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PREMISE: Because of their own weight and additional wind forces, plants are exposed

to various bending and torsional loads that sometimes require contradictory structural
characteristics and mechanical properties. The resulting trade-off between flexural and
torsional rigidity can be quantified and compared using the dimensionless twist-to-bend

METHODS: The flexural rigidity of the stems of Carex pendula was determined by 2-point
bending tests. Additionally, 4-point bending tests and torsional tests were carried out on
segments of two internodes directly below the inflorescences to measure flexural and
torsional rigidity. Anatomical investigations were performed to quantify the cross-sectional
distribution of their tissues.

RESULTS: The flexural rigidity of the stems, segments of the apical internode 1, and the
more basal internode 2 differed significantly from each other, whereas the bending elastic
moduli were not significantly different. The torsional rigidity of segments of internode 2
was a factor of 3.3 higher than that of internode 1, whereas the torsional moduli did not
differ significantly. The twist-to-bend ratios of segments of internode 1 and 2 reached
values between 85 and 403. Light microscopic investigations revealed a triangular stem
possessing individual sclerenchyma strands, with internode 2 having significantly more
strands than internode 1.

CONCLUSIONS: In the case of Carex pendula, flexural and torsional rigidity are adapted to
the given mechanical constraints by significant changes in morphometric variables (axial
and polar second moment of area, number of sclerenchyma strands), whereas the material
properties (bending and torsional modulus) do not change markedly along the stem.

KEY WORDS bending elastic modulus; Cyperaceae; flexural rigidity; morphometry;
torsional modulus; torsional rigidity; sclerenchyma; taper.

Plants have evolved markedly different body plans (= for plants also
termed “bauplans”; Drost et al., 2017), but from a mechanical point
of view, all plants are biological materials systems that are charac-
terized, on the one hand, by anatomical heterogeneity caused by the
specific three-dimensional arrangement of various tissues and, on
the other hand, by mechanical anisotropy resulting from the various

mechanical properties of the individual tissues. Despite these sim-
ilarities, plants differ in their morphological features, anatomical
characteristics, and mechanical properties as an adaptation to their
habitat and as a response to changing environmental conditions
that expose them to various and sometimes conflicting constraints.
These constraints include various bending loads mainly caused by
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their own weight and wind and by torsional loads typically caused
by wind (Ennos, 1993; Niklas, 1992, 1999). They counteract bend-
ing loads through high flexural rigidity and torsional loads through
low torsional rigidity or in other words high torsional flexibility.
Both flexural rigidity (EI) and torsional rigidity (GJ) are compos-
ite variables that combine material properties (bending modulus
E and torsional modulus G) and morphometric variables (size and
shape reflected by axial second moment of area I and polar second
moment of area J). The bending and torsional modulus (SI unit:
N m™ or Pascal) define the relationship between stress (= applied
force/unit area) and strain (= displacement/reference condition) as
a measure for stiffness in the linear-elastic range. The axial and po-
lar second moment of area (SI unit: m*) are geometrical variables,
which reflect how the points of a cross section are distributed in
relation to a bending or torsional neutral plane or axis, respectively.
In the context of a trade-off between flexural and torsional rigidity,
the dimensionless twist-to-bend ratio (EI/GJ) is particularly inter-
esting as it also provides information about the ratio of material
properties (E/G) and morphometric variables (I/]) (Etnier, 2003;
Vogel, 1992, Vogel, 2007).

With regard to morphology, the outer shape of the respective
plant organ plays a major role in biomechanical performance.
Etnier (2003) created a so-called stiffness mechanospace defined by
values of flexural rigidity and torsional rigidity taking into account
the cross-sectional shape and Poisson’s ratio of plant axes. Ennos
(1993) investigated the flexural rigidity and torsional rigidity along
the triangular flower stalks of the lesser pond-sedge (Carex acuti-
formis) and found mean EI/G]J ratios of 36.0 + 11.3, with the low-
est ratios near the base of the flower stalk and the highest about
halfway up the stalk before a reduction again toward the tip. The
U-shaped cross sections of banana petioles (Musa textilis) with
EI/G]J values ranging from 40 to 75 are among the highest values
ever measured for plant axes (Ennos et al., 2000). Unpublished mea-
surements of Musa textilis cross sections give a value of about 0.48
for I/]. Consequently, the bending elastic modulus is about 84 to
156 times higher than the torsional modulus. Comparable high E/G
ratios have been found for petioles of Musa acuminata with values
up to 124 and of Ensete ventricosum with values up to 81 (Ahlquist
etal., 2015).

In this study on biomechanics and functional morphology of
flower stalks of Carex pendula, we focused on (1) a comparison of
the flexural rigidity of the flower stalk after removal of the most
basal internode, leaves, and inflorescences and of individual inter-
nodal segments, (2) a comparison of the flexural rigidity and tor-
sional rigidity and, thus, the twist-to-bend ratio of two adjacent
internodes, and (3) the influence of the amount and arrangement
of individual sclerenchyma strands on the mechanical performance
of the internodes.

MATERIALS AND METHODS

Definitions

To avoid misunderstanding, we used the following definitions
throughout the entire publication: flower stalk = stem with in-
florescences, leaf blades, and leaf sheaths (Fig. 1B); stem = flower
stalk without inflorescences, leaf blades, and sheaths, consisting of
internodes and nodes, to be tested in 2-point bending (Fig. 1C);
segment = part of the internode (Fig. 1D) to be tested in 4-point
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bending (Fig. 1E) or torsion; test sample = general term for all sam-
ples that have been tested or examined.

Plant material

Carex pendula Huds. is a perennial plant from the Cyperaceae fam-
ily and forms large and dense tufts (Fig. 1A). To guarantee com-
parability of results, we collected all test samples from a single
plant tuft (Fig. 1A), which was cultivated in the open field of the
Botanic Garden of the University of Freiburg, Germany (latitude/
longitude 48.008616/7.855774). To ensure that the flower stalks
have the same developmental stage, we collected only those that
had previously formed six mature inflorescences with compara-
ble inflorescence mass and inflorescence length. The collections of
plant materials took place within 14 days. The flower stalks were cut
off near the base. A total of 15 test samples was analyzed in each me-
chanical test and anatomical examination. Leaf sheaths and leaf
blades were removed before mechanical tests. For avoiding dehy-
dration during the mechanical tests, the stems cut at the base were
stored in water, and the cut surfaces of the internodes were sealed
with petroleum jelly (Vaseline).

Morphometric data

Morphometric data were collected from individual test sam-
ples. The total stem length and the total length of the internodes
were measured using a measuring tape with a millimeter graticule.
Side length s and corresponding height h (Fig. 2A) were measured
on all three sides of the cross section at various points along the
respective test sample using a digital caliper (accuracy: £0.01 mm).
From these data, individual axial and polar second moments of area
were calculated, respectively.

The axial second moment of area I of the triangular stems and
segments was calculated using Eq. 1:

3
=s (1)
36

The polar second moment of area J of the triangular segments
was calculated using Eq. 2 (Richard and Sander, 2006):

3
J= 4sh’ +35°h 2)
114

(Note: We are fully aware that the torsional moment of area of an
isosceles triangle calculates to Liona = é; i.e., itis 1.66 smaller than
its polar second moment of area 1 _ == used in our calculations.
Since the cross-sectional shape of the flower stalk of C. pendula has
strongly rounded corners and slightly outwardly curved flanks, its
torsional behavior probably resembles a circular cross section more
than a triangle with sharp corners and straight flanks; thus, we de-

cided to use the polar second moment of area in our calculation.)

Two-point bending tests

The flexural rigidity EI of stems consisting of the apical three
nodes (N -N,) and two internodes (I, and I,) was measured
by means of two-point bending tests (Fig. 1C). The upper left
edge of a vertically positioned plastic plate was glued horizontally
to a piece of timber of square cross section to which internode 3
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of each stem was fixed with a screw clamp. A total of up to 19
g was applied to the tip of the free-hanging stem in cumulative
steps beginning with 5 g and then in additive steps of 2 g. The re-
spective displacement of the stem tip was plotted on graph paper
attached to the plastic plate (accuracy: £1 mm) at 60 s after appli-
cation of a new weight. The flexural rigidity was calculated using
Eq. 3, where E is the bending elastic modulus, L is the length of
the stem between the support point and the attached mass, k is
the slope in the displacement-force diagram, and I is the axial
second moment of area:

3
El= % (3)

FIGURE 1. Carex pendula. (A) Dense tuft with long flower stalks in the
Botanic Garden Freiburg, Germany. (B) Schematic drawing of a typical
flower stalk with leaf blades, leaf sheaths, and inflorescences. (C) Two-
point-bending tests were carried out on stems after removal of inflo-
rescences, leaf blades, and leaf sheaths. The third internode I, was fixed
horizontally to the piece of timber of square cross section (red). At the tip
of the free-hanging stem, a total mass of up to 19 g was applied in cumu-
lative steps (blue), and the respective displacement (green arrow) at the
tip of the bent stem (dashed green line) was recorded. N1-N3 = nodes
1-3. (D) Four-point-bending tests were carried out on segments F, and
F,from internodes |, and L, respectively. Directly after the bending tests,
segments T, and T, were prepared for torsional tests. (E) Experimental
setup of the four-point bending test. L (= 60 mm) is the distance between
the center points of the central supports and f(= 15 mm) is the distance
between the center point of one support and the center point of the
corresponding arm of the mass holder (m).

Four-point bending tests

From the stems previously used in the two-point bending tests, two
segments (F, and F,) were prepared from internodes I, and I, each
segment lying 20 mm below the adjacent apical node and with a to-
tal length of 120 mm (Fig. 1C, D). The flexural rigidity of each seg-
ment was determined on all three sides, and then the average value
was calculated. The four-point bending tests were performed using
a custom-made steel-frame bending apparatus (Fig. 1E; Technical
Workshop, Institute of Biology II/III, University of Freiburg,
Germany). It consisted of two supports, a mass holder, and a micro-
scope with an eyepiece graticule (accuracy: £0.02 mm) to measure
the displacement of the segments (Kaminski et al., 2017). The force
was manually applied in cumulative steps, with a 60-s pause before
the displacement was read, and the next weight was applied. Each
triangular segment was bent within the linear-elastic range. The flex-
ural rigidity was calculated by using Eq. 4 (Kaminski et al., 2017):

L*f
El=—2, 4
16k )

where E is the bending elastic modulus, I is the axial second mo-
ment of area, L is the distance between the center points of the
central supports (L = 60 mm), and f is the distance between the
center point of one support and the center point of the corre-
sponding holder arm (f = 15 mm). The respective slope of the
regression line k was determined on the basis of the displace-
ment-force curves.

Bending elastic modulus

From the flexural rigidity determined in two-point bending tests
and four-point bending tests and the means of the individually
calculated axial second moment of area, the bending elastic mod-
ulus E of the stems and segments was calculated using Eq. 5:

_E

E .
I

©)

To take into account the taper of the stems, the tapering mode a was
calculated from the regression line of a double logarithmic diagram
with logz on the x-axis, where z=x/L is the relative distance from the

rx)-r,

apical end, and log [—] on the y-axis, where r (x) is the equivalent

Ty=ra
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FIGURE 2. Carex pendula. (A) Schematic drawing of peripheral sclerenchyma strands (black) in the cross section. Morphometric variables: a area, b
radial dimension, ¢ tangential dimension, d distance between individual elements, s side length, h height. (B) Unstained handmade cross section of
the more basal internode 2. Cross sections of (C) apical internode 1 and (D) more basal internode 2 stained with toluidine blue. Lignified cell walls of
xylem and sclerenchyma appear blue-green, and unlignified cell walls of parenchyma and collenchyma are colored pinkish-purple. ae = aerenchyma,
ch= chlorenchyma, e = epidermis, pa = parenchyma, sc = sclerenchyma, vb = vascular bundle.

radius at distance x from the base, r;, is the equivalent radius at the
base and r, is the equivalent radius at the apex of the stem (Caliaro
et al, 2013). The bending elastic modulus E,;,, considering the
tapering mode a was calculated according to Eq. 6, where L is the
length of the stem between the support point and the attached mass,
k is the slope in the displacement-force diagram and I is the axial
second moment of area at the base (Caliaro et al., 2013):

g =L (1)
alpha — 3Ib k T . (6)

Torsional tests

Torsional rigidity GJ was measured directly after the above-described
four-point bending tests had been carried out. A 50-mm-long seg-
ment (T, and T,) was prepared from the middle of the segments
F, and F, respectively (Fig. 1D), and subjected to a torsional test.
The remaining 35 mm in an apical and basal direction was used in
subsequent histological analysis. Tests were performed using a cus-
tom-made apparatus (Technical Workshop, Institute of Biology II/
I11, University of Freiburg, Germany) with a spring-loaded cylinder
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to apply torque to the segment (see fig. 5: Gallenmiiller et al., 2001).
One end of the segment was clamped into a stationary holder, and
the other was clamped to a torsional cylinder. The holders were
3D-printed with respect to the cross-sectional geometry of the seg-
ment. In cumulative 5 to 10 steps, the torsion cylinder was rotated
up to 200° (accuracy: £1°). Torsional rigidity was calculated from
the slope of the linear regression line based on plots of the resulting
angle (in rad) against the applied torque by using Eq. 7 (Kaminski
etal., 2017):

GJ=23, (7)

=~

where G is the torsional modulus, ] is the polar second moment of
area, L is the free length of the tested segment between the clamps,
and k is the slope of the regression line of the angle-torque curves.
From the torsional rigidity and the means of the individually calcu-
lated polar second moments of area, the torsional modulus of the
segments was calculated using Eq. 8 (Kaminski et al., 2017):

GJ

Twist-to-bend ratio

Because bending and torsional tests were carried out consecu-
tively on the same segment, the twist-to-bend ratio could be cal-
culated for every single segment according to Eq. 9 (Vogel, 1992,
2007):

twist-to-bend ratio = 2 (9)
GJ

Anatomy

Cross sections from the apical part of the segments were cut by
hand with a razor blade. To identify the various tissue types, we
analyzed and imaged unstained cross sections (Fig. 2B) with a
stereomicroscope SZX7 (Olympus, Tokyo, Japan) and an Altra
20 camera (Olympus) and Cell"D 2.8 Software (Olympus Soft
Imaging Solutions Deutschland GmbH, Hamburg, Germany).
Further morphometric data of the cross sections (Fig. 2A) were
determined by using the image analysis software Image] v. 1.45g
and a Bamboo Fun Graphics Tablet (Wacom Europe GmbH,
Krefeld, Germany).

Statistics

Raw data (Appendix S1) were recorded and analyzed with
Microsoft (Redmond, WA, USA) Office Excel 2007. The statistical
analysis and the box plots were conducted with Gnu R 3.5.0 (R Core
Team, 2018). Data are either represented by mean values + 1 SD or
shown as median values with respective interquartile ranges (IQR).
Shapiro’s test was applied to check for normal distribution. For pair-
wise comparison of related data, the paired Wilcoxon signed rank
test was used if the data were non-normally distributed, whereas
the paired t-test was used if the data were normally distributed. A
two-way repeated measures (rm) ANOVA (normally distributed
data) or Friedman rank sum test (non-normally distributed data)
was applied to check for differences in flexural rigidity, bending
elastic modulus, and morphometric data of the three sides of the
triangular cross section (Appendix S2). Levels of significance were

P >0.05: not significant (n.s.); P < 0.05: significant (*); P < 0.01: very
significant (**); P < 0.001: highly significant (***).

RESULTS

Bending tests

Table 1 summarizes the morphometric data and mechanical
properties of the stems and segments and presents the statisti-
cal results. For seven of the 15 stems, the bending tests were per-
formed on all three sides. The two-way rm-ANOVA showed that
neither the flexural rigidity nor the bending elastic modulus E
and E,, of the three sides differed significantly (Appendix S2).
Based on this result, the remaining eight stems were tested on
one side only. Statistical analyses showed that the data for flexural
rigidity EI and the bending elastic modulus E were normally dis-
tributed, whereas E,;,, data were not normally distributed on one
side. The tapering mode a of the stems (n = 14) yielded a median
of 1.39 (IQR: 0.30). Using Eq. 6, we calculated the bending elas-
tic modulus E,p,, with a median of 13.71 GPa (IQR: 5.27 GPa).
Although the median of E,;,, amounts to 88% of E with a median
of 15.62 GPa (IQR: 4.12 GPa, E is calculated with the mean of the
axial second moments of area measured along the stem), a paired
t-test revealed that they did not differ significantly (t = 0.86338,
df = 13, P = 0.4036). Comparisons of the stem with F , the stem
with F,, and F, with F,, yielded highly significant differences for
the flexural rigidity and the axial second moment of area, whereas
no significant differences could be found for the bending elas-
tic modulus (Table 1).

Torsional tests

Statistical analyses showed that data for the torsional rigidity, po-
lar second moment of area, and torsional modulus were normally
distributed. A comparison of T, and T, yielded highly significant
differences for the torsional rigidity and the polar second moment
of area, whereas no significant differences were found for the tor-
sional modulus (Table 1).

Twist-to-bend ratio

Since the data for the twist-to-bend ratio of internode 1 were nor-
mally distributed, but that of internode 2 was not, a paired Wilcoxon
signed rank test was performed. No significant differences were
found (Table 1).

Morphology and anatomy

The flower stalks of C. pendula are divided longitudinally into inter-
nodes and nodes with inflorescences borne on long, drooping stalks.
Light microscopic investigations showed a triangular cross section
with rounded corners. In the periphery, alternating individual el-
ements of various sizes consisted of lignified sclerenchyma fibers,
chlorenchyma, and aerenchyma. As a characteristic for monocoty-
ledons, the vascular bundles were in the form of an atactostele scat-
tered throughout the parenchyma (Fig. 2).

For seven of the 15 cross sections, the morphometric data were
analyzed on all three sides according to Fig. 2A. The two-way rm-
ANOVA or a Friedman test showed that none of the measured
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TABLE 1. Morphometric data and biomechanical properties of flower stalk, stems, and internodal segments of Carex pendula. Median values (Med) with interquartile
ranges (IQR), minima (Min) and maxima (Max), sample sizes (n) for each variable, and the statistical results of the [1] paired t-test and [2] paired Wilcoxon signed rank

test are given.

Variable Sample Med IQR Min Max n / Statistics
Length (mm) Flower stalk 1340 106 1092 1542 n=15
Internode 1 275.0 37.8 209.5 360.0 n=15
Internode 2 320.0 305 2450 425.0 n=15
Inflorescence 579.0 67.0 456.0 690.0 n=15
Top load (g) Inflorescence 385 1.10 2.02 479 n=15
Flexural rigidity (El) Stem (N m? x 10) 94,325 36,475 51,000 133,377 n=15
F1 (N'm?x 109 43,548 24,993 18,564 75318 n=15
FZ (N'm?x 107°) 142,529 90,245 64,564 288,431 n=15
Stem—ﬁ t=13.103,df = 14, P = 3.056 x 10? [1] ***
Stem — Fz t=-4659,df=14,P=3687 x 10* [1] ***
FW—F2 t=-79912,df=14,P=1387 x 10° [1] %%
Axial second moment of area (/) Stem (mm?) 6.78 409 3.02 9.71 n=15
F1 (mm?) 273 1.13 1.33 4.19 n=15
FZ (mm?) 9.50 557 3.79 14.70 n=15
Stem — F, t=9.5906,df =14, P= 1564 x 107 [1] ***
Stem — Fz t=-55255df =14,P=7475x 10" [1] ***
F - F2 t=-88282,df =14,P=4273x 107 [1] %%
Bending elastic modulus (E) Stem (GPa) 15.62 412 11.04 19.52 n=15
F1 (GPa) 16.60 2.36 12.65 20.98 n=15
F, (GPa) 16.20 442 9.76 21.71 n=15
Stem—ﬁ t=-1.5837,df =14,P=0.1356 [ ns.
Stem — Fz t=-0.8135,df =14, P=0.4296 [Mns.
F - F2 t=0.50272,df = 14,P=0.623 [1ns.
Torsional rigidity (GJ) T, (Nm?x 10°) 222 114 89 516 n=15
Tz (N'm?x 109 738 399 205 1581 n=15
TW—TZ t=—7.2135df =14,P=447 x 10° [1] ***
Polar second moment of area (J) T, (mm) 6.33 3.82 267 10.54 n=15
Tz (mm?) 2197 1218 948 38.00 n=15
TW—TZ t=-87591,df =14, P=4.695 x 10”7 [1] %%
Torsional modulus (G) T, (MPa) 37.05 15.52 21.53 68.67 n=15
Tz (MPa) 3832 19.57 20.82 56.10 n=15
T, —TZ t=0.82031,df = 14,P=04258 [1ns.
Twist-to-bend ratio F/T 179 71 98 319 n=15
F T, 178 78 85 403 n=15
F/T -F/T, V=58, P=09341 2Ins.

Note: flower stalk = stem with inflorescences, leaf blades, and leaf sheaths; stem = flower stalk without inflorescences, leaf blades, and sheaths, consisting of internodes and nodes; segment

= part of internode 1 and 2 to be tested in bending (F, and F) or torsion (T, and T))

variables differed significantly when the interaction effect of test
sample and side was taken into account (Appendix S2). Based on this
result, the morphometric data of the remaining eight test samples
were measured on one side only. Table 2 summarizes the morpho-
metric data and presents the statistical results. Significant differ-
ences were found when comparing the numbers of sclerenchyma
strands, whereas the area, radial, and tangential dimension of the
sclerenchyma strands and the distance between each other did not
differ significantly.

DISCUSSION

The literature on plant biomechanics demonstrates that both the
cross-sectional shape in the form of the I/] ratio and the mechan-
ical properties in the form of the E/G ratio determine the flexural
and torsional rigidity and thus ultimately also the twist-to-bend
ratio (Ennos et al., 2000; Kaminski et al.,, 2017; Niklas, 1992,
1999; Vogel, 1992). In general, quotients of the axial and polar

second moment of area (I/]) are 0.2 to 0.5 for axes with U-shaped
cross sections (unpublished data), 0.25 for elliptical cross sections if
the minor axis is twice the major axis, 0.5 for circular cross sections,
0.81 for squared cross sections, 0.83 for isosceles triangles, and 1.25
for elliptical cross sections if the major axis is twice the minor axis
(Niklas, 1999). Since I/] ratios are usually below 1.0, high twist-
to-bend ratios must therefore be attributed to high E/G ratios,
whereby these mechanical properties are essentially determined at
the tissue level by the relationship E>> G (Niklas, 1999) and at the
organ level by the 3D distribution of strengthening tissues within
the parenchymatous matrix.

Average twist-to-bend ratios are 13.3 + 1.0 for lenticular and hol-
low flower stalks of daffodils (Narcissus pseudonarcissus) (Etnier,
2003), 14.1 + 4.1 for the circular-shaped petioles of the UFO plant
(Pilea peperomioides) taking into account their tapering (Kelbel,
2019), 17.2 = 7.8 for the square-shaped stems of motherwort
(Leonurus cardiaca) (Kaminski et al., 2017), and 36.0 + 11.3 for the
triangular flower stalks of the lesser pond-sedge (Carex acutiformis)
(calculated using data from Ennos, 1993). Of note, the peak values
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TABLE 2. Morphometric data of the sclerenchyma strands in the internodes of
C. pendula. Median values (Med) with interquartile ranges (IQR), minima (Min),
and maxima (Max), the sample sizes (n) for each variable, and the statistical
results of the [1] paired t-test and [2] paired Wilcoxon signed rank test are given.

Variable Sample  Med IQR Min Max  n/Statistics
Number / side

L 14 25 12 17 n=15

L 19 1.0 17 21 n=15

-1, t=-10.132,df =14,P=7.934 x 10* [1] %%
Area (a)

[ (mm?) 00199 00054 00084 00283 n=15

[,(mm?) 00209 00187 00059 00404 n=15

=1 t=-0.50194,df =14, P=0.6235 [Mns.
Radial dimension (b)

[ (mm)  0.1470 00442 0.1086 02235 n=15

I, (mm) 01731 00760 0.0749 0.2268 n=15

=1, t=-0.75501,df = 14, P=0.4628 [1]ns.
Tangential dimension (c)

[ (mm) 0.1190 00259 00823 0.1431 n=15

l (mm) 01238 00425 00755 02433 n=15

-1, t=-1.7968, df = 14, P = 0.09397 [Mns.
Distance (d)

I, (mm) 01357 00302 00923 0.2361 n=15

[,(mm) 01778 00659 00687 02176 n=15

[ =1 V=38,P=0.2293 [2] ns.

1 2

presented here for the triangular flower stalk of Carex pendula
with mean values of 191 + 70 for the two apical internodes exceed
the highest values of approximately 75 measured for the U-shaped
petioles of banana (Musa textilis) (Ennos et al., 2000).

The presented figures show that the very high values of the twist-
to-bend ratios of C. pendula cannot be attributed to the triangular
shape of the segments, which in this case has an average I/] ratio
of 0.42 £ 0.05, but indicate the dominant contribution of the ra-
tio of E/G of 465 + 184. Interestingly, the bending elastic modulus
and torsional modulus themselves do not vary significantly along
the stem, but the significant differences in bending and torsional
rigidity along the stalk result from changes in the axial and polar
second moment of area, whereas the twist-to-bend ratios remain
very high in each segment.

Our data support previous results suggesting that the inner stem
structure plays a major role in terms of the three-dimensional ar-
rangement of strengthening tissues. In the case of N. pseudonar-
cissus, which shows a rather low twist-to-bend ratio of 13.3 + 1.0
despite having an elliptical flower stalk cross section, the vascular
bundles are scattered throughout the flower stalk in the form of an
atactostele, which is typical for monocotyledons. In comparison,
dicotyledonous plant axes with peripherally arranged strengthen-
ing tissues such as the collenchyma, sclerenchyma, and xylem at the
corners of the squared cross sections of L. cardiaca show markedly
higher values for the twist-to-bend ratio of 36.0 £ 11.3 (Kaminski
et al., 2017). The genus Carex, which belongs to the monocotyle-
dons, has not only an atactostele, but also peripherally arranged
sclerenchyma strands. The individual internodes of C. pendula
differ highly significantly in the number of sclerenchyma strands
but have a comparable area, radial and tangential dimension, and
distance from each other. In addition to a high flexural rigidity, the
Carex internodes have a high torsional flexibility, which is based
on the isolation of the individual sclerenchyma strands by inter-
vening chlorenchyma and aerenchyma, the latter creating space

for torsional movement, especially in the three corners because of
its mechanical compliance.

At this point, the influence of the nodes on the biomechanics of
the flower stalk of the C. pendula should be discussed. Interestingly,
the cross-sectional anatomy of the nodes is basically the same as
for the internodes. In contrast to the internodes, the outer 2/3 of
the nodes represents a strengthening ring that consists of a pe-
ripheral continuous ring of sclerenchyma without intervening
aerenchym followed by vascular bundles of different size embed-
ded in chlorenchyma. The central pith of unlignified parenchyma
occupies only about 1/3 of the total area. A thin, continuous, ligni-
fied cell layer is conspicuous at the transition between the closely
spaced vascular bundles and the unlignified parenchymatous pith.
From a biomechanical point of view, the broader peripheral ring
of strengthening tissues generally increases the flexural and tor-
sional rigidity by increasing the axial and polar second moment
of area. The above-described structure of the nodes, which differs
from the internodes, may explain why the flexural rigidity of the
stems consisting of two internodes and three nodes differs highly
significantly from the flexural rigidity of the internodal segments.
Additionally, the closed ring of sclerenchyma without intervening
aerenchym especially increases the torsional rigidity of the nodes
in contrast to the internodes with individual sclerenchyma strands
alternating with aerenchymatous regions that allows for easier tor-
sional movement (Wolff-Vorbeck et al., 2019).

In a comparison of C. acutiformis and C. pendula, which have
the same body plan consisting of triangular flower stalks with
internodes and nodes and a similar internal structure, the in-
ternodes of C. pendula have on average a 5.8-18.4 times higher
flexural rigidity and a 1.1-3.5 times higher torsional rigidity than
the mean values published for the stalk segments of C. acuti-
formis (calculated using data from Ennos, 1993). These values
lead to an approximately 5-fold higher twist-to-bend ratio of the
internodes of the larger C. pendula ranging between 98 and 403.
Carex pendula flower stalks have a maximum length of 250 cm
and carry an average inflorescence mass of 3.61 + 0.80 g, which
is a considerably higher top load than those of C. acutiformis,
which carry an inflorescence mass of 0.92 + 0.26 g (calculated
using data from Ennos, 1993) on a maximum 150 cm long flower
stalk. Calculating the bending moment as a product of lever arm
and weight force from these values results in a bending moment
6.5 times higher for C. pendula than for C. acutifomis; a value
which is in good agreement with the at least 5.8 times higher
flexural rigidity of C. pendula stems. In addition, the two species
differ in their growth form. C. acutiformis is an upright-grow-
ing plant with straight nearly vertical inflorescences. In contrast,
C. pendula is an upright-growing plant, whose flower stalks
are already (slightly) bent by the weight of its drooping inflo-
rescences. Silk et al. (1982) introduced the interesting aspect of
tapered axis into this discussion. Because of the taper, there is a
lower flexural rigidity at the tip, which leads to a bending of the
axis and thereby to a reduction of the moment arm produced by
the top load.

However, the investigations of internode 1 and 2 of C. pendula
only provide part of the mechanical characterization of the flower
stalk. Likewise, the stem tested in two-point bending, after subtrac-
tion of inflorescences, leaves and basal internode 3, represents on
average merely a section between 10.9 + 6.1% and 56.1 + 3.5% in
relation to the total length (= 100%) of the flower stalk. In addi-
tion, more than half of each internode is surrounded in its basal
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part by a leaf sheath consisting of a closed triangular ring, which
completely surrounds the internode and is tight-fitting but not
firmly grown together. In principle, the leaf sheath is made up of the
same tissue layers as the flower stalk, but its broad peripheral scler-
enchyma layer is particularly striking, taking up almost half of the
ring diameter. Thus, the leaf sheath not only can give the internode
additional flexural rigidity, but also allows free torsion within the
leaf sheath and therefore has little influence on the torsional stift-
ness. Consequently, if the leaf sheath is included, the twist-to-bend
ratio may reach even higher values than the peak values measured
for the internodal segments alone. Furthermore, in the inflorescence
region, the internode is no longer completely triangular. Usually,
within the leaf sheath, the stalk of the respective inflorescence dis-
places one corner of the internode. Not all of these aspects of the
overall flower stalk could be taken into account in the present study.

Another aspect we considered is the influence of the taper of
the stems on the bending elastic modulus. The tapering mode «
describes whether the shape resembles more a circular cylinder
(a=0), a second order paraboloid of revolution (« = 0.5), a circular
cone (« = 1) or a hyperboloid of revolution (« = 1.5) (Caliaro et al.,
2013). Depending on the respective taper, the difference of the elas-
tic bending modulus can be more or less pronounced, if taking into
account the mean values of the axial second moment of area or a—
due to the tapering—apically decreasing axial second moment of
area. For petioles of Caladium bicolor ‘Candyland, a tapering mode
of 0.37 was found. Thus, the bending elastic modulus considering
the taper increased to 118% of the value without taper (Caliaro
et al,, 2011). In the case of C. pendula, the mean tapering mode is
1.37 + 0.24, resulting in a median of E,,;,, reduced to 88% com-
pared to the bending elastic modulus E calculated from the mean
of the individually calculated axial second moments of area.

A high twist-to-bend ratio of the flower stalk is a functional
advantage, especially under wind loads. Despite its own weight and
the additional top load of inflorescences and fruits, the flower stalk
grows largely upright, and the wind-pollinated inflorescences ex-
tend far beyond the tuft of leaves. Additionally, the high torsional
flexibility of the sagging flower stalk contributes to a turning out
of the wind and thus to the avoidance of excessive forces and ulti-
mately to damage prevention. Since plants are always the result of
the respective body plan, a multifunctional structure and the re-
sponse and adaptation to sometimes contradictory environmental
and mechanical requirements, a quantitative analysis of the contri-
butions made by the cross-sectional shape and internal structure
of plant stems can only be achieved by simulations, in which the
individual variables can be varied independently.

CONCLUSIONS

In the case of Carex pendula flower stalks, the increase in flex-
ural rigidity and torsional rigidity from the more apical segment
from internode I, to the more basal segment from internode I,
is caused by morphological variables, i.e., a significant increase
in axial and polar second moment of area, and by anatomical
variables, i.e., a significant increase in the number of peripheral
sclerenchyma strands, whereas the material properties (bending
and torsional modulus) do not change markedly along the stem.
The very high twist-to-bend ratio found in both internodal seg-
ments is partly attributable to the triangular shape of the stem
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but is mainly a consequence of a high bending modulus and a
low torsional modulus causing an ecologically advantageous flex-
urally stiff but very torsional flexible flower stalk. This inspiring
concept of nature might also be of relevance for implementation
in slim technical constructions.
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