distinct phases during the gravitropic response under unidirectional light coming from the top of the plant, particularly it gives evidence for an autotropic phase, see Figure 4. The light direction affects the different phases of the gravitropic response very strongly: The I+2N treatment induced a curving of the stem without an autotropic phase but an upward curving towards the neon lamps placed on the upper side. With the I+2N treatment, the stem seems to be "attracted" by the signal coming from the upper light. This phototropic signal has more influence than the gravitropic signal because the stem overpasses the vertical direction with no autotropic phase. This demonstrates that phototropism occurs also in radial parts of trunks, a process which has never been demonstrated before in a radially growing zone. The I+1N treatment induced first an upward curving of the trunk and then a downward curving towards the light. This movement is not an artefact of the weight of the elongating part on the radially growing part as a second sector of reaction wood was observed. Interestingly, the stem tended to oscillate between the two signals. 

Tropic reaction within the elongating zone (EZ): Kinematics of the tropic movement

With the I+LP treatment, the elongating part first curved upward and then oscillated around the vertical position. Also in the EZ the phototropic signals induced by the lateral sources of light affected the gravitropic response: the I+2N treatment induced an upward curving of the stem without an autotropic phase but an upward curving towards the light placed on the upper side. With the I+1N treatment the elongating part first curves upward and then tends to get back into the direction of the light.

Comparison of tropic response in elongating-and radially growing zones

In addition to demonstrate an interaction between phototropic and gravitropic signals, the comparison between the tropic responses in elongating and in radially growth zones suggests different controls of axis shape by light and gravity in the two types of zones: With the I+LP treatment, the tropistic movement in the RGZ can be decomposed in an upward curving and then an autotropic phase. The autotropic phase was triggered before the RGZ had reached the vertical position, demonstrating that the local inclination was not the only signal which was perceived in the gravisensing process. In the EZ, there was an upward curving and a tendency of the stem to get towards the vertical position. This autotropic phase was less clear than within the RGZ (the EZ of the stem oscillates around the vertical) and was triggered after the stem has overpassed the vertical position. This suggests that, as a difference to RGZ, inclination could be the gravisensing signal in the EZ. With the I+2N treatment, both EZ and RGZ reacted in the same way: an upward curving towards the upper light with no autotropic movement. With the I+1N treatment, in both type of zones, the tropic signal coming from bellow the stem diminishes the righting-up movement induced by tilting (gravitropic signal).

Interaction of a thigmomorphogenetic signal induced by tilting with the tropic signals

Tilting the stem triggers first a stop of radial growth as found for elongation [20]. Radial growth stopped for about 10 hours in average. Then a stable increase of the radial growth rate (7 to 28 %) was observed. Light bending under self-weight can thus lead to a thigmomorphogenetic signal. The intensity of the modification of radial growth is correlated to the level of strain that the stem experiences as found for elongation in tomato plants [21].

Conclusion

This work demonstrates interactions of phototropism with gravitropism in trees. It demonstrated that phototropism can occur in radially growing parts of trees which has, to our knowledge, never been demonstrated before. It also showed that the regulation within the elongating part and in the radially growing part were different: in the radially growing part, the autotropic process starts before the stem reaches the vertical position, which gives evidence that inclination is not the only variable which triggers the decurving process. In elongating parts the autotropic process is not so pronounced and it is triggered once the stem has overpassed the vertical position. This suggests two different mechanism of shape control in the elongating and in the radial parts.

In our conditions, the phototropic signals induced by lateral sources of light were dominating over the gravitropic signal induced by inclination. As a perspective it would be necessary to do similar experiments with changes of the intensity of the light signals in order to determine if there is an effect of the light intensity on the interaction between gravitropic and photototropic signals.

At last, the results demonstrated that bending under self-weight induced by tilting can be sufficient to induce a thigmomorphogenetic signal which increases the stem radial growth rate. This suggests that thigmomorphogenesis can contribute positively to the tropic response in trees. The effect of possible thigmomorphogenetic signals experienced by the stem during its tropic movement (the stem curves and so experiences variations of strains), is currently in progress.

Reaction mechanisms for the shape control in angiosperms tension wood: diversity, efficiency, limits and alternatives

Introduction

Tree stems maintain their orientation (vertical for trunks, oblique for branches) by generating asymmetrical (from one side of the stem to the other) stresses in wood, during cell wall maturation, i.e. lignification and formation of the secondary cell wall [1,2]. Angiosperms generate stronger tension stresses on the upper side of the tilted stem [3,4], while gymnosperms produce wood with compression stresses on the lower side of the stem. This particular mechanical state is achieved through marked changes in the anatomical structure of the wood [5]. This type of wood in angiosperms is called tension wood (TW) as opposed to normal wood (NW). The generated asymmetrical stresses produce an internal bending moment at the level of the growing cross section, counteracting the external forces induced by gravity and growth in mass [1,6].

For many commonly studied species such as beech, poplar, oak or chestnut, tension wood is characterised by the occurrence of fibres with a particular morphology and chemical composition due to the development of the so-called gelatinous layer (G-layer). This layer is essentially made up of strongly crystalline cellulose [7,8], with a very low microfibril angle [9]. In species where tension wood exhibits a typical G-layer, its occurrence is always correlated with high tensile growth stresses. However, the G-layer is not always present in tension wood. Several studies have shown that the formation of the supplementary G-layer is not constant in tension wood fibres. From the 346 species cited by Onaka [5], fibres with a G-layer were only observed in 136 (39 %) species. Fisher and Stevenson [3] working on tension wood in branches from 122 species, demonstrated a G-layer in only 46 % of them. However these studies were based on the assumption that the upper parts of leaning stems would be made of tension wood, i.e. should be in a state of very high tensile stress compared to normal and opposite wood although the growth stresses were not measured. Only a few studies [10][11][12] have shown the absence of a G-layer in a given species after measurement of the mechanical tensile stress of tension wood.

The aim of this study was: 1) screen a wide range of wood species and to analyse tension wood in which the growth stresses had been measured in order to check the presence/absence of G-layer, 2) analyse whether the occurrence of a G-layer resulted in a more highly tensile-stressed wood, and 3) show that angiosperms are able to develop complementary strategies such as eccentricity or production of light compression wood on the opposite side to increase bending of the stem.

Material and methods

This paper summarizes results from several studies. Diversity and efficiency of tension wood has been studied in 21 tropical rain forest species (Table 1) from 18 families (one tree per species). In this study only naturally tilted trunks were investigated and the occurrence of tension wood was demonstrated by mechanical measurement of released strains on upper and lower sides of the leaning tree [13,14]. Discussion on alternatives to tension wood in order to increase bending is derived from other studies made on chestnut (Castanea sativa) [15] and mani (Symphonia globulifera) [16] completed and discussed earlier by Clair et al. [17] For each study, tension wood, normal wood or compression wood is defined by growth stress (GS) level. Growth stresses are measured using the "single hole" method, the "wap's" method [2] or the strain gauge method [18]. These three methods are based on the measurement of the strain following the release of stress by sawing or drilling. Anatomical observations are performed on thin sections (15 µm) cut with a sliding microtome equipped with disposable razor blades (Feather N35, A35 or N35H depending on the hardness of the wood). Double staining with Safranin/Fast Green was used to demonstrate the presence of a G-layer.

Longitudinal shrinkage measurements were performed on the chestnut sample (R×T×L = 1×5×50 mm 3 ) and on a disk of mani (L = 50 mm) with a Mitutoyo transducer. The shrinkage coefficient was determined as the difference between the length of the specimen in green and oven-dried states, divided by the green length.

The microfibril angle (MFA) was measured in green conditions on the poplar samples using the Xray diffraction method. Parameter T defined by Cave [19] was graphically derived from the diffraction intensity diagrams. The average MFA of each sample was estimated using Cave's formula: MFA = 0.6×T. Values obtained using the "improved Cave's method" [20] were also computed to check the consistency of the results.

Results and discussion

From the 21 tropical species studied, only seven species showed fibres with a well differentiated Glayer that were very obviously green after double staining with Safranin-Fast Green. This proportion is close to that found in previous studies [3,5]. In species containing fibres with a G-layer, three types of distribution were distinguished: 1) In Hebepetalum humiriifolium, Talisia simaboides and Symphonia globulifera all the fibres were gelatinous and normal fibres were scarce,; 2) In Ormosia bolivarensis and O. coutinhoi, fibres with a G-layer were diffuse, or occurred in clusters, and 3) In Protium opacum and Ocotea indirectinervia, G-layer fibres were isolated and sparse.

Analysis of the occurrence of G-fibres as a function of the growth strains measured in tension wood (Fig. 1) showed that some species without a G-layer were able to produce higher stress than other species with fibres having a G-layer. Furthermore, the level of stress was higher in some woods with isolated G-fibres than in some species where all fibres had G-layers. It can thus be concluded that a Glayer is not the only effective mechanism to produce high tensile stress. Tension wood fibres are able to produce high stress with or without the presence of a G-layer. It should be noted that no matter the type of tension wood, tension wood fibres always exhibit a lower microfibril angle than that in opposite wood [14]. 

. Occurrence and distribution of G-fibres in tension wood with respect to the growth strain in tension wood (GS TW) and opposite wood (GS OW). +: without G-fibres;

: all the fibre are G-fibres; : diffuse distribution of groups of Gfibres;

: isolated and sparse G-fibres; : multilayered secondary wall (Casearia javitensis) [13] .

The ability of trees to bend depends not only on the high stress in tension wood but to an even greater extent on the difference in stress between the two sides of the stem. From our study, the stress produced in tension wood reached a maximum around 3500 µstrain. If trees cannot exceed this value, the only way to increase the bending moment would be to decrease the stress level in the opposite wood. In this respect, Casearia javitensis (Flacourtiaceae) was the most efficient tree we studied. This species combines strong tension stress on the upper side and very low stress in the opposite wood. We would like to draw attention to the special case of Casearia javitensis (Flacourtiaceae) where the secondary wall is multilayered and stained like a gelatinous layer [13].

These results caused us to re-examine some old results were compression stress values were measured on the opposite side of tilted trees from species well known to produce tension wood. These measurements were generally suspected to be artefacts and ignored. Therefore we considered other physical and micro-structural features usually correlated to the GS value to verify if these measurements were artefacts or if angiosperms develop compression maturation stress in opposite wood to improve the biomechanical performance.

Figure 2 shows the longitudinal shrinkage measured for chestnut and mani versus the GS. Results for tension wood are presented in order to show the ability of these trees to produce high tensile stressed wood having a high longitudinal shrinkage as is well known [21][22][23]. Observation of the measured longitudinal shrinkage versus GS shows a continuum in behaviour from the "normally" tensile stressed wood to the compression stressed wood. Inside the group of normal wood samples (including compression values), GS and longitudinal shrinkage are significantly correlated (R=0.60, p<0.001 for chestnut, R=0.59, p<0.05 for mani). Moreover, the mean longitudinal shrinkage of samples with positive GS is significantly higher than that of normal wood samples having negative GS. This tendency is similar to that observed in gymnosperms in the transition between normal and compression wood [24,25].
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Fig. 2 Longitudinal shrinkage measured on chestnut (A) and mani (B) versus the growth strain. (GS). : normal and "compression" wood. : tension wood [22]. Figure 3 shows the relation between MFA estimation and GS for poplar. Results obtained on tension wood are presented in order to confirm the capacity of this tree to generate high tension stresses associated with a very low MFA, as typically found in gelatinous fibres [9]. For samples with GS higher than -0.1%, there is a general trend for the MFA to increase with GS. Within the group or normal wood samples (including compression values), GS and MFA are significantly correlated (R=0.67, p<0.005). The mean MFA of samples with positive GS is significantly higher than that of normal wood samples having negative GS. Again, this tendency is typical for the relation observed in gymnosperms from normal wood to compression wood [25,26].

Figure 3. Microfibril angle estimated on poplar samples versus the growth strain.(GS).

: normal and "compression" wood. : tension wood [17] For these three angiosperms species, positive values of GS between +0.01% and +0.02% were found. Each time the values of other features positively correlated to the GS were found consistently higher in samples with positive GS. This clearly confirms that the observed positive GS are not due to measurement errors, but really correspond to compressive maturation stress. In the case of poplar, our measurements showed that wood with compression maturation stress have higher MFA than typical normal wood. Unfortunately, the MFA of chestnut and mani samples were not measured. However, several experimental and theoretical studies showed that the increase in longitudinal shrinkage from normal to compression wood is due to the increase of the MFA [25,26], so it is likely that a similar observation would have occurred in these species. Several studies showed that the development of compressive maturation stress is a direct mechanical consequence of this large MFA [27][28][29].

Even if the GS value of this wood is lower than the typical compression wood of gymnosperms, similar features were observed concerning the cell structure (MFA), physical-(shrinkage) and biomechanical behaviour (GS). For all features, the opposite wood of angiosperms seem to represent an intermediate form between normal and typical compression wood and maybe similar to that observed in gymnosperms in the transition zone between these two tissues [30].

These trees seem to have cumulated advantages of both angiosperms and gymnosperms by combining the production of strong tension wood on one side and develop a kind of light compression wood on the opposite side.

Values of GS in tension wood measured for many species suggest that there may be an upper limit in the tensile stress that can be generated in wood cell walls [13,14]. In this case, the biomechanical performance of the re-orientation process can only be improved through complementary mechanisms. Difference in stiffness between normal and tension wood or stem eccentric growth (including the extreme case of buttresses) are known examples of such complementary mechanisms [27,31]. The simultaneous production of tension wood on the upper side and compression wood in the lower side is an additional mechanism that allows a substantial improvement of the biomechanical performance of trees. Indeed, the change in curvature induced by reaction wood production is roughly proportional to the difference in GS between the 2 sides. For our samples, this difference increased from 17% to 38% because light compression wood was produced on the opposite side instead of typical normal wood.

Conclusion

Observation on a diversity of tension wood anatomical features confirms that only the microfibril angle is a common criterion for tension wood. Furthermore, the G-layer does not appear to be more efficient in producing high tensile stress than other tension wood fibres. It seems that stresses produced in tension wood reach a maximum around 3500 µstrain. In order to increase bending, some complementary mechanisms are needed such as eccentric growth or the production of 'compression' stressed wood on the opposite side.

Introduction

In growing plant meristems, new organs emerge at precise location, time and through well defined mechanisms. The determination of models for such behaviours is, however, particularly complex due to the large number of factors, either physical, chemical or biological, taking part in the regulation of cell expansion through space and time. Recent advances in molecular biology have greatly contributed to the understanding of the regulation of gene expression in various plant organs, for example floral, apical and root meristems, and the construction of realistic predicting models of genetic regulatory networks is now possible [1]. However, the emergence of most complex shapes cannot be fully understood without considering: 1) the spatial structure of the problem which determines the nature of cell to cell signalling network and 2) the physical driving forces that impose expansion and deformations to that structure with time.

In this context, simulation tools and methods are essential to explore and improve our understanding of the mechanisms of development in plants. We have been developing dynamic computational methods of plant morphogenesis at cellular level. The segmentation of live microscopy data was used to estimate parameters of a simple viscous model. Morphogenetic, transport and biomechanical model of cell wall expansion have been developed in order to analyses coupled mechanisms in morphogenesis. Most importantly, a software platform was developed to bring a flexible environment for the development and the coupling of models (genetic regulation, spatiomechanical factors, and signal transduction) at different levels of interests of the plant structure (e.g. Plant -Cell -wall).

Live imaging and segmentation of growing Coleocheate

Coleochaete: model system

Coleocheate is a small group of fresh water microscopic algae of about ten species. The development of Coleocheate species shows interesting morphological diversity, from the generation of irregular branched segmented filaments in C. divergens or C. nitellarum to symmetric dichotomous branching thalli in C. soluta or almost perfect symmetric centrifugal expansion in C. orbicularis and C. scutata. (Fig. 1). Among all Coleocheate species, C. orbicularis appeared to be the most simple of all, as its expansion remains circular and is well adapted to a first generation of models. A cellular architecture can be described as a strongly hierarchical graph object constituted of different types of sub units e.g. a cell wall is constituted of two vertices (point at the crossing of three or more cells in a 2D system), a cell is constituted of walls, a tissue is constituted of cells etc… Each of this sub-units bear specific local information e.g. vertices are associated with spatial coordinates, walls are associated with mechanical properties and cell objects are associated with genetic information (Fig. 2). Image segmentation is used to extract information about this cellular architecture of live plant tissues as well as their kinematics and can be used as template for numerical simulations.

The segmentation of images is based on a marked watershed algorithm [2]. In marked watershed computation, the grey-scale image is seen as a topographic surface. The algorithm is initiated by a finite set of points (called seeds) on the images. This topography is then flooded from below by letting each seed be a source of water, which creates progressively larger basins of pixels having identical pixel label. A pixel in contact with a particular basin with intensity lowers than the basin is then associated to it. When the simulation reaches the maximum pixel intensity, each pixel of the image is associated to at least one initial seed label. A further processing is needed to reconstitute the whole architecture of cells. The complete architecture of the cellular structure (Fig. 2) is then reconstructed based only on pixels in contact with at least three basins, in a scale increasing order: a wall is defined by two vertices sharing the same two basins. A cell is constituted of all the walls having the same basin in common. From a mechanical point of view, the cell can be tension by turgor pressure (Fig. 3). The mechanism of cell expansion is then generally believed to result from a driving force, turgor, acting on a yielding cell wall material, where both of these factors are ultimately controlled by the plant metabolic activity [3]. More recent papers have proposed various other yielding behaviour [4 -6], but in the absence of strong experimental evidence, we chose to assume the simple viscous hypothesis to derive an analytical formulation of cell expansion (Fig. 3 inematics: K As it is ob r of cells at the periphery of the colony [7]. Cell size (radial l and tangential l ) in this layer is assumed remain constant. Finally, cell expansion in assumed to be linear in the layer of cell at the edge, and null for interior cell. Therefore, velocity field can easily be expressed as a function of the rate of radial expansion r t R/dt and the radial position
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Strain in cell walls in th rfect viscous material property, it is possible to relate expansion rate of the colony with tensile forces in cell walls:

t r R R S t / .
. where t t is the tensile force in wall, is the viscosity coefficient (Pa.s) of the wall, S t and S r are cross sections of cell wall in tangential and radial direction. Wall cross sections were assumed to remain constant throughout deformation i.e. no explicit cell wall synthesis is considered in the model.

Expansion of the colony

From the equilibrium of forces acting on cell wall, it is possible to derive an expression of radial growth of the system: 

Multicellular computations

Software for the simulation of plant cell proliferation has been developed on the basis of previous work. [8]. Cells consist of individual automatons, characterized by a genetic activation state, whose behaviour is determined as a function of the signals it receives from its neighbourhood.

Computation of cellular wall expansion was performed using the finite element method. Because the structures being analysed are two dimensional, Euler Bernoulli beam hypothesis has been adopted. Time integration was carried according to a forward-Euler finite difference scheme and the scaled gradient conjugate method is used for solving the system of linear equations. The finite element mesh used for each wall consists of the two vertices defining its boundary and a mid point between them. Interior cells were considered to be rigid. The external force at the origin of expansion is turgor pressure, applied at each node of the finite element mesh.

The division of a cell occurs along one of two principal directions, parallel and perpendicular to the edge of the colony. A cell divides when its volume reaches a threshold, in the plane of minimal distance between existing walls. Threshold values for cell division where based on fixed cell size dimensions. During the simulation, the volume thresholds are drawn randomly using a normal distribution determined from experimental cell size distribution.

Results and discussion

The evolution of the size of the colonies, as measured from live imaging experiments, showed a linear increase of the radius with time (e.g. number of cell has a quadratic growth). As expansion takes place at the periphery of the colony, the increase in radius of the colony is determined by the individual cells in the radial direction. The predicted evolution of radius with time from the analytical models and the finite elements simulations was compared to experimental data (Fig. 4) and reproduced similar linear radial expansion rate. Investigations into the key mechanical behaviour occurring in morphogenesis have been carried out by simulating some strongly contrasting scenarios (Fig. 4), emphasizing potential mechanisms triggered by genetic activation of cells. Bending deformations were shown to be major mechanism influencing the way structures are established, as it has been emphasized by [9]. When moment of Inertia is decreased, the symmetry of expansion disappears because forces in radial walls tended to be homogenized and their expansion to vary with cell size. For the lowest values, however, bending of outside walls became the main factor driving the establishment of the structure. Each outside wall gives birth to an outgrowth, starting a new direction of expansion.

In the simple analytical model derived in the previous section, turgor pressure, cell size and viscosity coefficient were found to influence expansion rate identically. However, when such parameters are modified locally as it is found in real organisms, different types of mechanisms could be observed: locally increased turgor pressure was most efficient to generate outgrowth and initiated a second colony. The reason is that only an increase in turgor pressure can generate lateral forces at the early stage of the simulation. Lateral forces induce higher anticlinal division rate. An increased number of cells had higher turgor pressure which then accelerated the formation of the outgrowth. In all other cases, vertical forces on both sides of the wall are in equilibrium at the beginning of the simulation, until the outside walls are deformed enough to generate lateral forces. For the same reason, cell ablation generates secondary circular outgrowth as it is found on live injured tissues: The ablation of cell induced a decrease of turgor pressure in the neighbourhood of cells being isolated. It resulted in local isotropic expansion as opposed to dominant radial expansion in mature Coleocheate. 

d-f) outgrowth resulting from local variation in turgor pressure (d), viscosity (e) and cell size (f). g-h) outgrowths resulting from the forces released from ablated cells. i) simulations of colonies getting in contact

Conclusion

In this study, we have been developing a mechanical computational framework for the simulation of morphogenesis in plant at the cellular level. A first set of simulations showed a range of possible forces and corresponding mechanisms can drive a biological system to establish its structure. Using models and computer simulations, it will be possible in the future to complement experimental investigations by isolating certain factors or visualising hypotheses to exclude incompatible biological assumptions. Integrating self-organised models for the regulation cell proliferation is now essential to go further in the understanding of the mechanisms, and particularly how the genetic programs interact with the key physical variables responsible for emergence of geometrical patterns.

Coleocheate orbicularis was used in this study as a first experimental system. The colonies adhere to a plastic or a glass substrate and grow as a cell monolayer. This simplistic structure and kinematics of growth makes C. orbicularis a unique and compelling new system for the study of the biomechanics of morphogenesis: High throughput time lapse microscopy can be implemented using computer controlled microscope with a robotic stage, automatic segmentation techniques can be used to extract and analyse kinematics of growth, simple analytical models can be developed and used to compared with numerical simulations.

Structure and mechanics

Introduction

Angiosperms generate high tensile stress in the upper side of the trunk or branches in order to keep the trunk upright or to maintain branches at a predetermined angle. Such wood is called tension wood and characterised in many species by the presence of a peculiar secondary cell wall layer in fibres called the gelatinous (G) layer (see Figure 1). This layer has been suspected as the origin for the high tensile stress of tension wood as well as high growth stresses in living trees. The G layer is devoid of lignin deposition and dominated by cellulose microfibrils that are oriented along the fibre axis, parallel to the trunk or the branch. Thus the macroscopic wood block itself represents a good sample for fibre diffraction experiments (Fig. 2).

Fig. 1. Cross sectional OM photograph of tension wood and POM image of a single wood (G) fibre.

The mechanical state of cellulose microfibrils in such tension woods has been debated. The main stream of thought is that the cellulose microfibrils are stretched so that they can shrink upon release of the growth stress. However, no direct evidence of the crystalline state of cellulose in-situ has been reported.

Therefore, in this study, we performed in-situ measurement of lattice deformation during release of the growth stress [1].

Materials and Methods

A strongly leaning branch of Populus euramericana (approx. 10 cm diameter) was used for the studies. The bark on the upper part of the branch was removed at 50 cm intervals and a strain gauge was pasted onto the outermost part of the xylem to measure the longitudinal surface strain at each point. The branch was then cut from the tree and sectioned into 50 cm long specimens, keeping the strain gauge in the middle of their length. Specimens were retained in the wet condition until the X-ray diffraction experiments were completed. The xylem on both sides of the gauge was trimmed off along the grain, leaving a 2 mm thick radial plate just before the points of measurement (Fig. 3 left). The longitudinal dimension of this plate was roughly 10 cm. The longitudinal surface strain was continually monitored so as not to release the growth stress during preparation. X-ray measurements were done before and after the release of the growth stress by sawing off the longitudinal continuity of this radial plate (Fig. 3 2D-WAXS patterns of selected diffraction spots were collected from the area close to the strain gauge by synchrotron X-ray radiation with a wavelength of 1 Å at the high flux beam line BL-40XU. The effective camera length for 004 diffraction spots was ca 2 m, where the 0.1% displacement can be measured as a 6 pixel shift on the plane of observation (Fig. 5). 
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Mechanical state of cellulose microfibrils in Poplar tension wood

WAXS diffraction patterns recorded both before and after releasing the growth stress were compared and from these patterns the 004 meridional reflection of native cellulose I was investigated. The reflection 004 gives information on the dimension of the cellulose unit cell parallel to the cellulose chains. A typical example of lattice displacement during release of the growth stress is presented in Figure 6. The 004 lattice distance was 0.15 % shortened, when the surface shrunk 0.2 %. This provides direct evidence that the large longitudinal growth stress recorded in tension wood is generated by the lattice shrinkage along the c (fibre) axis of cellulose crystals. 

Introduction

In young sunflower (Helianthus annuus L.) plants stem bending or flexing has proved to produce important morphological modifications such as reducing stem elongation and promoting hypocotyl shortening [1,2].

Thigmomorphogenesis [3] can explain these developmental changes observed after flexure but the mechanostimulus signal transduction pathway leading to thigmomorphogenesis is not yet well defined and the exact mechanism of the thigmoresponse is unknown. Moreover it has still not been properly determined whether the growth response is restricted to the stimulated areas (local) or whether the whole plant (global) is affected [4,5].

To rapidly transduce the thigmo stimulus from the site of perception to distant apical meristems where active cell reproduction and expansion is taking place, an efficient transport system, other than cell to cell communication pathways via plasmodesmata, has to be present [3]. In this sense the phloem and xylem long-distance translocation system could play an important role in whole-plant development as a conduit for the delivery of signalling molecules [6]. It could then be appropriate to assume that the vascular system, particularly at the phloem sieve elements (SE) level, with a velocity of movement of materials ranging from 0.30 to 150 cm/h [7], could be the best route for the signals to be mobilized. If the mechanical stresses generated by shoot bending are located near the vascular strands, it could contribute even more to the mechano-stimulus transport efficiency.

In the present work it is hypothesized that stem bending induces to a significant internal mechanical stress at vascular level. For validating the hypothesis, tensions and compressions generated in the surface and in the ground and vascular tissues of young sunflower stems were located and calculated using the finite element (FE) method during a simulated dynamic bending.

Material and methods

Anatomy of the stem

A detailed location of the main tissues within the hypocotyl and epicotyl (Fig. 1a; [8]) and the relative volumes of its constitutive tissues were defined from properly stained transverse serial sections taken from 23-days old stems of glasshouse grown sunflower plants. At this stage the inflorescence is starting to differentiate [9,10,11].

Biomechanical properties of the tissues

The structural Young's modulus of the whole stem was calculated from a three-point bending test performed in a micromechanical testing device for small plant samples [12,13]. A beam of 5.0 cm was trimmed from the stem and its ends placed on two horizontal holders supported by two opposite drill chucks. An indenter with rectangular cross section of width 1 mm was applied to the beam in between the two holders until failure. Real time data was collected and downloaded to a PC. The beams were tested immediately upon removal from the plants. To prevent tissue dehydration during the test the specimens were coated in silicone oil. The Young's modulus of epidermis and parenchyma as well as its Poisson ratios were taken from the literature [14,15,16]. The Young's modulus of the fibre strands was from [17]. Tissue density was estimated from the weight of stem segments of known dimensions and the relative proportions of each tissue calculated from the surface areas of each constitutive tissue measured from hypocotyl's transverse cuts. For each biomechanical test 30 samples were used.

Modelling and stress simulation

Stresses inside the stem were calculated using the finite element (FE) method [18], a numerical procedure used for both static and dynamic structural analyses, suited for solving the partial differential equations which describe stresses and strains in structures which have heterogeneous properties.

Based on the distribution of tissues (Fig. 1a) and its real external dimensions and geometry (Fig. 1c) a 3-D model of the stem was constructed and properly meshed using the brick structural element [18] (Fig. 1b-c; Fig. 2a). The anatomy of the sunflower stem at early developmental stages is fairly regular from tip to base so eight strands of vascular tissue in the hypocotyl (0 to 4.0 cm) and epicotyl (4.0 to 10.0 cm; Fig. 1a,c) as observed from the histological analysis were considered in all its length. Even though it is known that the strengthening tissues in stems are highly anisotropic [19], for simplification purposes the model assumes isotropy and was considered to be composed by four tissues incorporated as four independent element groups of isotropic material: (Ep+CPar: E(MN)=3.8; =2.5; (Kg/m 3 )= 390; OuMP: E=6.8; =0.25; =1010; FS: E=10.1; =2.8; =1000; InMP: E=3.4; =3.5; =570; Fig. 1a). Six and eight-nodal solid elements were used giving the model a final configuration of 10248 elements with 8998 nodes (Fig. 1c).

Calculation and localization of stresses in the model

Stresses at the site of the hypocotyl's simulated uniaxial bending were calculated. The analysis was made using the ACCUPACK/VE routine from ALGOR (vers. 17, Algor Inc., Pittsburgh, PA), a FE software processor for non-linear calculation.

The bottom of the hypocotyl model was fixed and bending stresses during MES applying a displacement boundary condition (F= 0.0 to 2.0 N during 1.0 s; Fig. 1c) at the opposite apical end were registered at a capture rate of 130 steps/sec. The force applied was assumed to be enough to induce bending in field grown sunflower plants of the same age exposed to mild wind [15; L. Hernández, unpublished results] and to keep the analysis in the domain of elasticity of the tissues included in the simulation. It can be seen that the position and the pattern of maximum stress values are always significantly higher near the vascular tissue (Fig. 2b,c). This is a consequence of the proximity of the fibre strands which have the highest Young's modulus (FS: E= 10.1 MN). Moreover, the sequential results of the dynamic simulation show after the completion of maximum bending that stresses are mainly located at the stem base (Fig. 2a). There is experimental evidence that higher plants have evolved a mechanism that allows the selective translocation of long-distance signalling molecules by the phloem, for delivery to distant organs of the plant [20].

The phloem translocation stream could then serve as a conduit for the long-distance delivery of proteins and ribonucleoprotein complexes that could act in signal transduction cascades involved in the integration of developmental and physiological processes occurring within distantly located organs [3]. That could be the way in which higher plants integrate developmental and physiological processes at the whole-plant level.

The model described in this paper, a theoretical and simplified representation of a young sunflower stem, its constitutive tissues and their biomechanical properties, is able to predict stress distribution patterns inside the structure. The proximity of stressed cells to the phloem and xylem elements support the hypothesis that mechanical stimulus not only can act at surface level but can be also acting at vascular tissue level boosting the transport transfer of the induced mechanical stimulus.

Mechanical properties of single tomato fruit cells

Introduction

Both plant cell growth and control of plant cell shape are dependent on the mechanical properties of cell walls. Rather than infer these from tests on pieces of tissue, a micromanipulation technique has been developed for the measurement of the mechanical properties of single plant cells in suspension [1]. The principle of this technique is to compress a single cell between two parallel flat surfaces, in order to obtain force-deformation data. As direct measurements such as bursting force and percentage deformation at bursting have values that depend on the measurement method, mathematical modelling is required to derive intrinsic wall material parameters such as the elastic (Young's) modulus. For suspension-cultured tomato cell walls, this has been done for low strains ( 20% deformations) using a linear-elastic model of cell wall behaviour [2]. The modulus was shown to be 2.3 ± 0.2 GPa.

Tomato fruit cells are obviously different from suspension-cultured tomato cells, and they are of industrial interest. Because these cells are relatively large, and when mature, are of low turgor, very little information is available on the mechanical properties of single tomato fruit cells. It is also vital that compression speeds be as high as possible, as this allows compression with negligible time dependent behaviour of the cells, whether caused by viscoelasticity of the wall or water loss through the plasmalemma and wall. In the present study, a high strain-rate micro-compression tester was developed to characterize single fruit tomato cells mechanically. This approach was complemented by modelling the resulting compression data, in order that some intrinsic material properties of the cell walls might be found.

Material and methods

Single cells obtained from fruit tissue

Any method of releasing cells from tissue might involve damage of some sort. In order to establish the compression testing method, it was decided to use cells from the inner pericarp, which could be released by gentle washing [3]. Tomato fruits were supermarket bought ("Basic" tomatoes, J Sainsbury plc, UK) and used 2 days before their "best before" date. Each fruit was cut into quarters, the locular gel and seeds were removed, and then the inner pericarp tissue was agitated gently with 0.03 M mannitol solution, pH 5.0, to release cells. The same mannitol solution was used to bathe the suspended cells during testing.

Compression testing by micromanipulation

The basic methodology for compression testing of microscopic particles (suspension-cultured plant cells, bacteria, yeast cells, microspheres or microcapsules) was described by Blewett et al. [1]. Briefly, particles are compressed between the flat end of a glass fibre (micromanipulation probe) and a flat surface (the bottom of a glass chamber containing the individual particles in suspension), and force deformation data are obtained.

In the present study, a recently developed high strain-rate micro-compression tester was used, details of which have been described by Wang et al. [4]. Compared to earlier micromanipulation equipment [1], a Piezo-stack (Model P-841.60, Physik Instrumente (PI) GmbH & Co. KG, Germany) with 90 m maximum movement, was used to generate high speed compressions. At a compression speed of 1500 ms -1 , it takes less than 50 ms to compress cells of sizes of a few hundred microns to deformations of about 20%. This is important both to eliminate time dependent cell behaviour such as cell wall viscoelasticity (typical time constant: several seconds) or water loss through the plasmalemma and wall (typical time constant: 10 s or longer) [5,6], and because the cells are nearly turgorless (unpublished observation) and need rapid compression for significant internal pressure to be generated.

All micromanipulation experiments were performed under 0.03 M mannitol, pH 5.0, at room temperature (25 ± 1ºC). Approximately 20 cells were tested from each tomato fruit.

Cell elastic limit check

Using a compression speed of 1500 ms -1 , single cells were repeatedly compressed and released, beginning with a deformation of 10% of the initial cell height, and then with deformations increasing 1% for each compression until permanent deformation occurred (non-recovery of the initial height after the force was released). This gave an estimate of the elastic limit for the deformation, and through the modelling described below, an estimate of yield point (strain at the elastic limit of the cell wall, under these circumstances of very rapid measurements (no growth)). In order to measure the initial height and width of the cells, and monitor them for permanent deformation, images were captured by a digital side-view camera (MEMRECAM ci/RX-2, NAC Image Technology Inc., Japan) at 510×484 pixels resolution and 500 frames per second.

Determining the wall intrinsic material properties by modelling

In order to determine the Young's modulus of the cell walls, simulation data from a mathematical model of cell compression were fitted to experimental force-deformation data. This model was a simplification of that published by Wang et al. [2], using strictly low strain assumptions only. In this model, the cell (before compression) is treated as a liquid-filled sphere with thin compressible, linearelastic walls. Although the model can allow for permeable cell walls and membranes, the compression was so fast in practice that water loss could be neglected in the simulations. It should be noted that the model assumes the cells are initially spherical, which may be a less reasonable assumption for these cells than for suspension-cultured cells.

The initial wall thickness, which is required to calculate the Young's modulus, was assumed to be 685 nm, a mean value obtained by using Freeze Fracture Scanning Electron Microscopy [3].

Results and discussion

At this stage of ripening (2 days before the "best before" date), it was found that cells were quite loosely attached within the tissue and significant numbers of single cells could be recovered. Although a few spherical cells could be seen, the cells were often elongated and irregular in shape. The height range was 230-540 m, with a mean value of 372 ± 7 m. The ratio of height to width was in the range 0.56-1.14, with a mean value of 0.81 (67 replicates from three tomatoes). Figure 1 shows an image of a single tomato fruit cell during compression.

It has been found that the cells were elastic to deformations of just over 11%. Therefore only the data in the elastic region were selected for further analysis. Figure 2 shows an example of fitting such force-deformation data with the mathematical model. The very good fit, which is typical, indicates that the linear elastic model is very suitable for determining the Young's modulus of the walls of the tomato fruit cells used in this study, even though they were not initially spherical. Not surprisingly, the mean low strain Young's modulus and the strain at the yield point varied between tomatoes, as these were not grown under controlled conditions. The mean elastic moduli were found to be 30 to 80 MPa, significantly lower than those measured previously on suspension-cultured cells (ca. 2 GPa; Wang et al. [2]), as might be expected for these mature cells. The cell wall strain at yield point was 2%, compares very well with those found by more conventional tissue testing methods, e.g. an elastic limit of 3% strain [7].

Fig. 1 Photograph of a single tomato fruit cell being compressed between a micromanipulation probe and a glass surface (initial cell height 420 m; probe diameter 1000 m).

It has been demonstrated in this work that compression testing method can be extended to single tomato fruit cells from tissue, at least those recovered from the inner pericarp. It has also been demonstrated that the novel use of high speed compression using a Piezo-stack can permit measurements of the mechanical properties of low or un-pressured ripened tomato fruit cells to be made. It should now be possible to study softening as an important part of the ripening process, as it is widely recognized that changes in cell walls accompany fruit softening [8]. For example, tomato fruit ripening is accompanied by significant degradation of cell wall pectin, and many other changes occur during ripening, such as the cell membranes losing their integrity causing the turgor pressure to fall [9,10].

It should be noted that the Young's modulus from model fitting depends critically on the chosen value of the initial cell wall thickness, and it is inversely proportional to the wall thickness for given force deformation data. 

Conclusion

The mechanical behaviour of single tomato fruit cells has been characterized using a recently developed high strain-rate micro-compression tester. The cells were found to be elastic up to about 11% deformation. The Young's moduli of the cell walls were significantly lower than those observed for suspension-cultured tomato cells. Complementing by modelling, high speed compression testing is a powerful tool for studying low turgor cells, such as those found during ripening.

Differences in reactions to lateral light between Pinus pinaster Ait. populations Introduction

Pinus pinaster Ait. is a major species in production of wood in many countries, but it has a remarkable tendency for flexuosity. Lack of straightness in trees negatively affects industrial processing and wood quality [1,2]. The trait "stem straightness" is commonly used as a selection character in P. pinaster breeding programs. However, very different methods of measurement have been used and differing successes in selection programs have been obtained [3]. A better understanding of the natural variability of the stem straightness may help to identify clues for early selection.

Within P. pinaster species, differences in stem straightness between populations from different geographic provenances are pronounced and well known in both natural forests and provenance trials, where the populations are grown under common environmental conditions. Usually, the stem straightness performance at the population level is quite stable between provenance trials, and consistent with the straightness in natural forests [4]. Hence, the comparison at the provenance level may be useful to identify the underlying processes that explain such differences.

Stem straightness is known to be affected by external factors during the tree life, like lateral light, wind, snow, damages to the apex, etc., inducing curvatures. Differences between several conifer species in their response to lateral light have been reported [5,6]. Genetic variation in the response to lateral light and straightening processes at the familial and individual level has also been reported [3], but there is a lack of knowledge at the population level.

The aim of this work is to explore the responses to the lateral light in three provenances of P. pinaster in length growth, angle of deviation and amount of compression wood developed, in order to discuss whether reactions to the lateral light can be related to the differences of stem straightness between provenances.

Material and methods

Three out of twenty provenance regions established for P. pinaster in Spain have been chosen in this study due to their differences in stem straightness and growth: "Gredos" provenance, with great growth and very straight stems; "Bajo Tiétar" provenance, with tall trees but sinuous stems, and "Oña" provenance, whose typical trees having little growth and crooked stems.

Seeds from representative trees of the three populations were sown in square-based pots. The seedlings grew during a year in a greenhouse. In their second spring, the pots were placed outdoors on iron structures specially designed for the experiment, to maintain the plants in a fixed position under two treatments: direct sunlight and lateral light. To get the lateral sunlight, each plant was covered with a double 80% black shadow sheet, leaving opened only the South side. The number of plants per provenance and treatment was 10.

Photographs of each plant were taken weekly, in the North -South plane and exactly from the same points, since the establishment of the experiment the beginning of May to mid September. The stems have been considered in two parts: the basal part, Fig 1, developed during the first year of the plant (part 1) and the upper part, developed during the experiment (second growing year, part 2). In order to follow the changes in the orientation of the stems, successive angles of the part 1 and part 2 of the stems with regard to the horizontal axis were measured on the photos (A1 and A2 respectively). Plants were marked with a black felt-tip pen at the end of the length reached in their first growing year to identify this point for measurements. Length growth of the stems was also measured on the pictures, taken into account the correction of the scale. All the measurements were made with Photoshop 5.5 and 6.0 (Adobe Systems Incorporated, 2000). The statistical analysis for growth and angles was a Repeated Measures Split-Plot Anova with covariables A0 (initial angle of part 1) and L0 (initial length) for angles and L0 for growth. Individual contrasts were performed to make all the comparisons (Statistica ´99 Edition). 

A2 A1

At the end of the experiment, the plants were defoliated, marked in the South and West side respectively, and then harvested. Transversal sections were taken at the base of the stem (section 1), just over the cotyledons (section 2), at the middle (section 3) and at the end (section 4) of the part 1 of the stem. The sections were analyzed microscopically to determine the presence of compression wood, based on the anatomic features of the tracheids: more rounded cross-sectional profile than normal wood tracheids and thicker wall [2, 7 -9]. Total area of the sections and area of compression wood were also measured in sections 2 and 3, and analyzed by a Repeated Measures Anova with treatments and provenances like between-subjects factors and section like within-subjects factor. Individual contrasts were performed to make all the comparisons.

Results and discussion

As expected, plants under lateral light treatment grew more, in length, than plants in direct sunlight, close to 390% as a mean; Fig 2 . In direct sunlight treatment there was no significant differences in growth between provenances, and neither with lateral light treatment. At the end of the experiment (estimation of the photomorphogenetic effect) the growth under lateral light, compared to the growth in direct sunlight, was greater in Tiétar than in Oña plants (p-value 0.03368) and also in Tiétar than in Gredos plants (p-value 0.0871).

The angle of deviation of the stem was significantly affected by the lateral light treatment only in the growing part of the stem (A2); Fig 3, being consistent with the fact that phototropic reactions appears in the growing axes. This could be expected as an indirect effect that lean the part 1 due to the momentum caused by the growth of the leaning part 2; however not significant.

In the lateral light treatment, significant differences between provenances in the angle A2 were observed; Fig 4 and5. A2 in Oña plants was 6.7º lower than in Gredos plants at the end of the experiment (p-value 0.0441) and 8.5º lower than in Tiétar plants (p-value 0.0214). This result comes from a combination of two partial events. In a first period (since the beginning of the experiment to 62 days later), Oña plants got a lower A2 than Tiétar plants (p-value 0.0302), suggesting that Oña plants were more sensitive to the lateral light than Tiétar plants. In a second period (since 62 days to the end of the experiment), Gredos plants stopped leaning, and even increased A2 (straightening), while Oña plants kept on leaning (differences being significant with p-value 0.0381). This reaction in Gredos plants is consistent with a greater ability to straighten after tilting (data not shown).

Despite the difficulty to separate phototropic and gravitropic responses [10], the idea that the low A2 in Oña plants is related to the sensitivity to the lateral light is supported by two arguments. First, one can think that, once the stem is bent toward the light, a higher length growth could mean a decrease in the angle A2 because of the self-weight and a longest arm, but then the Oña plants should have the biggest A2 and not the smallest, as they had the lowest growth. The coefficient of correlation between length growth and A2 at the end of the experiment was 0.4249 with a p-value of 0.062. However, this effect can be modulated by the diameter of the stem, wider in the longer plants. Second, in a merely geometric sense, as each plant was covered with a structure of the same dimensions, the part 2 of a short plant should have to lean less than a higher plant to go toward the higher point of the opened side. Then the Oña plants should have the biggest A2, and not the smallest as they actually had; Fig 6 . Oña plants were the shorter plants at the beginning of the experiment; a significant difference between them and the Gredos and Tiétar plants.

Compression wood is known to enable the tree to find a more favourable position, and usually is related to changes in the orientation of the stems. In the direct sunlight treatment, only 5 (3 from Tiétar, 1 from Oña and 1 from Gredos) out of 18 trees did not show compression wood in any of the 4 sections studied. In the lateral light treatment, all trees developed compression wood in some of the sections. This compression wood was mainly found in the South side of the stem, that is, the lower side taking into account the leaning due to the phototropic reaction; Table 1. In a few cases, the compression wood sector was located in the lateral sides of the stem, but never in the upper side, that means this compression wood was a reaction to the leaning and not a way to go toward the light. Frequently, the compression wood in the lateral light treatment appeared in two or more concentric stripes that could have to do with the fluctuations observed in the angles, Fig 2, 3 and7, which are present also at the individual level. These fluctuations can be a result of a balance between the phototropic growth and the gravitropic reaction induced by the deviation of the stem.

There were significant differences between treatments in the total area of wood, compression wood area and percentage of compression wood area with regard to the total area; both in section 2 and section 3, but there were no differences between provenances. This suggests that the greater ability of Gredos plants to straighten could be related to a more efficient rather than a more extensive compression wood development. 

Conclusion

The main differences between the provenances seems to confirm the hypothesis of a greater sensitivity to lateral light in the more twisted provenances (Tiétar underwent the most photomorphogenetic growth and Oña showed the largest lean), and a better ability to return to the vertical position in the straighter provenance (Gredos). The amount of compression wood developed did not seem to be related to this ability.

Impact of viscoelasticity and juvenile wood occurrence on the tree reorientation process

Introduction

During its life, a tree is submitted to an incremental diameter growth together with an increase of external forces, mainly because of the self-weight of the tree. In addition, newly formed wood cells have a tendency to shrink along the fibre during their maturation. However, this deformation is restrained by older wood layers, resulting in prestresses in the new layer [1]. The asymmetric distribution of longitudinal prestresses around the circumference allows for the control of the stem verticality.

Some previous work [2,3] have focused on modelling of a growing structure submitted to external loads and maturation stresses. A Finite element method was also used to analyse the shape regulation in trees [4]. However, only few modelling approaches take into account viscoelastic properties of the wood [5].

This starting research project aims at investigating the impact of viscoelasticity on mechanical behaviour of living stems and the implication of difference in time-dependent behaviour between wood tissues. During tree growth, large stresses appear inside wood, due to the increasing load of the crown and the process of wood maturation. It is well known that the distribution and magnitude of the resulting growth stresses depends on the relative speed of loading and of secondary wood formation. However, the viscoelastic nature of wood introduces an additional time dependency through the differential relaxation of various tissues. This aspect is only poorly documented and probably introduces a significant bias in the biomechanical models used for tree assessment or growth description.

Depending on the considered time scale, viscoelasticity has a different impact on biomechanical performances of the tree. The dynamic response of a branching system to short-term loads such as wind is modified through the damping factor, which is a manifestation of wood viscoelasticity. Stress relaxation in wood tissues affects the effective Young's modulus against permanent loads and thus influences the tree stability and the efficiency of its reorientation mechanism. Finally, at a long time scale, the distribution of growth stresses is modified due to the partial relaxation of residual stresses during the ageing of the tree, reducing the risk of internal wood failure.

In order to examine the impact of viscoelasticity on the biomechanics of living stems, a combined approach of modelling and experimentation has been adopted. In this paper, some preliminary simulations are presented and the methodological approach is discussed, based on estimated data. The heterogeneity associated with a juvenile wood transition has been considered. In a later stage, it is hoped to feed the model with experimental data obtained on the green wood of temperate or tropical species exhibiting contrasting growth strategies, and take into account smaller scales of material variations.

The model

A simple model based on beam theory has been developed to simulate the dynamics of the stem reorientation and the evolution of its flexibility. The analysis is focused on a small stem portion, a "cross section". It can be located at the base of a trunk or a branch, or any given position of a standing tree. A general description of the geometry of the growing section and the distribution of wood properties (elastic, viscoelastic and yield stresses) allow to simulate eccentric growth and the occurrence of juvenile and reaction wood. Viscoelastic properties of wood are described through a generalised rheological model of M Kelvin elements in series, each of them associated with a characteristic time and a delayed modulus. Here estimated values of the parameters are considered. They may be replaced, when available, by experimental data.

The total change in curvature, at the end of the simulated period, is used to investigate the uprighting efficiency. The maximal increment of curvature that a tree is able to withstand without failure is called flexibility. Both, up-righting efficiency and flexibility are expressed in degrees of curvature along Y-axis per meter of tree stem. When the computed stress at a given position of the cross-section reaches the yield stress in compression or in tension, this is considered as a weak point, i.e. the point where the failure will appear at first. Note that this point is not necessarily located at the stem periphery because an important field of prestresses exists inside the section.

In the current version, the up-righting process is not interactive with the environment -initial and final positions of the stem are imposed -so one can use this model only to test some growth scenarios. In the presented simulations, the up-righting reaction at the base of a tilted tree has been analysed. Only a curvature along the Y-axis was considered. For the growth scenario detailed in Annex 1, at first simulations neglecting the occurrence of juvenile wood and viscoelasticity were performed and one by one each factor was introduced in order to quantify its influence. During the second set of simulations, the influence of eccentric growth and maturation stress on biomechanical performances was investigated. Finally, the relation between up-righting efficiency and stem flexibility was analysed. To obtain a reference of prestress level and stem flexibility, a simulation for a straight and vertical tree that does not exhibit any growth eccentricity and any occurrence of reaction wood was performed.

Results and discussion

Impact of juvenile wood and viscoelasticity on the stress profile and location of weak points

During the up-righting process, the central part of the stem is submitted to a high level of prestresses (Figure 1). The maximal compressive stress is 4 times larger than in the case of straight growing tree that is not in active reorientation. In softwoods, the occurrence of juvenile wood allows for a markedly reduced magnitude of pre-stresses (-19,3% near the pith). Viscoelasticity has a double effect: separately it increases slightly the stress level near the pith (+0,3%), but in combination with juvenile wood the impact is opposite (-20%). In hardwood, the maximal stress level is lower than in softwood, and is further reduced by the occurrence of juvenile wood (-11%) and viscoelastic relaxation (-8%).

Figure 1: stress distribution along a diameter, as a function of the distance to the pith, for a hardwood (left) and a softwood (right) in reorientation process; JW: effect of juvenile wood is taken (+) or not (-) into account, V: effect of viscoelasticity is taken (+) or not (-) into account; +: location of bending axis; dash curve represents a stress profile in a straight tree (simulation accounts for viscoelasticity and the occurrence of juvenile wood), its pith (dashed vertical line) is located at the neutral axis Figure 2: stress distribution and location of weak points in a hardwood (left) and in a softwood (right): section exhibits an important eccentricity (e = 2/3) with occurrence of juvenile and reaction wood; dark areas represent maximal compressive stresses, light areas maximal tensile stresses It is usually interesting to notice the position of weak points in bending. For a straight tree, the weak points are located at the periphery of the stem. This is not always true for a reorienting tree, Figure 2. For both the simulated scenarios, the weakest points were situated in the area near the pith exhibiting a high level of compression prestress. Consequently, if submitted to a sudden change in curvature (e.g. because of wind), the internal failure will appear at first in compression near the pith. Concerning the direction of loading, hardwood stem will break easier due to a change in curvature in the same direction that has already triggered the up-righting reaction. By contrast, the flexibility of a softwood stem is lower if submitted to bending in the opposite direction. 

Impact of viscoelasticity, juvenile wood and eccentricity on biomechanical performances

Table 1 shows biomechanical performances of trees in intensive reorientation processes (high eccentricity and level of maturation strain). Simulations on reference straight tree have pointed out that neither juvenile wood nor viscoelasticity have any influence on the stem flexibility because weak points are located on the periphery of the stem. For both softwoods and hardwoods, the reorientation process significantly lowers their flexibility. Moreover, their up-righting efficiency is nearly the same. However, during intensive reorientation the flexibility of a softwood stem drops dramatically while for the hardwood it continues to be rather high. Legend: the same as for figure 1 The increase of flexibility due to the juvenile wood is a logical consequence of the reduction of the maximal compressive stress in weak points. Juvenile wood improves slightly (3%) the efficiency of the reorientation process in hardwoods, but has an opposite effect in softwoods. Because of the relaxation of the central part of the stem, viscoelasticity increases essentially the up-righting efficiency of both hardwoods and softwoods. It has also a positive impact on the hardwood flexibility. The combination of both these factors is definitely a benefit to the efficiency of tree reaction.

The magnitude of maturation stresses in reaction wood and growth eccentricity has a proportional effect on the efficiency of the up-righting process (Figure 3a). However if the reaction of the stem is too strong in term of maturation strain, the loss of stem flexibility is substantial (see Figure 3c). The trade-off between flexibility and efficiency of the up-righting process seems to limit the magnitude of maturation strain to about 3000 . Eccentric growth is a limiting factor especially for softwood stems (Figure 3b). For a given eccentricity, the occurrence of juvenile wood combined with the viscoelasticity of wood allows the tree to use higher prestresses in reaction wood and consequently to speed up its reorientation process (Figure 3c).

Finally, the efficiency of up-righting process of hardwood and softwood with a virtual specimen was compared (Figure 3d). This hybrid employs strong compression and tension woods at the same time avoiding eccentric growth. Surprisingly, its flexibility is not much lower than for hardwood and is already higher than for softwood. Other disadvantages or natural limits may exist, explaining why this kind of behaviour has not been found in nature.

The presented simulations of biomechanical performances point out some interesting results. However, these are heavily dependent on the used parameters and in consequence they need to be confirmed by using reliable experimental data especially for the viscoelastic properties and for the yield stress in compression and tension.

Figure 3: Effect of maturation strain of reaction wood on biomechanical performances. (a) Relationship between the maturation strain of tension wood ( ) and the curvature induced by the reorientation process (ecc: index of eccentricity). (b) Relationship between the flexibility of a softwood stem and the maturation strain of compression wood for various values of eccentricity (c).Relationship between the stem flexibility and maturation strain of tension wood (with ecc=+2/3); (d) Relationship between flexibility and up-righting efficiency of a softwood, a hardwood and a hypothetical hybrid.

Annex 1: Set of data used for simulations

The following set of data was used to simulate the field of prestresses in a tree after 200 weeks of growth period. The index of growth eccentricity (ratio of distance between the centres of two successive layers and difference of their radius) during the up-righting process is ±2/3 while straight tree does not exhibit any eccentric growth. In addition, the distribution of maturation strain along its section is homogeneous.

Figure A1: description of the section geometry. 0(Xs, Ys, Zs) is the reference system corresponding to a given section, with Zs equal to the local pith orientation n; 0(XG, YG, ZG) is the reference system corresponding to the tree; 0: biological centre of the section; G: centre of mass; 1 : tilt angle of the section; 2 : tilt angle of the tree 

Introduction

Microtubules are involved in different aspects of plant cell live. They participate in mitosis building a preprophase band, which predicts the plane of future cell division. Then they rearrange into the mitotic spindle and finely into the fragmoplast [1]. Cortical microtubules observed in an interphase form parallel arrays which are situated in the cell cortex. They are supposed to be involved in plant cell wall morphogenesis by regulating the orientation of the newly deposited cellulose microfibrils [2].

cMT alignment is modified by different factors. One of these factors is the stress operating in cell walls. The plant cell wall is an extracellular matrix [3,4], which is probably directly connected with the cortical scaffolding of the cytoskeleton via the plasma membrane proteins [5,6]. Thus stress from the cell wall may be transmitted into the cell and influence the cMT orientation. It is known that cMT reorient as a result of bending [7] and modification of tissue stresses [8]. However, in the epidermis of sunflower hypocotyls grown in constant conditions, the orientation of cMTs may also change in a constant manner. This is an autonomous reorientation of cMTs [9] and is based on rotational cycles. It means that the cMT orientation changes are chiral (clockwise or anticlockwise). The hypothesis was put forward by Hejnowicz [9] that the reorientation velocity is a function of orientation with a possibility of "jumping" through the longitudinal and/or transverse direction.

It was previously mentioned that there is a relationship between cMT orientation and morphological directions (transverse, longitudinal). Morphological directions may represent principal directions of tensor quantities operating in cell walls. Stress is a tensor. Thus it is possible to define mutually orthogonal directions along which stress attains extreme values. These are the principal directions of stress [10,11].

The epidermis of turgid sunflower hypocotyls is under high longitudinal tensile stress. Modification of this maximum stress direction by peeling the epidermis is accompanied by cMT reorientation [8]. Twisting is a chiral event. It is known that twisting a cylinder generates changes in stress distribution close to the surface. Particularly during twisting, shear stresses are expressed [12]. Thus it would be extremely interested to answer the question how twisting may influence the cMT orientation.

Material and methods

4-5 days seedlings of sunflower (Helianthus annuus L. cv. Wielkopolska) with 6 cm long hypocotyls were chosen for twisting. Only those seedlings with their apical part straightened (without a hook) were used for the experiments. Firstly they were immobilized in the basal and central parts. Thus, only the apical part (0,2-2,5 cm below cotyledons) was under the influence of the applied force (Fig. 1A). The hypocotyls were placed under scaffolding (Fig. 1B) and the twisting arm attached to the cotyledons. The twisting was done in six steps. Each step comprised a 90° twist and was followed by a 30 minutes pause. When the twisting was completed, the hypocotyl was released, and 20 mm long strips of epidermis were peeled immediately for cMT observation. Additionally, in a group of ten hypocotyls the reversibility of twist was studied (Fig. 1C). The twisting arms were taken off and the cotyledons were held in the position of maximal twist. During this time a stiff paper band with a small plastic sphere attached to its end was stuck to cotyledons. The first photo was taken of the seedling in top view. Then cotyledons were released and the movement of the plastic sphere was followed. Seedlings were photographed at 2 m intervals during 1h after releasing. In this way the angle between a paper band ending with plastic sphere and a transverse mark made on the scaffolding has been measured. cMTs were fixed and visualised as it was described by Hejnowicz [9]. cMTs were observed under an epi-fluorescent microscope (Olympus BX-41, Japan). Images were analysed with the AnalySIS software (AnalySIS Image Processing; Soft Imaging System, GmbH). The orientation of the cMTs under the outer epidermal cell wall was measured with regard to the cell long axis defined by the longitudinal walls. In each cell two measurements were taken. For each hypocotyl measurements were grouped in eighteen ranges (at 10 ) and an angle frequency histogram was made. The symmetry of the histograms was estimated with relation to 90°. The ranges of 80-90° and 90-100º was assumed as transverse, while ranges of 0-10° and 170-180° was assumed as longitudinal. The ranges of 10-80º and 100-170° represented oblique cMT orientation, Z and S respectively. The cMT frequency in the ranges of 10-80º was summed and compared with the sum of the cMT frequency in 100-170°. If the difference between Z and S frequency was equal to or bigger than 20% the histogram was classified as asymmetric.

The cumulative histogram of ten control hypocotyls approximated Gaussian distribution (test chisquare, P< 0.05). Thus each of eight histograms obtained from twisted hypocotyls was compared with the cumulative control. For analysis the chi-square test was applied (P< 0.05).

Results and discussion

In a majority of the examined control hypocotyls predominately transverse cMT orientation was encountered. However in neighbouring cells the cMT orientation sometimes differed (Fig. 2A). The histograms had in most cases a single maximum in the transverse direction. In three out of ten control hypocotyls asymmetrical histograms with a domination of Z oriented cMTs were obtained (histograms in Fig. 3A marked by stars). Transverse cMT orientation in the apical part of the control hypocotyls was probably connected with elongation of the examined region [13]. Hejnowicz [9]) facilitated an antibody diffusion into cells.

Fig. 2 cMTs under the outer epidermal cell wall of sunflower hypocotyl; control (A),after stepwise twisting (B); scale bar10µm. Transverse incisions (proposed by

In the stepwise twisted hypocotyls the cMTs showed a tendency to steep oblique orientation. Longitudinal orientation of cMTs was often detected, while transversely aligned cMTs were rather rare (Fig. 2B). Each of eight individual histograms differed significantly from the cumulative control one (P< 0.05). In this paper only hypocotyls for which at least fifty cells were analysed are shown. Usually two maxima within Z and S obliquity were observed. The maxima were symmetrical, i.e. there was no tendency to Z or S oblique cMT domination, though all hypocotyls were twisted in one (S) direction. During stepwise twisting hypocotyls were twisted for up to 540° around their axis in S direction. The treatment lasted for 3h, however it was to some extent reversible (Fig. 4). Immediately after the hypocotyls were released the average reversible twist was about 160°. One hour later it increased to about 230°. The quick reversible twist points to stress existing in hypocotyls even after such a long experiment. Thus the cMT reorientation might have been related to stress.

In the present experiment the cMT orientation was examined in fixed stripes of epidermis. Examination of such a material does not provide any information on the direction of cMT reorientation. This kind of experiment gives only snapshots from a cell population at any particular moment. According to the hypothesis of the autonomous cMT reorientation [9], based on fixed material, the reorientation is based on rotational cycles with a possibility of slowing down or accelerating in (jumping through) some angular ranges. Thus differences in frequency of particular cMT alignments may be related to an unsteady velocity of rotation during a rotational cycle. The maxima positions in the histograms point at angular ranges in which the velocity of the rotational cycle is slower.

The present experiment shows that the cMT orientation changes from transverse to oblique as a result of stepwise twisting. Changes in the maxima positions may be a manifestation of changes within a range of morphological directions. In the control the rotational cycle was slower passing through the transverse direction, while after twisting the rotational cycle was slower in both Z and S oblique directions. Interestingly hypocotyls subjected to stepwise twisting did not exhibit asymmetrical alignments, which was expected after chiral stimulation. This may be an effect of the long experimental treatment and the joined influence of different factors like touch and the extreme strain. This problem needs further detailed analysis.
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Conclusion

cMTs in the apical part of sunflower hypocotyls reorient from transverse to oblique as an effect of stepwise twisting. It is not know how plant cells recognise morphological directions, but shapes of cMT orientation histograms clearly indicate a certain relationship. It is possible that during mechanical stimulation such twisting changes in the morphological directions occur.

Introduction

Wood is a unique composite material of semi-crystalline cellulose in an amorphous matrix of lignin and hemicelluloses. This material shows a viscoelastic behaviour as a function of temperature and frequency. This property can be characterized by means the Dynamic Mechanical Analysis (DMA) [1][2][3]. The stress relaxation (E*(t) = (t)/ ) is the most important dynamic test to get information of relaxation processes of the polymeric materials during heating. In dynamic testing the DMA sample is vibrated trough small amplitudes to characterize its mechanical response as a function of temperature. Its viscoelasticity can be separated into two components of modulus (E*= E' + E''i), a real part which is an elastic modulus (E') and an imaginary part which is the viscous component (E''). The loss factor is defined as tan (E''/E'), being the angle between the in-phase an out-phase components in the cyclic motion. This separation of the two components describes two independent processes, the materials elasticity (energy storage) and its viscosity (energy dissipation). The results can be related to chemical and physical phenomenon of one or another part of the polymeric materials [4,5].

Woods can have several glass transition temperatures (Tg:s, transitions) due to the relaxation of different amorphous polymers [6,7]. However, differences of Tg between saturated hardwoods and softwoods exist due to differences in the structure of the lignin residues. The hardwood saturated lignin shows a smaller cross-linking grade than softwood lignin due to the presence of syringyl residues, generating higher molecular mobility during heating [8]. Also, the water content dramatically affects the temperature at which this dispersion occurs, the Tg decrease when the water content increases due to plasticizing effects of the water molecules [9]. In addition, the alkaline and acidic condition can generate chemical processes affecting the mechanical properties of lignocellulosic materials [10,11]. The present study was undertaken in order to confirm and clarify the influence of lignin and water content at different pH conditions on the viscoelastic properties of wood. The question was also, if the structural difference between hardwood and softwood has any effect on their mechanical properties and if this behaviour should be treated generically or had to be considered as a species specific phenomenon.

Material and methods

Wood veneers were obtained from harvested trees from Chile and were cut with a razor blade to 0.6 * 12 * 35 mm. Some wood veneers were submitted to buffer phosphate solutions at pH 4, 7 and 10 and others were oven-dried to 8 % moisture content, MC. The hardwood or angiosperms: coigüe (Nothofagus dombeyi); lenga (Nothofagus pumilio); encino (Quercus rubber) and eucalyptus (Eucalyptus globulus ssp Labill) and the softwood or gymnosperms: mañío (Podocarpus saligna) and pine earlywood and latewood (Pinus radiata D. Don) were studied. The total, Klason and soluble lignin were measured according to TAPPI methods [12]. The DMA was performed using a TA Instrument 2980 and the calibration was carried out according to ASTM standards [13]. The relaxation strength in the flexural mode and perpendicular to wood grain was applied using the single cantilever set-up. The testing was performed at a fixed frequency of 1 Hz, 20 m of amplitude and with a heating velocity of 5 ºC/min from 25-200ºC in environmental air conditions.

Results and discussion

Figure 1 shows the lignin content of hardwood and softwood specimens respectively. Similar to others results [11], the hardwood lignin contents were lower than for the softwoods. Also, differences between the Klason lignin and the soluble lignin content were observed; while softwood contained mainly Klason lignin, hardwood contained both kinds of lignin. This kind of lignin composition is related to the presence of guaiacyl and syringyl residues, respectively. The earlywood pine sample shows a lower lignin content than the latewood sample due to its smaller natural physiological development of fibres [14]. 

DMA of wood at 8% initial MC

The DMA spectra of E' and tan versus temperature of hardwood and softwood at 8% initial MC are shown in Figure 2 top) and bottom), respectively. All the samples show a steady decrease in E' and two broad peaks in tan at 45-70º C and 110-130°C. This behaviour indicates an increase of molecular friction into two phases when the temperature increases, probably due to movements of amorphous components. The differences between the species were not observed but the hardwoods showed the highest E', similar to previous work [3]. 

DMA of initially water-saturated woods

Figure 3 top) and bottom) shows E' versus temperature of two representative species; pine latewood (softwood) and lenga (hardwood) saturated in buffer phosphate solutions at pH 4, 7, and 10. From 25-80° C, the E' were smaller and their slopes were more pronounced than the references at 8% MC, due to the plasticizing effects of the higher initial water contents. This behaviour could be related to loss of interaction between miscible components due to the higher initial water content. However, the E' of hardwoods decrease more than softwoods probably due to their higher carbohydrate content. Above 80-90°C, the samples showed an increase of E', except for the pine latewood, probably due to desorption processes of water. The latter sample showed a larger relaxation process at 125-135ºC, due to its higher lignin content. However, similar to hardwoods and softwood, mañío veneers showed relaxation processes at 75-95ºC and stiffness processes at 95-115ºC. This different behaviour seems to be related to the different kind and mass of lignin in this specie, and also to the interactions between miscible molecules such as carbohydrates and water molecules as related to their particular initial water content.

Figure 4 top) and bottom) shows tan versus temperature of initially water-saturated pine latewood and lenga. The hardwood showed definite peaks with larger areas of tan at 65-85ºC, while softwood showed this peaks at 95-120ºC. However, the mañio specie showed its first peak at 80-90ºC. According to the literature, hardwoods have lower Tg than softwoods [8]. The second peaks presents in hardwood at 115-130° C could be related to interaction process between miscible molecules during the desorption process of water molecules, see Figure 3 top. However, this behaviour at 120ºC could also be related to the caramelization processes observed in carbohydrates of low molecular mass such as sugars [15]. The second peak for softwood at 120-140° C could be related to the relaxation processes of guaiacyl residues of lignin, it is a very condensed phenolic macromolecule. However, the mañío specie showed a behaviour typical for both hardwoods and softwoods attributed to the relaxation at 80-90ºC and the stiffening at 110-115ºC. Above 160ºC, the increase of tan could be related to thermal denaturalization of lateral chains of amorphous and semi amorphous polymers [16]. In addition, the pH conditions do not produce significant effects on the viscoelastic properties of wood. However, all the samples swollen in the pH 10 solution showed a higher area of tan and lower E' than at the other pH:s. It seems that the alkaline conditions generate the largest molecular mobility due to the increase of free volume of amorphous macromolecules.

Conclusion

The higher initial water content in wood generates larger plasticizing effects as compared the reference 8% MC woods. The viscoelastic behaviour is related to the kind and amount of amorphous lignin in the sample, but carbohydrates macromolecules seems also to be influencing this behaviour. The pH conditions do not significantly affect Tg, but an increase in molecular mobility in all the samples is detected at pH 10.

Growth stresses and cellulose structural parameters in tension and opposite wood from three tropical rainforest angiosperms species

Introduction

In order to restore verticality trees are able to bend their trunk by the formation of a highly stressed wood, called reaction wood, in order to produce a biomechanical dissymmetry between the upper and lower side of the axis. For this purpose angiosperms produce a highly tensile-stressed wood on the upper side called tension wood [1]. Tension wood is characterised in some species by the occurrence of fibres with a particular morphology and chemical composition due to the development of the socalled gelatinous layer (G-layer). This layer is essentially made up of strongly crystalline cellulose [2,3], with a very low microfibril angle (MFA) [4].

A parameter involved in this biomechanical state of wood is the geometry and structure of one of its main constituent; cellulose. The orientation of the microfibrils of cellulose in the wood cell walls plays an important role in the generation mechanism of growth stresses [5,6] and also strongly affects many wood properties, as longitudinal modulus of elasticity or longitudinal shrinkage [7,8]. Furthermore other cellulose structural parameters show variations from normal to reaction wood; Washusen and Evans [9] showed a variation of cellulose crystallite size in tension wood of Eucalyptus globulus.

Few studies have been conducted on tropical species so that, in this work, the relationships between some cellulose structural parameters, i.e. MFA and crystallite size measured by the X-ray diffraction method, and growth stresses in 13 trees among 3 species from the French Guyana tropical rainforest was highlighted. The X-ray diffraction method allows a rapid assessment of wood microstructure but in the case of MFA estimation a calibration is needed between the angle T, a parameter from the X-ray diffractogram defined by Cave [10], and the MFA observed with optical techniques. In this study it was decided to make a calibration for the 3 studied species in order to see if the existing calibration could provide a good estimation for MFA in tropical species having a G-layer and/or with thick fibre cell walls.

Material and methods

Plant material

13 inclined trees from 3 tropical species (Table 1), exhibiting a vertical restoration process were selected, 2 with a specific gravity above 0.8 (Laetia procera and Eperua falcata) and one with that below 0.5 (Simarouba amara). Growth strain (GS) measurement by the "single hole" method [11,12] on standing tree at 8 circumferential positions, proved the occurrence of a clear sector of tension wood. Two wood samples were taken, as close as possible of the GS measurement zone, above and below the hole. Observations were made on both samples to ensure the homogeneity of the studied wood above and below the GS measurement zone. Measurements clearly showed that the wood layers on the upper side exhibited a very much higher tensile stress than in all other places (Table 1) including the lower side that did not present significant difference in mechanical stressing with the side places. The upper wood positions with very high growth strains are called tension wood in the next paragraphs while the lower wood positions are named opposite wood. Cellulose structural parameter measurements MFA estimation was made using an X-ray diffractometer (Shimadzu XD-D1w) under the following conditions. A point-focused X-ray beam (Cu-K X-ray. beam diameter 1 mm) was applied to tangential sections: 1 mm thick x 15 mm long. An X-ray diffraction apparatus with a symmetrical transmission mode was used. The scattered X-ray was detected by a Na-I scintillation counter behind a receiving slit of the width and length of 1 mm x 1 mm. Each sample was rotated around its normal axis at a rotation speed of six degrees per minute in a position of 2 = 22.6 degrees and the diffraction intensity was recorded on a chart at a speed of 2 cm per minute. The angle T was obtained from a diffraction intensity around the (002) arc. Cave's (1) [10] and Yamamoto's (2) [13] formula gives an estimation of the mean MFA using this angle T (Fig 1 
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Crystallite size measurements were made with the reflection technique using an X-ray diffractometer (Shimadzu XD-D1w) under the following conditions. The incident X-ray radiation was from the Cu Ka band ( = 0.154nm) with a power of 35kV and 35mA passed through a Ni filter and collimated by the slit of 0.1 degree. The wood samples were fixed in a sample holder so that the fibre axis was vertical. The diffraction intensity for (200) was registered in the angular range from 10 to 40 degrees. The crystallite size of the direction perpendicular to the 002 crystal plane was calculated using the Scherrer equation (3) [9]: The crystallite size and the angle T between tension and opposite wood were compared. The statistical significance of these results was assessed using a Kolmogorov-Smirnov test.

Microfibril angle measurement with high resolution Scanning Electron Microscopy (SEM)

MFA measurements were made from direct axial observations by high resolution Scanning Electron Microscopy (SEM) on samples from various trees. The choice of the samples used for this measurement was based on the results from the X-ray diffraction method, in order to scan a wide range of angle T values in each species (see Table 2 in results and discussion). As the direct observation of MFA is very tedious only a limited number of samples could be studied. These measurement were made on 10 pictures per sample with magnifications from x30K to x70K and on about 20 fibrils per picture.

Results and discussion

Growth strains and cellulose structural parameters

Results from crystallite size measurement showed that the crystallite size was larger in the tension wood sample (p<0.001). The means were 3.31 nm and 2.65 nm for tension and opposite wood, respectively. Washusen and Evans [9] also highlight wider crystallite size in tension wood of Eucalyptus globulus Labill. The relationship between growth stress and crystallite size (Fig 2 ) shows that both parameters increased in the same way, even if the tendency is less clear for Eperua falcata.

Usually the angle T is used to estimate average MFA in wood [7,10,13,14]. In this study the relationship between this parameter and the growth stress measured on samples was checked (Fig 3).

The observed relationship was good and the general tendency, i.e. a decrease of the angle T in high tensile stress wood, was the same for the three species studied. At an interspecific level the mean angle T;s were 15.85° and 19.91° in tension and opposite wood, respectively, showing that the angle T was lower in tension wood samples (p<0.001).The value range for the angle T (Table 2) in Eperua falcata and Laetia procera were very similar, with a minimum close to 11° and a maximum close to 20°. In Simarouba amara the range was larger than in other species, starting at about 14° and with a maximum at about 35°. The main difference that exists between the two first species and Simarouba amara is the density, directly linked with the cell wall thickness. Without a true calibration of the angle T with average MFA it is not possible to tell if these differences between species reflect MFA differences. 

Relationship between angle T and direct observation of MFA

Fig 4 shows the relationships between the angle T and the MFA measured with SEM observations for each species. Both Cave's formula (1), and Yamamoto's formula (2), are represented in order to make a comparison between these various calibrations.

First of all it is seen that the relationships between the angle T and the directly observed MFA were very good for each species studied. This fact confirms that the X-ray method is a really an efficient tool to estimate MFA in wood, as long as a calibration is available. The results (Fig 4) indicate that the range of values for MFA was almost the same for all the species studied. This point leads one to think that the thickness of the cell wall has a strong influence on results from X-ray diffraction methods. Furthermore Cave [10] considered that the cell wall parallel to the incident beam has little effect upon the (002) arc. In case of thin-walled species this hypothesis can be assumed but as evident the relationships between the angle T and the directly observed MFA in the thick-walled species deviated from the estimate using Cave's formula. Cave also assumed that the state of the cellulose crystal is invariable when the MFA changes. It was also observed that the cellulose crystallite size varied from tension to opposite wood. This also explains the observed deviation from Cave's relationships for all the species. ; Eperua falcata, ; Laetia procera, ; Simarouba amara. Light gray line is Cave's formula (2) and dashed curve is Yamamoto's formula (3).

It is obvious from these results that the estimation of MFA for Simarouba amara using Cave's and particularly Yamamoto's formula is not so far from the one measured using SEM. Yamamoto's formula (3) was calculated in order to estimate MFA from the X-ray diffraction method for a wide range of angle T values in softwood species and hardwood species with thin-walled fibres and with tension wood that does not show a gelatinous layer. This explains the good approximation of the MFA for Simarouba amara.

Conclusion

The cellulose structural parameters estimated in this work showed good relationships with growth stresses: cellulose crystallite size increased in tension wood while the angle T, which showed a strong relationship with the directly observed MFA, decreased. The modification of the state of cellulose in the cell wall of fibres is one of the key parameters in the explanation of growth stress generation but the phenomena leading to these modifications still remains unclear.

X-ray diffraction can provide a lot of information on wood ultrastructure. The relationship between the angle T and the directly observed MFA was very good but a calibration is needed, especially for thick-walled fibres species. The deviation from Cave's (1) and Yamamoto's formula (2) observed for these species brings up the question of the influence of cell wall geometry on X-ray diffraction measurements. A work on calibration for many hardwoods species would provide a useful tool for the analysis of the influence of cellulose microfibril orientation on growth stress generation.

Introduction

Trees are known to incorporate high growth stresses. In a straight trunk, the outer part of the xylem is pre-stressed in tension in the longitudinal direction and in compression in the transverse direction [1,2]. In particular the longitudinal tensile stresses are essential to withstand high wind loads, since they compensate for the comparatively low compressive strength of the wood structure. In addition, to the "normal" wood tissues, gymnosperm trees evolved compression wood that allows for growing organs towards a predetermined position. As the name implies, this tissue type induces the opposite effect and generates longitudinal compressive stresses at the underneath side of leaning stems and branches [3]. It is still an open question how either tensile or compressive stresses are generated. In contrast to primary tissues, which can be stressed by active water movement [4], the living tree faces the challenge of having lost the flexibility of its strengthening tissues by the formation of secondary cell wall layers. Furthermore, cells die at the end of the differentiation process, functioning in the living tree as rigid hollow tubes only. As a consequence, the internal stresses have to be incorporated in the wall of every single cell during its differentiation. Common hypotheses on growth stress generation are based on the observation that the different constituents are not simultaneously inserted during cell wall formation. Indeed, it is well known that lignification takes place with a time delay compared to cellulose and hemicelluloses agglomeration [5]. Hence, swelling of the cell wall during lignification [6] or by an influence of lignin agglomeration on cellulose crystallization [7] was proposed. But it was shown recently that none of these hypotheses may alone explain the generation of both, tensile and compressive, stresses [8]. Normal wood cells of gymnosperm trees generate tensile stresses, whereas compression wood cells generate compressive stresses. Since both cells are produced by the same cambium, they have a number of common structural and chemical features, but also some significant differences. Wood cell walls consist of nanometre thick cellulose fibrils, embedded in an amorphous matrix of hemicelluloses and lignin [9,10]. The mechanical performance of a cell is mainly influenced by the orientation of the helically wound cellulose fibrils [11]. The angle between the cellulose microfibrils and the cell axis (MFA) is a measure of this orientation. Normal adult wood cells of a straight trunk are almost rectangular and consist of three secondary cell layers in which the intermediate layer S2 is by far the thickest. This layer has a rather low MFA (~5-15°) making the normal wood cell stiff and strong. Compression wood cells are round and miss the lumen-sided layer (S3). The cellulose fibrils in the S2layer have a much higher microfibril angle (~35-50°). Their lignin content is higher and the composition of hemicelluloses is different compared to normal wood cells [12,13]. This results in cells that are less stiff than normal wood cells and show different deformation behaviour [14].

The objective of this work was to study whether the different structural features of normal wood and compression wood result in different mechanical responses upon changes of water content in the cell wall. First results obtained in a special stress relaxation treatment on thin tissue sheets swollen by salt treatment are reported.

Material and methods

Thin tissue foils of ~180µm thickness were sliced off from wood blocks of normal adult wood and compression wood of spruce (Picea abies [L.] Karst.). The samples had a width of ~2 mm and a free test length of ~20 mm. After final preparation, the thin tissue slices were stored in a saturated sodium iodide solution for 22 hours. For the special relaxation test, the wood slices impregnated with sodium iodide were strained in a microtensile testing device with a feed rate of 2µm/s to approximately 25% of their tensile strength. Three normal wood (containing earlywood and transition wood) and three compression wood slices were tested. Afterwards the strain was kept constant to allow the tissues to relax and the force shift was recorded. After ~20min the samples were rinsed with distilled water in order to replace the saturated salt solution and the mechanical response of the tissue was observed simultaneously. The sodium iodide treatment allowed for the modification of the water balance of the wood cell wall without drying-induced processes that could superimpose on the primary response of the individual tissue types.

Results and discussion

In Figure 1 the time-dependent course of load for normal wood and compression wood are shown by means of stress-time diagrams. The stress relaxation was more pronounced in compression wood than in normal wood. Diluting the salt concentration in the solvent by the addition of distilled water after ~20min resulted in a spontaneous and drastic drop in the stress for both tissue types. Since the strain was kept constant, the change of the water content in the cell walls caused a distinct relaxation process perhaps because impregnation with sodium iodide of the cell wall attracts water, resulting in swelling, and, therefore, reduction of the stress at constant strain. After the stress drop, the normal wood sample rapidly reached a constant stress level, whereas the compression wood tissue surprisingly showed a clear increase in tensile stress. There is no final explanation for this effect, but one may speculate that the shrinkage might be due to re-equilibration of the salt between cell wall and solvent. This resulted in the tensile stress generation in the compression wood tissues indicating that the sodium iodide treatment caused longitudinal swelling of the compression wood cell walls. The normal wood tissues showed no additional mechanical response. Thus, in this case either the sodium iodide treatment had no swelling effect or the effect was too small to be detected in the current test protocol.

In the living tree, normal wood tissues generate tensile growth stresses, whereas compression wood tissues generate compressive stresses. Both tissue types have a number of common structural and chemical features, but differ significantly in a few. Based on the preliminary results, the stress formation may depend on a swelling mechanism for both tissue types but that the sense of stress generation is dictated by the specific structural characteristics of the individual tissue types. The different mechanical responses were found on lignified samples with completely differentiated cells hence, the role of lignification in the stress generation process should be reconsidered.

Conclusion

Normal wood and compression wood tissues of spruce showed different mechanical responses in a special stress relaxation test upon the change of the water balance of their cell walls. These findings might have a bearing on the understanding of growth stress generation in gymnosperm trees in a way that the same alteration of the cell wall results in a different stress state dependent on the specific structural features of the tissue types.

Introduction

It is currently generally accepted that the dominant factor causing spiral grain involves the pseudotransverse cell divisions during anticlinal (multiplicative) division and subsequent intrusive growth of the daughter cells, the slant of the partition (S or Z) and the direction of the intrusion being statistically biased to the left or to the right [1]. By tracing radial files of fusiform cells in the xylem outward toward the cambium in tangential sections it can be determined when an anticlinal division took place and it can be determined whether the slant direction of the partition was to the left or to the right. The strong correlation between slant direction and magnitude and the rate of change of spiral grain angle lead to the conclusion that the orientation of the slant of the partition during pseudotransverse anticlinal cell division is the causative factor in the formation of spiral grain. But a number of researchers have expressed reservations [2 -5]. In all of the above works other "occasional events", whether during anticlinal or periclinal cell division and extension are credited with contributing to the global shift in grain angle. The "plastic nature" of the cambial region is postulated to convert these isolated events into a general reorientation of all fusiform cells. It is here contended that there is a constant, incessant, tendency of all maturing cells (which are predominantly the result of periclinal division) to change their orientation in a given direction; this tendency will be modulated as to magnitude and direction by certain prevailing physical parameters of the system during the period of maturation. It is further suggested that the direction of pseudotransverse division as well as other "occasional events" result from the fact that there is a radial gradient of the inclination angle (in the tangential plane) of fusiform cells, i.e. from the general tendency of a maturing cell to take on a preferred inclination with respect to the cells which preceded it in its file.

The context of the model to justify this assertion is the pattern of spiral grain development commonly observed in conifers [6]. Generally the first year's growth shows fusiform cells parallel to the stem axis, then for several years grain orientation increases leftward, reaches a maximum angle in a few years, then decreases slowly, passes through 0 and then begins its increase as right hand spiral grain, continuing on until the particular tree is harvested The pattern described above is by no means universal; it is simply the commonest identifiable pattern. The maximum left hand grain angle is often about 5°, the rightward increase after passing through zero may be very slow, or fast or inconsistent. An angular increase of 1° per cm of increased radial distance from the pith (during right hand spiral angle increase) would be "typical" for a tree identified as problematic due to spiral grain; the peripheral grain angle would be about 10° for a diameter at breast height of 30cm -but gradients of five time this value or more have been measured, and of course much lower gradients are common. Deviations are many, including dependence on height, position around the stem, within a site, between sites; certainly there is a genetic influence. But the above scenario is an appropriate background for the narrative to be offered. It is important to note that it has been argued that spiral grain is the normal growth pattern in conifers, and even more generally for hardwoods. But usually the severity of the maximum spiral angle is such that there is no detriment as far as end use of the wood, thus the near universality of spiral grain is often overlooked since it is of no commercial import. As pointed out, a consistent gradient of spiral angle of 1°/cm over a few years would produce serious spiral grain. Take a typical fusiform cell diameter to be 30 m. This would imply a change of slant angle from cell to cell in a radial file of only 0.003°, i.e. 50 × 10 -6 radians. If a typical fusiform cell is 2mm long this implies that the offset of the cell tips of two neighbouring cells in a radial file is just 0.1 m, i.e. one three hundredth of the diameter. If there is a mechanism resulting in a consistent tendency of a maturing cell to take on a preferred inclination with respect to the cells which preceded it in its file, then quantitatively this tendency can be quite minimal and still account for serious spiral grain.

Another relevant issue is the varying nature of the xylem as one move outward from the pith, i.e. juvenile wood to mature wood; there is no clear demarcation, but rather a gradual shift of properties. In conifers the microfibril angle (MFA) of the S 2 layer is quite high in the innermost rings, it may approach 45°, decreases rather rapidly for a period 10 to 15 years, and then decreases more slowly and ultimately levels off at values of less than 20°, sometimes approaching 5°. Further, juvenile wood is chemically different from mature wood. There is a lower cellulose content, a higher percentage of lignin and differences in the hemicellulose composition. Thus it is clear that the physical properties of the cell wall differ to some extent from those of mature wood. Now consider growth stress. In broad outline, the mechanism for the creation of the tensile growth stress is simple. In the final stages of maturation of a daughter cell there is some process within the cell wall which makes the fusiform cell tends to shorten; but since the cell is already "bonded" to some extent to previously matured cells it cannot freely shrink in length. The result is a longitudinal tensile force in the cell. The extent of the tendency of the cell to shorten is known to be dependent on the microfibril angle. Indeed, if the MFA is very high, as in compression wood (for conifers), then on maturing the cell will tend to lengthen. The resulting growth stress is compressive, and the tree uses this device in attempting to straighten a leaning trunk and on the underside of a branch to induce upward inclination and/or minimize downward inclination. In short, there is a "cross-over" MFA; at angles below this value tensile growth stress is created, at angles above this value compressive stresses appear. The pattern to be found in the tree trunk (not considering compression wood) is that at the outer diameter the longitudinal tensile stress is a maximum, apparently equal to that caused by the process of maturation; as one proceeds inwards toward the pith the magnitude declines, passes through zero at about 2/3 of the outer radius, then becomes compressive, increasing to a maximum at the pith. The tensile growth stresses developed in the cambial region over successive seasons cause the state of stress in the interior regions of the stem to change toward compression; this is required from the standpoint of mechanical equilibrium.

A model of a maturing fusiform cell within the cambial zone is constructed which demonstrates the interrelationship between just born growth stress and the nature of the gradient of inclination of the fusiform cell axis within the tangent plane, and shows how these are dependent on microfibril angle and on the physical properties of the cell wall.

The model

The individual cell is modelled as being dominated by the S 2 layer, and as a thin walled cylinder of high aspect ratio, i.e. its length is much greater than its diameter. The S 2 layer is taken to consist of cellulose microfibrils embedded in a matrix of lignin and hemicellulose; the cellulose microfibrils are oriented at a fixed helix angle with respect to the cell axis. Thus the wall material can be modelled as orthotropic, one local principal direction being that of the microfibrils. In the microfibril direction the material stiffness would be high (dominated by the cellulose chains of the microfibrils); in the direction perpendicular to the microfibrils the stiffness would be relatively low (dominated by the matrix properties). The contribution of the primary layer is not taken into consideration, it is clearly negligible mechanically. The other secondary layers, S 1 and S 3 have very high fibril angles with respect to the cell axis, approaching 90°. In normal wood the S 2 layer generally constitutes 80% or more of the mass of the cell. Most of the remaining mass is in the S 1 layer. The S 1 and S 3 layers together are taken as being oriented at 90° and having the same elastic constants as the S 2 layer. A very important point in the present considerations -which cannot be overemphasized -is that the helix of the S 2 layer is always right handed.

The generally accepted theory for the development of growth stresses in trees is presented by Okuyama et al. [7,8]. They postulated that in the final stages of cell maturation there is swelling of the cell wall perpendicular to the microfibril direction due to lignification and also shrinkage in the direction of the microfibrils due to microfibril crystallization. They showed that only by including both effects could the growth stresses observed in both normal and reaction wood be explained. What is common to this model, and to previous models which postulated only one of the mechanisms, is that the maturing cell is perceived to be in sufficiently intimate contact with its surrounding cells that no twisting distortion of the cell can take place -or if there is twisting distortion it can be completely neglected as far as its influence on longitudinal growth stress.

The reality of maturing fibres in a living tree is that on the pith side the fibres are mature, on the bark side within a distance of one or two cells the cambial initials are encountered. The longitudinal contact line (generatrix of the cylinder) where the cell is attached on the pith side will remain essentially vertical -the zone of flexible attachment is necessarily of small dimension compared to cylinder cross section. However a longitudinal line on the bark side will express the shear strain developed in the cell cylinder wall. The attachment of the cell on the pith side is more rigid; the result is a slant of a longitudinal line (generatrix) fixed in the cell wall on the bark side of the cell cylinder, less than would be the difference in angle between the generatrices on the opposite sides had there been no restriction. The analysis shows that this relative slant can be toward the left or toward the right. There will be a "cross-over" angle of the MFA as to the sign of the gradient -just as there is a cross-over angle as far as the sign of the longitudinal growth stress induced. The cross-over angles will not be identical and they will depend on the elastic properties assumed for the cell wall. The implication of the slant of the bark side generatrix of the cell with respect to the pith side attachment is that the cambial apparatus will be rotated; and the process continues as the xylem expands radially. This model produces patterns of cell inclination gradient as a function of MFA which are as observed in conifers.

To produce appreciable spiral grain it is recalled that an angular shift of 1°/cm is sufficient and this implies a slant angle on the bark side of the cell with respect to the pith side of only 50 × 10 -6 radians, i.e. the shear strain developed in the wall of the cell in the model need be only 50 × 10 -6 . Kubler [9] in his comprehensive review of growth stresses in trees has collected data from the literature (his Table 1) on mean longitudinal growth strains developed in many species. He presents 64 different reported values. The average of these is 814 × 10 -6 . Thus shear strain in the cell wall of only 1/16 of the average longitudinal growth strain is sufficient to produce very significant spiral grain.

Results and discussion

The detailed mathematical model is given in Schulgasser and Witztum (submitted). The results of the calculations using reasonable physical parameters are shown in Fig. 1. First consider Fig. 1a. The normalized growth stress (solid line) as a function of MFA shown there is qualitatively just as found in the various versions of the growth stress models. When complete shear restraint is imposed the growth stress distribution shown by the dotted line is obtained, i.e. there is very little difference. With the parameters chosen the growth stress is compressive for very high MFA, here greater than about 27°, which is the cross-over MFA. As one goes outward in the trunk the MFA decreases and significant levels of tensile growth stress are attained. (It is recalled that these are growth stress values at the time of formation; growth stress will evolve with the later addition of further growth rings, with each adding its just born stress to influence the growth stress pattern in the interior of the trunk crosssection.) In Fig. 1b the normalized growth strain as a function of MFA is given. The cross-over angle is as for stress; however the (absolute) values of the strain for large angles relative to those for small angles are much greater than for stress. This pattern of growth strain as a function of MFA is as reported in the literature for both conifers and hardwoods. It is now demonstrated that the relaxation of the shear restraint, while resulting in essentially no change in the longitudinal growth stress pattern (or for that matter the strain pattern), will result in a slope angle gradient pattern as a function of MFA as is known to exist in conifers. Again it is instructive to follow the history of MFA as a function of growth ring. In the first few years the MFA is high and then decreases. Considering Fig. 1c it is seen that the gradient of the normalized grain slope is negative, i.e. leftward. During this period the grain slope is expected to increase rapidly toward the left. When the MFA has decreased to about 19° there is again a cross-over, this time as far as the sign of gradient. Here the left hand grain angle will have reached its maximum. There will thereafter (as MFA continues to decrease) be a tendency for the grain slope to decrease, i.e. to progress toward the right, until zero slope is reached and thereafter as the MFA continues to decrease a right hand slope develops. The magnitude of the gradient is a maximum at about 11°, i.e. 8° less than the cross-over angle, but still is much less than the magnitude (in an absolute sense) when the MFA is 8° greater than the cross-over angle. And this agrees with observations. Spiral grain increases rapidly in the first few years for a sapling in a leftward sense; after the maximum has been reached the descent toward zero is slower. As long as the MFA remains small there will be a tendency for the grain to incline more and more to the right -if the MFA remains constant one expects the gradient to remain constant, i.e. the grain angle will increase rightward at a constant rate. The tendency for ever-increasing rightward slope might indeed be minimal if the shear compliance is low, or if the immediate vicinity of the cross-over angle is encountered, but it might also be appreciable if the situation is near the positive maximum.

A parametric study was performed using different physical parameters for the cell wall and varying the maturation strains. The patterns shown in Fig. 1 remain unchanged. The longitudinal growth stress and growth strain are not very dependent on the value of the shear compliance constant which has been postulated, the gradients of the slope are strongly dependent on its value. Thus if in the example half the value of this constant had been used, i.e. double the shear constraint, a curve similar to that in Fig. 1c would have been obtained, but with all slope gradients slightly less than half the values shown there. In the example the value of the slope gradient for a MFA of 10° is 1/16 of the longitudinal growth strain. This angle is a bit smaller than the MFA at which the rightward gradient is a maximum. It has already been pointed out that slope gradient equal to 1/16 of the average growth strain reported by Kubler [9] would result in significant spiral grain. Thus the example would imply the occurrence of serious spiral grain in a mature tree.

Fig. 1 

Closure

This paper has dealt with spiral grain per se. Relating to more complex patterns -wavy grain, interlocked grain, or whirled grain -is beyond the scope of the present work. It has been shown that a mechanical mechanism exists during the maturation of fusiform cells in the cambial zone which would cause the sequential inclination of cells in a radial file toward a particular orientation. The sign and the magnitude of the orientation gradient are dependent on a combination of physical parameters of the cell wall and its immediate environment. The pattern of orientation change predicted by the model is consistent with that observed in conifers. The dominant parameter in the model is MFA; the other parameters were taken to remain constant as a function of ring number. This latter assumption is certainly not absolute. The model emphasizes that the cell is subjected to shear stress during the maturation process and that this stress state influences the tendency toward inclination of the cell with respect to the longitudinal direction. However, the stress state in the cambial zone will also be imposed (but surely modified to some extent) on the initial cell itself. Here is the basis for an explanation of the observed correlation between direction of pseudotransverse division (S or Z) and the sign of the inclination gradient. The orientation of the cell plate formed during cell division is known to be influenced by the stress state to which the cell is subjected [10].

The model presented would suggest that the prevalence of spiral grain in trees is not surprising; generally this spiral is within bounds such that there is apparently no detriment to the tree in its growth environment -and probably no advantage -but in use for cut timber spiral grain is certainly problematic. No "chiral" external environmental influence is necessary to cause the phenomenon in trees -only the set of physical parameters of the cell wall at the time of cell maturation together with non-absolute shear restraint. A chiral environmental influence was first posited by Theophrastus [11] approximately 2300 years ago as a causative factor. In his words (translated from the Greek), "But if a tree stands sideways to the north with a draught round it, the north wind by degrees twists and contorts it, so that its core becomes twisted instead of running straight. The timber of such a tree while still in one piece is strong, but when cut, it is weak, because the grain slants across the several pieces. Carpenters call such wood 'short lengths,' because they thus cut it up for use." He got the part about indifference in the standing tree right ("one piece is strong") and also understood the problematics in use ("when cut, it is weak"). We are sure he would have been willing to stand corrected about the wind. To this day attempts have been made to demonstrate the existence of a chiral environmental contributing factor; invoking such a factor is not necessary. 

Combination of the surface profile and chemistry reduces the attachment of the beetle Gastrophysa viridula on the

Abstract

Broad-leaved dock Rumex obtusifolius L. (Polygonaceae) is the main host plant of the green dock beetle Gastrophysa viridula Deg. (Chrysomelidae, Coleoptera). The beetle is able to attach and walk on leaves of this plant. Leaf surface is rather uneven because of prominent epidermal cells with the maximum height of about 9 µm. The surface is covered with the smooth wax layer having relatively low free surface energy (FSE).

It has previously been reported for many insect species that they attach well to smooth plant surfaces, but fail on substrates covered with crystalline wax. The aim of this study was to measure the attachment force of adult insects on the leaf surface and other substrates in order to understand the effect of surface architecture and physico-chemical properties on insect attachment. Here forces on (1) an adaxial leaf surface with (2) a smooth silinized glass plate having low FSE and (3) a polishing paper having slightly lower FSE and similar surface roughness (particles' size = 9 µm) have been compared. Smooth plate made of normal untreated glass with high FSE was used as a reference substrate. On the leaf surface and the polishing paper, attachment forces were lower compared with both glass samples. There was no significant difference in force values on leaves and the polishing paper. Forces on both glass surfaces were much higher being significantly different from all other substrates. On the basis of these results, it was concluded that hydrophobicity of the substrate slightly decreases the attachment force, but the combination of the hydrophobicity with roughness affects in nearly four-fold force reduction.

Introduction

Green dock beetle G. viridula Deg. is associated mostly with plants from the family Polygonaceae, namely numerous species of the genus Rumex and several species of Polygonum, Rheum and Persicaria [1 5]. However, the broad-leaved dock R. obtusifolius has been repeatedly reported to be the primary host plant of this beetle species [5 7]. Adults consume leaves and copulate usually on the adaxial leaf surface, females lay their eggs on the abaxial surface, and the larval stadium is completely connected with both leaf surfaces [1, 3 5]. Interestingly, young larvae prefer abaxial surface, while third instars almost evenly distributed throughout a leaf blade [1,5]. Both adult insects and larvae attach well to and move successfully on the plants, and larvae and young adults are able to resist strong leaf shaking without falling down [1].

It is well known that many insect species are able to attach successfully to various substrates. It has been previously verified experimentally for some insects that they attached well to smooth plant surfaces, but failed on plant surfaces having crystalline epicuticular waxes [8 20]. In the R. obtusifolius, leaf blade surfaces have smooth appearance, but are covered with even wax layer. The aim of our study was to measure the attachment force of adult G. viridula beetles on the adaxial leaf surface of R. obtusifolius plants and to estimate the effect of different surface features on the force. In order to determine the influence of surface architecture and physicochemical properties of leaves on insect attachment, force experiments were performed also with artificial substrates diverging in their roughness and FSE.

Material and methods

Plant and insect species.

R. obtusifolius is a European perennial herb, which has been introduced to many countries and become established all over the world. Nowadays, it is one of the five most widely distributed noncultivated plant species in the world. The plant grows up to 1 1.5 m high and have very large leaves with slightly curly or wavy edges. It is common in disturbed habitats, such as waste ground, rough grassland, on river banks, and as a garden weed.

G. viridula was previously known as a Central European mountain species. Now, it is distributed throughout Europe. It is a small (4-6 mm long) winged beetle giving up to three generations per season and hibernating as an adult.

Plant specimens (leaves) and adult beetles, both males and females, were collected from R. obtusifolius plants growing by waysides in the mixed forest near Buesnau (Stuttgart, Germany).

Structural studies.

The morphology of the R. obtusifolius leaf was studied using scanning electron microscopy (SEM) and a scanning white light interferometer.

For SEM, small pieces (ca. 1 cm 2 ) of the leaf blade were cut out with a razor blade from the middle part of the leaf, mounted on holders by means of conductive carbon double-sided adhesive tape with the adaxial surface facing up, air-dried for several days, sputter-coated with gold-palladium (10 nm) and observed in a Hitachi S-800 SEM (Hitachi High-Technologies Corporation, Tokyo, Japan) at 20 kV.

The profile of the adaxial leaf surface was studied on fresh samples (ca. 1 cm 2 ) cut out, using a razor blade, from the middle part of the leaf blade and glued with double-sided tape to a glass slide. The samples were examined in a scanning white-light interferometer Zygo NewView 5000 (Zygo Corporation, Middlefield, Connecticut, USA) (for detailed method description see [21]).

To obtain detailed information about the attachment organs of the G. viridula, tarsi were cut from legs, fixed in 70% ethanol, dehydrated in an increasing series of ethanol, critical-point-dried, mounted on holders, sputter-coated and examined in the SEM at 20 kV. Some fresh leg specimens were brought in contact with the glass surface, air-dried for few days, sputter-coated and observed in SEM.

Contact angle measurements and estimation of FSE of test substrates.

Estimates of the FSE were performed with a high-speed optical contact angle measuring device OCAH 200 (DataPhysics Instruments GmbH, Filderstadt, Germany) (for detailed method description see [22]). Using the sessile drop method (drop volume 2 µl) with the ellipse-fitting, static contact angles of water, diiodomethane, and ethylene glycol to the surface were measured in test substrates. The FSE was calculated according to the universal Owens-Wendt-Kaelble method [23]. For each substrate, 5 measurements (15 in the case of the leaf surface) of the contact angle of each liquid were conducted with a total of 90 measurements. One-Way ANOVA and Kruskal-Wallis One-Way ANOVA on Ranks (SigmaStat 3.0, SPSS Inc.) were used to estimate differences in contact angles between substrates. Force measurements.

To measure the attachment force of G. viridula beetles, a centrifugal technique (Tetra GmbH, Ilmenau, Germany) was used (for detailed method description see [24]).

Prior to experiments, the elytra were glued together with a small droplet of molten wax to make beetles incapable of flying. An insect was placed on the horizontal surface of the drum, covered by different test substrates. Four substrates were used: (1) an adaxial leaf surface; (2) a smooth plate made of normal untreated glass; (3) a smooth silinized glass plate and (4) a rough polishing paper with particles' size of about 9 µm (Buehler Ltd., Lake Bluff, Illinois, USA). The drum was accelerated until the beetle lost contact with it. When the insect left the drum, the motor acceleration was automatically interrupted, the experiments stopped and data saved. Such experimental parameters as sensor displacement from the rotor centre, the motor speed, the mass, the time from the beginning of rotation, and the time between two sensor signals, were recorded. Additionally step by step, the angular speed, the radius of rotation, the centrifugal and tangential components of the accelerations as well as the centrifugal and tangential components of the shear force were calculated. The total attachment force of the beetle was obtained from the centrifugal and tangential components.

Kruskal-Wallis One-Way ANOVA on Ranks followed by All Pairwise Multiple Comparison Procedures (Dunn's Method) was used to estimate differences in attachment forces between substrates.

Results

Morphology of the adaxial leaf surface in the R. obtusifolius.

The adaxial leaf surface is rather uneven because of prominent epidermal cells with the maximum height of about 9 µm (Fig 1 A C). The irregularly shaped cells are relatively large (length: 50.02±9.04 µm, n=20; width: 30.70±7.45 µm, n=20). The cells are covered with a cuticle and a smooth amorphous epicuticular wax layer causing slight shiny appearance in fresh leaves. Glass had the highest FSE (66.02 mN/m) compared with other substrates (Fig 2 B). FSE, calculated for both silinized glass (18.08 mN/m) and polishing paper (24.46 mN/m), were at least three or two times lower, respectively. In the leaf surface, the FSE (35.43 mN/m) was slightly higher than that of the polishing paper.

Attachment forces of insects on various test substrates.

Insects showed significantly different attachment forces on test substrates (Kruskal-Wallis One-Way ANOVA on Ranks, H 2,377 =184.292, P<0.001). On the adaxial leaf surface and the polishing paper, forces were much lower (leaf: 7.76±3.28 mN, n=80; paper: 6.09±3.88 mN, n=50) compared to both glass samples (Fig 3 A). There was no significant difference in force values between leaves and the polishing paper (Fig 3 B). Forces on both hydrophilic and hydrophobic glass surfaces were much higher (glass: 27.04±14.48 mN, n=198; silinized glass: 13.00±8.3 mN, n=50) being significantly different from all other substrates (Fig 3) 

Discussion

In the centrifugal force tests, G. viridula beetles showed the highest attachment force on the smooth hydrophylic glass plate and lower one (by factor of two) on the smooth hydrophobic glass surface, whereas forces were greatly reduced (by factor of four) on both rough substrates, the adaxial leaf surface of R. obtusifolius and the polishing paper. These results let one conclude that both substrate parameters, physicochemical properties and profile, affect insect adhesion. The surface hydrophobicity leads in a decrease of the attachment force, and the combination of the hydrophobicity with roughness results presumably in a further force reduction.

Physicochemical properties of plant surfaces (wettability by water and the FSE) in terms of their influence on insect attachment have been recently discussed in some studies on the carnivorous plants from the genus Nepenthes [20,22,27,28]. It has been reported that hydrophobic substrates, having low FSE, reduce adhesion forces between the surface and insect adhesive pads. The experiments with the two glass samples also demonstrate a force decrease on silinized glass. The same effect is observed in tests on the hydrophobic polishing paper. Since the R. obtusifolius leaf surface bears the epicuticular wax, it is wetted worse by water and has lower FSE compared with glass, and this result in a force reduction.

The influence of the surface roughness on insect attachment has been tested experimentally only in a few studies [29,30]. It has been found for the fly Musca domestica and the beetle G. viridula that the forces were much higher on smooth surfaces and rough substrates with the particle size exceeding 3.0 m compared to other rough samples (0.3 and 1.0 m particle size), since spatula-like terminal elements of setae are able to generate sufficient contact with large surface irregularities. In experiments with surface samples all made of the same material, force values on the smooth and 9 mrough substrate were rather similar [30]. Our data on the polishing paper show that even large surface roughness may cause a considerable force reduction if combined with the substrate hydrophobicity. In the case of the R. obtusifolius leaf surface, despite of its lower hydrophobic properties, such great force reduction was also observed. This phenomenon may be explained by particular shapes of epidermal cells and/or by possible contribution of mechanical properties of the leaf tissue. To clarify the effect of the combination of different plant surface parameters on insect adhesion, further experiments are required.

Introduction

Many attempts have been previously made to classify a great variety of hairs (trichomes) on plant surfaces [e.g. 1 -3]. Trichomes may be unicellular and multicellular, uniseriate and multiseriate, nonglandular and glandular etc. They may fulfil numerous functions, such as regulation of transpiration and radiation, water absorbtion, support of climbing, substrate recognition [4]. Hooked and particularly glandular trichomes play an important role in preventing some phytophagous arthropods to walk on plants [5]. On the other hand, plant surfaces covered with trichomes offer habitats and niches for some insect species [6,7].

Southwood [8] has previously reported a number of insect species associated with hairy plants, among them the heteropteran species Dicyphus errans Wolff (Heteroptera, Miridae, Bryocorinae), and described its movement patterns on sticky plant surfaces. This omnivorous insect species inhabits a wide range of hairy host plants and preys on a variety of phytophagous arthropods [9]. In contrast to some other entomophagous insects, such as representatives of Coccinellidae and Chrysopidae, which are impeded or hurt by plant hairs [10,11], this tiny bug can elegantly stalk along trichomes using its legs. It bears pretarsi consisting of unguitractor plate, bifid claws, parempodiae, and smooth pseudopulvilli (Fig. 1). Therewith bugs are able to attach to trichomes by claw hooking and to adhere to smooth surfaces using pseudopulvilli as adhesive pads. Bugs have morphological (slim body, long slender legs, elongated curved claws) and behavioural (locomotion) adaptations to hairy plant substrates, where higher predation effectiveness and fecundity of the bug, as well as a shorter developmental cycle, have been previously reported [9,12]. To study the influence of different types of plant leaf surface on the locomotion of D. errans, bug traction forces on a variety of plant species were measured, and morphometrical analysis of plant trichomes of 14 leaf surfaces was carried out. To determine the type of plant surfaces, fresh plants in the 6-leaf stage were studied under a binocular microscope Leica MZ 12.5 (Leica GmbH, Wetzlar, Germany). For detailed surface characterisation, a cryo-scanning electron microscopy (cryo-SEM) was employed. For cryo-SEM, parts of fresh leaves were cut out with a razor blade, mounted on sample holders, frozen in the prechamber cryo-stage at -140 °C, sputter-coated with gold-palladium (3 nm) and examined in a cryo-SEM Hitachi S-4800 (Hitachi High-Technologies Corporation, Tokyo, Japan) with a Gatan ALTO 2500 cryo-preparation system (Gatan Inc., Abingdon, UK) at 3 kV and -120 °C. Trichome length, density, and diameter were estimated from digital images using software Sigma Scan Pro 5 (SPSS Inc.).

Traction force measurements were carried out using a force transducer (10 g capacity, Biopac Systems Ltd., Santa Barbara, CA, USA) [13]. Bugs were anaesthetised by CO 2 and attached to a 10 cm long human hair by a small molten wax droplet, glued dorsally to the thorax. Therewith the forewings were also attached together. The free end of the hair was connected to the force sensor. Fresh plant samples with areas of 5-25 cm 2 were cut out with a razor blade from the middle part of leaves and attached to a horizontal glass plate by double-sided tape. Experiments were carried out at the temperature of 22 ± 3 °C and relative humidity of 30-50 % one hour after anaesthesia. The traction force of D. errans, walking distally on the leaf surface, was measured. Force-time curves were used to estimate the maximal traction force produced by bugs within the 30 sec. of the experiment. For each plant surface, five repetitions with five individual females were conducted. Totally, 70 individual tests were carried out. One-way ANOVA followed by all pairwise multiple comparison procedures (Tukey test) was used to calculate differences in the traction force between plant surfaces. The interaction between force values and plant surface parameters was analysed by linear regression method (SigmaStat 3.0, SPSS Inc.).

Results

Plant surfaces

10 plant species studied have leaves bearing trichomes. Trichomes varied both inter-and intraspecifically. Multicellular and unicellular, multiseriate and uniseriate, branched (stellate) and nonbranched, glandular and non-glandular, short and long trichomes were found in plant species studied (Fig. 2). Trichomes strongly differed in their shape, orientation, length, diameter, density, and aspect ratio (Table 1). Two plant species were covered with crystalline epicuticular wax layer: B. oleracea var. gongylodes with filamentous and C. persicum with dispersed plate-like wax chrystals. 

Bug traction forces on different plant surfaces

The determined traction force results from the friction of the pretarsi on the substrate and the muscular strength of D. errans. The values varied considerably from 0.07 mN to 1.21 mN, depending on the plant substrate (Table 1). The lowest force was measured on B. oleracea var. gongylodes, bearing crystalline epicuticular wax layer, and the highest one on the hairy species P. ambiguus and S. melongena. Bugs performed better on the pubescent surfaces (one-way ANOVA, F 13,69 = 4.483, P < 0.001). However, there was no significant difference between the hairy plant species.

The effect of hairy surface parameters on the traction force

Traction force significantly correlates with (1) the length and (2) the diameter of trichomes (Fig. 3 A,B). However, trichome density and aspect ratio do not correlate with the force (Fig. 3 C,D), although there is a slight trend of the force increase with an increase of the trichome density and a decrease of the aspect ratio.

Discussion

The negative influence of crystalline epicuticular wax on the attachment of D. errans corresponds to previously reported observations for other insects, f.e. Chrysomelidae [14,15], Anthocoridae, Miridae and Coccinellidae [16,17]. Gorb & Gorb [14] proposed four hypotheses for explanation of the attachment reduction of the beetle Chrysolina fastuosa L. (Chrysomelidae) on plant surfaces covered with epicuticular wax crystals: (1) reduction of the real contact area between the plant surface and insect attachment pads, (2) insect pad contamination, (3) increase of the fluid layer thickness in the contact area due to the possible dissolution of wax crystals by insect adhesive fluid, and (4) possible absorbtion of the insect fluid by wax.

High traction force, measured on hairy plant surfaces, confirms previous assumption of Southwood [8] and Voigt [9] that D. errans and related species of Bryocorinae are adapted to and have a close association with pubescent plant species. It may be concluded that pubescent plant surfaces are generally suitable substrates for bug attachment and locomotion; because there was no significant difference between traction forces on the 14 studied hairy plant surfaces. 
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Significant correlations between traction force and some trichome variables lead us to deduce that they have an important influence on bug attachment and may promote bug traction. Trichome length and width seem to be the most essential variables for the claw interlocking. It was supposed that there should be an optimum range of trichome diameter for interlocking with curved claws similar to the prey-capturing system of the bug Belostoma oxyurum (Belostomatidae) which uses its predatory legs for size selective predation of the prey with an optimum diameter [18]. However, the data do not support this hypothesis presumably because of the narrow range of trichome diameters of plant species used.

It seems that substrates with very long and slender hairs are not necessarily optimal substrates for D. errans, since we have found only a slight trend of the force with the decrease in trichome aspect ratio. Since there is a lack of information on the exact position of claws on the trichome during claw interlocking, it is difficult to interpret the effect of trichome aspect ratio on the traction force generation. Trichome density has no significant influence on the attachment of D. errans, in contrast to some other entomophagous and phytophagous insect species [5,19,20]. Stronger specialisation of D. errans to locomotion on wide range of pubescent plant surfaces may be possible explanation of this effect.

Fig. 3 Mean traction force (F tr ) versus the averaged trichome length (A), diameter (B), density (C), and aspect ratio (D)

It was concluded that trichomes do not act only as a physical barrier for insect attachment, as it was previously reported. They may also provide suitable interlocking sites for attachment and locomotion of small specialised predatory insects, such as the bug D. errans. The presented experimental results show the direct dependence of bug attachment on morphometrical variables of trichomes, primarily the length and diameter. Further investigations on the anatomy and material properties of trichomes and bug pretarsi will aid in understanding of interactions between bug legs and different types of trichomes.

Introduction

Ripening of the climacteric berry fruit type of tomato (Lycopersicon esculentum Mill.) is a complex metabolic event including modifications of texture, cell wall ultrastructure and composition, sugar content, as well as colouration and biosynthesis of pigments [1]. Biosynthesis of pigments towards the final stages of ripening involve the accumulation of the carotenoids and phenolic compounds as the flavonoids chalco-naringenin and its cyclisation flavanone isomer naringenin [2]. Like colouration, fruit texture is typically altered during the ripening process leading to softened tissues owe to the activity of several cell wall-modifying enzymes [3,4]. In this context, the mechanical performance of the tomato fruit skin combining cuticle, epidermis and a variable number of hypodermal cell layers is of considerable physiological, but also economical significance during the ripening process. Besides the epidermis, it has been recently demonstrated that the tomato fruit cuticle is an important structural component for the fruit, becoming increasingly important for the structural integrity of the fruit during ripening [5,6]. The cuticle is an extracellular biopolymer that serves as a multifunctional protective layer at the interface between plant and environment, as reviewed by Bargel et al. [7]. It resembles a natural composite that consists mainly of a cutin matrix made of cross-linked monomers (C 16 /C 18 ), soluble lipids collectively called 'waxes', variable amounts of incrusted cell wall polysaccharides, and phenolic compounds [8]. The cutin matrix and cuticular wax composition show dynamic changes in relation to tomato fruit ripening [9]. The same was reported for the flavonoids chalco-naringenin and naringenin [10]. These dynamic compositional and structural changes of tomato cuticle during fruit ripening can be identified by FT-IR spectroscopy [11]. Several pleiotropic non-ripening tomato mutants have been described, among them non-ripening (nor) [12]. Nor mutants only get yellowish-orange at full maturity and, while they remain firmer. It has been proposed that nor mutants have genetic defects affecting higher order regulatory developmental transcription factors independent of the ripening-related auto-stimulated ethylene signalling cascade [13]. Recently, altered mechanical properties of the isolated cuticular membrane of tomato cv. Ailsa Craig nor fruits at full maturity were reported [14]. Here we report on chemical and structural differences of the isolated fruit cuticular membrane (CM) of cv. Ailsa Craig wt and nor mutant at three distinct developmental stages as revealed by FT-IR microspectroscopy in relation to the altered mechanical properties of the CM of the mutant.

Material and methods

Plant material

Tomato (Lycopersicon esculentum Mill.) fruits of cv. Ailsa Craig wild-type (wt) and the nearly isogenic non-ripening mutant (nor) homozygous for NOR grown under greenhouse-conditions were harvested (min. Ø: 30 mm) at three distinct ripening stages, i.e. immature-green (ig), mature-green (mg) and mature-red (mr). Nor fruits were faint yellow to yellowish-orange at full maturity and harvested at the same time as wt fruits at the corresponding ripening stage. Parallel-cut fruit skin samples (45x3 mm), with cutting direction from the peduncle end to the tip, were incubated at 30 °C in an aqueous enzymatic (cellulase/pectinase) solution buffered at pH 5.0 [14]. Isolated CM were thoroughly rinsed in distilled water, air-dried and stored at room temperature. For FT-IR analysis, soluble CM lipids were removed in chloroform/methanol (1:1 v/v) for 90 min at 80°C. Dewaxed CM samples were washed in chloroform/methanol (1:1 v/v) for 5 min, air-dried and stored.

Microscopy and spectroscopy

Scanning electron microscopy (SEM) of cuticular cross-sections was used to analyze morphology and sample thickness. CM samples were sputter-coated with gold (~25 nm) and subsequently examined at 15 kV (430i; LEO Zeiss, Oberkochen, Germany). Thickness measurements of cuticular cross-sections were carried out by digital image analysis (NIH Image v1.62) and covered all cutinized layers of enzymatically-isolated cuticular material, excluding the lumen of the former cells. Means ± C.I. of at least eight double replicates per ripening stage with n = 9 to 20 wt and nor fruits are given in the results section.

FT-IR microspectroscopy was used to elucidate structural and compositional differences of the CM. Dry non-dewaxed and dewaxed CM samples (approx. 5x5 mm) were edge-fixed with the morphological outer side facing up by adhesive tape on FT-IR microtiter plates. IR spectra were recorded without further sample treatment in transmission mode with 32 scans oversampling in the range 4000-700 cm -1 (Vector 22 laser unit with HTS-XT plate modul, OpusLab v5.0 software; Bruker Optics, Germany). The spectra were baseline-corrected (rubber-band method), and mean values ± S.D. were calculated without normalisation, while difference spectra were calculated with vectornormalized mean spectra. Measurements were recorded for 10 to 12 replicates per ripening stage with n = 9 to 20 wt and nor fruits. The spectrum of the flavanone naringenin solved in tert. butyl-methylester (Roth, Germany) was recorded as a reference for aromatic compounds.

Mechanical testing

Mechanical characterization of air-dried and fully re-hydrated CM samples was carried out by uniaxial tension testing with a custom-built computer-controlled device [14]. Effective free testing length of the CM samples was 32 mm, and testing speed was set to 2 mm min -1 . Hydrated samples were kept moist by adding distilled water with a hand pipette periodically during testing. From the tensile tests, the modulus of elasticity E, breaking stress , and breaking strain were derived from individual stress-strain curves. The majority of the curves had two linear slopes, resulting in two distinct moduli of elasticity. Measurements encompass at least eight replicates per ripening stage of each wt and nor with a fruit number varying between n = 9 and 20. Means ± C.I. are given in the results section for E, while trend values are given for strength and breaking strain instead, since a considerable number of samples fractured close to the clamps, which made reproducible results difficult [14].

Results and discussion

Previous work showed that fruit size and gross morphology was virtually identical for both cv. Ailsa Craig wt and nor [14]. Isolated CM of the mutant was light green to faint yellow at full maturity, while that of wt fruits were bright yellow-orange. SEM analysis of the CM cross-sections revealed excessive encasing of the epidermal cells at mg and mr ripening stages and an increase in thickness during maturation without significant differences between the wt and the nor mutant. Micrographs of CM cross-sections are shown in Fig. 1. The mean cuticular thickness of the wt increased from stage ig to mr significantly (p<0.01) from 8.2±0.4 µm to 9.5±0.7 µm, and of the mutant significantly (p<0.001) from 7.4±0.8 µm to 9.9±0.9 µm. The observed encasing of epidermal cells is a typical feature of various tomato cultivars, and, in conjunction with increasing thickness, it reflects ongoing biosynthesis of cuticular material throughout fruit maturation [5,9]. Thus, mass biosynthesis of cuticle constituents seems to be unaffected in nor. Cutinisation of dermal cell layers may be a structural feature that adds mechanical stability and crack-resistance to the skin of fruit of these cultivars [5,15]. Individual stress-strain curves were derived from uni-axial tensile testing at dry and fully hydrated conditions and subsequently analyzed (results not shown). These curves showed strain-softening (lower stress with increasing strain) and were biphasic for virtually all dry CM samples of wt and nor fruits. Hydrated samples of any ripening stage displayed both strain-hardening (increase in modulus) and an almost linear form. Considerable differences between wt and nor could be found for immature and fully ripe fruits: whereas the majority of the wt CM samples tend to increase in modulus, the CM of nor fruits generally showed an almost linear form [14]. The linear elastic limit of E 1 of dry CM was in the range from 2 to 2.7% strain for wt and from 2.7. to 3.7% for nor throughout maturation, while at hydrated condition it was between 5 and 5.3% for both wt and nor. These values are consistent with other tomato cultivars and may fall into physiological conditions [5,9]. The nature of the biphasic behaviour can be addressed only speculatively: whereas strain-softening of the dry CM may be due to fibre rupture and/or fibre-matrix debonding resulting in a more compliant matrix at higher strain, strain-hardening of hydrated CM may be a consequence of deformation resistance of oriented fibres and is biologically more relevant. The moduli of elasticity (denoted E 1 and E 2 ), strength and breaking strain were calculated from individual stress-strain curves. Stiffness of the CM of wt fruits increased significantly at dry and hydrated conditions during ripening as shown in Fig. 1. In detail, at dry conditions E 1 increased significantly (p<0.001) from 335±36 MPa at immaturity to 460±39 MPa at full maturity. Hydrated CM showed a significant (p<0.05) increase of E 1 at lower values from 113±11 MPa at stage ig to 132±7 MPa at stage mr. The second modulus E 2 of wt CM at dry condition also increased during fruit maturation, but was lower than E 1 and reflected strainsoftening behaviour: it increased from 189±33 MPa at immaturity to 236±39 MPa at full maturity, while that of hydrated wt CM decreased from 176±15 MPa to 152±19 MPa during ripening due to the different material behaviour at full hydration. In contrast, stiffness of the cuticle of the nor mutant decreased throughout during ripening at both testing conditions. In detail, E 1 of the dry CM decreased non-significantly from 290±53 MPa at stage ig to 263±53 MPa at stage mr, and at hydrated condition it decreased significantly (p<0.05) from 137±12 MPa to 97±20 MPa. Values for E 2 of dry CM decreased from 225±60 MPa to 142±37 MPa. At hydrated condition, only at stage mg a second modulus of 175±23 MPa could be determined. Concerning strength, dry wt CM increased during maturation, while nor CM markedly decreased, and hydrated CM of both wt and nor decreased during ripening. The breaking strain decreased for the CM of both wt and nor fruits irrespective of the testing condition, although to a different extent. Similar trends for breaking stress and strain for hydrated CM were previously reported [5,9]. Strength and breaking strain are given in Table 1. FT-IR analysis showed distinctive differences between the spectra of the CM of wt and nor fruits. See Fig. 2 for mean and difference spectra. In general, the mean spectra were fairly similar throughout fruit maturation, but the biopolymer of fully ripe wt fruit displayed additional absorption bands in the regions at 1627 cm -1 , 1515 cm -1 and at 833 cm -1 not present at earlier ripening stages. In contrast, these peaks could not be detected in the CM of the nor mutant at ripening stage mr. The particular absorption bands can be assigned to the stretching vibrations of aromatic C=C, C-C (conjugated with C=C), and out-of-plane bending vibrations of C-H and indicate the presence of the flavonoids chalconaringenin and naringenin abundant only in the cuticle of fully mature fruits [11,16]. This was verified by the analysis of naringenin (Fig. 2). Other fingerprints, e.g. cell wall polysaccharides or cutin matrix esters displayed only minor differences in intensity during maturation and between the wild-type and the mutant. The mean spectra of the dewaxed CM were very similar to the untreated ones at slightly lower values (results not shown). The difference spectra ripening stage mr-ig varied between the wt and nor mutant mainly in the intensity at the two stretching vibration bands of methlyenes at 2927 cm -1 and 2852 cm -1 and in the region about 1600-1278 cm -1 and at 833 cm -1 . Previous work showed that the ripening-related changes of the mechanical properties of the tomato fruit cuticle of cv. Ailsa Craig wt could be assigned mainly to dynamic chemical and structural modifications [5,14]. For instance, the amount of C 18 tri-hydroxy-fatty acids decreased relatively from immature to mature fruits, whereas tomato fruit cutin of ripe fruits is dominated by C 16 monomers [9,17]. Rigid cuticles of different species can be characterized by predominant C 16 cutin monomers, while more extensible cuticles correspond to mixed C 16 /C 18 [18]. Second, the molecular organization of the biopolyester matrix at ripening stage ig is characterized by a low degree of cross-linking compared to the CM of fully mature fruits [18,19]. The more cross-links are present in the biopolymer, the more it should resist deformation, as displayed by the increasing stiffness of the CM of the wt during fruit maturation. Third, the content of cell wall polysaccharides in the tomato fruit cuticle increases during fruit maturation [9,17], and extensive cutinisation may lead to higher overall fibre content. Thus, higher cellulose content may cause higher resistance against deformation [5,9].

The altered mechanical properties of the CM of nor fruits at full maturity could be caused by a number of possible scenarios, e.g. a putatively hampered cutin biosynthesis and a lack of the transition from C 16 /C 18 mixed type towards a C 16 dominated cutin type in ripe fruits due to the defect in the ethylene-regulated ripening cascade. It has been proposed that the lesion at the NOR locus affects at least the developmental regulated expression of one ACC oxydase of the ACO gene family, that finally produces ethylene from the ACC precursor [20]. However, a conclusive judgement cannot be made since no study is available so far on the role of ethylene in the molecular control of cuticle formation and biosynthesis of cutin monomers, and molecular mapping of genes involved in tomato fruit ripening lacks information on fatty acid biosynthesis [21]. The pleitropic nor mutation affects several aspects of fruit ripening, among them biosynthesis of pigments at the breaker stage. For wildtype tomato cuticle, increasing levels of p-coumaric acid in the pulp of ripe fruit and of both the flavonoids naringenin and the yellow chalco-naringenin in the fruit cuticle have been previously reported [2,[9][10][11]. These phenolic constituents are mainly associated with cuticular wax at early ripening stages, while they form molecular clusters and bind covalently to cutin with a high affinity at full maturity [10]. An increase of these compounds during fruit ripening could account for the increasing rigidity of the wild-type CM owe to a higher number of cross-links and reduced free volume (steric hindrance) in the biopolymer [14,19]. The FT-IR analysis clearly showed a reduced aromatic fingerprint of the CM of nor fruits as compared to the wild-type, and the spectral differences were brought about at full maturity. The denoted absorption bands correspond well to the flavanone naringenin. Chalcones and flavanols are synthesized in the flavonoid pathway by the enzymes chalcone synthase (CHS) and chalcone isomerase (CHI) [22], and several studies indicated that at least the CHS is regulated by ethylene in climacteric apple and non-climacteric grapes [23,24]. Thus, evidence is high that the biosynthesis of flavonoids incorporated into the fully mature tomato fruit cuticle is affected by the mutation at the NOR locus. The reduced and/or altered composition of phenolic constituents of the mutant cuticle could possibly account for the reduced stiffness and altered material behaviour at full maturity. The divergences of the difference spectra at the other absorption regions may further corroborate structural differences of the mutant biopolymer and, as a result, the altered mechanical properties.

Conclusion

FT-IR analysis elucidated distinct differences between the cuticle of tomato fruit cv. Ailsa Craig wt and nor mutant at the absorption bands assigned to flavonoids present only at full maturity. The results indicate that the mutation at the NOR locus affects at least the biosynthesis of phenolic compounds during tomato fruit maturation, and it is proposed that these compositional/structural differences may cause the altered cuticle biomechanics of nor fruit. Thus, analysis of ripening-impaired mutants could provide fundamental insights in the physiology of fruit maturation and the relation to cuticular and fruit skin biomechanics.

Introduction

Plant seeds are moved in a variety of ways. Wind, insects or animals carries them sometimes. Dispersion by bursting pericarp is a typical movement of plant seeds that is self-active and independent of other creatures [1]. Hereafter, pericarp means wall of seedpod, which contains and disperses the seeds. If a pericarp can burst powerfully and spread seeds widely, it is advantageous in expanding the breeding grounds of a plant. So, the bursting mechanism of a pericarp of existent plants seems to be optimized mechanically and structurally. The bursting motion of a pericarp depends on its mechanical stress just before bursting. The stress generated in a pericarp was calculated in this paper. Impatiens was cultured and its pericarp investigated. The shape of an Impatiens pericarp before and after bursting is shown in Fig. 1. The pericarp of Impatiens has five pericarp sheets. The pericarp sheets are joined to each other and their junctions are stiffer than their bodies. According to visual observation, the bursting process of the pericarp occurs as follows. The pericarp begins to swell as it absorbs water during the bursting season. The deformation in any sheet of pericarp is restrained by an adjacent pericarp sheet, thus swelling results in mechanical stress even if no external load applied from outside. Once a single pericarp junction is ruptured by the stress, all subsequent pericarp sheets deform quickly and disperse their seeds. Although the bursting motion is important to disperse seeds far away, it is difficult to observe because of high-speed motion. The ejecting motion of pericarp strongly depends on its stress condition just before bursting. It is also difficult to ascertain the pre-burst stress, because it is in a self-equivalent condition without external load. In this study, the bursting motion was tracked by a high-speed video camera. Furthermore, pre-burst stress distribution of a pericarp sheet was evaluated by the finite-element method based on the pericarp shape before and after bursting. 

Material and methods

Tracking burst motion of Impatiens pericarp

The burst motion of the pericarp 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 pericarp is shown in Fig. 2. 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.

Tracks of three-dimensional motion were extracted of a pericarp sheet during burst. Curves of the pericarp sheet edge were drawn based on images of a high-speed video camera from two orthogonal directions. The time history of the ruptured pericarp sheet edge is shown in Fig. 3 as multiple curves. Two-dimensional coordinate values of typical points on the pericarp sheet edge were obtained form two direction images, and then three-dimensional coordinates of the points were calculated. Each curve was determined by a three-dimensional NURBS (Non-Uniform Rational B-Splines) curve using the point coordinates. The history of the curves was used to calculate the initial stress before burst in a finite-element analysis. 

Root of pericarp Needle

Micro-CT scanning, CAD modelling and finite-element analysis

A computer tomography (CT) scan of the pericarp was carried out by micro-CT (Hitachi Medical Co., MCT-CB100MF) before and after bursting, in order to obtain the precise shape of the pericarp sheets. CAD models were constructed of the pericarp before and after burst based on these micro-CT images. The direction of the CT scan and an example of a CT image are shown in Fig. 4. The interval of the CT scan was about 0.1 mm. Over 150 section images were obtained parallel to the longitudinal axis of the pericarp. CAD models of the pericarp based on the CT images are shown in Fig. 5. They were created by V-CAT (RIKEN, Japan), which is an image processing software used to make STL data or volumetric CAD data from sequential tomographic images. The V-CAT was developed in the V-CAD project [2]. The outer and inner surfaces of pericarp were precisely determined by numerous polygons of STL format in the CAD models. The analysis focused on a single pericarp sheet, which had a ruptured boundary at the time of burst, and extracted polygon data of the pericarp sheet from the CAD models. A finite-element model was created by using MENTAT (MSC.Software Co., USA), which was a pre-processor for the finite-element analysis software, MARC (MSC.Software Co., USA). Polygon data of the pericarp sheet was input to MENTAT, and a finite-element model was constructed fitting to the polygons of the pericarp sheet surface. Hexahedral and tetrahedral solid elements were used for the modelling. Figure 6 shows the finite-element models of a pericarp sheet before and after burst. Both models have the same mesh pattern, with 574 nodes and 240 elements. Although the mesh is relatively coarse, its size is appropriate for nonlinear analysis with large deformation.

A reverse deformation procedure was proposed to obtain initial stress distribution of the pericarp sheet before burst. In this method, we assumed a zero state stress in the pericarp sheets after burst. If a pericarp is given reversed deformation starting from post-burst shape to pre-burst shape, stress condition of the pericarp just before burst must be simulated. The finite-element method was applied to stress analysis in the reverse deformation using created finite-element models of the pericarp sheet. Elastic large strain analysis was performed by MARC using a total Lagrange procedure [3]. Enforced displacements were given incrementally to nodes on the edge of the pericarp sheet model during the reverse deformation process. Stress occurring in the pericarp sheet depends on the deformation history. Thus, nodal displacements of each incremental step were determined from pericarp sheet edge curves obtained from a high-speed video camera as shown in Fig. 3. Nodal points at the stalk side of the pericarp sheet were always fixed. Enforced displacement was given to only the outside edge nodes of the pericarp sheet. Other surface nodes were displaced depending on the displacement of edge nodes in the analysis. Although the pericarp has a nonlinear anisotropic material property, we assumed a linear elastic and isotropic material property, because material property data of plant pericarp was limited. In this analysis, Young's modulus and Poisson's ratio were given as 10 MPa and 0.25, respectively according to previous literature that dealt with the mechanical properties of tomato [4]. Procedure used in this study to obtain initial stress distribution of the pericarp before burst is summarized in Fig. 7. The advantages of the method are to determine shape and motion of the pericarp exactly by using micro-CT and a high-speed video camera. 

Results and discussions

Reverse deformation history of the pericarp sheet determined by this analysis is shown in Fig. 8. Simple extension was not considered in the deformation. Rather, twisted deformation is observed combined with extension. Such deformation is reasonable, because the pericarp sheet moves circumferentially just after rupture. This movement then extends to a longitudinal direction. Hence the reverse deformation given by the analysis is considered to correspond well to the realistic burst motion of the pericarp sheet. However, one has to check the distortion of finite-elements during reverse deformation, because excessive distortion of these elements deteriorates analysis precision and sometimes disturbs continuation of incremental calculation in large strain analysis. A large distortion of finite-elements is only observed around both ends of the pericarp sheet model, that is tip and stalk side. The reason for a large distortion is that a large strain at both ends is constrained into a small area by given boundary conditions. It is possible to overcome this problem by improvement of finiteelement meshing, which will be explored in a later study. Figure 9 shows the distribution of the principal stress major of the pericarp sheet just before burst. It corresponds to the last step of the incremental displacement on the reverse deformation. Actually, there are three components in principal stress. A principal stress major means a component, which has a maximum absolute value of the three. It should be noted that the direction of the principal stress major is not always the same, but tends along a longitudinal direction of the pericarp sheet for most of the elements. Compressive principal stress is higher in a wide area such as the outside surface of the pericarp sheet. On the other hand, tensile principal stress is higher on the stem side half of the inside surface. A low compressive stress region is observed in the tip side half of the inside pericarp sheet surface. Such stress distribution is considered very unique, because it is difficult to be generated by giving simple extension to a curled plate.

Fig. 8 Deformation process of the pericarp sheet model

To compare the result of the pericarp sheet, deformation problem of a simple plate was solved by the same procedure. The finite-element model of a simple plate is shown in Fig. 10. The size of the plate was set as equivalent to the pericarp sheet model: length, width and thickness are 3, 16 and 0.5 mm, respectively. The initial shape of the plate model was determined similarly to the post-burst shape of the pericarp sheet. The final shape of the model was determined as straight with the same length as the initial model. Terminal nodes were fixed and enforced displacements were given incrementally to (MPa) In the simple plate analysis, the highest tensile and compressive principal stresses occur at the midline in the longitudinal direction of the model. Stress tends to increase gradually from the tip to the midline, and stress distribution looks symmetrical with respect to the midline. Furthermore, stress distributions of the inside and outside surfaces are visible as tension and compression are mutually reversed. In both plate and pericarp sheet analyses, compressive principal stress is larger on the outside surface. However, stress distribution on the inside surface of the pericarp sheet is not reversed to the outside, and it is not symmetrical with respect to the midline in a longitudinal direction. Difference of stress between the inside and outside surfaces is large in the stalk side half, but it is small in the tip side half. It is considered that the stress difference in thickness direction makes bending moment, which causes the curl in the pericarp sheet. Thus large bending on the stalk side half and little bending on the tip side half can be predicted after burst in accordance with the stress distribution. Moreover, the principal stress value of the pericarp sheet is totally larger than that of the simple plate. A higher stress is more effective to get quick motion at the time of bursting. Finally, the stress distribution obtained by the analysis is adequate enough to explain actual pericarp sheet deformation, and is considered as advantageous to achieve motion for dispersing the seeds far away. 

Conclusion

Burst motion of an Impatiens pericarp was taken by a high-speed video camera, and boundary curves of a pericarp sheet during the burst process were extracted from the images. A micro-CT scan was carried out for the pericarps before and after burst, and finite-element models were created based on these images. Stress distribution of the pericarp sheet before burst was obtained by the reverse deformation procedure using finite-element method and deformation history of the pericarp sheet edge. The stress distribution is adequate to describe actual pericarp sheet deformation with large bending on the stalk side half. Moreover, it is effective enough to lead the pericarp sheet motion to fling the seeds far away.
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Abstract

Plant tendrils are specialized structures that grasp supporting objects and then coil to contract, drawing the plant stem closer to the support. An experimental and computational study is here presented of the structural changes that take place in order to produce tendril coiling. Time-lapse photography has shown the stages of initiation and tightening of a coil, and a computational model has reproduced these stages. Because a tendril, anchored when straight by a stem on one end and by a supporting object on the other, must maintain zero net twist along its length, a reversal in the direction of winding forms. With appropriate boundary conditions, the model qualitatively reproduces the geometry of the physical plant tendril including the reversal of the direction of coiling. Details of the model, as well as results of tension tests performed to determine material properties, are presented.

Background and motivation

Charles Darwin, in his 1865 work The Movements and Habits of Climbing Plants [1], described the fascinating structures of coiled tendrils -spirals found on the stems of plants including grape vines, passion flowers, pumpkins and gourds. While the origins of the tissues that form tendrils in different plant families vary, there are interesting similarities in their structures and functions. When the tip of a straight tendril grabs onto a structural support, over a period of hours the tendril grows into helical coils, lifting the plant closer to the support. By relying on the supporting structures of a host, a tendrilbearing plant avoids spending energy to develop its own support.

Tendril coiling is a complex process that involves dynamic interactions among plant cells and tissues. The end of a growing stem circumnutates, permitting the distal tip of a tendril to make contact with an object. The contact stimulates a species-specific chemical signalling cascade that initiates the formation of tight coils around the object [2]. As the grasp of the tip is secured, the tendril begins to grow differentially, with the dorsal side growing more rapidly than the ventral, forcing the tendril into a series of coils (Fig. 1). A typical tendril, anchored when it is straight at one end by the plant on which it grows and at the other by a supporting object, must maintain zero net twist along its length. To achieve this, there is at least one reversal in the direction of winding at some point in the middle of the tendril. Examination of a coiled tendril such as that of Marah fabaceus, or California manroot, which has a visible depression on the dorsal side, shows that the dorsal side of the tendril remains on the side of the tendril pointing outward from the central longitudinal axis of the helix. This is true even in the portion of the tendril containing the reversal. This means that as the tendril winds it must also twist. Each complete revolution of the tendril around its helical axis is accompanied by a 360 degree rotation of the cross section about its centroid [3].

Although Darwin offered a descriptive explanation for winding reversals in tendrils, the first attempt to describe tendril coiling geometry in mathematical terms was made by Raugh [3] who described a volume-preserving coiling process using differential geometry. This work was recently updated by Barton [4]. Keller [5] added consideration of elasticity into a refinement based on minimization of potential energy. Recently McMillen and Goriely [6] have provided a more detailed model of the instability of an intrinsically curved elastic rod under tension that results in a helical geometry with a reversal; however this model does not explicitly address the progressive development of coiling that occurs when the elastic rod is a growing tendril. Following this work, Domokos and Healey [7] have developed a theory that predicts the multiple reversals seen on actual plants. The analytical and experiment work of Silk [8][9][10] on twining plants has also provided guidance for the present study. Our approach is to relate experimental observation of coiling, recorded with time-lapse photography, with computational modelling and mechanical testing in order to determine the growth patterns that result in the remarkable coiled geometry.

Material and methods

Cultivation of tendrils

For the purposes of this study, two tendril-bearing plants were examined: Luffa cylindrica, which was cultivated in a growth chamber; and M. fabaceus, which occurs as a wild growth on a property adjacent to the Harvey Mudd College campus in southern California. The L. cylindrica plants were grown in a growth chamber (Percival Scientific, Perry, Iowa, USA) at 75 percent relative humidity and a constant temperature of 24 degrees Celsius. L. cylindrica are ideal for observational studies of tendril formation and behaviour; they grow quickly, producing tendrils approximately 35 days after germination. However, these tendrils are small and difficult to handle experimentally. M. fabaceus tendrils are more suitable for mechanical testing because they are larger and sturdier.

Experimental observation of helix formation

A frame was constructed out of 3 mm diameter wooden dowels, and L. cylindrica tendrils were induced to coil by stimulating the ventral side of the tendril tip with the cross-bar (Fig. 2). For timelapse photography, the "Time-Lapse Movie" option on a Nikon Coolpix 5400 was used. With this setting, the camera automatically selects aperture and shutter speed. Frames were recorded at a rate of one per minute. Also, the "Macro Focus" setting was used to capture the tendril behaviour close up. The plants remained in the growth chamber, which is equipped with both fluorescent and incandescent light bulbs, for this study. 

Experimental observation

From the time-lapse photography, it was determined that in the growth chamber conditions the L. cylindrica tendrils took between 2 and 4 hours to fully grasp onto a sturdy support. After attachment, differential growth proceeded without coiling for approximately 10 hours. After coiling commenced, the helical tendril continued to tighten for 5-20 hours, or until the support was removed.

From the time-lapse studies, it is believed that the circumnutation of the stem, which continues during the whole grasping and coiling process, plays a crucial role in the initiation of helix formation. As the stem bends about its longitudinal axis, it imposes a torque on the proximal end of the tendril. The small twist imposed on the computational model to break symmetry may be associated with this torque.

Material parameters

Two L. cylindrica tendril samples produced an average elastic modulus of 33 MPa. Fifteen M. fabaceus tendrils were tested at three strain rates. A sample force-displacement curve is shown in Fig. 5 with the region used for computation of slope noted. No significant trend was found with strain rate in the range used (Fig. 6). The average elastic modulus for all M. fabaceus samples was 36 ± 13 MPa. 

Comparison of model with experimental observation

In order to confirm the ability of the computational model to reproduce the basic geometry of the coiled tendril with a reversal, a model with no taper and symmetric fixed boundary conditions (with a small torsional perturbation) was first examined. Here the reversal occurred in the geometric centre of the length of the tendril as expected (Fig. 7). To reproduce actual tendril geometries a model with linear radial taper and asymmetric boundary conditions was used. At the proximal end, all displacements were fixed and rotations about axes normal to the longitudinal axis of the tendril were fixed to model the effect of the stem. The small torsional perturbation (0.05 radians) was applied about the longitudinal axis. The distal end had all displacements fixed, rotation about the longitudinal axis fixed, but rotation about normal axes unconstrained (effectively a pin support that restricted torsion). Although a physical plant tendril is an anisotropic composite structure, isotropic material properties were used. The model included constant values of the elastic modulus (33 MPa) and an assumed Poisson's ratio (0.3). The dorsal half of the tendril was given a coefficient of thermal expansion, , of 0.001/ºC while the ventral side had an of 0/ºC. The total change in temperature, T, imposed on the model was 15 ºC. This was applied in 20 load steps. These values of and T are not physically meaningful in themselves, only the differential effective strain in the two regions is. The length of the model tendril was 5 cm, and the maximum and minimum radii were 0.30 mm and 0.15 mm, respectively.

When taper (linear change in cross sectional radius over the length) was added to the tendril model, the reversal did not occur exactly in the geometric centre. The two parts of the tendril was analytically modelled (the regions on either side of the reversal) as torsional springs in parallel or as linear springs (representing beams) in parallel. A torsional springs model predicted that the reversal should occur at a point 17 percent of the length from the distal end for the ratio of maximum to minimum radii used in the model. However, our numerical results indicated that such simple models are not appropriate. They showed that, as in physical plant tendrils (see Fig. 1), the reversal is shifted only slightly toward the distal end of the coiled part of the tendril. This is a question that is planned to explore further, especially as one might think about methods to generate multiple reversals. It was also noted that the winding is less tight in the distal portion of the tapered model than is expected from the physical plant tendrils. Preliminary work showed that a gradient in growth rate along the length of the tendril (in addition to across its section), with a higher growth rate closer to the distal tip, generated more realistic shapes. This is also an area for further investigation.

In the model, shown in Fig. 8 along with a photograph from the time-lapse study for comparison, qualitative agreement was good. Additionally the model showed that the dorsal line, represented by the middle of the white half of the surface, maintained an outward normal even through the reversal. An animation of the computational model as temperature (differential growth) is increased with time showed a process of winding that appeared quite similar to that seen in the time-lapse photographs. 

Reversal Reversal

Conclusion and future work

Through time-lapse photography of L. cylindrica, we have seen that there may be a correlation between circumnutation of the stem and the initiation and formation of the coiled structure. The process of development of a helix from an initially straight tendril must be a combination of growth and deformation of tissues. Finite element analysis provides a flexible means for computationally testing the effect of a broad range of differential growth patterns and material behaviours. We have modelled the tendril structure as a beam subject to thermal expansion, an analogous process that can represent the strains caused by growth. By constructing a gradient in the coefficient of thermal expansion across a cross section and then raising the temperature, differential elongation has been implemented. A small torsional perturbation causes large-deformation coiling. With appropriate boundary conditions, the model qualitatively has reproduced the geometry of the physical plant tendrils, including the reversal of the direction of coiling.

Continuing experimental work includes quantification of the differential growth rates that must occur in nature to produce coils. Marking experiments have proven challenging. In order to refine the computational model, histological sections of tendrils of various species are being examined. We plan to incorporate realistic geometries and variable elastic modulus in the element cross section to represent different tissues. However, we have found that the coiling process is quite robust; it does not depend on a particular cross sectional geometry, and we do not expect dramatic differences in qualitative results. Finally, we would like to include a flexible (lengthwise) boundary at the proximal end of the tendril to represent the flexibility of the stem to which a tendril is attached.

Fig. 1

 1 Fig. 1 Schematic redaction of broad phylogenetic and systematic relationships among streptophytes (charophycean algae and embryophytes) with representative apomorphies. The paraphyletic bryophytes include mosses, liverworts and hornworts; the paraphyletic pteridophytes include extant lycopods, horsetails, and eu-and leptosporangiate ferns.

Fig. 2

 2 Fig. 2Bivariate plot of log 10 -transformed data for dry leaf mass and dry stem mass (or their analogs; denoted by M L and M S , respectively) collected from individual spermatophytes and other phylogenetically diverse groups (see insert in upper panel for symbols). Data points representing non-spermatophytes diverging from the spermatophyte M L vs. M S scaling relationship are indicated by arrows in lower panel. Solid and dashed lines denote the reduced major axis regression curve and its 95% confidence intervals for the spermatophyte M L vs. M S scaling relationship. See Table1 for regression parameters.

  Fig.4 Bivariate plot of log 10 -transformed data for dry stem mass and dry root mass (or their analogs; denoted by M S and M R , respectively) collected from individual spermatophytes and other phylogenetically diverse groups (see insert in upper panel for symbols). Data points representing non-spermatophytes diverging from the spermatophyte M S vs. M R scaling relationship are indicated by arrows in lower panel. Solid and dashed lines denote the reduced major axis regression curve and its 95% confidence intervals for the spermatophyte M S vs. M R scaling relationship. See Table1for regression parameters.

  Fig. 5 Bivariate plot of log 10 -transformed data for dry above-ground mass and dry below-ground (= root) mass (or their analogs; denoted by M A and M B = R , respectively) collected from individual spermatophytes and other phylogenetically diverse groups (see insert for symbols). Solid and dashed lines denote reduced major axis regression curve and 95% confidence intervals for the spermatophyte M A vs. M B = R scaling relationship. See Table1for regression parameters.

Fig. 2 .

 2 Fig. 2. Phase-strain curve (left) and stress-strain curve (right). The numerical values used are = 0.25 and = 0.25; with these parameters, c0 = -0.25, c1 = -0.75, c0 = -0.25, c1 = 0.25, p0 = 0, p1 = -1, and p = 0.The dotted lines on the left-hand plot correspond to states of equilibrium that are unstable with respect to variations of the phase field (even if it remains uniform). The dashed lines on both plots correspond to (the same) mechanically unstable states, which tend to separate into two phases. The areas of the two surfaces between the stress-strain curve and the dotted line corresponding to the plateau stress are equal (this is an alternative formulation of the equations for the plateau stress given in the text; both formulations have direct equivalents in the case of phase transitions in fluids).

Fig. 3 .

 3 Fig. 3. Simulation results (evolution of the phase field according to the control parameter; the collapsed regions appear in black). The mechanical properties are as shown in Fig. 2, D = 4.10 -4 , and k = 16. Top left: shrinking substrate, L = 1. Other: growth of the two layers, L 0 = 0.25, = -0.275. Top right: reversible evolution. Note that the collapsed regions appear to shrink only because the total size of the system increases. Bottom left: irreversible evolution. Bottom right: same as previous with disorder.

Fig. 1 Fig. 2

 12 Fig. 1 Reference frame illustrating positive quadrant.

Fig. 4

 4 Fig. 4 Two perspectives of 38.5 second, 3-D line trace of n. red oak (#10) branch motion with leaves removed.Sensor is identical to Figure3

.

  

Fig 5 .

 5 Fig 5. Example of triangonal distances computed for n. red oak (#10). The top line is response in the time domain with leaves on, while the bottom line is after leaf removal. Sensor is identical toFig 3. 

Fig 6 .

 6 Fig 6. Example of FFT for n. red oak (#10). Sensor is identical to Fig 3.

Fig 7 .Fig 8 .

 78 Fig 7. Mean periods for 4 tree species with leaves on, paired with mean period for the 3 deciduous species with leaves removed. Whiskers indicate a 95% confidence interval.

Fig. 1 Fig. 2 Fig. 3 Fig. 4 Fig. 5 Fig. 6

 123456 Fig. 1 Growth in length of G. aparine plants cultivated with and without stakes in full sunlight and with and without stakes under a shading cloth. Different letters at the top of the columns indicate significant differences.

Fig. 2

 2 Fig.2 Cladoxylon taeniatum, variation of relative percentage contributions of tissues to the flexural stiffness of the whole stem during the secondary growth sequence.

Fig. 3

 3 Fig.3 Cladoxylon taeniatum, variation of structural Young's modulus during the secondary growth sequence of the stem.

Fig. 1 (

 1 Fig. 1 (A) Schematic cross-section of Calamopitys embergeri. 1 = pith, 2 = primary xylem bundles, 3 = secondary xylem, 4 = secondary phloem, 5 = inner primary cortex, 6 = leaf traces, 7a = sclerenchymatous bands tangentially fused in stem periphery (outer primary cortex), 7b = parenchymatous intercalations (outer primary cortex), (B) Schematic cross-section of Lyginopteris oldhamia 1 = pith, 2 = primary xylem bundles, 3 = secondary xylem, 4 = secondary phloem, 5 = inner zone of inner primary cortex, 6 = periderm, 7 = outer zone of inner primary cortex, 8 = leaf traces, 9a = sclerenchymatous bands (outer primary cortex), (9b) parenchymatous intercalations (outer primary cortex); scale bars = 5 mm.

Fig. 2

 2 Fig. 2 Schematic cross-sections of stems of Aristolochia macrophylla, (A) one year old axis, (B) five years old axis; 1: pith, 2: secondary xylem, 3: secondary phloem, 4: inner zone of primary cortex, 5: sclerenchymatous ring, 6: outer zone of primary cortex, (C) detail of inner zone of primary cortex of a two year old stem showing cell deformation, cell division (arrow 1) and cell compaction (arrow 2); (A,B) scale bar = 1 mm, (C) scale bar = 0.1 mm.

Fig. 3

 3 Fig. 3 Schematic illustration of experimental setups und stress-strain relationships, (A) Scheme of the crossheads of an INSTRON testing machine exerting a force F on the outside of the cortical ring of a stem of Aristolochia macrophylla (setup 1), (B) Force-displacement curve of such a compression experiment. In this case the cortical ring shows three rupture points (arrows) before it finally failed, (C) Schematic illustration of the pressure p exerted by water on the inside of the cortical ring (setup 2), (D) Force-displacement curve of such an experiment with increasing pressure exerted on the inside of the sclerenchymatous ring. In this case, the cortical ring has cracked (arrow).

Fig. 4 (

 4 Fig. 4 (A) Experimental setup for applying water pressure to the inside of the outer sclerenchymatous ring of a hollowed out stem of Aristolochia macrophylla (setup 2), (B) Broken cortical ring after exertion of a force by the two crossheads above and below the ring, the arrows indicate points of failure (setup 1), (C) Broken cortical ring after application of water pressure to the inside of the ring, the arrow indicates the point of failure (setup 2).

Fig. 2 .

 2 Fig. 2. Typical plot of the fluctuations of the growth rate over time in a Nicotiana alata pollen tube growing in vitro.

Fig. 4 .

 4 Fig. 4. Changes of the cellular stiffness over time measured with micro-indentation. Changes in the apical position show irregular oscillations whereas the distal position remains very stable.

Fig. 1 Fig. 1

 11 Fig.1 Corylus avellana (massive axillary wood), sudden break of a junction with a wide angle = 70°.

Fig. 4

 4 Fig. 3 Corylus avellana, break of a junction with codominant stems and embedded bark, angle = 28,5 °.

Fig. 7 .

 7 Fig. 5 Fraxinus, break of a junction with codominant branches (Angle = 27°)

Fig. 8

 8 Fig. 8 Fagus sylvatica (massive axillary wood), wind broken limbs. Comparison between size reduction at a junction and the junction's angle.

  Fig. 2 Experimental investigations

Fig. 3

 3 Fig. 3 Modelling the geometry

  to equation (3) by calculating the directional derivatives of equation (4

  Fig. 4 Field definitions

  Fig. 6 FE-Model and selected stress distributions in the crotch

Fig. 1 :

 1 Fig. 1: Average cell size, cell wall thickness and cell wall area volume fraction of fibres within a fibre cap in dependency of the relative distance to the outer edge of the phloem, measured for two vascular bundles in a cross sectional cut (open circles represent values from bundle 1, black squares from bundle 2). Each point in the graph represents the average of at least 15 complete cells within the chosen rectangle.

Fig. 2 :

 2 Fig. 2:a) Cross section of a vascular bundle of W. robusta stained with Safranin/Astrablue. b) Detail of a cross section of a vascular bundle stained like a). A gradient in the intensity of staining with Safranin becomes visible from intensive red staining (heavily lignified) thick walled fibres to blue stained (non-lignified) thin walled fibres. c) Vascular bundle exclusively with thick walled and lignified fibres.

b

  Fig.3a) Stress-strain-graph of two fibre stripes of the same fibre cap, originating from the central part (black frame) and the outer zone of the thick walled fibres close to the transition zone to the thin walled fibres (indicated as middle and grey frame) b) left: Cross section of vascular bundles with the approximate radial position of the tested fibre stripes, upper right: A fibre stripe as it is tested and lower right: A cross sectional cut after testing close to the failure site which is taken for determining the cross-sectional area of the strip (scale bar is 100 µm).

Fig. 1

 1 Fig. 1 Tensairity ® demonstration bridge with 8 m span and 3.5 tons maximal load [2].

  Fig. 1 Radial variations of specific gravity, specific MOE, Young's modulus

Fig. 1

 1 Fig. 1 Five structural levels shown for the example of a conifer stem and tracheid.

Fig. 1

 1 Fig.1Disturbance events may be due to a) wind storms and b) substrate mass movement (in this case, within a bamboo forest). Once the event has taken place c) pioneer plant species e.g. bamboo (arrow), will colonize newlyformed gaps.

Fig. 2

 2 Fig. 2 Bamboo usually has a shallow root system composed of a) adventitious lateral roots and b) an underground rhizome. c) the high stem height:diameter ratio and weight leads to bending and buckling.

Fig. 1 (

 1 Fig. 1 (A) Experimental set-up for testing the self-repair quality of coated membranes, compressor not shown. (B) Schematic presentation of the methods used for puncturing membranes with nails of different diameter or knife blades of different width.

Fig. 2

 2 Fig.2 Fissure repair in the twining vine Aristolochia macrophylla. (A) If a fissure occurs in the sclerenchymatous ring due to tangential strains caused by secondary growth of the central vascular tissues an adjacent parenchyma cell expands into it (phase I), see arrow. The fissures typically run through the middle lamellas of neighbouring sclerenchyma cells. (B) If the fissure further increases due to secondary vascular growth, the repairing parenchyma cells start to divide radially and tangentially (phase IIIa). (C) A broad fissure running entirely through the scleremchyma ring is sealed by parenchymatous repairing cells having the typical irregular shape (phase IIIb). (D) The walls of peripheral repair cells are thickened and lignified (phase IV).

Fig. 3 (

 3 Fig. 3 (A) Tensairity® roof on a parking house in Montreux (Switzerland), Luscher Architectes SA & Airlight Ltd., span of the illuminated roof 28 m.(B) Manned pneumatic aircraft 'Stingray'with 13 m wing span of prospective concepts ag..

Fig. 5

 5 Fig. 5 Duration of pressure drop from 1000 mbar to 100 mbar for uncoated (A) and coated membranes (B,C) punctured with a nail of 2.6 mm diameter. (A) Uncoated membrane; mean duration of pressure drop: 130 seconds. (B) Membrane coated with a biomimetic foam polymerised under ambient pressure: air-leakage reduced by about one order of magnitude. (C) Membrane coated with a biomimetic foam polymerised under overpressure: airleakage reduced by three orders of magnitude, from [10].

Fig. 1

 1 Fig. 1 Variation in the dynamic stiffness S and in mean spear cutting force of white asparagus spears stored at 0.5°C ( ), 5°C ( ), 10°C ( ) or 20°C ( ) for up to seven days (means ± SD).

Fig. 3

 3 Fig. 3 Variation in the total cell wall content ( [cellulose, hemicellulose, pectic substances, lignin]) of white asparagus spears stored at 0.5°C ( ), 5°C ( ), 10°C ( ) or 20°C ( ) for up to seven days (means ± SD).

Fig. 2 .

 2 Fig. 2. a, b) Cellulose aggregates from chemical pulps prepared by critical point drying (CPD) and observed by FE-SEM. Little detail is observed on the aggregate surface but indications for helical (arrows) orientation of individual fibrils is apparent; c, d) Primary wall replicas of cellulose aggregates at high magnification after preparation by RFDE and observations by TEM showing evidence for their compoundnature; e) Individual and isolated aggregate observed directly by TEM. Bars = 10 nm. (From[4]).

Fig. 4 .

 4 Fig. 4. Spruce kraft pulp fibres showing typical effects of mechanical beating on the S 1 layer. a) Bleached pulp fibre showing the perpendicular orientation (arrows) of the S 1 layer and its release from the underlying S 2 layer; b) Surface morphology of a high yield pulp fibre with the lignin-hemicellulose matrix observed as globules coating and lying between the cellulose aggregates. c, d) Low and high magnifications showing the cellulose aggregate structure of the S1 layer and its "opening up" during mechanical treatment. Bars = a, 200 µm; b, 400 nm; c, 100 µm; e, 100 nm. From [4].

Fig. 2

 2 Fig. 2 Impact of refining intensity on micro-morphology and ultrastructure of kraft pulp fibres-PATAg staining A: unrefined kraft pulp; B: 21°SR refined kraft pulp; C: 25°SR refined kraft pulp; D: 38°SR refined kraft pulp S1, S2 and S3: layers of the secondary wall

Fig. 1 .

 1 Fig. 1. The three main monomers of lignin (monolignols, a-c) are shown, as well as the most important intermonolignol bonds in lignin (d -g). a p-coumaryl alcohol; b coniferyl alcohol; c sinapyl alcohol; d -O-4´bond; ebond; f -5´bond; g 5-5´bond. The structures e -g are found together with some less frequent structures called condensed bonds with a common name in contrast to the non-condensed -O-4´ bond (d).

Fig. 2 .

 2 Fig.2. Dynamic FT-IR in-phase spectra of primary wall material (thin line) and TMP (thick line). The in-phase spectra (elastic response) were recorded at 0° polarization, 0% RH and 30 °C.

Fig. 4 .

 4 Fig.4. Dynamic FT-IR in-phase spectra in the OH region of primary wall material (thin line) and TMP (thick line). The in-phase spectra were recorded at 0° polarization, 0% RH and 30 °C.

Fig. 8 .

 8 Fig.8. Dynamic FT-IR in-phase spectra of primary wall material (thin line), 0° polarization, 80% RH and 30 °C and CTMP (thick line), 0° polarization, 90% RH and 40 °C.

Fig. 7 .

 7 Fig.7. Dynamic FT-IR in-phase spectra of primary wall material (thin line) and TMP (thick line). The inphase spectra were recorded at 90° polarization, 0% RH and 30 °C.

Fig. 9 .

 9 Fig.9. Dynamic FT-IR in-phase spectra of primary wall material (thin line), 90° polarization, 80% RH and 30 °C and CTMP (thick line), 90° polarization, 90% RH and 40 °C.

Figs 6 to 9

 9 Figs 6 to 9 show spectra for the wavenumber interval of 1800-1200 cm -1 . As shown the lignin vibrations at 1269 cm -1 (the aromatic C-O-stretching vibrations of methoxyl and phenyl propane units) and its aromatic vibrations of the C=C at 1516 cm -1 (0° polarization in both dry and humid conditions) and 1508 cm -1 (90° polarization in both conditions) are much more distinct for the primary wall material than for both TMP and chemithermomechanical pulp (CTMP), (CTMP spectra from Åkerholm and Salmén[8]).Arabinoglucuronoxylan and xyloglucan vibrations at 1735/1740 cm -1 and 1597 cm -1 related to C=Ostretching vibrations of the carboxylic acids are also more intense for the primary wall material.The peaks at 1608 cm -1 , in Figs 6 to 9, may correspond to the vibrations of primary amines (i.e. the N-H-stretching vibrational band, 1615 cm -1 ,[6]). In addition, the band of the NH 2 -deformation vibrations (scissoring) lies normally at 1650-1590 cm -1 . The C-N-stretching vibrational bands should occur in the wavenumber interval of 1220-1020 cm -1[7]. On the other hand, the proteins are built up from amino acids and they usually exist as zwitterions (i.e. H 3 N + -CHR-COO -, where R is a radical), thus they have the absorption of an ionized carboxyl group (-COO -) and an amine salt (-NH 3 + ). The higher absorption intensity for the primary wall material in the broad wavenumber region of 1665-1555 cm -1 could thus come from the asymmetric stretching vibration of -COO --groups or from -NH 3 + -groups asymmetric wagging.The asymmetric stretching vibration of -COO --groups from the D-galacturonic acid units of pectin may also contribute to higher absorption in the wavenumber region of 1665-1555 cm -1 .The fact that strong elastic responses for the primary wall material occur for protein, pectin, lignin, hemicelluloses and cellulose suggest that all these polymers are intimately linked in the structure. This differs from the situation in the secondary wall where only strong interaction between cellulose and glucomannan has been found[9].

Fig 10 .

 10 Fig 10. shows one example of the H 710 determination for quantifying the content of the respective cellulose allomorphs. The mean H 710 value (= 0.265) was calculated from all four RH measurements. Based on equation (3) by Åkerholm, Hinterstoisser and Salmén[5], the content of cellulose I was estimated to 79% (cf. cellulose I equals 21%). The content of cellulose I from holocellulose was about 43%[5]. In other words, the content of cellulose I predicted for primary wall was considerably higher than the content of cellulose I from the secondary wall.

Fig. 1

 1 Fig. 1 Macroscopic loss factor of wood fibre/PLA composite material, measured by DMA mounted in the FTIR instrument, as a function of relative humidity.

Fig. 3

 3 Fig. 3 Elastic response in 90º polarization.

Fig. 4

 4 Fig.4 Viscous response for chosen wavenumbers, 90 º polarization.

  Science: Sustainable natural and Polymeric Composites -Science and Thecnology, Editor, Lilholt, H.: Roskilde. p. 185-196. 4. Oksman, K. and J.-F. Selin, (2004): Plastics and Composites from Polylactic Acid, in Natural Fibers, Plastic and Composites. Editors, Wallenberger, F.T. and Weston, N.: Boston. p. 150-165. 5. Noda, I., (1990): Two-dimentional infrared (2D IR) spectroscopy: Theory and Applications. Applied Spectroscopy. 44 (4): 550-561. 6. Noda, I., Dowrey, A.E. and Marcott, C. (1983): Dynamic infrared linear Dichroism of polymer films under oscillatory deformation. Polymer Science: Polymer Letters Edition. 21: 99-103. 7. Marcott, C., A.E. Dowrey, and I. Noda, (1994): Dynamic two-dimensionalIR Spectroscopy. Analytical Chemistry. 66 (21): 1065-1075. 8. Åkerholm, M., B. Hinterstoisser, and L. Salmén, (2004): Carachterization of the crystalline structure of cellulose using static and dynamic FT-IR spectroscopy. Carbohydrate Research. 339 (3): 569-578. 9. Åkerholm, M., F. Berthold, M. Lindström and L. Salmén (2005): Dynamic FT-IR spectroscopy -a suitable tool for fibre-matrix interfacial characterisation of wood fibre composites?, in The 13 th ISWFPC Pre-Symposium: Rotorua, New Zealand. p. 95-100.

Fig. 1

 1 Fig.1Proposed photochemical degradation and subsequent ortho-quinone formation; here displayed for 3,5-dimethoxy-4-hydroxy-stilbene.

  Fig. 3 Trans stereoisomers of the substituted stilbene derivatives investigated. The groups forming ortho-quinones are displayed in bold face.

Fig. 4 .

 4 Fig. 4. Computed UV/Vis-spectra (nm) of compound 4 of Fig. 3. Left: hydroxy-stilbene form; right: orthoquinone form. The experimental absorption of the hydroxy-stilbene is at 350 nm, whereas the ortho-quinone absorbs at 570 and 490 nm giving rise to yellow coloration of the sample.

Fig. 5

 5 Fig. 5 Energies of the ground state (black), first excited singlet state (red) and second excited singlet state (green), as function of C -O distance. HOMO and LUMO orbitals at R(CO)=1.40 Å (left column) and 1.70 Å (right column). At around 1.70 Å, the ground state LUMO and LUMO+1 changes energetic order.

-

  The never-dried fibres (dry-weight 100-250 mg) were swelled for 10-15 minutes in 20 ml water with a 25 mm stirring bar in a 100 ml Erlenmeyer flask. -Treatment with 40 ml 1 M HCl pH 0 at 80 C (or later at 82 C) for 4h in a reciprocal water bath without stirring bar. -Completion of cleavage with 25 mm stirring bar at 150 rpm for 30 min during cooling to near RT. -Fibre washing with approximately 0.2 M phosphate buffer (PB), pH 7, Munktell filters 1002, 1003 or glass filters G2 or G3.

  Fig. 1a. Small and large dislocations Fig. 1b. Two spruce latewood fibres Fig. 2. Cleavage of a spruce in a spruce latewood fibre 15 . cleaved in dislocations by HCl. latewood fibre by HCl as shown Bar = 30 m. Bar = 30 m. in the ESEM. Bar = 10 m.

Fig. 4 .

 4 Fig. 4. HCl cleavage of fibres from a pulp fibre line.

Fig. 5 .

 5 Fig. 5. Spruce fibre cleavage with 1 M HCl versus temperature.

Fig. 6 .

 6 Fig. 6. Cleavage of bleached pine & spruce kraft pulps.

Fig. 1

 1 Fig. 1 Relationship between tensile and tear Fig. 2 Relationship between tensile and tear index for index for Asa samples. compression, opposite, induced dislocations and control spruce wood.

Fig 2 and 3 .

 3 Fig. 1 14 cross sections forming a 260 µm long test fibre segment.

Fig. 2

 2 Fig.2The shell model Fig.3The solid model

Fig. 4

 4 Fig.4 Material orientation in the solid elements. Some elements have been removed for clarity. The orientation of the fibre is the same as in Fig.2, 3 and 5. Only one cross-section of elements is shown in the lengthwise direction of the fibre.

Fig. 5

 5 Fig. 5 Material orientation in the shell elements. Orientation is only displayed for one of the shelllayers in the composite section (S3). 5 crosssections of elements are shown in the lengthwise direction of the fibre.

Fig. 6

 6 Fig.6 The shell model compared with the solid model. Predicted axial force for a strain of 1 %.

  Fig 8 from an initially straight fibre as in Fig 3.

Fig. 8 A

 8 Fig. 8 A deformation plot with free rotation and a MFA in S2 of 5 degrees.

Fig. 5

 5 Fig. 5 Synchronous correlation plots at dry conditions (before deuteration at beginning of test cycle)

Fig. 1 .

 1 Fig. 1. (a) Ultrastructural model of a softwood fibre[5]. Nomenclature for the fibre idealised as (b) multilayered laminated composite cylinder (c) subjected to end loads and internal and external pressure[4].

Fig. 2 .

 2 Fig. 2. Longitudinal Young's modulus as function of the MFA showing the effect of the twist-extension coupling on the behaviour of rotationally constrained fibres (-.-) and fibres that are allowed to twist (-). The FE solution confirms the analytical model. The result of Persson [3] is shown for comparison.

  Fig. 3. (a) Shear modulus, (b) Poisson ratio and (c) circumferential Young's modulus as function of the MFA in the S2 layer if the fibre is of rotationally constrained (-.-) and allowed to twist (-).

  Fig. 2. Schematic presentation of the experimental setup. The incident beam hits the sample from negative direction of the axis e 2 . The intensity diffracted at the scattering angle 2 is recorded with an area detector perpendicular to the incident beam (point r). In the detector plane the intensity of a reflection 00l is seen as a Debye ring. It is formed by reflections filling diffraction conditions with scattering vectors pointing to the reflection circle (p).The sample was rotated around its longitudinal direction, the axis e 3 by the angle and around the axis e 1 by the angle .

Fig. 3 .

 3 Fig. 3. The diffracted intensities as a function of for the sample A to F. The sample is rotated around longitudinal direction (angle ) with a step of 15°. The lowest curves are obtained when the radial direction of the sample is perpendicular to the incident X-ray beam

Fig. 4 .

 4 Fig.4. Determined MFA distributions for radial (solid) and tangential (dashed) cell walls.

Fig. 5 .

 5 Fig. 5. Normalised pole figures of the reflection 200 as a function of the angles and .

Fig. 1 :

 1 Fig. 1: Histochemical staining of lignin in Phytolacca dioica stem: (a) toluidine blue staining; (b, c) woody cells strongly react with the Mäule reagent whereas phloroglucinol only gave a weak reaction with xylem cell walls (d) in contrast to the external sclerenchyma layer (e). X, xylem; P, parenchyma, R, rays; F, fibres; V, vessels, S, sclerenchyma.

Fig. 2 :

 2 Fig. 2: UV Transmission microphotographs of P. dioica stem: outermost sclerenchyma (a); xylem cells (b, c); R, ray cell; F, fibre; V, vessel. Scale bar=25 µm.

Fig. 3 :

 3 Fig. 3: UV absorption spectra of mature xylem in P. dioica stem. a) Middle lamella cell corners between rays (RRCC), fibres (FFCC), sclerenchyma cells (SSCC) and fibre-vessels (FVCC). b) Secondary walls of rays

Fig. 3

 3 Fig. 3: SEM micrographs of vessel elements and pits (b) in longitudinal sections of xylem.

Fig. 1 .

 1 Fig. 1. Contacting (upper right) and stretched helical coils of cellulose isolated from celery stalk vascular bundles.

Fig 2 .

 2 Fig 2. AFM Phase contrast image showing the surface structure of celery coils. The long axis of the fibril is horizontal. The single-headed arrow points to individual nanofibrils. The double-headed arrow indicates the direction of the ridges and valleys on the surface. Scale bar 1 m.

Fig. 2

 2 Fig. 2 Schematic picture of the incorporation of glucomannan into the cellulose aggregate structure of the wood fibre wall.

Fig. 3 Fig. 4

 34 Fig. 3 IR-spectra of cellulose at 80%RH either with normal moisture H 2 O in the environment or with deuterium oxide D 2 O in the environment [13].

Fig. 6

 6 Fig.6 Schematic picture of the increase of cellulose aggregate size due to softening of the matrix at high temperature. The increased size is the result of a larger area of contact between adjacent aggregates/fibrils making on the average larger aggregates in cross sections to be viewed.

Fig. 2

 2 Fig. 2 Cortical microtubule array of transformed BY-2 cells incubated in liquid medium without 2,4-D for 48 hours. Double head arrows indicate the cell long axis. Bar = 20 m.

Fig. 1

 1 Fig. 1 Fluorescent image of the cortical microtubule in tobacco BY-2 cell transformed using GFP-MAP4 reporter gene. Double head arrow indicates the cell long axis. Bar = 20 m.

Fig. 3

 3 Fig. 3 Cortical microtubule array of the same transformed BY-2 cell. (a): just after lateral compression, (b): 10 minutes after compression. Arrows indicate the same microtubules. Bar = 20 m.

Fig. 4

 4 Fig. 4 Cortical microtubule array of the same transformed BY-2 cell. (a): just after lateral compression, (b): 10 minutes after compression. Bar = 20 m.

Figure 1 .

 1 Figure 1. Wild type and F5H-overexpressing hybrid poplar trees (Populus tremula x P. alba) showing different degrees of response to gravity when inclined 45° from vertical. F5H64 clone expresses 93% syringyl rich-lignin.

Figure 2 .

 2 Figure 2. Modulus of rupture of upright and inclined wild type and transgenic dry hybrid poplar stems, 14-cm long stems were allowed to dry to constant weight. Error bars represent SE ± 1 with P < 0.05, n equals 6 stems per treatment clone.

Figure 3 .

 3 Figure 3. Water relations measured on freshly harvested 14-cm long upright and inclined hybrid poplar stems. (A) Specific water conductivity (K s ), (B) poplar stems vulnerability to embolism as represented with negative pressure achieving 50% loss of water conductivity. Error bars represent SE ± 1 with P < 0.05, n equals 6 stems per treatment clone.

Fig. 1

 1 Fig. 1 Microtensile testing device, specially designed for in-situ ESEM experiments

Fig. 2 A

 2 Fig. 2 A series of images from a latewood single cell obtained by ESEM and the appropriate recorded forcedisplacement curve (working distance 7mm, acceleration voltage 10 kV, spot size 4)

  Fig.2A-B. Single spectra (30s integration time, 9pt smoothing) acquired at the beginning of the tensile test (black line), at a high stress/strain level (grey line) and after rupture (dashed black line) in the fingerprint region (A) and a zoom into the area from 1170 to 1050 cm -1 (B)

Fig. 4 .

 4 Fig. 4. Representative stress-strain curves of latewood tissues and single latewood and earlywood fibres (dimensions see Fig 1.).

  Fig.5A-B. Changes in the band position for the peak at 1097 cm -1 in relation to the applied strain (A) and stress (B) of the spruce section and fibres shown in Fig.1A-C.

Figure 1 -

 1 Figure 1 -Microtesting System: test frame, load cell, motor control, strain transducer, light microscope, digital camera, and data acquisition and control module. During testing, a plastic container surrounds the test frame to minimize moisture fluctuation. The plastic surround is not shown in this figure.

Figure 2 :

 2 Figure 2: close-up of load frame, arrow indicates location for compression test specimen.

Figure 3 :

 3 Figure 3: Average maximum compression stress versus ring width (a), specific gravity (b), ring number (cambial age) (c), and ring distance from pith (d). Linear trend lines have been inserted for each growth condition and the coefficient of determination (R 2 ) for each is shown on the right of each chart, natural growth listed first, then plantation.

  gravity, cambial age, and ring distance from the pith. The strongest correlation was observed for compression strength in the plantation trees and their cambial age. Compression strength was negatively correlated with ring width for both growing conditions.

1 1 2 Fig. 2 .

 122 Fig. 2. Schematic presentation of a fibre segment containing a dislocation with a 45° bend. When the micro fibrils are aligned the dislocation is supposedly prolonged by about 40 %.

Fig. 1 .

 1 Fig. 1. Lignin monomer composition in xylem of transgenic poplar F5H64 with increased overall syringyl content as revealed by UV-microspectro-photometry. Dark colour represents areas of high S:G, light colour areas of low S:G. Scale bar = 10 m.

  Fig 3 and the associated temporal evolution, such as in Fig 4.The corresponding wavelength, , and frequency, f, of motion are then derived by standard Fourier analysis.

Fig. 2

 2 Fig. 2 Experimental set-up for the measurement of the wind-induced motion of crops.

Fig. 3

 3 Fig. 3 Example of spatial coherent structure of the wind induced motion of a wheat field, measured by image correlation, and extracted by bi-orthogonal decomposition, of the velocity field. The arrow represents the wavelength derived from a Fourier analysis (here = 1.4 m).

Fig. 4

 4 Fig. 4 Example of temporal evolution corresponding to the spatial coherent structure of Fig 3. The frequency f is then derived from a Fourier analysis (here f = 2.2 Hz).

Fig 4 ,

 4 represented as an equivalent continuous medium.

Fig. 5

 5 Fig. 5 Sketch of the model coupling wind flow and crop motion.

Fig. 6

 6 Fig. 6 Wavelength and frequency of the coherent motions of crops: (*) (o) experimental results from on-site measurements on respectively alfalfa and wheat crops. Line: predictions of the coupled model. Dotted line: uncoupled mixing layer instability. Here f 0 is the natural vibration frequency of an individual plant, and h the canopy height.

Fig. 1 Fig. 2

 12 Fig. 1 Natural sway frequencies of nine Douglas-fir trees under conditions of full crown and no crown present.

1 Fig. 3

 13 Fig. 3 Comparison of whole tree natural frequency and branch natural frequency at the same level of D/L 2 . Predicted whole tree natural frequency is shown by the solid line (data points omitted for clarity).

16 Fig. 1

 161 Fig. 1 Damped oscillations of the tree (A) and the stem (B) without side branches and tip. The data (blue) are simulated with a damped harmonic (red). Frequency and decay time are obtained from the best fit.

Fig. 2 AFig. 3 Fig. 4

 234 Fig. 2 A model to demonstrate multiple resonance damping.

Figure 1 .

 1 Figure 1. Mean tree height (and standard error above and below the mean) at the end of 1995, 1996, 1997 and 1999 growing seasons.

Figure 2 .

 2 Figure 2. Relative radial growth response, in stems (graphs on left) at four heights, and in structural roots (graphs on rights) at three distances from the stem centre. Vertical bars are the l.s.d's between means (P < 0.05) for comparisons between treatments within a year and between years within a treatment.

  Fig 2. 

Figure 2 .

 2 Figure 2. Component forces applied to winched trees.

Figure 3 .Figure 4 .

 34 Figure 3. Stem curvature ratio (length of the curved stem: length of a straight-line between the stem base and cable attachment point) for western redcedar.

Figure 5 .

 5 Figure 5. Self-loading component of the moment a) versus diameter calculated with the offset pivot, and b) versus height to diameter ratio calculated with an offset pivot.

Fig. 2 :

 2 Fig. 2: 3D image reconstruction with AMAPmod: all root systems from (a) treatment slope at 45° and (b) treatment slope at 45° +MP have been overplotted in one image. Viewed from above, the images have been rotated 30° so as to be approximately perpendicular to the taproot. Upslope is towards the top of the images. Size is arbitrary. The colours correspond to the different compartments examined.

4 Fig. 1

 41 Fig.1Tensile strength increased with decreasing diameter in roots of A. georgi for trees growing at 3400 m (white diamonds, , R²=0.18, p<0.001) and for trees growing at the tree-line (black diamonds, , R²=0.18, p<0.001).

Field

  measurements were performed at the Bray site, 20 km South-West of Bordeaux, France (44°50' N 0°42' W, 49 m). It is a planted Maritime pine (Pinus pinaster Ait.) forest that were 36-year old at the time of the experiment in June-July 2004, with a mean canopy height (h) of 20.75 m.

Fig. 1 Fig 2 .Fig 3 .

 123 Fig. 1 Experimental design: A)Control Supported treatment with Reduced stem sway at installation B) Control Supported treatment during the stand growth C) Detailed view of the mesh for the support treatment, D) Shaken treatment at installation, E) Wind measurements just above the canopy

Fig 4

 4 Fig 4 displays the distribution of stems heights for Spring Year 1 and Fall Year 1, and Table1the values of the 95 th percentile of stem height in the different treatments. Consistently with the picture Fig.3, the Supported treatment had much longer stems than the Free Standing in Spring Year 1. Indeed the 95 th percentile of stem height was 41 % higher in the Supported control treatment than in the Free Standing. Wind sway thus induced a very strong reduction of stem elongation. This effect might be maximal as additional artificial shaken did not produced additional reduction in stem height. On the contrary in the Fall, no significant difference between the Supported and the Free Standing treatments could be observed on height. This was not due to a loss of mechanical sensitivity in that growing season, as the Shaken treatment displayed a 27 % decrease in stem height.

Fig. 4

 4 Fig. 4 Distribution of stem height in the canopy in Spring and Fall Year 1. Light grey: Supported Treatment, Dark grey: Free Stranding Treatment, White: Shaken treatment.

Fig. 2

 2 Fig.2 Left: Schematic experimental setup. 30m mast equipped with eight cup anemometers, two windvanes and a Sonic anemometer. Right: strain gauge transducer. The active strain gauge is glued onto the side facing right.

  Figure 1. Critical buckling height (H crit ) calculated with estimated values versus critical buckling height calculated with initial values for 108 trees of 7 species. The calculation with estimated values leads to pretty overestimated H crit values. The dotted line corresponds to y=x. the plain one to the regression curve.

Figure

  Figure 2. A. Scaling between conduit area conductivity (conductivity per lumen area) and conduit diameter in conifer tracheids and angiosperm vessels. Data points are mean values for species or organs; vessel data are from stems only. Regression slopes (reduced major axis) were 2.38 in conifers and 1.85 in angiosperms, and not different (p > 0.05) from the 2nd power scaling predicted for lumen conductivity from the Hagen-Poiseuille equation (solid diagonal). B. Sapwood area conductivity (conductivity per sapwood area) vs. conduit diameter for same conifer and angiosperm wood samples as in A. Data from[4, 7].

  Fig. 2. Tangential strain at the surface of xylem and inner bark of stems submitted to pressurization

Fig. 3 .

 3 Fig. 3. Relation between pressure and equilibrium tangential strain during a pressurization test

Fig. 1

 1 Fig.1The psychometric water potential in the tissue from the upper third peduncle part (n=5). Measured at two days.

  Fig.2The mean cutting force resistance of the upper third peduncle part (n=5). Measured at two dates.

Fig. 1

 1 Fig. 1 Longitudinal variation of moisture content of Acacia mangium. S: Sapwood, H: Heartwood

Fig. 3

 3 Fig.3 Relationship of moisture contents between sapwood and heartwood

Fig. 1

 1 Fig. 1 Ultrathin transverse sections of the heartwood of Albizia julibrissin, showing two different conditions of bordered pit pairs. (a) diffusion of heartwood substances (arrowheads) is halted in front of the entire pit membrane. (b) heartwood substances (arrowheads) have diffused from fibre to fibre through the largely perforated pit membrane. F, wood fibre; P, pit pair; M, pit membrane; asterisk, rim of the perforated pit membrane; arrowheads, ferric sulphate-stained heartwood substances. Scale bars = 500 nm.

Fig. 2

 2 Fig. 2 Pair of radially split faces of Albizia julibrissin(a, b) and of Acacia mangium (c, d). Arrow, largely central perforated pit membrane without incrusting materials; asterisk and arrowhead, pit membrane with incrusting materials. Scale bars = 1 µm.

Fig. 3

 3 Fig. 3 Bordered pits of wood fibre of Albizia julibrissin (a, b), and of Acacia mangium (c, d), showing different extent of incrustation. Scale bars = 1 µm.

Fig. 4 A

 4 Fig. 4 A pair of radially split faces of Albizia julibrissin, showing different sizes of interfibre pit pairs. Scale bar = 1 µm

Fig. 2

 2 Fig. 2 Empirically determined figures of merit or Vogel numbers for eight individuals of D. antarctica. The more negative the slope the more the tested individuals could minimize an increase in drag through reconfiguration with higher velocities.

Fig. 4

 4 Fig. 4 The branching pattern of four individuals of D. antarctica with the length dimension normalised by the individual overall lengths. Error bars indicate ± 1 standard deviation.

Fig. 3

 3 Fig.3 Attenuation coefficient profile of the samples in Fig.1in vertical direction;the higher the attenuation coefficient, the higher the quantity of water penetrating into the specimens.

Fig. 1

 1 Fig. 1 Specific conductivity of sections of the buttressed trees as a function of the distance from the root-trunk interface. Negative values indicate roots, with more negative values being further from the trunk. Dark symbols represent roots and trunks; symbols filled with white the branches.

Fig. 2

 2 Fig. 2 Specific conductivity of sections of the non-buttressed species as function of distance from the root-trunk interface. As in the previous figure, negative values along the x-axis indicate the roots.No data for branches are available for J. copaia since this species does not develop branches.

Fig. 3

 3 Fig. 3 Total conductivity as function of distance from the root-trunk interface. Different lines and symbols represent different individuals within the same species.

  Fig. 1 Optical micrographs of air bubbles in tracheids of rehydrated fresh sapwood sections of C. endlicheri (A and C) and C. macleayana (B and D). The contact angle of water on the lumen wall was obtained by fitting a circle to the air/water meniscus and calculating the angle of intersection withthe tracheid walls. In (C) the angles are both zero. In (D) the angles on the left and right walls are 59 and 64° respectively. Scale bars: (A) and (B), 20 µm; (C) and (D), 10 µm.

  Optical micrographs of typical air bubbles in fresh sapwood sections of C. endlicheri and C. macleayana are shown in Fig 1. A clear difference in wettability between the two species was observed. Bubbles in tracheids of C. endlicheri were typically simple in shape (Fig 1A), exhibiting a zero contact angle of water on the wall (Fig 1C). In contrast, the majority of bubbles in tracheids of C. macleayana exhibited a contact angle significantly greater than zero (Fig 1D) and were irregular in shape (Fig 1B), due to pinning of the three-phase contact line, and the presence of droplets on the walls inside the bubbles. Typical histograms of measured contact angles for fresh sapwood sections of C. endlicheri and C. macleayana are shown in Fig 2.

Fig. 3

 3 Fig. 3 Wettability of the seven different types of sapwood section studied. The grey and black bars show the average ± s.e. of the relative frequency of zero contact angle (left ordinate) for C. endlicheri and C. macleayana respectively. The grey and black filled circles show the average ± s.e. of the intrinsic, or equilibrium, contact angle (right ordinate) for C. endlicheri and C. macleayana respectively.

  2 (Fig 4D), NaBr, and NaNO 2 (Fig 4E), but not with K 2 CO 3 (Fig 4F).

Fig. 4

 4 Fig. 4 Condensation of water on lumen walls during rehydration of sapwood tracheids. (A) Fresh C. endlicheri. (B) Fresh C. macleayana. (C) Rinsed fresh C. macleayana. (D) Dry C. macleayana wood, flooded with a saturated solution of BaCl 2 . (E) Dry C. macleayana wood, flooded with a saturated solution of NaNO 2 . (F) Dry C. macleayana wood, flooded with a saturated solution of K 2 CO 3 . An air/water meniscus is visible in the lower part of images C-F (water below, air above).

Fig. 1 (

 1 Fig. 1 (A) Two bordered pit pairs in the wall between two xylem tracheids, in side view. (B) Surface view. (C) A pressure difference -lower pressure to the rightpushes the torus against the border, thereby sealing the pit and preventing water movement. A.:Aperture B.: Border M.: Pit membrane T.: Torus C.: Pit Cavity (From K. Esau, Anatomy of Seed Plants).

Fig. 1a :

 1a Fig. 1a: Horizontal projection of the measured displacements of the targets of the tree n°21 between 2004 and 2002

  Crown radii (2004)[°,m] Difference of horizontal areas [°;m²] CG W hole Crown (2002)[°;dm] Difference of CG [°;dm] Increment of Moments [°;N.m] Sum Increments of Moments [°;N.m] Crown radii (2004)[°,m] Difference of horizontal areas [°;m²] CG Whole Crown (2002)[°;dm] Difference of CG [°;dm] Increment of Moments [°;N.m] Sum Increments of Moments [°;N.m] Mean Displacement [°;mm] 10xInclination [°;°]

Fig. 2 :

 2 Fig. 2: Multicriteria synthesis of the behaviour of the tree n°21(Left) and 68(Right) between 2002 and 2004.See caption for the meaning. Horizontal axis corresponds to azimuth values in degrees.

  Fig. 3a Azimuth of the centre of gravity of the differrence of the horizontal crown area vs. Azimuth of the mean displacement between 2002 and 2004. The bubble size is dependent on the magnitude of the displacement. Fig. 3b: Azimuth of the global leaning of the trunk between 3m and crown vs. Azimuth of the mean displacement between 2002 and 2004. The bubble size is dependent on the magnitude of the inclination.

  with the inertia of the trunk at the curvilinear abscissa s at the year n in the direction x or y, young modulus at s at the year n on the surface of the crosscut disc A situated at s (Fig.1). The equations (1) to (3) summarized the displacement of the trunk caused by the self-weight increment in:

  the deformation in the last annual-ring (

Fig. 2 :

 2 Fig.2: Summary of TW detection method. a) A computed crosscut disc. b) Colour Histogram. c) A segmented crosscut disc

Fig. 1

 1 Fig. 1 Cross section of Urera corallina stem stained with phloroglucinol-HCl and observed with a dissecting microscope. Lignified walls are seen in bright red; unlignified areas (including vessel lumina) appear clearer.

Fig. 1 :Fig. 2 :

 12 Fig. 1: The single-hole method for measurement of longitudinal residual strain at stem periphery

Fig. 3 :Fig. 4 :

 34 Fig. 3: Histogram showing the distribution of the growth stress indicator. (parcel 1 and parcel 2)

Fig. 5 :Fig. 6 :

 56 Fig. 5: Relationship between average of transverse strain and temperature treatment

Fig. 1

 1 Fig.1The two-groove method using 2 or 4 strain gauges. d: groove depth; D: half distance between the two grooves; g: half length of the gauge; R: stem radius.

Fig. 2

 2 Fig. 2 Two logs have been cut from a chestnut tree. On the upper part, 2 gauges are glued, on the lower part, 4 gauges are glued. In each case, two grooves are made up and down gauge 1.

Fig. 3

 3 Fig. 3 Deformed mesh for relative groove depths of respectively 0.1, 0.25, 0.4, 0.7 in case b. (x 100)

Fig. 4

 4 Fig.4 Distribution of tension wood: A axisymmetric case, T n asymmetric cases with n the angle between the groove and the tension wood zone. In each case, the cutting is made up and down gauge 1; longitudinal strains are evaluated on gauges 1 to 4.

Fig 5

 5 Fig 5 Effect of tension wood position on longitudinal strain.A: axisymmetric case, T 0 to T 180 : asymmetric cases (position of tension wood and gauges are described on Fig.4).

Fig. 6

 6 Fig.6 Comparison of numerical and experimental results, assuming maturation strain distribution of case T 180 . Filled symbols: experimental data -Empty symbols and/or plain lines: simulations.

Fig. 1 .

 1 Fig. 1. Average displacement in different geographical direction using single hole method

2 1

 2 , and lengths have been measured at each bifurcations as it is shown in Fig.1and the areas have been measured as it is described in[7]. The total angle

)

  and in that way I and II can be compared to delivering and distributing vessels which were described basing on the results of the statistical analysis for the plastic casts of the coronary arteries. The branching coefficients K for the subsystems I and II are K=1 and general regularity for the vein bifurcations is connected with relations between the branching angles and the diameters of the veins in a bifurcation:

S

  Fig. 1 Example of the vein bifurcation. Fig. 2 Dependence ) D ( 0 for Fragaria Ananasa.

Fig. 3

 3 Fig. 3 Distribution of the parameter for the bifurcations of the Morus alba leaf blade.

Fig. 4

 4 Fig. 4 Dependence

Z

  the considered venation systems (Fig 5 f) is presented in Fig 6 e the polar co-ordinates . The total hydraulic resistance of the systems has also been calculated for all the shapes. It is shown that inhomogeneity in is lower for the palmate venations with 7-9 main veins and for the pinnate venations. The value decreases with increasing the branching angles between the veins of the first and the second orders from low values to the highest possible angles . It is known that the venations with branching angles ~ both for

Fig 4 )Fig 5

 45 Fig 5 Plant leaves with palmate venation (a, c, their hydraulic models (b, d) and hydraulic conductivity (e) of the model (f).

  obtained in our measurements (seeFig 4) can be explained by the model calculations[10] for the branching transport systems of tubes with penetrable walls and geometry defined by the sets

Fig. 1

 1 Fig. 1 Experimental design to study the interactions between phototropic and gravitropic signal on young poplars. I: inclination about 35° from vertical, LP: light coming from the roof, 1N : one neon tube, 2N : two neon tubes

  where C (i) is the curvature at current point i along the trunk, P(x) is the equation of the spline function and and are the first and second derivatives of the spline function, respectively.

Fig. 2 :

 2 Fig.2: Consequences of elongation for the computation of field of curvature. On each subplot, lines represent the successive shape of a part of a stem during tropic movement at 3 times (t1, t2, t3). To the left, the case of a non-elongating zone: material points (white and grey dots) are not displaced from the stem base with time. To the right, the case of an elongating zone: because of elongation, materials points will be displaced from the stem base. The evolution of the curvature of a material point versus time has to take into account the successive displacements due to elongation.

Fig. 3 Fig. 4

 34 Fig.3Evolution of the shape of the radially growing zone of the stem with time, for the three treatments. From left to right, each subplot presents the successive shapes of a stem versus time for the I+LP, I+1N and I+2N treatments. On each subplot, each curve represents the set of (x,y) coordinates recorded by digitising each day. Time 0 refers to the time of tilting. Numbers on the subplot indicate the number of days after tilting.

Fig. 1

 1 Fig. 1. Occurrence and distribution of G-fibres in tension wood with respect to the growth strain in tension wood (GS TW) and opposite wood (GS OW). +: without G-fibres;: all the fibre are G-fibres; : diffuse distribution of groups of Gfibres;: isolated and sparse G-fibres; : multilayered secondary wall (Casearia javitensis)[13] .

Fig. 1 :

 1 Fig. 1: a) The development of Coleocheate orbicularis, when unconstrained generate 2D circular tissues. Other morphologies may appear when contact between several colonies occurs or in the case of injuries b) (e.g. cell ablation).

Fig. 2 :

 2 Fig. 2: a) Plant cellular architecture has a strongly hierar ical structure which entities are defined a

Fig. 3 :

 3 Fig. 3: a) Biomechanical model for cell expansion in morphogenesis: Cell wall response to turgor pressure through a viscous yielding of cell wall. b) The analytical model consists of a perfectly circular colony of radius R, with a constant radial l r and tangential l t cell length. The velocity field v is centrifuge and linear for boundary cells. Forces in the structure consist of pressure inside (P) and outside (P ) the cell, tensile forces in walls in the radial ( 0

Fig. 4 :

 4 Fig. 4: I) Growth curve of the radius of the colonies as observed experimentally (+), as predicted by the analytical model (--) and simulated ( __ ) and the 95% confidence interval in shaded grey. II) Cell proliferation patterns in various conditions: a-c) circular growth with various wall bending properties (moment of inertia of 2.10 -21 m 4 -5.10 -22 m 4 -2.10 -22 m 4 ). d-f) outgrowth resulting from local variation in turgor pressure (d), viscosity (e) and cell size (f). g-h) outgrowths resulting from the forces released from ablated cells. i) simulations of colonies getting in contact

  Figure 4. 

Fig. 2 .

 2 Fig. 2. Typical X-ray fibre diffraction diagram from tension wood.

Fig. 3 .Fig. 4 .

 34 Fig. 3. Examples of sample trimming (left) and releasing of the longitudinal stress.

Fig. 5 .

 5 Fig. 5. Experimental setup (toward beam source).

Fig. 6 .

 6 Fig. 6. Displacement of 004 (left in the diagram: right; Au111) diffraction spot before and after release of growth stress.

Fig 1 .

 1 Fig 1. a) Histological components (schematic representation) of the young sunflower stem. Ep: epidermis; CPar: cortex parenchyma; IfCa: interfascicular cambium; Phl: phloem; Xyl: xylem; FS: fiber strand; InMP: inner medullary parenchyma: OuMP: outer medullary parenchyma. b) Meshed model of a. The 3-D model was constructed as a uniaxial z projection of the 2D meshed model, with vascular tissue composed by 8 strands along the epi and hypocotyl. The scale identifies the 4 material groups in the model. c) Shape and dimensions of the FE model at the beginning (T 0 sec ) and at the end (T 1.0 sec ) of the simulation. Arrow in "F" indicates the direction of the applied force during the bending simulation. Bar in a and b = 1.0 mm.

Fig 2

 2 Fig 2. a-b) Calculated stresses at the end of the bending simulation (T 1.0 sec ) in the modelled stem. Applied force was oriented as in F . Note that higher external and internal stress magnitudes are displaced towards the stem base and mainly located near the vascular tissue. c) Stress distribution in the modelled stem superimposed with its correspondent schematic histological arrangement of Fig. 1a. Note that the higher stress values (VonMises; N.m -2 ) correspond to the sites where the phloem and mainly the xylem are located. Greyscale bar indicates gradient areas (from maximum, lighter, to minimum, darker) of VonMises stresses in the simulation. Bar=1.0 mm.

Fig. 2

 2 Fig. 2 An example of fitting the linear elastic compression model to experimental compression data from testing a cell from Tomato 2, up to a deformation of 10.7%. The value of the correlation coefficient is 0.99.

Fig. 1

 1 Fig. 1 Division of the stem and angles measured in the plants.

Fig. 5 Fig. 6

 56 Fig. 5 Development of two representative plants in the lateral light treatment: Plant from Oña provenance at the beginning (1.a) and at the end of the experiment (1.b) and plant from Gredos provenance at the beginning (2.a) and at the end (2.b) of the experiment. The pictures have been taken in the North-South plane, with the light coming from the South (right side of the pictures).

Fig. 7

 7 Fig. 7 Concentric stripes of compression wood in a transversal section of a lateral light treatment plant (N: North, S: South).

Fig. 1

 1 Fig. 1 Scheme of immobilization central and basal parts of hypocotyl growing in plastic container (A), covering the hypocotyl and installation of twisting arm (B), preparation of twisted hypocotyl for measurement of twist reversibility (B).

Fig. 3

 3 Fig. 3 cMT orientation displayed as an angle frequency histogram. Histograms predominately with a single maximum in the transverse ranges obtained from control hypocotyls (A); white bar histogram is the cumulative one; histograms with two maxima in oblique ranges obtained from twisted hypocotyls (B). Asymmetrical histograms are pointed out by stars.

Fig. 4

 4 Fig.4 The average angle of twist reversibility during an hour after force removal. SE -standard deviation.

Fig. 1

 1 Fig. 1 Lignin content of wood (weight %), mañío, early and late wood pine are coniferous.

Fig. 2

 2 Fig. 2 top) E' and bottom) tan of wood veneers at 8% MC.

Fig. 3 E

 3 Fig. 3 E' versus temperature: top) Lenga (LEN); bottom) Pine latewood. (PINV)

Fig. 1

 1 Fig. 1 Measurement procedure of angle T from a (002) arc diffraction

  Fig. 2 Relationship between growth strains (x10 -6 ) and crystallite size (nm);Eperua falcata; Laetia procera; Simarouba amara

Fig. 4

 4 Fig. 4 Relationships between MFA measured with SEM observations and angle T from X-ray diffraction method.; Eperua falcata, ; Laetia procera, ; Simarouba amara. Light gray line is Cave's formula(2) and dashed curve is Yamamoto's formula(3).

Fig. 1

 1 Fig. 1 Stress-time curves of sodium iodide impregnated wood slices in a stress relaxation test. Distilled water was added after ~20min (marked by an arrow), a) normal wood, b) compression wood

Fig. 1

 1 Fig. 1 The adaxial leaf surface in Rumex obtusifolius (A C) and attachment organs of Gastrophysa viridula in contact with glass surface (D, E). A, D, E. SEM micrographs. B. 2-D image obtained in the white light interferometer. C. Profiliogram. cl, claw; sp, spatulae; st, tenent setae; ta1 -ta4, tarsomeres. Line in B shows the position for the profile depicted in C

Fig. 2

 2 Fig. 2 Contact angles of water, diiodomethane and ethylene glycol to test substrates (A), and FSE of the substrates: the adaxial leaf surface (leaf), normal untreated glass (n glass), silinized glass (s glass), and the polishing paper (pol pap)

  .

Fig. 3

 3 Fig. 3 Attachment forces of the beetles Gastrophysa viridula on different test substrates (A) and a comparison graph (B), based on the results of All Pairwise Multiply Comparisons between substrates (Dunn'sMethod) performed after ANOVA. Black dots in B indicate significant differences between substrates. leaf, adaxial leaf surface; n glass, normal untreated glass; pol pap, polishing paper; s glass, silinized glass

Fig. 1

 1 Fig. 1 Cryo-SEM micrographs of the attachment system of the bug Dicyphus errans consisting of claws (cl), pseudopulvilli (pp), parempodiae (pe), unguitractor plate (ut) (A), and the claw (cl) interlocked with the glandular capitate trichome (ca) of Nicotiana sylvestris (B). Scale bar: 30 µm

Fig. 2

 2 Fig. 2 Cryo-SEM micrographs of the abaxial leaf surface in Plectranthus ambiguus with short and long uniseriate (us) multicellular and glandular peltate (pe) trichomes (A), Lycopersicon esculentum with glandular capitate trichomes (B), and Cleome hirsuticaulis with multiseriate multicellular long trichomes (C). Scale bar: 100 µm

Fig. 1

 1 Fig. 1 SEM micrographs of cross-sections of tomato cv. Ailsa Craig wt (left) and nor (right) CM at immature and fully mature ripening stage (top), and modulus of elasticity E 1 and E 2 ± C.I. of dry (squares) and hydrated (triangles) CM as related to fruit maturation (bottom). Scale bar: 10 µm.

Fig. 2 FT

 2 Fig. 2 FT-IR spectra of the CM of tomato fruit cv. Ailsa Craig wt and nor. Left: Unnormalized mean spectra (n>10) of CM at ripening stages ig and mr (black lines), S.D. (grey lines) and naringenin (bottom). CM spectra are each shifted by1 Absorption Unit. Right: Difference spectra (mr-ig) of vector-normalized mean values.

Fig. 2

 2 Fig. 2 Sequential images during a pericarp burst taken by high-speed video camcorder. Time interval is about 1 msec.

Fig. 3

 3 Fig.3 Extraction of an edge curve of an Impatiens pericarp sheet during burst from high-speed video images. (a) Drawing of a pericarp sheet edge curve on a high-speed video image (lateral view). (b) History of a pericarp sheet edge curve during the burst process. The time interval is about 0.3-1.0 msec.

Fig. 7

 7 Fig. 7 Procedures to obtain pre-burst stress distribution of the pericarp. Finite-element models before and after bursting are based on micro-CT images. Deformation history during burst is determined by images taken from a high-speed video camera.

Fig. 9

 9 Fig. 9 Distribution of principal stress major in the pericarp sheet model just before burst

  Fig.10 Finite-element model of the plate Fig. 11 Distribution of principal stress in the plate model

Fig. 1

 1 Fig. 1 Coiled tendril of M. fabaceus. A reversal in the direction of winding appears in the centre of the coil.

Fig. 2 Fig. 4

 24 Fig. 2 Frame with a L. cylindrica tendril attached

Fig. 5

 5 Fig. 5 Sample force-displacement data for a M. fabaceus tendril

Fig. 6

 6 Fig. 6 Elastic moduli of M. fabaceus tendrils tested at different strain rates. Error bars are ± one standard deviation.

Fig. 7

 7 Fig. 7 Left: frame from time-lapse photograph of L. cylindrica tendril. Right: results of the computational model at a similar stage in coiling. The contours indicate total rotation relative to the fixed ends and show the reversal in the direction of coiling.

Fig. 8

 8 Fig.8Left: frame from time-lapse photograph of L. cylindrica tendril (same tendril as in Fig.7, but at a slightly earlier time in the coiling process). Right: results of the tapered computational model at a similar stage in coiling. The white and black regions correspond to the original dorsal and ventral surfaces, respectively

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  brown algal) macrophytes.

		RMA (95% CI) log RMA (95% CI)	r 2	n
	Spermatophytes		
	log M L vs log M S	0.90 (0.88, 0.92) -0.19 (-0.25, -0.13) 0.91	862
	log M L vs log M R	0.93 (0.91, 0.96) -0.03 (-0.11, -0.06) 0.87	668
	log M S vs log M R	1.01 (0.98, 1.04) 0.10 (-0.01, 0.20) 0.87	673
	log M A vs log M B	1.04 (1.02, 1.06) 0.38 ( 0.31, 0.45) 0.88 1,223
	Non-spermatophyte streptophytes		
	log M L vs log M S	0.91 (0.70, 1.13) -0.05 (-0.83, 0.73) 0.86	16
	log M L vs log M R	0.78 (0.51, 1.06) -0.66 (-1.58, 0.25) 0.84	16
	log M S vs log M R	0.96 (0.68, 1.24) -0.26 (-1.22, 0.70) 0.89	16
	log M A vs log M B	0.85 (0.64, 1.07) -0.31 (-1.05, 0.43) 0.91	20
	Phaeophycean macrophytes		
	log M L vs log M S	0.83 (0.47, 1.20) 0.20 (-0.65, 1.06) 0.92	8
	log M L vs log M R	0.87 (0.58, 1.16) 0.52 (-0.22, 1.26) 0.95	8
	log M S vs log M R	1.04 (0.57, 1.51) 0.38 (-0.83, 1.58) 0.91	8
	log M A vs log M B	0.89 (0.80, 1.03) 0.59 ( 0.32, 0.86) 0.99	8

Table 1

 1 Orthotropic material properties of ash (lat. Fraxinus excelsior) by Hörig; from[7] 

			Property			Value ( E and G in N/mm²)
	E	r	G	tl	lt	tl	1540	910 0.51520 0.02624
	E	t	lr G	rl	lr	820	1370 0.04466 0.46690
	E	l	tr G	rt	tr	16100	280 0.69300 0.36900

Table 1

 1 Biomechanical strategies contributing to plant survival and vigour differ depending on the frequency of the disturbance event.

	Scale of abiotic disturbance	Mechanical strategies contributing to plant survival and vigour
	event	Frequent events	Infrequent events
	Large scale events	Weak stem-root joint -allowing	Increase in resource allocation
	Hurricanes/typhoons	for regrowth from the root	to stem strength and root
	Substrate mass movement, e.g.	system after event	anchorage
	avalanches and deep	High stem flexibility (bending	Adaptation to local mechanical
	landslides	during substrate movement)	climate
	Flooding	Possibility of vegetative	
	Small scale events	reproduction (from broken	
	Wind storm	shoots or roots)	
	Local substrate slippage, e.g.	Resprouting ability in stem if	
	shallow landslides, rockfall	broken	
	Debris fall, e.g. branches and	Biomechanical plasticity, e.g.	
	leaves within forests	ability to grow as a lianoid or	
		self-supporting form, depending	
		on local environment	

Table 1

 1 

	Variation of morphometric characters of cells and cell walls in 'normal' parenchyma cells of the cortex
	and fissure sealing cells in Aristolochia macrophylla, mean value and standard deviation	
		'normal' parenchyma cells	fissure-sealing cells	factor
	ratio of perimeter over cross-sectional area [mm -1 ]	161 ± 39	229 ± 130	1.4 (increase)
	cell wall thickness [µm]	1.18 ± 0.22	0.87 ± 0.37	1.4 (decrease)

Table 1 :

 1 Morphological characteristics of kraft pulp fibres after different refining intensities using the MorFi Analyser.

		Unrefined	21°SR	U/21°SR	25°SR	U/25°SR	38°SR	U/38°SR
		(U)						
	Fibres							
	Length (weighted							
	in area, mm)	2.65	2.44	7.9%	2.44	7.9%	2.39	9.8%
	Width (µm)	31.9	30.1	5.6%	30.2	5.3%	30.3	5%
	Percentage of							
	kinked fibres (%)	10.1	30.0	197%	31.3	209%	28.2	179%

Table 2 :

 2 Mechanical properties of kraft paper after different refining intensities.

		Unrefined	21°SR	U/21°SR	25°SR	U/25°SR	38°SR	U/38°SR
		(U)						
	Breaking length	7115	6928	2.6%	7072	0.6%	7373	3.6%
	(m)							

Burst index (kPa.m 2 /g) 4.44 4.56 2.7% 4.96 11.7% 5.58 25.6% Tear index (mM.m 2 /g) 22.9 20.61 10% 21.6 5.6% 18.1 20.9% Zero span (kN/m) 11.50 9.96 13.4% 8.53 25.8% 9.55 16.9%

  

Table 1 .

 1 Result from sugar analysis. Figures given are percent of total monosaccharides. Results from[9 -12].

	Analysed sample	glucose mannose galactose arabinose xylose rhamnose fucose
	White spruce reference	65	21	5.0	2.1	6.1	Trace	0
	Microb. deg. white spruce	52	18	12	4.7	12	1.2	0
	Norway spruce reference	66	18	3.2	2.0	9.4	0.3	0.2
	Norway spruce cambium	58	13	9.2	10.6	7.1	1.4	0.4
	Poplar reference	67	4.0	0.8	1.3	27	0.5	Trace
	Poplar cell culture	52	3.6	12	20	8.7	2.8	1.5
	Balsam poplar reference	70	5.2	1.0	0.8	22	0.4	0.3
	Balsam poplar cambium	45	2.4	23	13	12	3.2	0.6

Table 2 .

 2 Results from sugar Klason lignin, monolignol and protein analysis. Results from[9 -12].

	Analysed sample	Klason lignin	Acid soluble	Guaiacyl	Syringyl	p-hydroxy phenol
		(%)	lignin (%)	monomers*	monomers*	monomers*
	White spruce reference	25	0.4	1043	0	0
	Partly microbial degraded	60	0.4	921	0	26
	white spruce					
	Norway spruce reference	25	0.3	1005	0	0
	Norway spruce developing	5	1.5	525	0	0
	xylem					
	Poplar reference	18	3.7	672	1260	0
	Poplar cell culture	3.9	8.4	194	0	0
	Balsam poplar reference	23	3	692	886	0
	Balsam poplar developing	3	7	542	346	12
	xylem					

  thinning; LW = enriched long fibre fraction*. Fibre sample dry-weight = 225 mg.

	Spruce kraft pulp	Cleavage per fibre	Reducing sugars in	Cleavage per fibre	Red. sugars in mg
	fibres	after HCl	mg after HCl	after Cellulase	after Cellulase
	Mill F, LW	3.77	3.5 (1.6 %)	2.91	11.0 (4.9 %)
	Mill T, LW	2.51	3.4 (1.5 %)	2.65	10.9 (4.8 %)
	Lab F, LW	1.72	3.6 (1.6 %)	3.08	10.9 (4.8 %)
	Lab T, LW	1.06	3.4 (1.5 %)	2.42	10.9 (4.8 %)

*EW, enriched short fibre fraction gave essentially the same result although cleavage per fibre was smaller.

Table 2 .

 2 Influence of hemicellulose content on HCl cleavage of spruce pulps 13 . Standard HCl treatment at 82 C. For pulp description see Mat. & Methods.

	Pulps	Hemi-	Gluco-	Cellulose	LWFL (mm)	LWFL (mm)	Cleavage per fibre
		cellulose	mannan	(%)	H 2 O 82ºC	1M HCl 82ºC	
		(%)	(%)		(L 0 -values)	(L-values)	
	PH/CLD	8.1	3.6	91.4	2.88; 2.85	0.47; 0.50	5.09; 4.70 4.90
	RDH/DED	15.9	6.9	83.8	2.95; 2.99	0.69; 0.65	3.27; 3.57 3.42
	ITC/DED	17.0	8.65	82.7	2.93; 2.97	0.74; 0.70	2.96; 3.23 3.10
	PS/DED	20.8	12.5	79.0	2.96; 2.94	0.91; 0.81	2.25; 2.61 2.43

Table 1 .

 1 Data for unrefined bleached and unbleached pulps.

	Pulp	Kappa	Viscosity	Kappa	Viscosity after	Brightness	Fibre	Coarseness	Zero span
		number	after dig.	number	blea.	after blea.	length	weighted	tensile
		after dig.		after blea.					strength
									(wet)
			ml/g		ml/g	% ISO	mm	mg/m	N/cm
	IR Asa	29.7	1146	4.9	1134	66.3	2.16	0.209	120
	F Asa	27.6	1099	5.2	1106	65.5	2.19	0.203	105
	C Asa	24.1	1103	4.1	1134	67.1	2.50	0.222	129
	Compr.	40.1	799	5.4	830	65.7	1.61	0.175	67
	wood								
	Oppos.	24.6	1100	4.4	1101	67.2	2.32	0.190	112
	wood								
	100 %	18.7	897	2.9	891	65.6	2.85	0.288	86
	disl.								
	Untreat.	21.4	1122	4.0	1133	67.0	3.38	0.299	133
	controls								

Table 1

 1 Elastic lamina properties used in the Finite Element model. Direction 11 denotes the fibril direction and 22 an orthogonal direction to the fibril. 12 are in-plane properties and 23 are properties in a transverse plane.

	Layer S1	31.72	4.13	1.50	1.39	0.28	0.49
	Layer S2, S3	72.47	6.44	2.33	2.14	0.21	0.52

E 11 (GPa) E 22 (GPa) G 12 (GPa) G 23 (GPa) 12 (-) 23 (-)

Table 2 .

 2 Structural parameters of wood fibres in softwood[3] .

	Layer	Thickness			MFA	Volume fraction	
		Earlywood	Latewood			Cellulose Hemicellulose Lignin
		( m)	(%)	( m)	(%)		(%)	(%)	(%)
	S 3	0.05	4	0.05	1	75º	44.3	31.6	24.1
	S 2	0.78	61	3.34	87 +(0º-45º)	44.3	31.6	24.1
	S 1 +P	0.45	35	0.45	12	±45º	18	17.4	64.6
	Total	1.28	100	3.84	100	-	100	100	100

Table 3 .

 3 Elastic properties of the cell wall layers.

		E 11	E 22	E 33	G 12	G 23	G 13	12 (-)	23 (-)	13 (-) Reference
		(GPa)	(GPa)	(GPa)	(GPa)	(GPa)	(GPa)			
	S 2 , S 3	5.24	5.24	62.1	1.74	1.58	1.58	0.5	0.016 0.016	[8]
		5.47	5.47	62.7	0.957	2.62	2.62	0.383 0.0214 0.0214	[3]
	S 1 +P	3.16	3.16	26.9	1.06	1.05	1.05	0.5 0.0317 0.0317	[8]
		3.21	3.21	27.2	0.681	1.50	1.50	0.432 0.0353 0.0353	[3]

Table 1 :

 1 Cell wall composition of Phytolacca internodes (a) Lignin and total polysaccharide content are expressed as a percentage of cell wall; (b) Monosaccharides are expressed as a percentage of total polysaccharides.

		IN 4	IN 6	IN 10
	Acetyl Bromide lignin a	16.8 0.4	15.3 0.9	12.7 1.0
	S+G (µmol/g lignin)	2397 133	2901 150	2739 74
	S/G	6.3	6.9	6.7
	Total polysaccharide a	71.99 0.23	71.99 0.07	71.06 1.56
	Arabinose b	1.20	1.04	3.14
	Fucose b	0.09	0.12	0.14
	Rhamnose b	1.00	0.89	1.05
	Galactose b	1.43	1.38	2.75
	Glucose b	61.42	64.06	60.78
	Xylose b	24.04	21.58	10.05
	Mannose b	3.23	3.26	3.69
	Galacturonic acid b	7.29	7.56	9.37
	Glucuronic acid b	0.37	0.23	0.18

Table 1 .

 1 Test specimen data and results of compression parallel to grain testing. Values for specific gravity, moisture content, and maximum compression stress are the average of all 10 specimens tested from each growth ring.

	Core number	Growth conditions	Tree diameter at 1.37 m from base (mm)	Ring number	Distance from pith (mm)	Ring width (mm)	Specific gravity (at test MC)	Moisture content (%)	Max. Com-pression Stress (MPa)
	1	Natural	230	20	70	2.6	0.58	13	35.4
				15	56	3.0	0.55	12	32.6
				10	35	4.0	0.52	12	29.4
	2	Natural	288	20	140	2.0	0.55	11	32.9
				15	118	2.0	0.47	11	29.7
				10	78	3.0	0.42	12	25.4
	3	Natural	230	20	140	2.0	0.52	13	39.0
				15	108	2.0	0.49	12	37.0
				10	73	2.9	0.48	12	34.0
				Average [st. devi.]: 2.8 [1.0] 0.51 [.05] 12.0 [.1]	32.8 [4.2]
	4	Plantation	284	25	115	2.0	0.54	12	32.7
				20	89	2.5	0.54	11	27.8
				15	65	2.0	0.47	12	25.5
	5	Plantation	266	25	126	2.0	0.49	12	26.5
				20	111	3.0	0.40	13	20.9
				15	86	4.0	0.35	11	19.0
	6	Plantation	276	25	130	1.0	0.42	12	29.7
				20	112	3.0	0.42	12	24.2
				15	88	2.0	0.33	11	22.1
	7	Plantation	326	25	141	3.0	0.51	11	27.5
				20	112	2.5	0.50	13	24.6
				15	89	3.0	0.49	12	18.5
				Average [st. devi.]: 3.0 [1.7] 0.45 [.07] 11.8 [.7]	24.9 [4.3]

Table 1 .

 1 Examples of calculated theoretical increase in the strain of hemp fibres for four different amounts of dislocations. These values were not confirmed by data.

	Amount of				
	dislocations				
	given as a	0.01	0.10	0.20	0.50
	fraction of				
	the cell wall.				
	Increase in				
	strain (%)				
	compared to dislocation-	0.4	4.1	8.3	20.7
	free				
	material.				

Table 1 :

 1 Lignin composition, elastic modulus and diameter of 4 month old poplar stems (n=9).

	Type	mol%S	MOE	MOE	Diameter	Diameter
			control	treated	control	treated
	wt	65	3405 432 2819 358	9,8	11,7
	F5H82	79	4018 359 3427 577	9,6	10,6
	F5H37	88	4217 247 3714 367	9,6	12,5
	F5H64	93	4668 447 4202 547	9,6	11,9

Table 1 .

 1 Properties of winched trees.

	Sp. N dbh (cm) height	height:dbh tree mass (kg) % crown	root vol.
	Cw 23 15 -57	17 -29	47.0 -88.2	186 -2060	11 -25	3 0 -4.29
	Hw 20 15 -52	16 -33	55.8 -102.0 153 -2959	7 -15	0 -7.76
	Cw, western redcedar; Hw, western hemlock.			

Table 4 .

 4 Table of regressions using stem mass to predict critical turning moments for all British Columbia species.

	Sp.	b 0	b 1	SE b0	SE b1	RMSE	R 2	n	dbh (cm)
	Cw CB	4415.3	94.5a	8120.27	9.06	20721 0.83	23	15-57
	Cw CO	8797.9	79.7ab	8392.85	9.37	21416 0.76	23	15-57
	Cw SB	10058.6	91.4a	7552.37	8.11	17778 0.87	20	15-57
	Cw SO	9113.6	80.8ab	8510.21	9.14	20033 0.80	20	15-57
	Hw CB	4667.2	63.5b	7528.67	5.71	19396 0.87	20	15-52
	Hw CO	-1125.0	77.4a	7273.16	5.52	18738 0.91	20	15-52
	Hw SB	13117.0	64.7ab	13766.00	9.47	31954 0.74	17	15-52
	Hw SO	18417.0	51.6b	12121.00	8.34	28135 0.70	17	15-52
	*p-values were all <0.0001, slopes (b 1 ) with different letters are significantly different, and intercepts (b 0 ) with
	( ‡) beside them are significantly different from zero ( =0.05).				
	** western redcedar (Cw), western hemlock (Hw).					
	CB moments calculated with the coordinate method and base pivot point.			

CO 

moments calculated with coordinate method and offset pivot point.

SB 

moments calculated with spline method and base pivot point.

SO 

moments calculated with spline method and offset pivot point.

Table 1 .

 1 . The characteristics of winched trees on steep slope

	ID tree	Eco

31 Eco 32 Eco 23 Eco 30 Eco 21 Eco 24 Eco 05* Eco 07* Eco 01* Eco 17* Eco 27*

  

	Species	Q.cer.	Q.pub	Q.pub.	Q. cer.	Q. cer.	Q. cer.	Q.pub.	Q.pub.	Q.pub.	Q.cer.	Q.cer.
	Seed/Coppice	S	S	S	C	C	C	S	S	C	S	C
	DBH (m)	0.092	0.073	0.181	0.095	0.11	0.108	0.1	0.1	0.19	0.12	0.09
	Height (m)	9.15	5.65	11.5	7.85	8.5	8.3	6.3	6.6	7.2	8.45	7.45
	Slope/aspect 15°/20° 34°/21°	18°/0°	22°/60° 22°/45° 20/350°	14°/0°	17°/34° 17°/360° 22°/0°	22°/0°
	Age (ca.)	28	25	50	20	20	20	25	25	50	25	25

Table 2 .

 2 The characteristics of winched trees on shallow slope

	ID tree	F 01	F 02	F 03	F 04	F 05	F 06	F 07
	Species	Q.cer.	Q.pub.	Q.pub.	Q.pub.	Q.pub.	Q.pub.	Q.pub.
	Seed/Coppice	S	S	S	S	S	S	S
	DBH (m)	0.13	0.13	0.15	0.13	0.10	0.11	0.08
	Height (m)	10.37	9.35	6.1	9	7.2	8	6
	Slope/aspect	2°/315°	2°/315° 2°/315° 2°/315° 5°/315° 2°/315° 2°/315°
	Age (ca.)	33	25	28	28	28	28	30

Table 3

 3 Results of REML analysis on E lt values MPa. Winching direction fixed effects

	Growing condition	N	P-value	Direction of winching	s.e.
				Up	Down	Across	
	E lt Steep slope	11 <0.001	104.95* 88.94*	76.42*	8.473
	E lt Shallow slope	7	0.03	93.89*	89.7*	82.14*	8.547

Table 1 :

 1 Shoot and root characteristics which differed between slope and MP treatments. Data are means ± standard deviation. Where letters in superscript differ, data are significantly different.

	Variable	Control	Slope (45°)	MP (0°)	Slope + MP	F 3,30	P
	root + shoot dry	17.6 ± 4.9 a	34.3 ± 3.4 b	36.0 ± 7.2 b	46.9 ± 3.0 c	49.1	<0.001
	weight (g)						
	collar diameter	1.01 ± 0.1 a	1.4 ± 0.2 b	1.4 ± 0.2 b	1.7 ± 0.1 c	29.3	<0.001
	(D0) (cm)						
	Specific root	30.6 ± 13.4 a	16.1 ± 5.2 b	30.4 ± 7.4 a	18.5 ± 6.1 b	7.2	<0.001
	surface (cm 2 /g)						
	mean root tip	0.6 ± 0.2 a,c	0.5 ± 0.1 b,c	0.7 ± 0.1 a	0.6 ± 0.1 c	5.2	0.005
	diameter (mm)						
	Taproot length/D0 16.5 ± 5.2 a	9.9 ± 5.2 b	14.1 ± 3.8 a	13.3 ± 2.7 a	3.1	0.040
	Mean inter-lateral	0.8 ± 0.3 a	0.5 ± 0.2 b	0.6 ± 0.1 a,b	0.5 ± 0.1 b	2.2	0.112
	length of taproot						
	(cm)						
	Taproot angle (°) -70.9 ± 18.0 a,c -83.6 ± 2.1 a	-53.4 ± 11.0 b,d -59.3 ± 14.0 c,d 9.6	<0.001
	Stump (% volume) 34.0 ± 9.7 a,c	46.7 ± 6.2 b	27.3 ± 4.6 a	37.7 ± 8.1 c	10.3	<0.001
	ZRT (% volume) 18.9 ± 14.4 a 14.8 ± 4.7 a	33.6 ± 6.9 b	19.4 ± 6.6 a	8.1	<0.001

Table 2 -

 2 

		P	% by sector	P	% by sector
	Variable	slope (45°) us ds pp MP + slope us	ds pp
	Total root volume	0.007	20 a 14 a 33 b	0.098	30 a 22 a 24 a
	Total root number	0.003	17 a 18 a 33 b	0.220	21 a 24 a 28 a
	Total root length	0.019	17 a 16 a 33 b	0.380	22 a 27 a 25 a
		Root volume in compartments	
	ZRT	0.028	19 ab 14 b 34 a	0.015	37 a 15 b 24 b
	Beyond ZRT	0.026	21 ab 11 b 34 a	0.360	29 a 21 a 25 a
	intermediate depth	0.210	12 a 24 a 32 a	0.500	20 a 31 a 25 a
	deep root	<0.001	0 a 7.8 b 46 c	0.049	4.9 a 23 ab 36 b

Circular distribution of total root volume, number and length, and root volume in three circular sectors. P values are from anova tests, using the hypothesis that at least one of the three sectors is significantly different. % amount of root given per sector ("us" = upslope, "ds" = downslope, "pp" = half the discontinuous sector perpendicular to slope). Data not shown for control seedlings, or seedlings grown with MP at 0°, as no significant differences were found. Tukey test = sectors with the same letter in superscript are not significantly different.

Table 1

 1 Effects of treatments on stem height, aerial biomass and number of stems (similar super script indicate values which cannot be differentiated statistically when the overall effect of the treatments were statistically significant at Pr>0.05).

		Stem height (cm) 95 th%ile Above ground biomass	Number of stem m -2
				(g. m -2 ) mean value	(mean value)
	treatment Spring Y1	Fall Y1 Spring Y1	Fall Y1 Spring Y1	Fall Y1
	Supported	120±11 a	54±6 b	789±73 a	196±13 b		
	Free	85±6 b	55±6 b	480±75 b	264±75 a	83±15	58±15
	Standing					(Pr>T= 0.37)	(Pr>T= 0.67)
	Shaken	85±20 b	40±1 a	536±174 b	210±29		

Table 1 .

 1 Mensuration values for the nine experimental trees. (Tree: ID, H: height, dbh: diameter at breast height, BreakM: calculated critical breaking moment).

	Tree	Height	dbh	BreakM
		[m]	[cm]	[kNm]
	4	29.6	59.8	75.5
	37	31.1	42.2	26.5
	38	27.3	38.9	20.9
	39	26.9	35.4	15.8
	40	28.0	37.6	18.8
	41	24.3	34.0	14.1
	42	22.8	28.5	8.3
	43	30.5	47.2	37.0
	80	31.9	54.4	56.6

Table 2

 2 Hourly mean stress on experimental trees on the 24 th of August 2-3am. The mean wind speed in 29.8 m height was 5.56 m•s -1 , stress was 3.07 N•m -2 . The zero-plane displacement was 20.0 m.

	Tree	Crown	mean force	mean stress
		Area [m 2 ]	[N]	[N•m -2 ]
	4	55.67	398.7	7.16
	37	24.17	172.1	7.12
	38	26.27	122.9	4.68
	39	26.15	88.0	3.37
	40	19.75	110.7	5.61
	41	29.95	60.2	2.01
	42	13.92	33.3	2.39
	43	31.00	218.4	7.04
	80	41.59	265.6	6.39

  6. Thom, A.S. (1971): Momentum absorption by vegetation. Quarterly Journal of the Royal Meteorological Society, 97: 414-428. 7. Gardiner, B.A., Peltola, H., and Kellomäki, S. (2000): Comparison of two models for predicting the critical wind speeds required to damage coniferous trees. Ecological Modelling, 129: 1-23. 8. Gardiner, B., Marshall, B., Achim, A., Belcher, R., and Wood, C. (2005): The stability of different silvicultural systems: a wind tunnel investigation. Forestry, 78: 471-484.

Table 1 .

 1 Material and apparent compliances

		Japanese cedar	European beech
		Xylem I. B.	Xylem	I. B
	Thickness (mm)	2.92	0.37	4.10	0.26
	Relative thickness	89 %	11 %	94 %	6 %
	K= T /P (10 6 MPa 1 )	328	1080	527	860
	J= R /P (10 6 MPa 1 )				

Table 1

 1 Summary of environmental conditions where redwood and mountain ash naturally grow (abstracted from multiple sources).

	Parameter	Redwood	Mountain Ash
	Latitude	35 o 41 ′ to 42 o 09′ N	37 o 15 ′ to 43 o 15′ S
	Altitude	sea level to 1,000 m	sea level to 1100 m
	Mean annual temperature	10 -16 o	11 o C
	Mean summer maximum	20 o to 29 o C	22 o to 25 o C
	Mean winter minimum	1 o to 4.5 o C	-2 o to 4 o C
	Prevailing winds	onshore	same
	Annual rainfall	640 to 3100 mm	750 to 2000 + mm
	Incidence of fog	60 to 160 days/year	20 to 80% of total precipitation
	Relative humidity	68 to 89%	similar
	Seasonality of rain	most in winter months	winter maximum
	Terrain (best development)	sheltered canyons or valleys	sheltered mountainous areas
	Soil type (best)	deep sandy clay loam	deep, friable clay loam
	Soil moisture	high but not saturated	similar
	Fire frequency in wet areas	short to long intervals; mostly	infrequent; intervals; up to
		100-400 years	400 years

Table 2

 2 Comparison of density-specific stiffness (MOE/G b ) and strength (MOR/G b ) for tall and short trees from various parts of the world.

	Origin of trees	S.E. Asia, Africa, Latin America; hardwoods	Australia; mostly hardwoods, a few conifers	North America; conifers	North America; hardwoods
	Tree Height	Tall	Short	Tall	Short	Tall	Short	Tall	Short
	Height Range (m)	40-76	------	50-100 < 30	40-100 < 28	40-50	< 20
	Sample Size	n = 16	n = 0	n = 19	N = 11 n = 18	n = 18	n = 14	N = 23
	MOE/G b (GPa)	21.3	-------	21.7 a	16.4 b	21.8 a	16.3 b	17.5 a	14.3 b
	(p values)				(.0041)		(.0002)		(.0063)
	MOR/G b (MPa) (p values)	126.9	-------	122.1 a	107.4 b (.0084)	110.2 a	105.5 a (.2596)	109.8 a	96.2 b (.0023)

Table 3

 3 Comparison of Sapwood MC to M max in Four Conifers.

	Species	G b	Sapwood MC*	M max	% of M max
	Redwood (old-growth)	0.38	210	198	100+
	Western red cedar	0.31	249	258	97
	Douglas fir (coast-	0.45	115	132	87
	type)				
	Bald cypress	0.42	171	267	64

of stems with….

  

		loosely	closed	closed ring	closed	lowly wavy	strongly	some
		ring	ring	with many	ring with	ring	wavy	solitaire
			without	openings	few		ring	bundles
			openings		openings			outside
								the ring
	'Akito'	0	0	17	3	20	0	4
	'Aloha'	0	0	12	9	12	8	19
	'Milva'	11	0	12	0	14	0	15
	'Red Giant'	0	0	2	19	0	20	11

Table 2 :

 2 Rating of the structural arrangement of vascular bundles in stems of the four cultivars (n=20).

	Cultivars		Numbers of stems with vascular bundles being arranged as….
		solitaire in a loose	bonded
			bound	
	'Akito'	13	17	0
	'Aloha'	1	20	7
	'Milva'	19	3	0
	'Red Giant'	0	20	13

Table 1

 1 Total attenuation cross-sections for related elements

	Elements	H	Al	Si	O	Ca	B	Cd
	cross-sections	3.44	0.10	0.11	0.17	0.08	101.6	115.1
	[cm -1 ]							
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Table 1 .

 1 Mortality of plants with moderate drought treatment in a greenhouse experiment.

	Type of plant	Percent syringyl	Percent mortality	n
	Wild-type	65%	12.5%	8
	F5H 64	92%	62.5%	8
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Table 1 .

 1 . Anatomical values for Urera corallina fibres

	Fibre wall	Fibre	Whole	Fibre
		lumen	fibre	length
	( mm)	diameter	diameter	( mm)
		( mm)	( mm)
	3.51	19.29	26.32	733.99
	The proportions of the chemical components of the woods studied appear in Table 2. The elastic
	matrices for the three main components are [5]:
	i) Cellulose			
		137	936 . 1	0	
	D C	936 . 1	56 . 11	0	GPa
		0	0	58 . 2	

Table 2 .

 2 Chemical constituents of species studies compared to well known materials

	ANALYSIS	Urera	Urera	Myriocarpa	Pinus	SUGAR
	(%)	corallina	elata	longipes	ponderosa	CANE
						BAGAZE
	EXTRACTIVES	10.16	8.01	9.13	9.0	4.7
	(total)					
	CORRECTED	25.50	27.09	25.81	26.0	17.7
	KLASON LIGNIN					
	HOLOCELULOSA	67.07	69.68	69.47	68.0	78.6
	-CELLULOSE	37.55	43.14	42.26	41	45.0

Table 3 .

 3 Cell wall thickness and microfibril angles[10] 

	Cell wall layer	Thickness	Volume fractions Microfibril angles
		( m)		
	LM+P+S 1	0.85	0.22	45
	S 2	2.70	0.69	-10
	S 3	0.35	0.09	75

Table 4

 4 shows the stiffness parameters determined for the different stages of analysis up to the homogenized values for Urticaceae wood. All stiffness parameters for this species were calculated for moisture contents greater than 30%.

Table 4 .

 4 Elasticity calculations for Urera corallina (MPa)

	Microfibre S 2 -S 3		Fibre cell	
	E 11	58580	E 11	20300
	E 22	6835	E 22	3965
	G 12	2346	G 12	3010
	Microfibre modified for angle	Urticaceae Wood	
	S2-S3			
	E 11	52470	E 11	5855
	E 22	7140	E 22	555
	G 12	5625	G 12	420
	Fibre wall			
	E 11	45515		
	E 22	8690		
	G 12	6680		

Table 1 .

 1 Constants used for the simulation

		Moduli (MPa)	Poisson's ratio	Stress field (MPa)
	E R E T	E L	G LR G RT G LT ν LR ν RT ν LT q	p 1	P 2
	833 474 10512 580 168 447 0.61 0.67 0.73 -0.61 10.06 0 or 2*p 1

Table 1 .

 1 List of species studied. Tilting angle (degrees). GS: Growth strains (µstrain); T: Tension side (upper side); O: Opposite side.

	GS (µstrain)

Cell size: 344 m Wall thickness: 685 nm Compression speed: 1500 m/s Initial stretch ration: 1.015 Young's modulus: 106 MPa Fractional deformation

  

		400					
		300					
	Force, mN	200					
		100				Experimental data
						Modelling
		0					
		0.00	0.02	0.04	0.06	0.08	0.10	0.12

Table 1

 1 

	Orientation of the compression wood sectors in sections 2 and 3. N,NE,E,SE;S,SW,W,NW: number of
	sections with a sector of compression wood in the North , North-East, East, South-East, South, South-West, West
	and North-West side respectively. NO CW: number of sections without compression wood.		
	TREATMENT SECTION N	NE	E	SE	S	SW	W NW NO CW Total
	Direct sunlight	2	1	-	4	1	3	2	1	-	6	18
		3	2	-	4	2	2	1	-	2	5	18
	Lateral light	2	-	-	-	-	6	3	3	-	3	14
		3	-	-	-	-	9	3	1	-	1	14

Table 1 :

 1 Summary table of biomechanical performances

		Straight tree	Tree in a s tage of intens ive re-orientation
		Soft/Hard	Softwood	Softwood (JW ) Softwood (V)	Soft. (JW +V)
	Up-righting (deg/m)	0,0	31,1	30,1	38,0	35,2
	Flexibility (deg/m)	7,69	0,0	0,17	0,00	0,24
			Hardwood	Hardwood (JW ) Hardwood (V) Hard. (JW +V)
	Up-righting (deg/m)		31,2	32,1	34,2	34,6
	Flexibility (deg/m)		1,64	3,53	2,74	4,56

Table A1

 A1 

						: set of tree leaning parameters used for
						simulate the up-righting of tilted trees
						Table 1A:		Tree leaning
			Z G			Angle at the section 1 (deg)	60
	1		2	Z S		Evolution : R = R0*(RN/R0)^(n/N) Radial Growth
					G	Initial radius R0 (cm)	1
	Upper side			1		Final radius RN (cm)	5
	X G					Growth Reaction
		O	Y S = Y G			RW extens ion (deg)	90
						OW extens ion (deg)	60
			Lower side		Angle of the center of mass 2 (deg) Loading history	75
						Evolution of load: P = 14,1*R 2,6
						Legend: TW: tension wood, CW: compression
						wood; RW: TW or CW
	Table 2A:	Wood properties				
	Hardwood		NW	TW	OW			
	Mat. strain ( str)		-500	-2500	0			
	MOE (GPa)		12	15	10	1	
	MORC (MPa) MORT(MPa)		-100 160	-80 200	-120 120	E	0	
	Softwood		NW	CW	OW				1
	Mat. strain ( str) MOE (GPa)	-500 E = E0 + (EN-E0)*n/N 2500	-1000	1 1 E		1 E	1
	E0 =		12	10	15			
	EN =		16	15	18			
	MORC (MPa)		-100	-80	-120			
	MORT(MPa)		160	200	120	1		1
	Vis coelas tic properties				E	2		E	2	2
	Firs t vis co-elas tic modulus (GPa)					
	E10 =		50	120	30			
	E1N =		75	160	60			
	Firs t relaxation time (weeks )					
	10 =		20	20	20			
	Second vis co-elas tic modulus (GPa)					
	E20 =		50	120	30	Figure A2: rheological model of 2-
	E2N =		75	160	60	Kelvin elements. E 0 : elastic modulus;
	Second relaxation time (weeks )			E &E 1	2 :	delayed	moduli,	1	&	2 :
	20 =		200	200	200	characteristic time (E is the viscosity)

2

Legend: NW: normal wood; OW: opposite wood; MOE: elastic modulus in longitudinal direction; MORC: yield stress in compression; MORT: yield stress in tension

Table 1

 1 List of trees studied and their diameter at breast height, Growth Strains (µstrains) mean value and number of positions used for upper and lower side

	Family	Genus species	Tension wood (TW) Trees DBH Mean of the Number of upper side positions	Opposite wood (NW) Mean of the Number of lower side positions
		Eperua	Ef 1 21.96	1312	3	429	3
	Caesalpinaceae	falcata	Ef 2 24.19	2282	3	710	3
		Aublet	Ef 3 22.60	2122	3	582	3
	Flacourtiaceae	Laetia procera (Poepp.) Eichler	Lp1 19.10 Lp2 22.92 Lp3 28.33 Lp4 21.80 Lp5 26.42	2714 2035 2701 1590 2592	3 2 3 3 3	666 515 666 582 446	3 3 3 3 3
			Sa1 23.87	1302	3	480	3
		Simarouba	Sa2 25.78	1648	3	426	3
	Simaroubaceae	amara	Sa3 16.87	954	3	285	3
		Aublet	Sa4 27.00	3219	3	179	3
			Sa5 40.00	1616	3	502	3

  ).

	MFA	T 6 . 0	(1)													
		1	575 .	10	3	3	1	.	431	10	1	²	4	.	693	36	.	19

Rumex obtusifolius leaf surface

  

	Elena Gorb and Stanislav Gorb
	Max Planck Institute for Metals Research, Stuttgart, Germany

Table 1 :

 1 Plant surface characteristics and traction force of D. errans females. Surface types: w = covered with crystalline waxes; t = covered with trichomes: (pe) glandular peltate, (ca) glandular capitate, (cl) glandular clavate, (fi) filiform, (co) coniform, (st) stellate, (er) erected, (cu) curved, (sl) sloped. Different letters in the last right column show statistical differences between force values (one-way ANOVA, F 13,69 = 4.483, P < 0.001 and Tukey test, P < 0.05)

	Plant species, cultivar	Surface character, trichome types	Trichome parameters Diameter Density [µm] [per mm 2 ] mean ± sd Length [µm] mean ± sd mean ± sd (n) (n) (n)	Traction force [mN] mean ± sd, signifi-(n) cances
	Brassica oleracea var. gongylodes	w	-	-	-	0,07 ± 0,02 (5)	ac
	Capsicum	t (co, cu) in	262,1 ± 311,3	43,2 ± 3,7	70,6 ± 0,6	0,76 ± 0,35	abc
	annuum	domatia	(38)	(12)	(5)	(5)	
	Cleome hirsuticaulis	t (fi, ca, cu) + (cl, er+sl)	643,7 ± 254,3 (57)	87,7 ± 130,2 (18)	4,2 ± 1,7 (5)	1,17 ± 0,53 (5)	b
	Cucumis sativus	t (co, er)	439,5 ± 196,4 (150)	38,2 ± 13,3 (42)	7,0 ± 0,7 (5)	0,84 ± 0,40 (5)	bc
	Cyclamen persicum	w	-	-	-	0,40 ± 0,27 (5)	ac
	Digitalis	t (co, ca, pe,	416,0 ± 143,4	40,4 ± 38,0	58,0 ± 2,6		
	purpurea	er+cu+sl)	(470)	(15)			

  b

	Fuchsia	t (fil, co,	348,1 ± 373,0	15,4 ± 7,7
	× hybrida	cu+sl)	(60)	

  bc

	Ibicella lutea	t (ca, cl, er+sl)	399,7 ± 233,7 (36)	37,9 ± 14,0 (24)	17,4 ± 3,9 (5)	1,01 ± 0,28 (5)	bc
	Lycopersicon esculentum	t (ca, pe, co, er)	550,6 ± 880,3 (328)	74,6 ± 30,4 (22)	40,2 ± 8,2 (5)	1,13 ± 0,19 (5)	bc
	Nicotiana sylvestris	t (ca, er)	(100) 323,8 ± 100,3	(50) 36,9 ± 9,5	(5) 25,6 ± 4,0	(5) 0,76 ± 0,27	abc
	Petunia × hybrida	t (ca, er)	355,3 ± 155,7 (218)	44,3 ± 13,5 (10)	13,1 ± 6,4 (5)	0,94 ± 0,24 (5)	bc
	Plectranthus ambiguus	t (co, cu) + ca, pe, er)	650,4 ± 311,7 (338)	81,3 ± 98,9 (105)	8,1 ± 1,4 (5)	1,21 ± 0,22 (5)	b
	Solanum melongena	t (st, sl)	(175) 468,0 ± 164,5	39,5 ± 7,7			

Table 1

 1 Breaking stress and strain of CM from cv. Ailsa Craig wt and nor fruits during fruit maturation.

	Stage	Breaking stress (MPa)	Breaking strain (%)
		Dry	Hydrated	Dry	Hydrated
	wt ig	21.5	14.3	9.2	10.1
	wt mg	23.0	15.4	10.3	11.3
	wt mr	27.6	9.6	8.5	7.4
	nor ig	23.2	12.6	9.9	7.7
	nor mg	20.7	14.6	10.3	9.9
	nor mr	8.5	7.6	4.7	7

2

It must be noted that the stress-strain curve does not depend on the exact form chosen for h.
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Environmental considerations

)/(2 d 0 E)] (1/3) r 0 . Remarkably, for typical numerical values of the quantities involved (given in Table1), the value of the root is about 0.8. Hence, a bubble which has achieved stable equilibrium is "smaller" than the tracheid.
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Texture study on crystalline cellulose in Norway spruce for determining the microfibril angle

Lock-in interaction between wind and crop canopies

Charlotte Py 1 , Emmanuel de Langre 1 and Bruno Moulia 

Abstract

The interaction between wind dynamics and the waving of dense crop canopies is explored. On-site experiments with wheat and alfalfa fields allow us to quantify the motion of a large set of plants subject to wind, using an image correlation technique. The motion is video-recorded from the side of the field and then the natural crop heterogeneity is used to identify motions between successive images. The computation is based on Particle Image Velocimetry (PIV) algorithms. It provides the two-dimensional spatio-temporal velocity field of the crop top surface with high spatial and temporal resolution. The coherent part of the waving motion is extracted by a bi-orthogonal decomposition of the velocity field of the crop surface. It is shown that the corresponding space and time features cannot be explained using predictions from the mixing layer analogy of wind above canopies, which is the most common model for perturbations in this environment. The plant bending stiffness is shown to play an important role in the frequency and wavelength selection for the coherent motion of the canopy. A fully coupled model, where the wind fluctuations and the plant dynamics interact through a drag term, is then proposed. This model allows us to demonstrate a lock-in mechanism, whereby the frequency of the instability deviates from its expected value when approaching the natural frequency of the oscillating medium. This finding is then compared to data from on-site experiments, and good agreement, in both frequency and wavelength of the propagating patterns observed on the canopy surface, is shown.

Measurement and modelling of the behaviour of Douglas-fir trees under wind loading

John R. Moore 1 and Douglas A. Maguire 2 1 Napier University, UK; 2 Oregon State University, USA

Abstract

The behaviour of coniferous trees subjected to wind loading was investigated through a series of experiments and also through simulation modelling. Experiments were performed on nine plantationgrown Douglas-fir (Pseudotsuga menziesii Mirb. Franco) trees to quantify the effects of crown removal on natural frequency and damping ratio. Results showed that pruning increased natural frequency; however at least 80% of the crown mass needed to be removed before this increase was noticeable. This effect was consistent across all trees and a single equation was developed that enabled the natural frequency of a tree of given size and pruning intensity to be predicted.

Damped free vibration tests were conducted on two instrumented Douglas-fir trees by displacing the bole and measuring the oscillations of the bole and selected branches. Results showed that branch oscillation frequency was similar to the natural frequency of the tree, but different from the natural frequency of the individual branches themselves. In this situation branches behaved as forced damped harmonic oscillators with the forcing frequency equal to the natural frequency of the whole tree.

The finite element method was used to model the dynamic behaviour of three trees. Detailed measurements of the bole and branch geometry were made for each tree, which enabled the first order branches from each tree to be represented as individual cantilever beams attached to the bole. Predicted natural frequencies of the three trees were in close agreement with observed values, and both natural frequencies and damping ratios were very sensitive to branch modulus of elasticity.

assumed equal to the ratio between the mass of branches and needles aggregated on the element and the total aggregated biomass.

Finite element analyses are performed with the Abaqus software (ABAQUS Inc., Providence, RI USA).

Results and discussion

The analysis of measured wind velocity shows that both the mean velocity in the dominant wind direction ) ( z u and the mean momentum flux ) ( ' ' z w u rapidly decrease within the canopy (figure 3). The exponential shape of both vertical profiles is characteristic of wind in plant canopies [3] In opposition to previous observations [10] the oscillations of both trees are better correlated with the fluctuations in streamwise velocity than with momentum fluctuations. Correlation coefficients with u are 0.32 and 0.41 for trees 1 and 2, respectively. It is better for tree 2 than for tree 1 because the latter is further from the tower than the former, both in the mean streamwise and lateral directions. It has indeed been shown that the streamwise velocity correlation decreases rapidly with streamwise and particularly lateral distance [11].

However, time series of tree motion and wind speed are not expected to follow identical patterns even for the ideal case where wind velocities would be measured in the immediate vicinity of the tree. The mechanical response of the stem to wind forces is indeed a superposition of displacements resulting from the drag, and displacements corresponding to remnant sways following wind gusts. The frequency of such sways only depends on intrinsic characteristics of the tree structure although their activation depends on the acceleration of air motion.

Tree motions were simulated for wind conditions equivalent to the measured ones. Calculated displacements are in reasonable agreement with field measurements (figure 4). Most large-scale excursions from the rest position are well reproduced. In the case of tree 1, the amplitudes of the largest simulated displacements appear slightly overestimated when compared to the measured ones.

Diversity of biomechanical strategies of young trees for height growth in a tropical rainforest. How to predict self-supporting degree with the minimum of data?

Gaëlle Jaouen 1 , Meriem Fournier 1 and Catherine Coutand 2 1 UMR EcoFoG, Kourou, French Guyana; 2 UMR PIAF-INRA, Clermont-Fd, France

Abstract

In tropical rainforest, the most limiting factor of tree growth is light. Thus, saplings have to reach canopy more or less quickly according to their light demand. In that way saving biomass allocated to thickness growth is a necessity, and thus high risks (or low margin of safety) related to mechanical stability are usually observed. The aim of this work is to compute this risk against buckling in population of understorey saplings using Greenhill's model [1]. The main problem is that many parameters of this model need destructive measurements to be defined (wood elastic modulus, trunk volume, total tree biomass, stem taper and biomass distribution). Thus the precise study of risk factors among a great population in order to compare species behaviours is intricate. Here, relationships between easily measurable variables in the field (total height and trunk diameter) and the parameters of the model were tested. First it was found that stem taper doesn't vary significantly between species with a mean value of 0.64±0.19 SD. It is also the case for the variable defining biomass distribution along the whole tree (1.69±0.40 SD). Other parameters vary between species and need to be estimated for each species and/or each tree. Very good relationships are found between different combinations of the total tree height and diameter and trunk volume on one hand, total biomass on the other hand. Finally, Young's elastic modulus is estimated using the proxy of wood density. The calculation of risk with the estimated values is very close to the one with initial values. This work demonstrates that the estimation of buckling risk can be conducted among a great population of tropical saplings in order to compare species strategies, with only a few destructive measurements.

Relations between variations in water pressure and strains in trees

Tancrède Alméras 1 , Masato Yoshida 2 and Hiroyuki Yamamoto 2 1 U.M.R. ECOFOG, French Guiana; 2 University of Nagoya, Japan

Abstract

The diameter of tree stems fluctuates daily in response to changes in water status. A study of these diurnal strains was conducted on sapling of Cryptomeria japonica and Fagus silvatica. The observation of diurnal strains of non-growing plants and artificial stem pressurizations showed that significant strains occur both in xylem and inner bark and that these strains are essentially an elastic response to changes in hydrostatic pressure. The strain/pressure relationship is linear at the surface of both tissues. A geometric model allows to compute radial strains inside inner bark and xylem. The behaviour of the tissues can be characterized by a compliance parameter deduced from the slope of the strain/pressure relation. The compliance of xylem is much lower than that of inner bark, but, because the thickness of xylem is larger, both tissues contribute significantly to the apparent behaviour. Finally, the consequences of diurnal strains on the generation of maturation stress were examined. An experimental test clearly demonstrated that large maturation stress can occur in stems even without any diurnal strains, proving that diurnal strain are not a main cause of maturation stress.

Lignified secondary cell walls may function as passive semipermeable "membranes" in the vitalistic model of maple sap pressurization

Damián Cirelli 1 , Richard Jagels 2 and Melvin T. Tyree 3 1 Miami University, USA; 2 University of Maine, USA; 3 University of Alberta, Canada

Abstract

Sugar maple trees (Acer saccharum) develop high positive pressure (up to 2 atm) in their stems when day/night temperatures fluctuate above and below freezing. Two contrasting theories currently provide explanations for such a phenomenon. The Milburn-O'Malley theory proposes that pressure development is purely physical, involving ice formation and gas compression in a model that requires neither living cells nor sucrose. An opposing vitalistic theory invokes the involvement of sucrose to generate a w difference between fibres and vessels. An osmotic barrier between these dead cells must exist but its nature is not known. In this paper we analyzed wood of A. saccharum, Juglans cinerea and Betula papyrifera (all of which generate stem pressure) examining two key factors of the vitalistic model: pits and cell walls. We looked for pits directly using light microscopy and scanning electron microscopy (SEM), and indirectly by means of perfusing branch segments with fluorescent dyes of molecular weight similar to sucrose. The latter approach allowed us to use a molecule that could be tracked as an osmotic surrogate for sucrose, using epifluorescence to locate it. SEM images of sugar maple showed a general lack of pitting between fibres and vessels, while they also helped to identify the presence of fibre-tracheids with profuse bordered pitting. Fluorescein-perfusion experiments suggest that large molecules do not diffuse into libriform fibres and stay within the domains of vessels, parenchyma cells and possibly fibre-tracheids. These results directly support the vitalistic model. We propose that the secondary cell wall is an effective osmotic barrier for molecules larger than 300 g mol -1 .

Investigation of water transport processes in plants by means of neutron imaging techniques

David Mannes 

Abstract

For the determination of water transport processes in plants several methods like e.g. thermoelectric measurements (heat-pulse, heat-balance) have been used. Most of these methods affect the transport processes to a conspicuous degree, thus it seems appropriate to consider non-destructive testing methods like Nuclear Magnetic Resonance Imaging (NMRi) or Positron Emission Tomography (PET). A relatively new and innovative non-destructive testing method which shows to be appropriate for the testing of water transport in plants is neutron radiography. It represents a testing method, which is complementary to existing X-ray techniques but enables much higher sensitivity for hydrogenous materials.

Neutrons from a strong source are led on a specimen and the neutron beam attenuated by the sample is registered as a two-dimensional image (data set) behind the specimen.

Neutrons are highly sensitive to hydrogenous materials due to their high interaction probability for hydrogen and are thus particularly interesting for investigations of water movement processes in plants or building materials like wood. The method of neutron radiography permits to observe and describe dynamic processes within a specimen (e.g. water uptake and loss) in a time scale from 0.1 s to several days and the possibility to make quantitative statements besides qualitative ones. First experiments have been made on the water uptake by various wood species (Fig. 1). By referencing the images of the dry samples with the final images it is possible to obtain the quantity of water absorbed by the wood sample. Similar experiments on water transport processes within living plants are possible. Beside the water uptake, other experiments as the on-line observation of the root growth of plants in relation to soil properties and soil wetness were conducted.

Abstract

It has often been proposed and in some specific cases shown that there could be a trade-off between the mechanical and hydraulic functions of wood. Trees in the wet tropics can develop an efficient vasculature since they typically are subjected to hydraulically favourable conditions. Hence they provide an ideal system for studying mechanical limitations on the hydraulic architecture. The insights gained from such studies could help us explain noticeable morphological and anatomical phenomena associated with tropical trees.

We tested the hypothesis that the hydraulic architecture of tropical trees is mechanically constrained by measuring the conductivity of mechanically loaded compared to less loaded parts of the trees. Four species were studied, of which two develop the characteristic triangular buttress roots at the root-trunk interface and two do not. In the superficial roots of the buttressed trees, the conductivity increased by up to two orders of magnitude with distance from the trunk as the roots became less strained. A similar pattern was observed in non-buttressed trees, where the upper part of the trunk had higher conductivity due to larger vessels than the mechanically more loaded lower trunk and taproot. These results suggest that the hydraulic efficiency of the vascular system of the four species studied was constrained by mechanical demands on the tissue in mechanically loaded parts of the tree.

Effect of mechanical properties on resistance to xylem cavitation

Frank W. Ewers 1 , Lothar Koehler 1 , Anna L. Jacobsen 

Abstract

The mechanics of cell walls are important to xylem transport especially as one considers that water is normally transported under negative pressures (tensions) of such a magnitude that implosion of vessels is a danger. Even partial inward bending of vessel walls could result in microfractures of the cell walls or of the pit membranes, leading to air-seeding and cavitation of water columns, which would lead immediately to air embolism (blockage) of the transport pathway. For 26 species of chaparral shrubs the mechanical properties of whole stems (Modulus of Elasticity -MOE; Modulus of Rupture -MOR) as well as anatomical features such as percent transverse fibre wall area and the ratio of vessel wall thickness to lumen diameter, were correlated with minimum seasonal pressure potential and with the water tension that will result in 50% loss of conductivity due to embolism. This led to the use of transgenic poplars with modified lignin to explore the effect of the cell wall mechanical properties on xylem transport. Transformants with enhanced syringyl monomer content had stiffer (higher MOE) and stronger (higher MOR) xylem tissues than wild-types. Wild-type syringyl content was 65%. Moderately enhanced syringyl content (80%) resulted in greater resistance to cavitation, but transformants with 93% syringyl had considerably reduced resistance to cavitation; excess syringyl may have resulted in more brittle vessel walls that were more prone to embolism than the wild types. There were no clear effects of syringyl lignin concentration on conductive efficiency. For all clones, wind treatment resulted in greater resistance to cavitation and lower conductive efficiency, perhaps due to both anatomical and chemical changes concomitant with the treatment.

Embolism formation and repair in vascular plants: the role of cell wall mechanics.

Wilfried Konrad and Anita Roth-Nebelsick

University of Tübingen, Germany

Abstract

The water transport system of vascular plants is permanently endangered by the formation of gas bubbles. Such embryonic gas bubbles are created by the air seeding process, i.e. the penetration of air into a vessel from adjacent, air filled vessels/tracheids or -to a much lesser extent -by spontaneous vaporization of xylem water. Because the water in xylem conduits is under tension (negative pressure), an embryonic gas bubble introduced into the water column by either source may expand into embolism, the complete disruption of the water flow inside a conduit. Embryonic gas bubbles do not necessarily evolve in this way. Instead of causing embolism they may also collapse into a -at least temporarilystable and harmless state or even dissolute completely. If, however, embolism has occurred, a repair mechanism may start which can be expected to restore conductivity of the conduit under favourable conditions. It can be shown that the fate of bubbles appearing in a conduit under negative pressure is affected by cell wall mechanics if the conduits possess torus-margo pits. In this contribution it is examined to what extent mechanical properties of the vessel cell wall (e.g. elasticity, thickness) influence the behaviour of embryonic gas bubbles (immediate collapse vs. development towards embolism) and the processes of embolism formation. For this purpose, behaviour and possible final states of embryonic gas bubbles are calculated in terms of (a) thickness and elastic properties of the vessel cell wall, (b) xylem water pressure, (c) the initial number of air molecules within an embryonic bubble, and (d) the initial bubble radius.

Conclusion

The detailed information about the tree behaviour got in the reported experiment opens an interesting way to transfer scientific knowledge about the development of growth stresses in Beech to forestry practice by modelling. 

Study of interactions of phototropic and thigmomorphogenetic signals with the gravitropic response of trees

Abstract

The aim of this work was to check and study the effects of phototropic signals and thigmomorphogenetical signals on the gravitropic response of plants. Indeed, tilting a stem to induce a gravitropic signal induces also a potential phototropic signal (one side of the stem is more shaded by than the other) and potential thigmomorphogenetic signals because i) the stem is bent under its selfweight when tilted, ii) the stem experiences curving during its tropic response . Moreover, there are two different processes enabling the tropic movements: in elongating organs the tropic movements of organs are enabled by differential growth; in organs where elongation is achieved but cambial activity the tropic movements are enabled by the production of reaction wood asymmetrically within the cross sections of the stem via radial growth. Whereas lots of studied have been done on elongating organs of herbaceous species, very few studies have described the tropic movements due to radial growth. The second aim of this work was thus to compare the tropic responses of purely elongating zones and purely radially growing zones.

Experiments were done on three weeks old poplars (Populus cv B717) because at this stage of development the upper part of the trunk is elongating and the lower part of the trunk is only growing in diameter. The interactions between phototropic and gravitropic signals where studied with imposing the same gravitropic signal to plants but in three different light environments in terms of light direction. Tropic movements of trunks were analysed by a kinematical analysis of stem curvature in purely elongating-and in purely radially growing-zones. The potential effect on radial growth of a thigmomorphogenetic signal that could be induced by tilting the stem was checked.

Structural aspects of cellulose microfibrils in wood -links to biomechanics -

Computation of external and internal mechanical stresses along a sunflower's (Helianthus annuus L.) stem under simulated flexure

Luis F. Hernández 

Abstract

Thigmomorphogenesis can explain growth changes observed in shoots and leaves after bending or flexing, but the mechanostimulus signal transduction pathway leading to thigmomorphogenesis has not yet well defined. Nevertheless it has been pointed out that it could be necessary to rapidly transport the thigmo stimulus to apical meristems where active cell reproduction, and in some extent differentiation and expansion is taking place.

In the present contribution it is hypothesized that: 1) stem bending induces to a significant internal mechanical stress at vascular level that 2) could help for the rapid long distance intra plant signalling transport. For validating the first part of this hypothesis, tensions and compressions generated in the surface and in the ground and vascular tissues of the sunflower stem were located and calculated using the finite element (FE) method during a simulated dynamic bending.

Sunflower's stem anatomy from 23-days-old plants was studied from serial transverse sections. Based on its external dimensions and distribution of its main constitutive tissues a 3D model was then built and properly meshed using the brick structural element.

Tissue density was determined from the weight of stem segments of known dimensions. Structural elastic modulus was calculated from a three-point bending test performed in a micro testing machine. Elastic modulus of the main internal tissues and its correspondent Poisson ratios were adopted from data described in the literature. The FE analysis was made using the ACCUPACK/VE routine from ALGOR (v. 17, SP2), a software processor for non-linear calculation to conduct a Mechanical Event Simulation (MES). Bending stresses during MES applying a maximum lateral force of 2 N were registered at a capture rate of 130 steps/sec.

As was proposed in the hypothesis, during the simulation a significant high bending stress at the level of ground parenchyma and near the vascular strands was observed. Assuming that the apical meristem will rapidly respond to the mechanically generated and transported endogenous stimulus, these observations could help to understand why a mechanical perturbation is highly effective particularly at early stages of plant development. 
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The mechanism of spiral grain formation in trees

Kalman Schulgasser and Allan Witztum

Ben Gurion University of the Negev, Israel

Abstract

Spiral grain in trees is formed during the process of cell division and maturation within the vascular cambium (sensu lato); much effort in the past half century has been put into elucidating the mechanism(s) involved. The most accepted view is that the dominant factor involves the pseudotransverse cell divisions during anticlinal (multiplicative) division and subsequent intrusive growth of the daughter cells, the slant of the partition (S or Z) and the direction of the intrusion being statistically biased to the left or to the right. A strong correlation is known to exist between slant direction and frequency on the one hand and the rate of change of spiral grain angle on the other hand. It is thus enticing to see the dominance of the orientation of the slant of the partition during pseudotransverse anticlinal cell division as the causative factor in the formation of spiral grain; the visual evidence seems clear. However, it will be shown that there is a constant, incessant, tendency of all maturing cells (which are predominantly the result of periclinal divisions) to change their orientation in a given direction; this tendency will be modulated as to magnitude and direction by certain prevailing physical parameters of the system during the period of maturation. Thus it is concluded that neither the slant of pseudotransverse divisions nor other "isolated events" (imperfect periclinal division, biased intrusive growth) are causative, but rather that they result from the fact that there is a radial gradient of the inclination angle (in the tangential plane) of fusiform cells, i.e. from the general tendency of a maturing cell to take on a preferred inclination with respect to the cell which immediately preceded it in its file. Growth stress patterns in trees have also been extensively investigated in the past half century. It is shown that the development of these stresses and the formation of spiral grain are just two aspects of the same process occurring throughout the cambial zone during cell maturation. Models are presented to justify this claim which accord with reported patterns of growth stress and spiral grain in conifers.

Stalking along trichomes: biomechanics of plant-bug interactions

Dagmar Voigt, Elena Gorb and Stanislav Gorb

Evolutionary Biomaterials Group, Max-Planck Institute for Metals Research, Stuttgart, Germany

Abstract

The omnivorous mirid bug Dicyphus errans Wolff (Heteroptera, Miridae, Bryocorinae) lives on plants and preys on a variety of phytophagous arthropods. It has morphological (slim body, long slender legs, elongated curved claws) and behavioural (locomotion) adaptations to hairy plant substrates, where higher predation effectiveness and fecundity of the bug, as well as a shorter developmental cycle, have been previously reported. To study the influence of different types of plant leaf surfaces on the locomotion of D. errans, bug traction forces on a variety of plant species were measured, and morphometrical analysis of plant trichomes of 14 leaf surfaces was carried out. The bug traction force ranged from 0.07 mN on Brassica oleracea (Brassicaceae) to 1.21 mN on Plectranthus ambiguus (Lamiaceae) and Solanum melongena (Solanaceae). Bugs performed considerably better on hairy surfaces, where the force depended significantly on both the trichome length (r 2 = 0.89, P < 0.001) and diameter (r 2 = 0.64, P < 0.001). The trichome density and aspect ratio did not influence the force (r 2 = 0.31, P = 0.266, and r 2 = 0.05, P = 0.505, respectively). Based on the results obtained, it is concluded that hairy plants provide more suitable environment for D. errans than smooth ones, since they support better the attachment and locomotion of the bug.

Altered tomato (Lycopersicon esculentum Mill.) fruit cuticle biomechanics of the non-ripening (nor) mutant during maturation

Hendrik Bargel 1 , Katja Stehfest 2 and Christoph Neinhuis 1 1 Technical University of Dresden, Germany; 2 University of Leipzig, Germany

Abstract

Several mutants of tomato (Lycopersicon esculentum Mill.) with pleiotropic effects on fruit ripening were described, among them non-ripening (nor). Nor fruits remain yellowish-orange and also firmer at full maturity than the corresponding wild-type (wt) fruits. We investigated the morphology, chemical/structural composition and mechanical properties of the isolated fruit cuticular membrane (CM) of tomato cv. Ailsa Craig wt and nor mutant at three developmental stages to evaluate potential alterations of the mutant cuticle. Thickness and degree of cutinisation increased significantly during fruit maturation uniformly for the CM of both wt and nor virtually without any difference between them. Stress-strain diagrams were biphasic and showed strain-softening for dry CM samples, while considerable differences between wt and nor fruits of hydrated CM could be noted. The CM of wt fruits was mechanically characterized by increasing stiffness and strength at fruit ripening in both dry and hydrated states. However, the mechanical properties of the CM of nor fruits were significantly altered, being less stiff and weaker at full maturity. Hydration generally caused lower stiffness and strength, while breaking strain was significantly affected only for the CM of ripe nor fruits. FT-IR microspectroscopy elucidated compositional and structural differences of the CM between wt and nor, predominantly concerning phenolic flavonoid constituents. The results are discussed with respect to the relation between composition, molecular structure and biomechanics of the cuticle and the physiological effects of the nor mutation.

Determination of material parameters

For the computational model, realistic values for the elastic modulus were needed. Tension tests were performed on segments of tendrils using a materials testing machine (MTS Tytron 250, MTS Systems Corporation, Eden Prairie, Minnesota, USA) with a 10 N load cell. To fix the samples in the MTS machine, rectangular tissue mounts were designed and constructed out of clear extruded acrylic (Fig. 3). Sections of tendrils 4-5 cm long were inserted into holes approximately 10 mm long and 1 mm in diameter Tendrils were affixed in the mounts with Loctite 495 high-viscosity super glue. L. cylindrica tendrils were loaded in tension using displacement control at a strain rate of 5 mm/min until failure. M. fabaceus tendrils were tested at strain rates of 0.1, 1, and 5 mm/min until failure. Since the tendrils are tapered, cross sectional dimensions were measured at both the proximal and distal ends of the sample. L. cylindrica cross sections were approximated as circular, while M. fabaceus were approximated as rectangular.

Fig. 3 Tendril in acrylic mounts in MTS machine for tension test

Computational model

Computational modelling was performed with the finite element software ANSYS (version 9.0, ANSYS, Inc. Cannonsburg, Pennsylvania, USA). This code is capable of representing sophisticated material models; however growth per se is not available in such tools. Our model instead takes advantage of the analogous phenomenon of thermal expansion. A spatially-and time-varying longitudinal thermal strain (x, t) was imposed on an elastic domain to simulate differential growth. This was accomplished with a spatially-varying coefficient of thermal expansion (x), where x is a transverse coordinate along the tendril, and a time-varying increase in temperature T(t) so that (x, t) = (x) T(t). Because in the computational model an ideal symmetric geometry remains symmetric, a small twist perturbation was applied to the proximal end.

The configurational changes that occur as a tendril grows and coils are dramatic. We found that use of solid elastic elements was not possible because they became too distorted over the course of the simulation and conveyed unrealistic stiffness to the model. Instead, we utilized specialized element technology that represents complex cross sectional geometries in line elements. The "Beam188" element in ANSYS is a two-node finite-strain beam element with three translational and three rotational degrees of freedom at each node. There is no constraint on the warping of cross sections. The element allows the user to define an arbitrary cross section with varying material properties as well as a lengthwise taper. Fig. 4 shows the approximately circular cross section, two material regions and taper used in this study. Further refinement of the cross sectional shape and variation of material properties is possible. With this element, qualitatively realistic solution geometries could be generated with as few as 100 elements

Results and discussion

The chief goal for this work was qualitative matching between observed and computed helical geometries including the formation of reversals. For this, a secondary goal was quantification of the elastic modulus of the multi-tissue composite tendril structure. 
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