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Abstract

Bending and torsional properties of young roots and stems were measured in nine woody angiosperms. The variation 
in mechanical parameters was correlated to wood anatomical traits and analysed with respect to the other two com-
peting functions of xylem (namely storage and hydraulics). Compared with stems, roots exhibited five times greater 
flexibility in bending and two times greater flexibility in torsion. Lower values of structural bending and structural tor-
sional moduli (Estr and Gstr, respectively) of roots compared with stems were associated with the presence of thicker 
bark and a greater size of xylem cells. Across species, Estr and Gstr were correlated with wood density, which was 
mainly driven by the wall thickness to lumen area ratio of fibres. Higher fractions of parenchyma did not translate dir-
ectly into a lower wood density and reduced mechanical stiffness in spite of parenchyma cells having thinner, and in 
some cases less lignified, cell walls than fibres. The presence of wide, partially non-lignified rays contributed to low 
values of Estr and Gstr in Clematis vitalba. Overall, our results demonstrate that higher demands for mechanical sta-
bility in self-supporting stems put a major constraint on xylem structure, whereas root xylem can be designed with a 
greater emphasis on both storage and hydraulic functions.

Keywords:  Axial parenchyma, fibres, mechanical function, rays, structural bending modulus, structural torsional modulus, 
trade-off, wood.

Introduction

Wood fulfils several biophysical functions, including the facili-
tation of long-distance transport of water and nutrients (Tyree 
and Ewers, 1991), mechanical support (Badel et al., 2015), and 
storage of water (Tyree and Yang, 1990), nutrients (Plavcová 
et al., 2016) and secondary compounds (Morris et al., 2016a). 

In most angiosperms, these functions are seemingly divided 
between different cell types. Vessels and tracheids are specialised 
in the hydraulic function, fibres are devoted to mechanical sup-
port, whereas ray and axial parenchyma act as the main sites 
for storage and movement of non-structural carbohydrates. 
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However, this view is to a certain degree oversimplified be-
cause the different cell types and the functions commonly 
attributed to them are in fact tightly interwoven and linked 
in a complex manner. The interaction between mechan-
ical and hydraulic function arises because structural support 
from fibres helps to prevent hydraulic dysfunction (Jacobsen 
et al., 2005; Lens et al., 2016) and bridges made out of pitted 
fibre–tracheids hydraulically connect isolated vessels thereby 
serving as a safer auxiliary pathway for water transport (Cai 
et al., 2014). Similarly, parenchyma cells, which are primarily 
devoted to nutrient storage, may interact with hydraulic func-
tion by facilitating embolism reversal (Brodersen et al., 2010) 
and by providing hydraulic capacitance (Pfautsch et al., 2015). 
The storage and mechanical function is also interlinked as 
ray parenchyma affects wood mechanical strength (Burgert 
et al., 2001) and living fibres are involved in storage of non-
structural carbohydrates in some species (Yamada et al., 2011). 
Thus, determining to what degree multiple functions overlap 
in wood and deciphering the key anatomical drivers associated 
with physiological traits remains a challenge.

When analysing relationships in xylem structure and func-
tion, ecologists have frequently viewed traits as being along 
contrasting spectra of trade-offs (Baas et  al., 2004; Pratt and 
Jacobsen, 2017). Several structural–functional trade-offs have 
already been described in wood, although the continuum and 
multi-functionality of xylem tissue is unlikely to be simplified 
to strictly opposing categories. The covariation between hy-
draulic safety versus efficiency is one of the most frequently 
studied relationships, although this apparent trade-off re-
mains fairly weak and poorly understood (Lens et  al., 2011; 
Bittencourt et al., 2016; Gleason et al., 2016). Also, the strength 
of the trade-off may vary between different growth forms 
(van der Sande et al., 2019). A trade-off between hydraulic and 
mechanical function is another example of structure–func-
tion relationships, which has been documented at cellular and 
tissue levels. The existence of a trade-off between hydraulics 
and mechanics is more self-evident in conifers because tra-
cheids fulfil both of these functions. Across a wide range of 
conifer species, higher mechanical reinforcement of tracheids 
was associated with increased hydraulic resistance (Pittermann 
et al., 2006). The trade-off arose from cell reinforcement pri-
marily achieved by narrowing of cell diameters rather than 
through increase in the thickness of the secondary wall. In 
angiosperms, hydraulic and mechanical functions can be more 
easily decoupled because of the distinct roles of vessels and 
fibres. Thus, hydraulic conductivity can theoretically remain 
unchanged in mechanically stronger wood if the increased 
mechanical strength is achieved by modifying fibre properties. 
In agreement, no significant relationship between mechanical 
strength and hydraulic conductivity was observed across five 
Acer species in which higher mechanical strength was due to 
the presence of narrower fibre lumen diameters (Woodrum 
et al., 2003). However, a strong negative correlation between 
specific hydraulic conductivity and the modulus of elasticity 
was reported along the root axial length in six tropical tree 
species (Christensen-Dalsgaard et  al., 2007a,b). In this case, 
changes in wood density corresponded with a strong gra-
dient in the size and frequency of vessels. Thus, while there 

is evidence for the negative coupling between hydraulics and 
mechanics in both gymnosperms and at least some angiosperm 
species, a trade-off between mechanical and storage functions 
has rarely been considered beyond the observation of a nega-
tive correlation between fibre and parenchyma fractions (Pratt 
et al., 2007; Zieminńska et al., 2015; Morris et al., 2016b).

The evolution of secondary growth and production of sec-
ondary xylem (i.e. wood) can be considered one of the strat-
egies increasing the mechanical stability of plants, allowing 
for larger and taller plant bodies. Resistance of woody organs 
to mechanical loads can be correlated to complex morpho-
anatomical structures at different hierarchical levels (Speck and 
Burgert, 2011; Lachenbruch and McCulloh, 2014). The char-
acter and intensity of the dominant stresses and strains change 
along the plant body. Therefore, mechanical properties of wood 
vary considerably within one individual and also along one in-
dividual root or stem (Niklas, 1999b, Christensen-Dalsgaard 
et al., 2007a). High mechanical stiffness of wood has been re-
peatedly linked to high wood density (Jacobsen et  al., 2007; 
Niklas and Spatz, 2010). However, it is often less clear which 
finer-scale anatomical properties are the main drivers of this 
integrative trait (Ziemińska et al., 2013). While fibre properties 
certainly exert strong control over wood density and wood 
mechanical properties (Fujiwara et  al., 1991; Jacobsen et  al., 
2007), considerable influence of ray and axial parenchyma has 
also been reported across a diverse range of species (Fujiwara, 
1992; Zheng and Martínez-Cabrera, 2013; Ziemińska et  al., 
2015). A  high proportion of thin-walled parenchyma cells 
occurring at the expense of thick-walled fibres is expected to 
lead to a reduction in wood mechanical stiffness. However, the 
mechanical effects are hypothesised to differ between ray and 
axial parenchyma, partly owing to their orientation in radial 
and axial directions (Zheng and Martínez-Cabrera, 2013). Due 
to the perpendicular orientation of rays to the wood grain, a 
high proportion of them were found to enhance the mech-
anical stiffness of wood, particularly in the radial direction 
(Burgert et al., 2001; Woodrum et al., 2003). Contrarily, it has 
been suggested that the presence of wide rays underpins a high 
torsional and flexural flexibility of liana stems (Gartner, 1991; 
Putz and Holbrook, 1991; Carlquist, 2001). In comparison 
to ray parenchyma, axial wood parenchyma cells are grouped 
in strands that have a similar shape and longitudinal orienta-
tion to fibres. Therefore, a higher proportion of axial paren-
chyma should directly reduce the stiffness of the fibre matrix. 
However, several questions have not been fully addressed yet, 
such as (i) to what extent the amount of parenchyma can have 
an appreciable effect on wood stiffness, and (ii) whether the 
relative differences in wall reinforcement between axial wood 
parenchyma and fibres are similar across species and organs.

In the current study, we measured bending and torsional 
moduli and conducted detailed observations of wood anatomy 
of young stems and roots in nine angiosperm species. The main 
objectives of our study were (i) to evaluate the effect of ray and 
axial parenchyma on mechanical properties and (ii) to better 
understand the trade-offs in xylem structure–function. Young 
stems and roots provide a convenient study system for this 
purpose as these organs are designed with a different adaptive 
emphasis on mechanical, storage, and hydraulic functions. We 
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expected self-supporting stems to be mechanically stronger than 
roots, but the question arose as to whether hydraulics or storage 
or both of these functions are consequently increased in roots. 
Furthermore, we anticipated morphological and anatomical fea-
tures that presumably underlie a higher mechanical stiffness (e.g. 
less abundant axial wood parenchyma, narrower rays, and thicker 
cell walls) to be more prominent in stems as opposed to roots.

Materials and methods

Plant material
Young roots and stems were collected from nine different angiosperm 
species, including eight common temperate forest trees, and one tem-
perate woody liana (Table 1). The latter was included in our comparative 
study, to get some first results on differences in functional trade-offs be-
tween self-supporting angiosperm trees and non-self-supporting lianas. 
All samples were collected from a minimum of three mature individuals 
per species during June to August 2014. The sampling was done in a 
forested area of the Ulm University campus (48° 25′N, 9° 58′E), from a 
forest strip along the Iller river 2 km south of Ulm (48° 22′N, 9° 60’E), 
and in a forested area located 4 km southeast of Freiburg, Germany (47° 
59′N, 7° 53′E). The root segments were excavated from 10–50 cm depth 
in a distance of approx. 1 m from the root collar. The stem segments were 
cut from lateral branches at a height of 2–3 m with the aid of a tele-
scopic pruning pole. The diameters of the segments ranged between 0.5 
to 1.5 cm and their ages were between 3 and 8 years. All segments had 
already undergone substantial secondary thickening but still can be clas-
sified as juvenile in relation to the age of the plant specimens they were 
collected from. Thus, the sampled segments had morphological and ana-
tomical characteristics typical of root and stem organs and could be con-
sidered, based on their age and position in the entire plant body, as being 
in the medium advance in their specialisation process towards mechan-
ical, hydraulic, and storage demands. Upon collection, the samples were 
put into a dark plastic bag with a moist paper towel and transported to 
the laboratory where they were stored at 4 °C until used for mechanical 
measurements. All samples were measured within 3 days of collection.

Flexural and torsional stiffness
Mechanical measurements were performed on stem and root segments 
with a length of 10–25 cm. Care was taken to select straight segments 
with a low degree of taper, avoiding side branches, knots, and obvious 
structural damage. Flexural stiffness was measured in four-point-bending 
tests using a manual bending apparatus. The segments were placed on 
two cylindrical holders 5–12 cm apart from each other, depending on 
the length and the bending resistance of the tested segment. The bending 
force was applied via a suspended holder, which was attached to the tested 
sample at two points, and placed equidistant and outside of the cylindrical 
supports. The bending force was then gradually increased by adding up 
to six weights of 50, 100, or 200 g onto the metal holder. The resulting 
upward deflection of the segment was monitored with an eyepiece grati-
cule on a dissecting microscope. The cumulative deflection values were 
plotted against the applied force and fitted with a linear equation. Only 
measurements with a coefficient of determination higher than 0.97 were 
accepted. The flexural stiffness (EI) was then calculated as

EI =
l21 × 1

2 (l2 − l1)

16× a
 (1)

where l1 is the distance of the sample holders (i.e. support span, in m), l2 
is the span of the weight holder attachment (i.e. load span, in m) and a 
is the slope of the linear regression line of the deflection versus applied 
force data (in N m−1). For a detailed description of the bending tests and 
formulas see Niklas (1992), Speck (1994), Rowe and Speck (1996), and 
Rowe et al. (2006).
The flexural stiffness is determined by the dimensions of a sample (de-
scribed by the axial second moment of area, Iax) and its material proper-
ties (described by the structural bending modulus, Estr), according to the 
following formula:

EI = EstrIax (2)

In engineering, the term bending modulus is defined as a property of a 
homogeneous and isotropic material. As plant stems and roots are het-
erogeneous, anisotropic composite structures, we use the term structural 
bending modulus Estr (Rowe and Speck, 1996; Speck et al., 1996). The 
higher the resistance to bending or tension of a sample, the higher is its 
structural modulus of elasticity, independent of its geometrical dimen-
sions (Niklas, 1992). Following Eq. 2, the structural bending modulus Estr 
was obtained by dividing the flexural stiffness EI by Iax, with Iax being 
calculated according to the following formula:

Iax =
π

64
D4 (3)

where D is the root or stem diameter (in m). The diameter was obtained 
from the measured mean cross-sectional area of the tested root or stem 
when assuming a circular geometry. Due to the fact that the stems and 
roots segments tested in our study showed almost perfectly circular cross-
sections and small deviations were developed only intermittently and 
never along the whole segment, we decided that the use of a circular 
model represents the best approximation.

Immediately after the bending test, which was limited to the elastic 
range of the samples, torsional stiffness was assessed on the same root 
or stem segment. The torsional stiffness was measured using a range of 
custom-made spring-loaded cylinders that could apply a range of torques 
according to the thickness and resistance of the samples tested. The tor-
sion cylinders consist of a central spindle and a clamp that can rotate freely 
against a spring. The cylinder was gradually rotated in 10–20° steps against 
the spring. The resulting root or stem deflection was measured relative 
to the torsional force applied. Torque was calculated by multiplying the 
rotational angle with the stiffness of the spring inside the cylinder deter-
mined from a calibration curve. Torsional stiffness (GI) was then calculated 
by dividing the length of the tested segment (l, in m) by the slope of the 
regression line fitted to the data of deflection angles plotted against the 
applied torque (b, in rad N−1 m−1), according to the following formula:

GI =
l
b

 (4)

Table 1. List of abbreviations

Abbreviation
Species  
 Ap Acer pseudoplatanus L.
 Cb Carpinus betulus L.
 Fe Fraxinus excelsior L.
 Fs Fagus sylvatica L.
 Pa Prunus avium (L.) L.
 Qr Quercus robur L.
 Rp Robinia pseudoacacia L.
 Tc Tilia cordata Mill.
 Cv Clematis vitalba L.
Organs
 R Roots
 S Stems
Mechanical parameters
 EI Bending stiffness (N m2)
 GI Torsional stiffness (N m2)
 Estr Structural bending modulus (MN m−2)
 Gstr Structural torsional modulus (MN m−2)
 Iax Axial second moment of area (m4)
 Ipol Polar second moment of area (m4)
 Irel,tissue Relative contribution of tissue (wood, bark, or pith) to Iax or Ipol
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The structural torsional modulus was calculated using the formula:

Gstr =
GI
Ipol

 (5)

where Ipol is the polar second moment of area of the tested segment 
calculated as:

Ipol =
π

32
D4 (6)

where D represents the mean root or stem diameter (i.e. assuming circular 
geometry of the tested segments, same as for Iax). For a detailed descrip-
tion of the torsional tests see Gallenmüller et al. (2001).

Tissue proportions and their contribution to Iax and Ipol

Roots and stems are highly inhomogeneous and anisotropic structures 
composed of different tissues, namely wood and bark in the case of roots, 
and pith, wood, and bark in the case of stems. To gain insights into the rela-
tive importance of these three tissues for the overall mechanical stiffness, 
their relative contributions to Iax and Ipol were assessed. To calculate the rela-
tive contribution of each tissue to Iax and Ipol (Irel,tissue), the cross-sectional 
areas of pith, wood, and bark were measured from surface images of stem 
cross-sections obtained with a stereo zoom microscope (Axio Zoom V16, 
Zeiss, Germany). In roots, which do not have pith tissue, only the relative 
contribution of wood and bark was considered. The tissue cross-sectional 
areas were then converted to diameters and the partial second moments of 
area (Iax,tissue and Ipol,tissue) of each tissue were calculated assuming circular 
tissue outlines and a symmetrical distribution. The standard formulas for 
filled cylinders (Eqs 5, 6) were used to calculate the partial second moment 
of area of wood in roots and pith in young stems, whereas the partial second 
moment of area of bark in both stems and roots and of wood in stems was 
derived using standard formulas for hollow cylinders:

Iax, tissue =
π

64

Ä
D4

j −D4
i

ä

, and correspondingly 

Ipol, tissue =
π

32

Ä
D4

j −D4
i

ä

where Dj and Di are outer and inner diameters of the tissue outlines. The 
relative contribution of each tissue to Iax and Ipol (Irel,tissue) was finally cal-
culated by dividing Iax,tissue (Ipol,tissue) by Iax (Ipol). As the relative contribu-
tions of the different tissues are equal for Iax and Ipol, the Irel,tissue values are 
not reported separately for axial and polar moments of area.

Wood traits
Wood density (in g cm−3) was measured using the water displacement 
method. Root and stem segments, about 3 cm in length, were cut and 
debarked. Stem segments were additionally split in half and the pith care-
fully removed. The wood pieces were soaked in water for at least 30 min 
to ensure they were well hydrated. Each segment was then immersed 
into a water-filled beaker placed on an electronic balance with the aid of 
a dissecting needle and the weight of the displaced water was recorded. 
All segments were then dried at 80 °C for 24 h to a constant weight, and 
wood density was calculated by dividing the wood dry weight by the 
volume of displaced water.

For wood anatomical measurements, transverse sections about 40 µm 
thick were prepared with a sliding microtome. The sections were stained 
in a mixture of 0.35% safranin and 0.65% alcian blue, dehydrated through 
an ethanol series, and mounted in Neo-Mount (Merck Millipore, 
Germany). The relative proportions of various cell types in wood, i.e. 
vessels, fibres (including tracheids), and ray and axial parenchyma, were 
measured with an Axio Zoom V16 microscope on wedge-shaped tran-
sects spanning from the root or stem centre to the cambium at ×150 
magnification. Image analysis involved manual tissue segmentation in 
Photoshop followed by area proportion measurements using Fiji/ImageJ 
(Schindelin et al., 2012). To obtain the relative proportions of different 
cell types, the total surface area taken up by each cell type was divided by 

the total surface area of the entire transect measured. The axial and ray 
parenchyma proportions were already published in Plavcová et al. (2016).

In addition to cell type proportions, finer scale anatomical parameters 
were analysed. Vessel lumen area was measured on the same xylem wedges 
as the cell type proportions. The lumen areas were converted to vessel 
diameters assuming circular vessel geometry. Ray density was measured by 
counting the number of rays per quarter-circle-shaped root or stem wedge 
imaged at ×100 magnification. Ray width was assessed on images taken at 
×200 magnification. The double wall thickness (DWT) and the lumen area 
of fibres and axial parenchyma cells were measured on transverse sections. 
These measurements were done at ×1000 magnifications using a light 
microscope equipped with an oil immersion objective (Leitz DMRB, Leica, 
Germany). At least 150 individual cells were measured for each species and 
organ. The lumen area was converted to lumen diameter (DL) assuming a 
circular cell shape and the cell cross-sectional area (CSA), including the cell 
lumen and secondary wall, was calculated as π(DL/2+DWT/2)2. In add-
ition, the thickness to span ratio of fibre and axial parenchyma was calcu-
lated by dividing DWT by DL, and used as a measure of cell reinforcement 
(Pittermann et al., 2006). The DWT and CSA values for four out of the nine 
species shown here were already published in Jupa et al. (2016).

Wood density and wood anatomy measurements were carried out on a 
different set of samples from those used for the mechanical testing. However, 
the samples were collected from the same population of trees following the 
same sampling scheme. Wood density was measured for six root and stem 
samples from at least three different individuals per species. Wood anatomy 
was measured on three root and stem samples from three different individuals.

Carbohydrate storage capacity and hydraulic conductivity 
of wood
In addition to data on mechanical properties, we obtained estimates of 
wood storage capacity and hydraulic conductivity in order to analyse po-
tential trade-offs among the three competing functions. Concentrations 
of non-structural carbohydrates (NSC) in root wood and stem wood 
(in mg g−1) measured for the same population of trees were taken from 
Plavcová et al. (2016), and used as a measure of wood storage capacity. 
Theoretical hydraulic conductivity was calculated from the measured 
vessel radius (r) using the Hagen–Poiseuille equation (Kh=(πr4)/8µ) and 
normalized by a corresponding xylem wedge area (McCulloh et  al., 
2010). All three functional parameters (Estr, NSC, and Kh) were then con-
verted to a common scale from 0 to 100 and plotted on ternary axes 
using the ggtern R package (Hamilton and Ferry, 2018).

Statistical analyses
The differences in structural and functional parameters between roots and 
stems were analysed using linear mixed-effect models. The models were 
fitted with organ (root or stem) being considered as a fixed factor and spe-
cies identity as a random factor. To analyse differences in cell wall thickness 
of fibres and axial parenchyma, cell type was implemented as an additional 
fixed effect factor. Prior to the modelling, the normality and homogeneity 
of variance of the data were checked using the Shapiro–Wilk and Bartlett’s 
tests, respectively. When the assumptions were not met, the data were log 
transformed. The analyses were conducted on species-level means. The 
models were fitted using the lme function from the nlme R package 
(Pinheiro et  al., 2013). The mixed effect models described above were 
designed to test for the overall difference between the two organs across 
all species. In addition, we analysed differences between roots and stems 
within each species using the Welch two-sample t-test. The interspecific 
differences in mechanical parameters within each organ were evaluated 
using Tukey-adjusted multiple mean comparisons. All data analyses were 
completed using R statistical software (R Core Team, 2016).

Results

Mechanical properties

On average, roots were about five times more flexible in 
bending and two times more flexible in torsion than stems. 
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The total axial second moment of area (Iax) fell in a relatively 
narrow range of between 100 and 250 mm4 for most of the 
samples measured as care was taken to collect samples of similar 
diameter. Correspondingly, the total polar second moment of 
area (Ipol) values ranged between 150 and 550 mm4. Slightly 
larger stems and roots, corresponding to Iax and Ipol values of 
ca. 500 mm4 and 1000 mm4, respectively, were collected for the 
woody climber Clematis vitalba. When structural bending and 
structural torsional moduli (Estr and Gstr,) were calculated, nei-
ther of them correlated significantly with Iax and Ipol (P>0.05). 
Thus, we assume that the variation of Estr and Gstr occurring 
during ontogeny can be neglected in good approximation 
within the range of sample size tested in this study.

Estr and Gstr values varied substantially among species and 
organs, with Estr ranging from 558 to 2913 MN m−2 and 
from 1220 to 12  681 MN m−2 (Fig. 1A) and Gstr spanning 
from 48 to 254 MN m−2 and from 50 to 532 MN m−2 (Fig. 
1B) for roots and stems, respectively. Carpinus betulus showed 
the highest Estr and Gstr measured among all roots, while the 
roots of Robinia pseudoacacia were found to be the most flex-
ible. Among stems, Robinia pseudoacacia, Carpinus betulus, Acer 
pseudoplatanus, Fraxinus excelsior, and Fagus sylvatica exhibited 
high values of both Estr and Gstr, whereas the stems of Clematis 
vitalba, Tilia cordata, and Quercus robur showed relatively low 
resistance to deformation in both bending and twisting (Fig. 
1). Neither Estr nor Gstr showed a significant linear correlation 
between roots and stems (P>0.05), indicating that the mech-
anical properties of roots and stems within the same species 
are rather independent of each other. Contrasting mechanical 
properties of roots and stems were most apparent in Robinia 
pseudoacacia. Furthermore, all samples measured were consist-
ently stiffer in bending than in torsion, as shown by their twist 
to bend ratios (EI/GI) higher than 1. Roots had significantly 
lower bend to twist ratios than stems (Fig. 1C). Overall, Estr and 
Gstr values were closely correlated across species and organs 
(Fig. 2A, r2=0.77, P<10–4 and r2=0.86, P<10–4 for roots and 
stems, respectively).

Relative tissue contributions to axial and polar second 
moment of area

The mean relative contribution of pith to Iax or Ipol (Irel,pith) 
was very small in all stems measured, with Irel,pith typically less 
than 0.01 and never over 0.05. The mean relative contribution 
of wood to Iax or Ipol (Irel,wood) was 0.36 in roots and 0.48 in 
stems. Thus, the relative contribution of bark (Irel,bark) was 12% 
higher in roots than in stems. Substantial differences in Irel,wood 
and Irel,bark also existed across the species investigated. The stems 
of Carpinus betulus, Fagus sylvatica, Robinia pseudoacacia, and Acer 
pseudoplatanus showed Irel,wood higher than 0.5, whereas Irel,wood 
values lower than 0.4 were observed in the stems of Clematis 
vitalba and Tilia cordata. Due to the presence of a thick bark, 
Irel,wood was also relatively low (i.e. less than 25%) in Robinia 
pseudoacacia and Fraxinus excelsior roots. In contrast, the roots 
of Fagus sylvatica had a very thin bark and hence Irel,wood was as 
high as 59%. In both organs, a higher proportion of wood was 
associated with higher mechanical stiffness, as indicated by sig-
nificant positive correlations between Irel,wood and both Estr (Fig. 

2B, r2=0.62, P<0.05 and r2 =0.81, P<10–4 for roots and stems, 
respectively) and Gstr (r

2=0.65, P<0.01 and r2 =0.91, P<10–4 
for roots and stems, respectively).

Xylem anatomical traits in relation to mechanical 
properties

Wood density was significantly correlated with both Estr (r
2= 

0.27, P<0.05) and Gstr (r
2=0.33, P<0.05) when data from the 

two organs were pooled. When the organs were considered sep-
arately, a significant correlation was found only between wood 
density and Estr in roots (r2=0.48, P=0.04, Fig. 2C). Fibre prop-
erties appeared to be the main driver of wood density as evi-
denced by a significant positive correlation with fibre double 
wall thickness to lumen diameter ratio (referred to as fibre 
thickness to span ratio hereafter, Fig. 2D). The tissue fractions of 
ray and axial wood parenchyma did not correlate significantly 
with the mechanical parameters and were not directly associ-
ated with wood density (P>0.05). The cell walls of both axial 
parenchyma and fibres were lignified as evidenced by staining 
with safranin. However, compared with fibres, axial wood par-
enchyma showed similar cross-sectional areas (Fig. 3A) and nar-
rower cell walls than fibres (Fig. 3B), leading to a lower thickness 
to span ratio in axial wood parenchyma of both roots and stems 
(Fig. 3C). On the contrary, comparison of cell lumen and cell 
wall dimensions between organs revealed significantly higher 
mean cross-sectional areas in roots than in stems (Fig. 3A), but a 
similar mean cell wall thickness in both axial wood parenchyma 
and fibres (Fig. 3B). However, the resulting tendency to lower 
thickness to span ratios in roots compared with stems was not 
statistically significant (Fig. 3C). Across species, the thickness to 
span ratios of axial parenchyma cells were more homogeneous, 
ranging from 0.13 to 0.24 in roots and from 0.16 to 0.37 in 
stems, while the thickness to span ratios of fibres were much 
more variable, ranging from 0.15 to 1.09 in roots and from 
0.17 to 0.79 in stems (Fig. 4). The interspecific variation in the 
thickness to span ratio was primarily determined by the wall 
thickness rather than the cell diameter as evidenced by approxi-
mately two times higher coefficients of covariation between 
thickness to span ratio and wall thickness.

Roots had wider rays (P=0.01) and higher overall frac-
tions of radial parenchyma (P=0.004) compared with stems. 
However, wide rays were not universally associated with 
greater mechanical flexibility. For instance, wide multiseriate 
rays were found in both stems and roots of Fagus sylvatica (Fig. 
5A, B, E, F), although these organs belonged to the mechan-
ically stiffest specimens. In most species, ray cell walls were as 
thick as fibre walls and appeared lignified as indicated by a 
positive staining reaction with safranin. Clematis vitalba repre-
sented the only notable exception from this general pattern. In 
this species, the outermost portions of rays in both roots and 
stems were non-lignified as evidenced by intensive staining 
with alcian blue (Fig. 5H).

Association between traits and trade-off analysis

A principal component analysis (PCA) clearly separated roots 
and stems, summarized correlations between multiple traits, 
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and provided insights into trade-offs and their structural 
underpinnings (Fig. 6). The first component explained 45% of 
the variation of the dataset and showed strong positive loadings 
with Estr, Gstr, Ixyl.rel, and wood density, and negative loadings 
with lumen area of parenchyma cells and vessel diameter. The 
first component can therefore be interpreted as a trade-off be-
tween mechanical function, which is prominent in stems, and 
storage and hydraulic functions that are both more emphasized 

in roots. The second component, which explained 22% of the 
variation, was most strongly related to fibre and parenchyma 
tissue fractions, which co-vary in the opposite direction.

The overall coordination between mechanical stiffness, 
storage capacity, and hydraulic conductivity was also visual-
ized in ternary diagrams. The diagrams provide evidence for 
structure–functional trade-offs that differ across and within 
organs (Fig. 7). A  strong trade-off between mechanical 

Fig. 1. Mechanical properties of young woody roots and stems. Structural bending moduli (Estr) (A), structural torsional moduli (Gstr) (B) and ratios 
between bending and torsional stiffness (EI/GI) (C) in roots (R) and stems (S) of nine woody angiosperms. Bars represent species-level means ±SD (left-
hand graph panels, n=6–8 samples) and root- and stem-level means ±SD calculated from the species-level means (right-hand panels, n=9 species). 
Roots and stems are depicted in black and grey, respectively. For abbreviation of species names see Table 1. Asterisks above bars indicate significant 
differences between root and stems within each species (Welch two sample t-test) at P<0.05 (*), P<0.01 (**) and P<0.001 (***). Significant differences 
between species within each organ are indicated by different letters (Tukey’s adjusted multiple mean comparisons); uppercase letters are for roots, 
lowercase letters are for stems. P-values in the right-hand panels correspond to significance levels of the fixed effect ‘organ’ (mixed effect models with 
random effect of species).
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stiffness and storage capacity is clearly apparent between 
roots and self-supporting stems (Fig. 7A). The stems of the 
non-self-supporting liana Clematis vitalba exhibited low 
mechanical stiffness and high hydraulic conductivity, and 
hence clustered with roots (Figs 6, 7A). The stems of Tilia 
cordata were positioned in the centre of the ternary plot 
(Fig. 7A), exhibiting the strongest compromise between all 
three functions. When the data for Clematis vitalba were ex-
cluded and the data for self-supporting trees were plotted 
separately for roots (Fig. 7B) and stems (Fig. 7C), the within 
organ variation became more apparent. The root data (Fig. 
7B) separated more homogeneously across the functional 
triangle compared with stems (Fig. 7C), in which the 
data were mostly positioned along the mechanics–storage 
trade-off. Within roots (Fig. 7B), hydraulics was the dom-
inant function in Robinia pseudoaccacia, Fraxinus excelsior, and 
Tilia cordata, while mechanics was dominant in Carpinus 
betulus and Fagus sylvatica, with storage being dominant in 
Quercus robur. All three functions were most strongly com-
promised in the roots of Acer pseudoplatanus and Prunus 
avium. Within stems (Fig. 7C), the mechanical function 
was most pronounced in Carpinus betulus and Prunus avium, 
while the storage function was most dominant in Quercus 
robur, with hydraulics being most prominent in Tilia cordata. 
The stems of Fraxiunus excelsior compromised mainly be-
tween the mechanical and hydraulic function, while Fagus 
sylvatica, Robinia pseudoaccacia, and Acer pseudoplatanus were 
found to be compromised between storage and mechanical 
functions.

Discussion

In agreement with our hypothesis, roots showed lower resist-
ance to both bending and twisting forces than self-supporting 
stems (Fig. 1A, B). From the two mechanical parameters, a 
greater difference was observed in Estr than in Gstr, resulting 
in lower twist to bend ratios (EI/GI) of roots (Fig. 1C). The 
higher mechanical stiffness of self-supporting stems allows 
them to grow outward and support leaves for efficient light ac-
quisition. Contrarily, the greater mechanical flexibility of roots 
helps them to avoid overcritical bending and torsional loads 
caused by the movement of soil components in relation to 
the Mohr–Coulomb law (Mattheck and Breloer, 1994), and 
allows roots to navigate their surroundings with less resistance. 
Mechanical properties of woody roots were less frequently 
quantified than those of stems, despite their importance in 
anchoring trees to their substrate (Niklas, 1999b; Karrenberg 
et al., 2003), penetrating compacted soil (Day et al., 1995), and 
stabilising and reinforcing slopes (Schwarz et al., 2010). Thus, 
our data may be useful to parameterise models for these kinds  
of applications. However, it has to be taken into account that 
we did not investigate the variation of mechanical properties 
along the stems and roots depending on their position within 
the plant and their stage of ontogeny. Fine roots are likely to 
be exposed to tensile forces and show a high tensile rigidity, 
whereas older root segments close to the stem base show a 
high resistance to bending and compression (Ennos, 2000). In 
order to allow for a comparison between species we sampled 
all root segments at approximately 1 m from the root collar. It 

Fig. 2. Correlations between mechanical and structural properties. Correlation between (A) structural bending modulus (Estr) and structural torsional 
modulus (Gstr), (B) between the contribution of wood to the axial second moment of area (Irel,wood) and structural bending modulus (Estr), (C) between 
wood density and structural bending modulus (Estr), and (D) between wood density and fibre double wall thickness to lumen diameter ratio. The symbols 
represent mean values and SD of roots (black) and stems (grey).
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is likely that segments farther away from the stem show dif-
ferent mechanical properties, in particular in tension, which we 
have not studied here. Young stems (or the young tips of stems) 
are also known to be more flexible in bending than older stems 
(or the older bases of stems) and are therefore able to avoid 
critical stresses by streamlining parallel to mechanical forces 
(e.g. when submitted to wind loads), whereas older stems have 
a considerably higher bending resistance (Speck, 1994; Speck 
et al., 1996; Rowe and Speck, 2004).

The structural underpinnings of mechanical properties 
can be linked to multiple morpho-anatomical characteristics 
of woody organs (Figs 2, 6). In both woody organs, Estr and 
the Gstr were positively correlated to a greater proportion of 
wood relative to bark. While wood represents the stronger of 
the two tissues, the importance of bark for whole organ mech-
anics originates mainly from its position far from the neutral 
axis (Niklas, 1999a; Karrenberg et al., 2003). The overall lower 
Irel,wood and the relatively weaker correlation of Irel,wood with 

both structural moduli in roots compared with stems (Fig. 2B) 
indicates that the relative contribution of bark to the mechan-
ical properties was greater in roots. These results are consistent 
with Pratt et  al. (2007), who reported an important contri-
bution of bark to root mechanics for nine chaparral species. 
In our study, higher values of Irel,bark were typically found in 
organs with low wood density (e.g. in the roots of Robinia 
pseudoacacia, Fraxinus excelsior, and Quercus robur, and in the 
stems of Tilia cordata) suggesting that a thick bark, sometimes 
strengthened by the presence of lignified fibres (Fig. 5C), par-
tially compensates for a mechanically weak wood and may 
even have additional functions for controlling tree posture 
(Clair et al., 2019). An additional structural role of bark may 
be in the protection from abrasion caused by soil particles and 
stones when roots are mechanically loaded. However, other 
functions, unrelated to mechanical properties, such as defence 
against pathogens, storage, and phloem transport towards the 
root apical meristems, are also correlated with bark thickness 
(Rosell et al., 2014).

Although there was no significant difference in wood density 
between the tested young roots and stems, wood density was 
positively related to Estr and Gstr across species (Fig. 2C). A close 
association of wood density and mechanical properties has also 
been evidenced in a number of previous studies (Jacobsen et al., 

Fig. 4. Variation in thickness to span ratio (i.e. the ratio between double 
wall thickness and cell lumen diameter) of axial wood parenchyma cells 
(AP, black) and fibres (F, grey) in roots (A) and stems (B) of nine woody 
angiosperm species. For abbreviation of species names see Table 1.

Fig. 3. Comparison of axial wood parenchyma and fibre cell structure in 
roots and stems of nine angiosperm species. Mean values and SD of (A) 
cell cross-sectional area (CSA), (B) double wall thickness (DWT), and (C) 
thickness to span ratio of axial wood parenchyma (AP) and fibre (F) cells. 
Roots and stems are depicted in black and grey, respectively. Significance 
levels for the fixed effect factors organ and cell type are given (mixed effect 
models with random effect of species).
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Fig. 5. Anatomy of young woody roots and stems at three different magnifications. Anatomical characteristics of roots of Fagus sylvatica (A, E, I) and 
stems of Fagus sylvatica (B, F, J), stems of Tilia cordata (C, G, K) and stems of Clematis vitalba (D, H, L) photographed at increasing magnification. 
Thicker bark (A versus B), wider rays (E versus F) and greater size of xylem cells (I versus J) are typical of roots compared with stems. Stems of Tilia 
cordata have a thick bark strengthened by strands of lignified fibres (C), wood of low density (G) and fibre and axial parenchyma with narrow cell walls 
(K). Specialized anatomy of lianescent stem of Clematis vitalba showing lobbed wood–bark boundary (D), wide multiseriate rays that have a non-lignified 
outermost portion (nlr-r) (H) and living fibres large in diameter and with a thick secondary wall (L). Abbreviations: ap, axial parenchyma; b, bark; f, fibre; nlr, 
non-lignified ray; p, pith; r, ray; w, wood.

Fig. 6. Principal component analysis (PCA) biplot showing the overall coordination of xylem structural traits in roots (black) and stems (grey). Structural 
traits are lumen area of axial and ray parenchyma (AP.LA, R.LA), vessel diameter (Dv), thickness to span ratio of fibres (F.T.over.D), fibres tissue fraction 
(F), ray and axial parenchyma tissue fraction (RAP), vessel tissue fractions (V), theoretical hydraulic conductivity (Kh), concentration of non-structural 
carbohydrates (NSC), bending structural modulus (Estr), torsional structural moduls (Gstr) and wood density (wd). Roots and stems are depicted in black 
and grey symbols, respectively. For abbreviation of species names see Table 1.
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2007; Chave et al., 2009; Niklas and Spatz, 2010). From all ana-
tomical parameters measured, wood density was most strongly 
correlated with the wall thickness to span ratio of fibres (Fig. 
2D). Mechanically stiffer stems also had higher area fractions 
of fibres and lower fractions of ray and axial parenchyma com-
pared with roots (Table 2). However, the higher fractions of 
parenchyma did not translate directly into reduced mechan-
ical stiffness despite parenchyma cells having lower thickness 
to span ratios than fibres (Fig. 3C). The finding that fibre re-
inforcement rather than fibre proportions exerts major control 
over wood density and mechanical performance is in line with 
the findings on 24 Australian tree and shrub species from three 
climate zones (Ziemińska et al., 2013).

Parenchyma and fibre cells were on average larger in diam-
eter in roots than in stems, while the wall thickness did not 
differ significantly between organs (Fig. 3A, B). Consequently, 
the larger cell size resulted in lower thickness to span ratio of 
root fibres and axial wood parenchyma cells, which is in line 
with lower mechanical demands and greater storage capacity of 
roots. While the presence of narrower cell walls constitutes an 
important criterion in the formal anatomical definition of axial 

wood parenchyma cells (Wheeler et al., 1989; Carlquist, 2001), 
our results demonstrate that the morphological dichotomy be-
tween fibres and axial parenchyma cells is highly variable across 
species (Figs 4, 5I–L). The dichotomy was large in Fagus sylvatica 
and Prunus avium, and low in Acer pseudoplatanus, Fraxinus excel-
sior, and Tilia cordata. The difference was mainly driven by fibre 
wall thickness, while the lumen size and wall thickness of axial 
parenchyma cells were rather uniform across species.

Due to its radial orientation, the effect of ray parenchyma 
on mechanical stiffness is complex and will differ depending 
on the direction of mechanical loading. In our study, a higher 
fraction of ray parenchyma associated with the presence of 
wider rays (Table 2) could contribute to a greater mechanical 
flexibility of roots compared with stems. Wide multiseriate rays 
were found in the roots of Clematis vitalba, Fagus sylvatica (Fig. 
5A, E), and Prunus avium, and also in the stems of Fagus sylvatica 
(Fig. 5B, F). Ray cells in most of the tested species appeared fully 
lignified as suggested by a positive staining reaction with saf-
ranin, and the thickness of their walls was comparable to those 
of fibres. Only the rays of Clematis vitalba were partially non-
lignified (Fig. 5H). In this climbing species, wide non-lignified 

Fig. 7. Trade-off triangle showing the relative division of xylem function between mechanical stiffness, carbohydrate storage capacity, and hydraulic 
conductivity for roots and stems of nine woody angiosperm species. Data from both organs are plotted together (A), or for roots (B) and stems (C) 
separately. The data for non-self-supporting Clematis vitalba are not included in (B, C). Mechanical properties are represented by the structural bending 
modulus (Estr), storage capacity is represented by the concentration of non-structural carbohydrates measured at the onset of winter dormancy (NSC), 
and hydraulic conductivity is represented by the theoretical hydraulic conductivity (Kh). Species abbreviations follow Table 1. Roots and stems are shown 
in black and grey symbols, respectively.
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portions of rays were present in the outermost region, close 
to the vascular cambium, thereby forming wedge-shaped inci-
sions in the otherwise lignified secondary xylem. Due to their 
position far from the neutral axis, the incompletely lignified 
ray cells likely result in a substantial mechanical weakening 
and represent one of the structural features causing the high 
mechanical flexibility found in Clematis vitalba roots and stems 
(Isnard et al., 2003). Similarly, non-lignified or partially ligni-
fied rays have also been observed in other climbers such as 
Aristolochia malacophylla (Wagner et  al., 2012). The high pro-
portion of large-diameter vessels typical of lianescent wood 
and some roots can be considered as an additional factor con-
tributing to the low mechanical stiffness in stems of climbing 
species (Gasson and Dobbins, 1991; Rowe and Speck, 1996, 
2014; Gallenmüller et al., 2001).

The overall structure–function trade-offs differ for be-
tween- and within-organ comparisons (Fig. 7). Our results 
demonstrate that it is rare for xylem to compromise all three 
functions equally. Instead, one of the three functions is usually 
more pronounced, while the remaining two functions may or 
may not co-vary. In self-supporting stems, the higher demands 
for mechanical stability clearly represent a major constraint. 
The isolated position of the stems of the liana Clematis vitalba 
in the trade-off triangle (Fig. 7) represents a further proof of 
the different mechanical and hydraulic properties of non-self-
supporting plants (Rowe and Speck, 2004, 2014). In roots with 
fewer mechanical demands, xylem can be designed with a 
greater emphasis on either storage (e.g. Quercus robur) or hy-
draulic function (e.g. Tilia cordata, Robina pseudoaccacia; Fig. 7B). 

The functional trade-offs primarily originate from a division 
of labour between different cell types. Besides cell type frac-
tions, finer scale anatomical properties of different xylem cells, 
such as the lumen size and cell wall thickness, affect these re-
lationships. From a functional perspective, the secondary wall 
thickness is critical in fibres, the lumen area in parenchyma cells 
and conduits (including vessels and tracheids). Our data show 
that, at least in juvenile wood, fibre wall thickness is highly 
variable across species and organs, while wall thickness of axial 
parenchyma is much less variable (Fig. 4). The main source of 
functional diversity in axial parenchyma across species is due to 
variation in their tissue fraction (Morris et al., 2016b; Plavcová 
et al., 2016), arrangement (Morris et al., 2018), and biochem-
ical properties (Plavcová and Jansen, 2015), rather than in the 
lumen size of individual cells. In contrast to axial parenchyma 
cells, vessel diameter is greatly variable across species and or-
gans (Hacke et al., 2017). Greater plasticity of vessel diameter 
may represent a selective advantage because hydraulic function 
is more sensitive to increases in vessel diameter. In accordance 
with the Hagen–Poiseuille equation, even a small increase in 
vessel diameter results in a large increase in conductivity, de-
pending on the vessel diameter by the power of four (Tyree 
and Ewers, 1991). However, in self-supporting species the 
xylem structure is not severely altered by conduit width be-
cause larger conduits are less numerous, and the overall conduit 
lumen fraction remains fairly similar at around 15–20% (Zanne 
et al., 2010; Morris et al., 2016b).

In summary, our results demonstrate that higher demands 
for mechanical stability in self-supporting stems put a major 

Table 2. Anatomical parameters of ray and axial parenchyma for roots and stems of nine woody angiosperm species

Species RP (%) AP (%) RAP (%) Ray density  
(count per 90° wedge)

Ray width  
(µm)

AP DWT  
(µm) 

AP DL  
(µm)

Roots
 All 18.2±5.2a 13.0±6.3a 31.3±9.2a 24.4±11.1a 32.8±26.2a 2.4±0.7a 14.1±1.4a
 Ap 14.7±6.4 0.7±0.3 15.4±6.6 22.3±7 17.3±3.3 3.4±0.3 14.3±2.5
 Cb 20.3±3.8 15±2.6 35.3±6.4 36.3±3.5 30.3±6.4 2.6±0.6 14.3±0.8
 Fe 13.2±3.9 21.1±3.3 34.3±4.2 20±4 19.5±6.2 2.2±0.3 14.9±1
 Fs 23.1±9.5 17.1±6.9 40.2±8.2 21±1.7 43.2±2.1 2.1±0.4 13.1±0.4
 Pa 28.8±3.5 14.3±2.3 43.1±5.2 33±5.6 35.7±11 2±0.1 12.5±1.5
 Qr 18.9±1.5 16.9±8 35.7±7.5 39.7±13.1 15.9±1.9 1.8±0.1 13.9±1.5
 Rp 17.1±2 15.5±1.3 32.6±2.5 28.3±7.1 16±0.2 2±0.4 15.4±0.3
 Tc 15.6±3.8 5.4±2.1 21±4.5 13.7±3.8 19.6±5.3 1.8±0.5 12±1.6
 Cv 12.5±5.3 11.3±3.6 23.8±8.6 5±1 97.5±2.8 3.6±0.3 16.6±2.1
Stems
 All 13.7±4.0b 8.8±7.6a 22.5±6.5b 30.7±12.2b 26.6±34.1a 2.6±0.8a 8.6±1.7b
 Ap 11.5±5.1 1.8±0.6 13.4±5.7 30.3±2.1 10.2±1 2.5±0.5 8.6±1.2
 Cb 17.6±2 6.2±2.7 23.8±0.8 49.3±9 11.2±1.1 2.7±0.4 9.1±0.3
 Fe 13.3±4.5 5.4±0.4 18.7±4.8 25.3±4.9 13±1.4 2.7±0.3 7.5±0.2
 Fs 16.4±0.4 30.7±5.3 47.1±5.7 20.7±1.2 21.1±2.9 1.6±0.2 21.1±1.9
 Pa 20.7±3.5 2.7±1 23.4±4.5 41±3.6 13±1.7 2.1±0.2 6.6±0.4
 Qr 10.9±2.1 22.7±2.1 33.6±0.1 35.3±4 9.9±1.4 2.2±0.2 9±1
 Rp 9.9±1.6 20.9±6.3 30.8±7.8 30.3±6.7 11.1±2 2.7±0.4 7.9±0.5
 Tc 9.7±0.7 7.5±2.3 17.2±2 27±5.3 11.3±1.3 1.5±0.4 9.4±0.9
 Cv 12.1±3.7 6.1±3.3 18.3±3.4 5±1 111.3±8.5 4.3±0.3 12.4±1.7

Values represent means ±SD. Different letters indicate significant difference between roots and stems (mixed effect models with random effect of 
species). AP, area fraction of axial parenchyma; AP DL, mean lumen diameter of axial parenchyma cells; AP DWT, mean double wall thickness of axial 
parenchyma cells; RAP, area fraction of ray and axial parenchyma; RP, area fraction of ray parenchyma.
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constraint on xylem structure, whereas root xylem can be de-
signed with a greater emphasis on both storage and hydraulic 
functions. The interplay between mechanical stiffness, nutrient 
storage, and hydraulic conductivity in young woody roots and 
stems is driven by differences in cell type relative fractions, cell 
size, and secondary wall reinforcement of these cells.
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