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The secondary xylem (wood) of trees mediates several functions including water
transport and storage, mechanical support and storage of photosynthates. The optimal
structures for each of these functions will most likely differ. The complex structure and
function of xylem could lead to trade-offs between conductive efficiency, resistance to
embolism, and mechanical strength needed to count for mechanical loading due to
gravity and wind. This has been referred to as the trade-off triangle, with the different
optimal solutions to the structure/function problems depending on the environmental
constraints as well as taxonomic histories. Thus, the optimisation of each function will
lead to drastically different anatomical structures. Trees are able to acclimate the internal
structure of their trunk and branches according to the stress they experience. These
acclimations lead to specific structures that favor the efficiency or the safety of one
function but can be antagonistic with other functions. Currently, there are no means
to predict the way a tree will acclimate or optimize its internal structure in support of its
various functions under differing environmental conditions. In this review, we will focus on
the acclimation of xylem anatomy and its resulting mechanical and hydraulic functions to
recurrent mechanical strain that usually result from wind-induced thigmomorphogenesis
with a special focus on the construction cost and the possible trade-off between wood
functions.

Keywords: trees, wood, trade-off, thigmomorphogenesis, mechanics, hydraulics, wood anatomy, acclimation to
stress

Introduction

Secondary xylem (wood) arises as a result of cell divisions of the vascular cambium and is referred
to as a type of secondary growth. After division, these cells go through phases of differentiation,
enlargement, and maturation. During this process, the cell wall develops, most significantly, the
secondary cell wall composed of organized layers of (crystalline) cellulose microfibrils and lignin.
Lignin deposition also occurs in the middle lamella region between cells. At the end of the mat-
uration process, the conducting cells (tracheids in conifers, vessels in angiosperms) die through a
process of autolysis, the living components (cytoplasm and organelles) are reabsorbed by the tree,
and the water-filled cell lumen becomes physiologically functional providing hydraulic conductiv-
ity. The resulting structure is a complex porous network of interconnected cells that fulfills several
functions that are required for the continued life of the tree in a variable environment. In both
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dicotyledonous trees and in conifers the vascular cambium can
continue to produce new layers of wood throughout the life of
the stem or root and so the response to environmental cues is
ongoing.

The xylem of the stem mainly provides three types of func-
tions: (i) the xylem is the hydraulic pathway for the transport of
water from the soil to the transpiring leaves, providing hydration
to all living cells along the way; (ii) the stem mechanically sup-
ports the heavy structure of the tree; (iii) the xylem is a place
where many biochemical components that are required for the
tree in order to withstand external stresses (like freezing, insect
attacks, etc.) are stored as well as the storage of photosynthate
(carbohydrates, lipids, and proteins) over the winter for future
growth in the subsequent spring (Telewski et al., 1996). Water
storage, both on a seasonal and diurnal basis, can also be a crucial
function of the xylem (Pratt et al., 2007; Meinzer et al., 2009).
The optimal structures for each of these functions will most
likely differ. Selection, either natural, via breeding programs or
via genetic engineering, to optimize for one function could lead
to sub-optimal performance, or even complete failure of another
function (Lachenbruch and McCulloh, 2014). For instance, xylem
that is highly efficient in water conduction might be so mechani-
cally weak that it could not withstand wind, snow, or ice loading
resulting in failure of the stem or branches. In this paper, we
will focus on the first two functions of xylem namely hydraulic
transport and mechanical support.

As a result of an acclimation process, plants modify their
growth when they experience mechanical loading: plants are
able to perceive external mechanical stresses that generate the
strain of the living tissues (Moulia et al., 2015). These living
cells generate signals that engender local or remote molecular
responses that modify the wood formation by the way of mod-
ifying the cambial activity and the differentiation process (Jaffe
et al., 2002; Telewski, 2006; Chehab et al., 2009; Coutand, 2010).
The response of plants to mechanically induced flexing, includ-
ing the brushing or movement of animals against plants, or the
flexing of the above ground portions of a plant by wind, ice,
or snow loading was defined as thigmomorphogenesis by Jaffe
(1973). However, the influence of wind on plants, and specifi-
cally trees, was first identified in a study by Knight (1803). Over
the course of the ensuing 170 years between Knight’s (1803) and
Jaffe’s (1973) publications and subsequently, many studies have
been published on the effect of wind on tree growth and mor-
phology (for reviews see Grace, 1977; Jaffe, 1985; Biddington,
1986; Vogel, 1994; Telewski, 1995, 2006, 2012; Mitchell, 1996,
2013; Jaffe et al., 2002; Braam, 2005; Moulia et al., 2006; de
Langre, 2008). The most consistent thigmomorphogenetic effects
are a reduction in shoot elongation and an increase in radial
growth in response to a flexing stimulus resulting in a plant of
shorter stature and thicker, stiffer stem. This change in growth
results in a change in plant allometry which reduces the effec-
tive canopy profile to wind and reduces drag (Telewski and Jaffe,
1986a,b; Rudnicki et al., 2004; Vollsinger et al., 2005; Telewski,
2012).

At the anatomical level, Telewski (1989) described a thig-
momorphogenetic acclimation of xylem formation, leading to
particular wood structure termed flexure wood. However, the

anatomical characterization of flexure wood is still poorly doc-
umented. In the same way, very little is known about the
direct consequences of the acclimation of the material struc-
ture on the mechanical and hydraulic functions of wood formed
under mechanical stimuli. Especially, the growth modifications
appear to potentially compromise conductive efficiency resulting
in a trade-off between the mechanical and hydraulic functions
of xylem. Due to the complexity of the interactions between
anatomy, hydraulic conductivity, and mechanical strength of
wood, there have been few studies addressing all three variables
and their corresponding construction cost; especially in the case
of acclimation processes like thigmomorphogenesis.

The Xylem Anatomical Structure

Gymnosperm wood is mainly composed of non-living tracheids
with a small portion of living ray parenchyma and when resin
ducts are present, living epithelial cells lining the ducts. The early-
wood portion of gymnosperms is characterized as large diameter
cells with thin cell walls, whereas the latewood is composed
of smaller diameter cells with thicker cell walls (Figure 1A).
The tracheid performs both the conductive and supportive func-
tions within the secondary xylem. The ray parenchyma cells are
aligned radially and are usually small compared to angiosperms.
On the contrary, the annual ring of angiosperms is composed
of more specialized cell types. In addition to ray parenchyma,
angiosperms can have axial parenchyma, fibers, fiber tracheids,
and vessels depending on the species of tree (Figures 1B,C).

Wood density is often used as a key functional trait corre-
lated with other ecophysiological behavior including growth rate,
hydraulic conductivity, and mechanical strength (Poorter, 2008;
Stegen et al., 2009; Swenson and Weiser, 2010; Swenson et al.,
2011; Liu et al., 2012, 2013; Iida et al., 2014). Typically, low den-
sity wood results from greater porosities (due to larger diameter,
thinner walled cells) that increase the efficiency of water trans-
port, while the material rigidity may be compromised. However,
the wood density is an integrative parameter that mainly results
from the fiber cell wall thickness and lumen diameter was well as
vessel density and size (for angiosperms). It is obvious that for
the same mean porosity, different anatomical patterns provide
different functional properties.

Reaction Wood

Trees show a great ability to modify the orientation of their main
organs, stem, and branches. They do it in a way that improves
their architecture via phototropism or gravitropism, in response
to neighbor shading, displacement by the wind, or other mechan-
ical perturbations (avalanches, landslides, slope slippage, ice, and
snow, etc.,; for review, see Wilson and Archer, 1977; Timell,
1986a,b,c; Du and Yamamoto, 2007). The dynamic reorientation
of these organs involves the formation of a particular type of
wood called reaction wood. Usually produced on one side of the
organ, the physical and mechanical properties of reaction wood
and opposite wood (see for example, Clair et al., 2006) are such
as to generate a large difference in growth strains between the
sides which can result in a change of curvature of the organ.
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FIGURE 1 | Typical anatomical cross sections of annual rings in
trees. Gymnosperms show mainly longitudinal tracheids that perform
both mechanical and hydraulical functions (A). Angiosperms show

heterogeneous (B) or homogeneous (C) structures that include large

vessels that fulfill only the water conduction function, while
mechanical support of the tree is provided by fibers. (A) Larix
decidua, (B) Quercus robur, and (C) Fagus sylvatica. Scale bar
represents 200 pm.

This wood shows specific anatomical patterns that differ between
gymnosperms and angiosperms.

In gymnosperms, the reaction wood is called compression
wood (Figures 2A,B), which occurs on the lower side of non-
vertical branches. Compression wood tracheids are shorter than
normal wood tracheids. In the transversal direction, they are
more rounded and show intercellular spaces at would have been
cell corners that do not appear in normal wood. At the cell wall
level, the compression wood cells usually possess an S3 layer
that is not common for normal wood and the thicker S2 layer
has a higher microfibril angle (MFA) than normal wood (Evans,
1998).

In porous wood angiosperms, the reaction wood is termed ten-
sion wood. The hardwood fibers of tension wood can produce a

gelatinous cell wall layer (Figures 2C,D), called the G-layer. This
G-layer exhibits very particular physical property that generate
the differential mechanical states on opposite sides of the organ
thus forcing it to modify its curvature via contraction of the ten-
sion wood fibers upon maturation. The G-layer is mainly made
of cellulose and hemicellulose, has a very small MFA and high
degree of crystallinity (Yamamoto et al., 2010).

When trees experience transient wind loadings, the cambium
produces a specific wood called “flexure wood” (Telewski, 1989).
The anatomy and specific functions of flexure wood are poorly
understood. A few observations have been carried out at the tissue
level for Pinus (Telewski and Jaffe, 1986b) and Abies (Telewski,
1989) and by Kern et al. (2005) for poplar. In the conifer Abies
fraseri the increase in radial growth results from an increase

FIGURE 2 | Normal and reaction wood cell wall structures in gymnosperms (A,B) and angiosperms (C,D). (A) tracheid in normal wood, (B) tracheid in
compression wood, (C) fiber in normal wood, (D) fiber in tension wood. G refers to the gelatinous layer.
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in cell divisions from the vascular cambium, but the tracheid
lumens were smaller in size (Telewski, 1989). The angiosperm
Liquidambar styraciflua exposed to shaking for 30 s once per day
exhibited smaller vessel elements in both diameter and length,
and fibers were shorter compared to untreated trees (Neel and
Harris, 1971). For poplar clones, Kern et al. (2005) reported a sig-
nificant reduction in vessel lumen area, vessel diameter, and vessel
frequency with flexure treatment. Moreover, they observed many
similarities between flexure wood and reaction wood. Butterfield
and Li (2000) showed that tied trees of Pinus radiata produced
compression wood and tracheids with lower MFA than non-tied
trees. Also at the cell wall level, it has been observed on P. radi-
ata that juvenile wood show large MFA in trees growing in open
plantations (Cave and Walker, 1994). On the contrary, this MFA
is low in established forests, suggesting that wind loadings have
a great role in the structure of the S2 layer. In angiosperms, flex-
ing increased the amount of syringyl monolignols over guaiacyl
monolignols within the lignin polymer (Koehler and Telewski,
2006). With regard to a functional role for flexure wood, Telewski
and Jaffe (1986a) pointed out that flexure wood needs to func-
tion in both compression and tension due to alternating sway,
and that wood is weaker under compressive loading than ten-
sional loading. Therefore, they suggested that cells with a func-
tional structure more suited to deal with compression would
be advantageous to a tree growing in a windy environment.
However, the lack of data on flexure wood anatomy, especially
at the cell wall level, does not permit a rigorous comparison
with reaction wood. More detailed characterizations need to be
done before claiming that flexure and reaction woods are struc-
turally the same wood provided by different external mechanical
loadings.

Interconduit Connections

Pits in the double cell wall are the main pathways for
water to be transported from one cell to its adjacent cell,
connecting two softwood tracheids or hardwood vessels.
A hydraulic conduit is connected to multiple other adja-
cent conduits, providing redundancy in multiple pathways
for water movement in case of embolism of one conduit
element.

In angiosperms, pits are made of a pit chamber that
occurs in the double cell wall and is connected to the cell
lumens by the way of holes called apertures (Figure 3A).
This chamber is separated into two parts by a thin and
flexible continuous membrane resulting from the remain-
ing primary wall. In gymnosperms, the membrane is not
continuous: the central structure, the torus, is reduced to
a central plate; which is physically linked to the cell wall
by the margo made of thin threads of cellulose microfibrils
(Figure 3B).

Wood Mechanical Behavior
The mechanical functions include: self-support against the pull

of gravity in the form of axial compression upon the trunk
(McMabhon, 1973; Wainwright et al., 1976; Niklas, 1992, 1994),

FIGURE 3 | Structure of pits in angiosperms (A) and gymnosperms (B).
The inter-vessel pit in angiosperms is composed of a pit chamber and a thin
continuous membrane made of primary wall. Inter-tracheids pits in
gymnosperms are made of a pit chamber that includes a thick torus
connected to the cell wall by cellulose microfibrils. (photos credit: S. Jansen).

a degree of stiffness or flexibility to bending under windy con-
ditions or under conditions of loading due to ice, snow, or fruit
loading (Telewski, 1995, 2006; Valinger et al., 1995; Alméras et al.,
2004; Vaast et al., 2005; Mayr et al., 2006) and the ability to
generate internal growth strains in developing xylem to produce
corrective growth in stems displaced with respect to gravity with
the formation of reaction wood. The mechanical parameters that
most inform us about significant functional roles in the xylem
include the elastic modulus (or Young’s modulus) Ej, the modu-
lus of rupture (MOR), and the second moment of cross sectional
area I, which varies with the fourth power of stem diameter D
(Eq. 1). The ecologically important parameter of stem strength
is the flexural stiffness Ep I that drives the ability of an elongated
organ to deform when it experiences bending loads.

D4

The longitudinal Young’s modulus Ej, of wood refers to the stiff-
ness of the wood vertically. Since wood is a porous material with
longitudinally oriented cells, Ey is mainly linked to porosity (i.e.,
the cell wall fraction). Thus, in a first approximation, Ey can be

estimated as proportional to the wood density (Fournier et al.,
2006).
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The intrinsic mechanical properties of the cell wall are func-
tions of the cell wall structure (mainly MFA; Cave and Hutt, 1969)
and chemical composition (lignin, cellulose, and hemicellulose).
For few species (eucalyptus for example) the knowledge of
wood density and MFA can explain almost completely the wood
Young’s modulus (Evans and Elic, 2001).

Thigmomorphogenesis greatly affects the mechanical behav-
ior of the stem. On the one hand, thigmomorphogenesis mod-
ifies the cell differentiation. It results in anatomical changes
that decrease E; of the wood material (Telewski and Jaffe,
1986a,b; Telewski, 1989; Telewski and Pruyn, 1998; Pruyn
et al., 2000; Anten et al.,, 2005; Koehler and Telewski, 2006;
Martin et al., 2010). The reduction in Ej, is likely a result of
increased MFA and not an increase in the syringyl content of
the xylem of angiosperms since increasing the syringyl content
in transgenic poplar trees increased E; (Koehler and Telewski,
2006).

The stems of flexed P. taeda have a higher MOR compared
to non-flexed control trees (Telewski and Jaffe, 1986b), whereas
flexing was reported to decrease the MOR of hybrid poplar
stems (Kern et al.,, 2005). This decrease of mechanical behav-
ior cannot be directly explained at the tissue level because the
wood density of flexure wood does not decrease (Telewski, 1989).
Thus, the physical parameter should be found at the cell wall
level and probably involves the MFA in the S2 layer. Telewski
(1989) suggested that the reported increase in the MFA of the
secondary cell wall of tracheids in Abies as part of the thigmo-
morphogenetic response was responsible for decreasing Young’s
modulus.

On the other hand, all the works that dealt with responses to
mechanical stimulation of trees reported a large increase in radial
growth that increases the second moment of cross sectional area
I (Jacobs, 1954; Telewski and Jaffe, 1986a,b; Telewski and Pruyn,
1998; Pruyn et al., 2000; Anten et al., 2005; Martin et al., 2010).
This is a consistent response across species and even within half-
sib or clonal lines (Telewski and Jaffe, 1986b; Telewski, 1995;
Pruyn et al.,, 2000; Kern et al., 2005). In most cases, the increase
in I overrides the decrease in Ej resulting in an increase in stem
rigidity or flexural stiffness (ErI). The end result is an overall
stiffer stem composed of more pliable xylem capable of absorbing
more mechanical energy in response to wind loading (Telewski,
1989, 1995, 2012; Pruyn et al., 2000). Moreover, when a circular
stem is bent, the maximum longitudinal strain €m,y is propor-
tional to the ratio D/ELI (Eq. 2) and the maximum strain op,x
the stem experiences is proportional to the ratio D/I (Eq. 3).

D

€max = Mp 2E1 2)
D

Omax = My E (3)

Where My, is the bending moment applied on the stem (by wind
for example). Thus thigmomorphogenesis tends to reduce the
strain and stress the stem experiences, making it less likely to fail
under mechanical loading.

Hydraulic Behavior

Conduction

Trees have developed efficient hydraulic networks to transport
water from the roots into the leaves (Sperry, 2003). This pro-
cess involves small pores (around 20 nm) that generate menisci
having a very small radius of curvature, resulting in a surface
tension that causes a negative pressure that pulls up the water
column from the roots into the leaves, helped by water molecule
cohesion.

Xylem is the main long distance transport pathway for water
and soluble mineral nutrients from roots to the leaves. One
of its main functions is to provide a low resistance pathway
for water transport. Transport is provided by vessel elements
(angiosperms) or tracheids (gymnosperms). This water transport
does not involve energy consumption by the hydraulic network
that act as passive conduits. Conduction efficiency is driven by
the Hagen-Poiseuille equation that indicates that hydraulic con-
ductivity Ks varies with the fourth power (Eq. 4) of the conduit
diameter (Zimmermann, 1983). Thus, the optimization of an effi-
cient hydraulic conduction function leads to the construction
of a wood structure made of long and very large diameter cells
(Figure 4).

Ksoc > dj (4)

xylem

However, comparing gymnosperm and angiosperm structure,
Sperry et al. (2006) clarified the role of the end-wall connections
that represented more than 50% of the total resistance of the
hydraulic network. They concluded that the conduit length limits
the conducting efficiency.

High positive correlations have been observed between water
conduction efficiency of the xylem and the growth rate (Tyree
et al., 1998; Poorter et al., 2010). This is in accordance with the
simple idea that species with fast growth rates usually produce
low-density wood that is more porous, with large conduits that
are more efficient in transporting water (Eq. 4). Following this
correlation, and assuming that thigmomorphogenesis typically
generates an increase of the stem diameter growth rate, the flex-
ure wood should show improved hydraulic efficiency. An increase

FIGURE 4 | One ring of large cells are compared with many /2 times
smaller cells that provide the same hydraulic conductivity. The mass
allocation for the cell wall construction is eight times higher for small cells.
(computed from Tyree and Zimmermann, 2002 and Awad et al., 2012).
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in hydraulic conductivity (reported as sapwood permeability) in
free swaying seedlings of P. elliottii compared to staked seedlings
was reported by Dean (1991). Liu et al. (2002) reported a decrease
in specific conductivity despite an increase in radial growth in a
thinned stand of P. contorta exposed to more wind sway. They
concluded the reduction in conductivity was due to sway induced
functional damage to sapwood. Kern et al. (2005) reported sys-
tematic lower specific conductivity in the stem of different hybrid
poplars when they were bent. This local property was mainly
due to the formation of smaller vessels as a result of thigmomor-
phogenesis. However, they reported that the total conductivity of
the stem was not affected, suggesting that the increase of wood
cross-sectional area due to the thigmomorphogenetic response
compensates for the lower local transport efficiency of the xylem.

Cavitation Resistance

According to the cohesion-tension theory (Dixon, 1914) water
ascent in plants takes place in a metastable state under ten-
sion. Then, the hydraulic conduction is subjected to transport
dysfunctions; drought, and frost stresses can induce very large
negative pressure in the water columns that break. This leads to
embolism of the conduits that makes it non-operational (Tyree
and Zimmermann, 2002). Cavitation is triggered by air entry in
hydraulic conduits (Sperry and Tyree, 1988; Cochard et al., 1992).
It occurs when the pressure difference between adjacent air- and
water-filled xylem conduits becomes large enough to pull the air-
water meniscus through inter-conduit pores toward the water
filled conduit (Zimmermann, 1983). The required pressure dif-
ference AP is inversely proportional to the diameter of the pores,
d, according to the Jurin’s law:

4 cos 0

AP = 7 (5)

where T is the liquid surface tension, 6 is the contact angle of
the liquid with the pore walls. Thus, the plant structural param-
eter that determines the vulnerability to drought-induced xylem
embolism is the diameter of the largest inter-vessel pore (Eq. 5).
The main sites of air seeding to the xylem pathway are inter-
vessel or inter-tracheids pits. What is the physical role of the
pits during the cavitation process? Many anatomical measure-
ments have been performed on gymnosperm and angiosperm
pits. There are statistical correlations between anatomical param-
eters like pit membrane thickness, aperture diameter, torus diam-
eter, etc., with the cavitation sensitivity. The mechanical behavior
of the pit membrane was investigated by the way of modeling
(Sperry and Hacke, 2004; Tixier et al., 2014). They showed that
the pit aperture diameter together with the diameter and the
thickness of the pit membrane plays a great role in its mechanical
behavior; which was highly correlated with cavitation sensitiv-
ity at the inter-specific level. However, no clear mechanism has
been described and no anatomical parameter can be clearly said
to be the key point. Again, the pit is probably the most rele-
vant level of observation of air-seeding and there is no evidence
of relationship with the conduit diameter or length (Dalla-Salda
et al., 2014). However, the “rare pit” hypothesis (also named
“pit area” hypothesis; Hacke et al., 2001; Wheeler et al., 2005;

Pittermann et al., 2006) suggests that the bigger the conduit,
the larger its surface and the more pits are located in its wall,
thus the greater probability of a defective, wide, or less efficient
pit, that could be the air-seeding starting point. Following this
hypothesis, cavitation sensitivity may be lower for flexure wood
that shows smaller conduit diameters. For gymnosperms, one
of the most relevant anatomical parameters that may drive the
cavitation resistance is the overlap between the torus and the
pit border (torus diameter/aperture diameter). This is consis-
tent with the seal-capillary seeding hypothesis (Bouche et al.,
2014). Finally, the xylem anatomy determines how much water
can be transported and at the same time, the plant’s vulnerabil-
ity to transport dysfunctions (the formation and propagation of
embolism) associated to water stress.

Despite the cavitation mechanism not being clearly elucidated,
several correlations were investigated in order to focus on the
relevant anatomical parameters. At the macroscopic scale, the
wood density is often investigated and species that show denser
wood usually show higher cavitation resistance (Sperry et al.,
2006). This is coherent with previous observations that suspected
that wider conduits are more vulnerable to cavitation (Carlquist,
1975; Baas, 1986; Cochard and Tyree, 1990; Tyree et al., 1994).
However, this interspecific correlation hides a large variability
and finally, the relationships between diameter conduits and their
vulnerability is probably an indirect and non-causal correlation
when it comes to water stress induced embolism. However, freez-
ing induced embolism appears to be fairly well understood and
is closely related to the size of the conduit (Sperry et al., 1994;
Davis et al., 1999; Pittermann and Sperry, 2003; Mayr et al., 2006).
According to these correlations, wood formed under thigmo-
morphogenetic process should be less prone to freezing induced
embolism since the conduits may be reduced in size. However, no
work has reported experimental data on the cavitation resistance
of flexure wood, suggesting that hydraulic properties need to be
investigated in order to confirm these hypotheses.

Trade-offs

Considering trees need to continuously manage all their vital
hydraulic and vital mechanical functions, it is suspected that
trade-offs could exist. Possible trade-offs between mechanical
and hydraulic properties are inherently complex since both are
subject to fourth power relationships. As noted above, axial stiff-
ness (EpI) is proportional to stem diameter to the fourth power
due to the second moment of area calculation, and conductive
efficiency is proportional to vessel or tracheid diameter to the
fourth power, following the Hagen-Poiseuille law. To increase
the hydraulic conductivity the obvious solution is to increase
vessel or tracheid diameter, but those solutions could weaken
the wood. Is there a necessary trade-off between strength and
hydraulic conductivity, and what are the other ramifications of
this trade-oft? (Figure 5). If so, what are the consequences for cav-
itation and implosion resistance? What is the effect on hydraulic
capacitance?

A number of studies have investigated the interrela-
tions between conductive efficiency and mechanical stress

Frontiers in Plant Science | www.frontiersin.org

April 2015 | Volume 6 | Article 266


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Badel et al.

Thigmomorphogenetic acclimation of wood functions

Tissue investment

FIGURE 5 | Functions vs. cost trade-off in wood tissues.

acclimation, with inconsistent results. Several studies have found
a trade-off between hydraulic conductivity and mechanical
strength (Gartner, 1991a,b,c; Wagner et al., 1998; Jagels et al,,
2003; Smith and Ennos, 2003; Christensen-Dalsgaard et al., 2007).
Others have failed to find any trade-oft (Woodrum et al., 2003;
Pratt et al., 2007; Rosner et al., 2007, 2008; Utsumi et al., 2010).
They suggest that several anatomical variables may confound
the influence of the number and diameter of conduits. These
variables include pith diameter, ray width, and fiber cell wall
thickness, to name a few. Additionally, cell wall structure such
as MFA and chemical composition (ratio of lignin to cellulose
and lignin monomer composition) are also variables that will
influence the mechanical strength of xylem. Inferences can be
made based on previous studies. For example, reductions in
both tracheid length and vessel element length combined with
smaller lumen diameters should increase resistance to conduc-
tive flow as well as reduce the volume of water conducted on a
per conductive element basis. This may be compensated for by an
increase in the number of conductive elements, as is the case in
conifers, but may be less likely in angiosperms as the total num-
ber of vessels also appears to be reduced in thigmomorphogenetic
response to wind sway or flexing. Woodrum et al. (2003) investi-
gated the interspecific relationship between anatomy, mechanical
properties and water transport of Acer but they observed no
trade-off between K; max and MOE or MOR across the genus.
Although compression wood has narrower tracheids and lower
conductivity (Spicer and Gartner, 1998) and lower cavitation
resistance (Mayr and Cochard, 2003) than opposite wood, in
angiosperms tension wood may be similar in conductivity and
cavitation resistance as opposite wood (Gartner et al., 2003).
Unfortunately there is no published data for cavitation resis-
tance in flexure wood except Kern et al. (2005) who reported that
mechanical flexure increased stem rigidity, reduced the number
and diameter of vessels, and significantly reduced K. However,
the treatment did not significantly impact whole-stem K} or
the percent loss of conductivity due to embolism, suggesting
the lack of hydraulic-mechanical trade-off during mechanical
acclimation.

Although the existence of a trade-off between conductive
efficiency and resistance to cavitation or implosion (efficiency

versus safety) has not been consistently reported in the liter-
ature (Cochard, 1992; Sperry et al., 1994), available evidence
suggests at least a weak negative correlation (Tyree et al., 1994).
The hydraulic efficiency versus safety trade-off was reported by
many authors (Martinez-Vilalta et al., 2002; Choat et al., 2005).
Martinez-Vilalta et al. (2002) reported for nine co-occuring
species that the relationship between specific hydraulic con-
ductivity (K;) and resistance to cavitation followed a power
function with exponent ~—2, consistent with the existence of
a trade-off between conductivity and security in the xylem.
However, they suggested that this relationship was consistent
with a linear relationship between vessel diameter and the size
of inter-vessel pores, which has never been demonstrated. For
instance, Choat et al. (2003, 2005) reported trade-offs between
conductive efficiency and resistance to cavitation in season-
ally dry rainforest trees, but they found no evidence of dif-
ferences in pit membrane porosities in those species (Choat
et al., 2003). Therefore the inverse relationship between water-
stress embolism and conductive efficiency is probably indirect
(see pit area hypothesis above) whereas the inverse relation-
ship with freezing-induced embolism appears to be direct,
as the size of the conduit is directly related to freeze-thaw
embolism.

Xylem safety (resistance to cavitation or conduit implosion)
and mechanical strength have been found to be positively cor-
related (Jacobsen et al., 2005; Pratt et al., 2007; Rosner et al,,
2008; Utsumi et al., 2010; Bouche et al., 2014). Hacke et al. (2001)
defined a mechanical safety factor that evaluates the resistance of
a theoretical 2D regular cellular structure to bulk in the transverse
direction when submitted to negative pressure. It involves the
lumen diameter (b) and the cell wall thickness (). The higher the
thickness to span ratio (t/b)?, the greater the resistant to implo-
sion. This safety factor was then used for evaluating the implosion
resistance of vessels. All these works suggest that wood density,
which is highly correlated with conduit size and cell wall thick-
ness, may impact the both functions in the same way, with thicker
cell walls that make the tissues stiffer and more mechanically
resistant (Hacke et al., 2001). However, smaller lumens impair
the hydraulic conduction. According to Pratt et al. (2007), the
stem mechanical strength appears to be important in maintain-
ing xylem transport under negative pressure and this could be a
strategy both to prevent vessel collapse and to withstand mechan-
ical stresses caused by gravity or wind. However, Bouche et al.
(2014) recently argued for angiosperms that the implosion pro-
cess is unrealistic since most of the species do not experience the
pressure level that should be involved. Note that for angiosperms,
the implosion resistance is usually computed using the vessel wall
thickness and the vessel diameter, since implosion resistance of
an isolated vessel probably depends essentially on the transversal
rigidity of the surrounding tissues.

Jacobsen et al. (2005) suggested the hypothesis that fibers may
be essential for enabling the vessels to achieve great sizes: larger
cell wall thickness of surrounding fiber tissues probably provides
better implosion resistance with a cost of carbon allocation that is
observed in the wood density data (Sperry et al., 2006). Following
this consideration, the angiosperm species are probably able to
adjust the fiber formation around the vessel in order to avoid
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vessel implosion (Jacobsen et al., 2005). But perhaps that would
be more expensive than putting more cellulose and lignin into
the vessel cell wall. Turner and Somerville (1997) showed vessel
implosion in an Arabidopsis mutant deficient in the deposition of
secondary cell wall cellulose. Jones et al. (2001) reported that a
50% reduction in lignin content also resulted in collapsing vessels
in Arabidopsis. Genetically modified hybrid poplar trees (Populus
alba x Populus grandidentata) with reduced cell wall lignin have
also shown collapsed xylem (Coleman et al., 2008). In a global
study of 3005 angiosperm species, vessel diameter was strongly
linked to conductive efficiency, but not linked to overall xylem
density. The fiber tissues are extremely variable and may com-
pensate for weaknesses that large vessel lumen areas can present
(Zanne et al., 2010).

A significant but less studied relationship is the positive
correlation between conductive efficiency and hydraulic capac-
itance of the sapwood. This relationship has been found in a
wide range of conifers and angiosperms (Choat et al.,, 2005;
Domec et al., 2006; Pratt et al., 2007; Meinzer et al., 2009). At
least in the Rhamnaceae, hydraulic capacitance was not related
to the sapwood parenchyma area (Pratt et al., 2007) Species
with high conductive efficiency apparently have greater stores
of apoplastic water in fibers as well as in tracheids and ves-
sel lumens. In one model it is shown that embolism of vessels
could contribute significantly to hydraulic capacitance on a daily
or seasonal basis (Holttd et al., 2009). Here again, because of
a dramatic lack of experimental data, the impact of thigmo-
morphogenetic response on the balance between hydraulic and
mechanical functions is a virgin field of research that needs to
be investigated in order to evaluate the possible impact of defor-
mation due to windy conditions on the hydraulic efficiency and
safety.

Function vs. Tissue Investment

Where are the costs needed in order to improve the functional
properties? As seen previously, there are two ways to increase
the flexural rigidity ErI of the stem: increasing the elastic mod-
ulus of wood or increasing the stem diameter. At the cell level,
increasing the module of elasticity usually involves a carbon allo-
cation cost in order to increase the cell wall thickness and to
reduce the material porosity (Larjavaara, 2010). Another mech-
anism to increase the Young’s modulus is to decrease the MFA
in the S2 layer of the cell way. Modifying the MFA proba-
bly does not involve an energetic cost, but it could impact the
dimension of the strengthening. While a low MFA increases
Young’s modulus, it might also decrease hoop strength and cause
a conduit to become more prone to implosion. The formation
of cellulosic G-layer in angiosperm, provides an higher stiff-
ness to the cell but again involves a large amount of cellulose
and definitely an additional construction cost in term of carbon
allocation.

At the trunk level, increasing the organ size is an efficient
option too. Awad et al. (2012) stated that for the same amount
of cell wall, it is more efficient in terms of stem flexural rigid-
ity ErI to add large cells with thin cell walls than adding small

cells with thick cell walls. The lower elastic modulus of the wood
material is clearly counterbalanced by the large increase in the
second moment of cross sectional area I of the trunk (Figure 6C).
This can be easily demonstrated assuming that the Young’s mod-
ulus is proportional to the wood density p (Fournier et al., 2006;
Figure 6A)

EL =ap (6)

When a beam experiences a bending moment Mb, the Eq. 2
tell us that the maximum strain varies as the inverse of D°.

D 32

My —— = My, —— 7
b2 EI " TE D3 %

€max =

Assuming the allocated biomass m can be estimated as
(Figure 6B)
m=p D? (8)

Merging Eqs 6, 7, and 8, we can write that the strain varies
as the square root of the density and the maximum strain varies
according to p>/? (Figures 6D,E):

Emax = Mb e m3/2 (9)
32 p3/2
0’IIlElX - Mb T m3/2 (10)

These Eqs 9 and 10 demonstrate that, for the same biomass
allocation m, the mechanical strain and stress increase with the
wood density and put the trunk at risk. This conclusion is still
available even if we consider that the critical stress increases in
a proportional way to the wood density (Chave et al., 2009).
Finally, from a pure mechanical point of view, the formation of
annual rings made of large cells with thin cell walls is probably
a better strategy than the building of small annual rings made of
small cells showing thick cell wall, even if locally the mechanical
property EJ is higher in this last case (Figure 5).

As seen previously, the optimization of conduction proper-
ties and biomass allocation leads to large cells with thin cell
walls. Thus, finally, low density wood that includes large lumens
would be the best way to manage both mechanical and con-
duction properties. But what is the cost for building cavitation
resistant xylem tissue? The pit is probably the very relevant level
of observation. This suggests that building resistant pits has a
cost and should take account in maintaining the conduction
efficiency. And what is the relative importance of resistant pit
members to prevent air seeding, versus mechanical support by
walls of tracheids or fibers, to prevent implosion? If both param-
eters are relevant, and have co-evolved, this could explain some
contradictions in the literature. The existence or otherwise of
functional trade-offs in wood structure is still unclear and has
been debated for the past several years. The anatomical param-
eters that drive the mechanical properties are now well identified
and most of the drivers of the conduction efficiency are identified
too. But the way the trees build wood that is resistant to cavita-
tion is still a key question that needs to be elucidated in the next
years.
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FIGURE 6 | Mechanical parameters as functions of wood density for a
constant biomass m in the stem cross section. (A) The Young modulus is
computed according to the Eq. 6. (B) The stem diameter is computed

Wood density (p)

according to Eqg. 8 and (C) the stem flexural rigidity is computed according to
Egs 1, 6, and 8. (D) Maximum strain and (E) maximum stress are computed for
the same fixed external load, respectively, according to Eqs 9 and 10.

Conclusion

Trees have many ways, at the cell wall level or at the organ
level, to acclimate their xylem structure to recurrent mechan-
ical stimuli (Table 1). The acclimation process differs between
angiosperms and gymnosperms and the consequences on the
hydraulic and mechanical properties of wood are highly vari-
able. Because of the lack of experimental data, there is a cru-
cial need for new investigations in order to characterize the

TABLE 1 | Comparison of flexure wood features with normal wood in
conifers and angiosperms.

Flexure wood anatomy and functions Angiosperms  Gymnosperms
Radial increment + +

Wood density 0 +

Vessels density (nb vessel/mm?) - NA

Vessel diameter - NA

Fiber length - NA

Tracheid diameter NA -

Tracheid length NA -

Microfibril angle (MFA) + +

Module of elasticity (E|) - -

Modulus of rupture (MOR) - +

Second moment of cross sectional area ()  + +

Flexural rigidity (E. /) + +

Specific conductivity (Ks) + -

Total conductivity (K) 0 0

Cavitation resistance NA NA

“+” indicates the increase, “—” indicates the decrease, and “0” indicates no

change. “NA” refers to non-available data.

mechanical and hydraulic properties of flexure wood. Moreover,
in many windy regions, wind is often directional. Hence, bend-
ing occurs in a non-symmetric way, with the leeward part of
the stem experiencing more compression stress and the wind-
ward portion experience more tension stress. Thus, what is really
flexure wood? We suggest to the need to investigate separately
the thigmomorphogenetic response of wood formation of both
elementary stress (compression or tension) to better understand
the acclimation process. On the one hand, there is a real need
to investigate the relationships between the mechanical stimuli
and the modifications of the anatomical structure and its asso-
ciated construction cost. For this task, there is a real need to
investigate the wood formation process, including at the level of
cell division and the cell differentiation. This also requires new
studies regarding the molecular mechanisms that link mechan-
ical perception to the mechanical stress induced wood forma-
tion.

On the other hand, we need to characterize the consequences
of the thigmomorphogenetic process on the mechanical proper-
ties that help the trees to be better acclimated to further mechan-
ical stimuli without drastic compromises to the other hydraulic
functions. Research involving controlled mechanical stimuli and
using transgenic trees with modified cell wall structure (e.g.,
altered lignin or cellulose), may be a promising mean of elucidat-
ing mechanisms of xylem construction that may be constrained
by the functional trade-offs.
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