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Abstract | Barley genotypes selected by farmers or breeders for dry climates need to cope with wide variation
in rainfall from year to year. Vigorous vegetative growth is needed for yield when drought terminates growth
early, but this character can lead to lodging in years with above average rainfall. Barley cultivars and landraces
bred adapted to these conditions have thinner straw than higher-yielding cultivars adapted to more favourable
growing conditions and may lodge in a different way. Using straw dimensions and material properties derived
from Kurdish landraces of barley, a finite element model of lodging straw under wind and gravity loading
was constructed. Bending moments due to gravity and wind were explicitly calculated. For the thin-strawed
landrace phenotypes, as lodging progressed, gravity became the dominant influence. The model was used to
prioritise different straw parameters that influence lodging. Increasing straw diameter was the most promising
way to improve resistance to lodging, since diameter showed more variation than straw length and gave
greater gains in stiffness than increasing the longitudinal modulus of the straw material.
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Introduction to terminal summer drought. Genotypes adapted
to these conditions tend to have thin, flexible straw.
odging in cereals is a major economic problem In a wet year, however, these characteristics lead to
worldwide due to direct loss of yield, increased  excessive plant height and problems with lodging
costs of harvesting and fungal infection of the slow- (Goodchild, 1997).
drying lodged crop (Berry ez al., 2004; von Korft ez
al.,2008). In rainfed subsistence agriculture, drought-  Lodging mechanisms have been reviewed by Berry
resistant barley cultivars and landraces are capable ez a/. (2004). Lodging can occur by displacement
of producing a crop on well under 300 mm of rain  of the root system and the soil surrounding it; by
(Varshney ez al., 2012). In excessively dry years when  buckling (folding) (Cui and Shen, 2011; Spatz and
there is little grain yield the straw is often grazed or ~ Speck, 1994) or more rarely fracture of the hollow
harvested for fodder and may play a vital economic  straw (Tan ez a/., 2015); or by a combination of these
role in keeping livestock alive (Goodchild, 1997). mechanisms (Farquhar ez a/, 2002; Niklas, 1998).
'These conditions demand rapid vegetative growth in  Lodging in barley is more complex than in wheat and
the short period while soil moisture is adequate prior some other cereals, because barley stems are relatively
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flexible and can fail at any point along their length
(Berry et al., 2006). Field observations on the thin-
strawed drought-resistant genotypes grown in arid
areas (Jaff, 2019) show that their straw is so flexible
that lodging can occur without fracture or buckling,
as the stems arched elastically until the spike touched
the ground, and was held down by gravity only.

Lodging in barley has been modelled by various
analytical and finite element approaches (Berry ez al.,
2004; Cui and Shen, 2011; Baker ez a/., 2014; Dunn
and Briggs, 1989; Lebliqc ez al., 2016; Neenan and
Spencer-Smith, 1975). Recently dynamic models,
matching wind turbulence to the oscillation of the
shoot (Bruchert ef al., 2003; Gardiner ez al., 2016)
have proved useful for predicting the prevalence of
lodging depending on weather (Berry ez al., 2006;
Baker ez al., 2014) and for assessing the relative
importance of straw, root and soil characteristics. The
possibility of a different form of lodging in extremely
drought-resistant barley suggests that models with
a different structure, allowing the direct effect of
gravity to be assessed separately from the effect of
wind forces, might be advantageous. In a dynamic
model this would become computationally difficult
when lodging approaches the critical point where
gravity alone prevents the straw from recovering
elastically, as its motion will then be increasingly
non-harmonic: That is, the swaying shoot will not
oscillate symmetrically in response to a gust of wind.
An additional advantage would be the possibility to
assess the gravity contribution of changes in moisture
content prior to harvest.

Finite element models, based on relating local force to
the deformation in each short segment of the straw,
have been used to simulate the bending of barley
straw and offer more flexibility than analytical models
in which the whole length of the straw is modelled
at once (Cui and Shen, 2011; Lebliqc ez a/., 2016).
Here we describe a simple form of non-dynamic
finite element model simulating the lodging of a
set of drought-resistant barley landraces described
in an accompanying paper (Jaff, 2019) under the
combined, but explicitly separable, influences of wind
and gravity. It was not an objective to predict absolute
levels of lodging under any particular combination
of weather conditions. Instead the focus was on the
relative susceptibility of different barley phenotypes to
lodging. The practical objective was to prioritise straw
characteristics that could be used to improve lodging

resistance, if possible without leading to reductions
in the feeding value of the straw (Goodchild, 1997).
It was also the intention that the model would
not require specialised finite element modelling
software or skills, which might be inaccessible in the
regions concerned. Instead the models were simply
implemented in Microsoft Excel.

Materials and Methods

The input dimensions, mass and material
characteristics derive from Jaff (unpublished).and
relate to barley straw with much smaller diameter and
lighter head weight than is normal in high-yielding
commercial cultivars adapted to conditions of high
tertility and ample water.

Each internode was divided into either 5 or 10
longitudinal segments, depending on its length. Each
segment was treated as a tube bending under the
influence of wind and the force of gravity on the parts
of the shoot distal to its basal end. The input data
were the length, outside diameter, culm wall thickness
(i-e. the mean of combined thickness of the epidermis
and sclerenchyma (Cenci ¢# a/., 1984)), dry mass and
moisture content (10% unless otherwise stated) of
each segment and the mean longitudinal modulus
of the cell-wall material i.e. the stiffness calculated
using the cross-sectional area of solid material; the
mass, width and length of the spike, including the
length of the awns; the wind speed at the height of
the segment, using a simple exponential model for
the vertical wind gradient within the crop; a constant
drag factor of 0.4 for both spike and straw (Baker
et al., 2014); and the torque constant for displacing
the root system through a given angle. Only the top
internode was modelled as tapered. The analysis was
done in three operations.

1. For each segment an arbitrary bending angle was
chosen, together with an arbitrary angle for root
lodging. These angles allowed a starting geometry
for the whole plant to be constructed

2. 'The forces exerted by wind and gravity on each
segment of the straw and on the spike were
then calculated, and hence the bending moment
(torque) at the base of each segment due to wind
and gravity forces acting on all segments distal
to it, including itself and the spike. The bending
stiffness of each segment was calculated from its
dimensions and the longitudinal modulus of its
cell-wall material. A predicted value for the angle
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through which each segment bends was calculated
from its stiffness and the bending moment at its
base, based on the starting geometry of the shoot.

3. 'The bending angles for all segments of the
straw were then adjusted simultaneously to
minimise the difference between the starting
(step 1) and predicted (step 2) geometries. The
iterative minimisation procedure was numerically
challenging because each change in any starting
angle affected the forces acting on all the other
segments. Two approaches were used: Least-
squares minimisation of the differences between
the geometrical and predicted mechanical
segmental bending angles using the Solver add-
in function in Microsoft Excel, and iterative
averaging of geometrical and predicted mechanical
segmental bending angles. In most circumstances
these two approaches led to identical solutions.
However, each method led to unstable solutions
in some circumstances, particularly when the
straw was almost straight and upright or when
segmental bending angles became large. In these
circumstances the solutions from the iterative
bending approach tended to oscillate but this
problem was minimised by extending the number
of iterations to 100 and averaging the output
from the last 20 iterations. The data shown in
Figures 1-5 were derived by the iterative averaging
procedure.

'The equations on which the model was based are
shown in Table 1. The input parameters are shown in

Table 2.

As with other models of lodging, a number of
simplifying physical approximations were assumed.
The anatomical heterogeneity of the culm wall was
ignored. The data and images in (Cenci ez a/., 1984)
suggest that approximately half of the mass and three-
quarters of the stiffness of the culm wall reside in
the epidermis and the sclerenchyma ring, where the
cells are particularly thick-walled. The densities and
longitudinal moduli of these tissues, the parenchyma
and the vascular bundles were all effectively combined
into single density and modulus values for the whole
culm wall. Also, the landrace barley populations from
which the starting parameters were standardised had
rather long, clasping leaf sheaths Jaff, unpublished,
the contribution of which to the mass, wind
resistance and stiffness of the stem were ignored.
These simplifications were due to the amount of

data available on culm anatomical parameters, not
limitations of the model, which could readily be
adapted for more complex parameter sets if required.
In the form reported here the model already describes
the anatomy of barley straw in considerably more
detail than is possible with existing analytical models.

'The starting point for optimisation of the modelled
straw geometry was vertical with the topmost two
segments of the top internode bent slightly downwind,
directing the minimisation towards the downwind
side. To prevent mathematical complications the
modelled lodging was stopped when the spike touched
the ground. In practice the plant will subsequently
fall further with the upper part of the straw becoming
concave, but this was not included in the model.

Results and Discussion

The aim of the finite element modelling exercise was
to compare the relative effect of changing a number of
straw parameters in minimising the extent of lodging
in strong winds. It was not an aim to predict the extent
of lodging quantitatively at any particular wind speed,
which would have required a dynamic approach to the
lodging phenomenon (Baker ez a/., 2014) and would
have depended heavily on a statistical approach to the
turbulent behaviour of the wind (Finnigan, 1979).
'The dimensions for each comparison corresponded
approximately to the range of variation within the
four landrace populations measured by Jaft (2019).

Figure 1 shows the progressively increasing modelled
severity of lodging under increasing wind speeds
up to 25 m s'. The relative contributions of (a) the
direct effect of wind, and (b) the effect of gravity, to
the torque (bending moment) exerted at any point on
the straw, vary according to the wind speed, but the
effect of gravity is always large. That is, much of the
bending moment is due to the weight of the spike
and to the straw’s own weight, as soon as the straw is
displaced from vertical (Crook and Ennos, 1995).The
greatest total bending moment is in general near the
base of the straw, but the finely tapered top internode
bends considerably, allowing the head to droop.
Positive torque bends the shoot to the right in the
diagram. With this convention, wind torque exerted
on parts of the straw higher than the drooping head
is negative because the spike is then blown upwards
towards a horizontal position in strong winds. In
principle bending of the straw is elastic (reversible),
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Table 1: Equations for shoot geometry and mechanics.

Properties of each internode segment

Outer radius (m) = »

Internode wall thickness (m) = #

Inner radius (m) = r-#

Length (m) = L

Internode wall density = 500 Kg/m?

mass (Kg) = M =500 L nt (P-(r-2)?)

Second moment of area I (m*) = t (27)*-(2(r-2))*)/64

Longitudinal bending modulus (Nm?) = E

Stem geometry

Root lodging angle (radians) = 0,

Angle through which segment 7 is bent (radians) = 6, (geom)

Angle from vertical V] at top of segment 7 (radians) = 0, + 6(0 to 1) 6,

Lateral position X, at top of segment i (m) = X | + L sin V]

Vertical position H. at top of segment i (m) = H_ + L cos V]

Radius of curvature R (m) = L/6,

Straight length of segment (m) = 2R sin (6, /2)

Wind and gravitational forces

Gravity force on internode (N) = 9.8 XM, (assumed to act vertically at centre of internode)
Gravity total torque to segment base (Nm) = 9.8 XM summed over spike and all internodes distal to internode considered
Wind speed above canopy (m s?) = v

Wind speed v, (m s) at height A = v (exp(H) -1) / (exp(canopy height) -1)

Area of internode projected to wind (m?) = 4 = 2rabs(H__- H,)

Wind force on internode (N) = ¥/ = A (drag factor) v >/ 2

Wind torque at segment base (Nm) = ZH W summed over spike and all internodes distal to internode considered
Total torque at segment base (Nm) = Wind torque + gravitational torque.

Total force normal to segment tip (N) = Total torque at segment base/straight length of segment

Note that the wind and gravity torques are positive when bending the straw clockwise. The wind torque is negative when acting
on a segment further above the ground than a drooping head.

Mechanical outcome
Root lodging angle (mech) (radians) = (Total torque at base of shoot)(Root lodging constant)
Angle 6, (mech) through which each segment i is bent (radians) = 2arctan(Total force normal to segment base (straight length)* /

(ED)

The fitting process is to adjust 0, (geom) simultaneously for all internode segments i until 0, (geom) and 0, (mech) are matched.

Table 2: Standard input parameters.

Internode no from base 1 2 3 4

No of segments 5 5 5 10

Internode length (m) 0.056 0.122 0.165 0.242

Outer radius (m) 0.00076 0.00086 0.0008 0.00080 to 0.00025
Wall thickness (m) 0.00024 0.00027 0.0003 0.00030 to 0.00010
Culm wall modulus (GPa) 10 10 10 5

Spike length (m) 0.056

Spike width (m) 0.006

Spike mass (Kg) 0.002

Culm wall density (Kg/m?) 500

Drag factor 0.4

root lodging constant (radians N'm™) 10
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Figure 1: Modelled effect of wind strength on lodging and the
relative contributions of wind (horizontal) and gravity (vertical)
to the torque bending the stem at each point on its length measured
along the curve from base to tip. Inset: plant geometry at each wind
strength.

its original vertical posture when the wind force is
removed: If the head is displaced far enough laterally
the force of gravity alone will be sufficient to keep the
straw curved over. This is particularly the case if there
is significant displacement of the root system, which
may be assumed to be partly irreversible (Crook and

Ennos, 1995).

Cereal straw commonly fails through folding because
it is not transversely stiff enough to maintain its
circular cross-section when bent. This form of failure is
called Brasier buckling and it occurs at a torque (force
x leverage) that is called the critical bending moment.
Using an estimated value of 2 GPa for the tangential
modulus of the culm walls, the modelled critical
bending moment for the onset of Brasier buckling
(Cui and Shen, 2011; Niklas, 1998) is approximately
0.2 Nm up to the base of the top internode, decreasing
to 0.008 Nm at the tip. Comparing with the bending
moments in Figure 1, there is therefore a safety
factor of around an order of magnitude for this form
of failure. However, greater bending moments than
predicted by the model would be expected under the
dynamic conditions of a sudden gust coincidentally
matching the harmonic frequency of the shoot (Baker
et al.,2014).

It might be expected that barley crops would become
more susceptible to lodging towards harvest as grain
filling increased the weight of the head. At 15 m
s wind speed the modelled overall lodging angle,
defined as the angle from vertical of a line from base
to tip of straw, increased from 55° to 62° when the
head mass was increased from 1 g to 2 g. However,
increasing the moisture content of both head and
straw from 10% to 110%, while keeping the head dry
mass at 1g, increased the modelled overall lodging
angle to 63°. Thus, the predicted effect of increasing
head weight is counteracted by reduced weight of
moisture in both spike and straw as the crop dries out
under conditions of terminal drought. This does not
take into account the expected increase in the stiftness
of the straw cell-wall material when dry (Tavakoli ez
al., 2009), nor the increased soil shear strength when
the soil moisture content is low (Martinez-Vazquez,
2016). Also, during heavy rain additional water may
cling on the surface of the plant and between the leaf
sheath and the internode. Thus, the model predictions
are consistent with the greatest susceptibility to
lodging being several weeks before harvest when both
plant and soil have relatively high moisture content,
but this is naturally dependent on rain and its timing

June 2021 | Volume 37 | Issue 2 | Page 559



OPEN aACCESS

Sarhad Journal of Agriculture

during the pre-harvest period.

Figure 2 shows that resistance to lodging can
potentially be greatly improved by increasing the
diameter of the straw, while keeping the taper and
culm wall thickness proportionate. The maximum
factor of two by which the diameter was increased
is equivalent to the variability in mean observed
straw diameter within and between the landrace
populations and is predicted to give an eightfold
increase in bending stiffness. The increased stiffness of
the straw at larger diameters led to an increase in the
root lodging angle, from 9° to 18° over the diameter
range shown in Figure 2.

Figure 2: Modelled effect of straw diameter on lodging at 15 m 57
wind speed. Maximum diameter (internode 2), top to bottom (m):
.00309, 0.00275, 0.00240, 0.00206, 0.00172, 0.00137. Diameters
and wall thicknesses of other internodes were held in constant ratio
to internode 2.

With the largest straw diameters modelled the spike
was more upright, leading to a considerable increase
in its wind resistance despite the drooping habit of
the barley spike (Figure 2). At the largest diameters,
comparable with those encountered in commercial
barley cultivars bred for temperate climates, increases
in straw diameter made little further difference to the
bending of the straw at the value of root stability used
here and the principal effect of wind was to cause root

lodging.

Increasing the longitudinal modulus of the straw
cell walls by a factor of two had a smaller modelled
effect than increasing the straw diameter by the same

factor (Figure 3). As with diameter, a factor of two
variation in modulus corresponds approximately to

the variability observed in the field.

Figure 3: Modelled effect of mean longitudinal modulus of the culm
wall material on lodging at 15 m m s wind speed. Modulus for the
three lower internodes, top fo bottom (GPa): 16, 14, 12, 10, 8, 6. The
top internode had half the modulus of the three lower internodes.

Figure 4: Modelled effect of straw length on lodging at 15 m 57
wind speed. Erect plant heights (m), right to left: 0.64, 0.58, 0.52,
0.47, 0.41, 0.35.

Halving the length of the straw (Figure 4) gave a
similar reduction in lodging when compared with
doubling the straw diameter. The observed range of
variation in straw length between phenotypes was
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considerably less than twofold, however. The main
effect on straw length in these landraces is expected
to be between dry and wet years (Goodchild, 1997).

Figure 5: Modelled effect of a permanent bend (set) at the top of the
apical internode, at wind speeds of 0, 5 and 20 m sT. No permanent
set: grey. Permanent set: black.

In most barley populations there is a small permanent
bend (set) in the top internode and the rachis of the
spike, keeping the spike approximately horizontal
or somewhat drooping when there is no wind and
reducing the projected area of the spike at low wind
strengths while allowing the glumes and awns to
intercept sunlight well. However, reduced wind
resistance is accompanied by increased gravitational
torque. Figure 5 shows that when the top internode
was as thin and strongly tapered as assumed here, a
permanent bend did not make a large difference at
moderate wind strengths because, even if the top
internode was initially straight, it took on a substantial
bend under the influence of gravity. It is assumed that
the permanent bend in the top internode is indeed
aligned with the current wind direction. If not, as may
happen in the gusts of variable direction in thundery
weather, twisting stresses on the straw will result.

The modelling exercise showed that the greatest
potential gain in straw stiffness, utilising the
phenotypic variation in the landraces studied, would
be obtained by increasing the straw diameter and

by reducing the plant height, as observed for barley
adapted to temperate conditions (Berry ez a/., 2006).
All strategies for increasing straw stiffness involve
trade-offs. If straw diameter is increased there will be
a proportionate increase in straw yield, which may be
accompanied by decreased yield of grain to an extent
depending on the relative timing of straw growth and
grain set (White, 1995). The relative value of grain
and straw to the farmer will then be an input into the
selection strategy (Goodchild, 1997). Reducing plant
height should achieve a reduction in lodging with
approximately the opposite effect on grain yield.

Potential reductions in lodging resulting from stifter
internode walls were relatively small. The mean
stiffness of the internode wall can be augmented
either anatomically or at the level of cell-wall
structure. Anatomically, the stiffness of the internode
can be increased by increasing the proportion of
its thickness occupied by sclerenchyma tissue or
increasing the thickness of the sclerenchyma cell
walls (Neenen and Spencer-Smith, 1975; Cenci ez
al., 1984). Sclerenchyma cell-wall synthesis is under
the control of transcription factors (Rao and Dixon,
2018) and its impairment leads to correlated loss of
mechanical performance and gain in feeding value
(Sato e al., 2018). At the cell-wall level, experience
with softwoods suggests that much developmental
and heritable variation in stiffness results from varying
cellulose orientation (microfibril angle) (Barnett and
Bonham, 2004). Microfibril angle affects longitudinal
and tangential stiffness in opposite directions.
Tangential stiffness in tubular structures is a factor in
ovalisation and susceptibility to buckling (Spatz and
Speck, 1994). Thus longitudinally stiffer straw derived
by decreasing the microfibril angle would be expected
to have a somewhat reduced safety factor towards
buckling. Changing the microfibril angle makes no
difference to chemical composition nor, presumably,

digestibility.

These trade-offs are representative of a number
of interactions between heritable factors affecting
lodging and the feeding value of straw, which deserve
to be considered during the search for genes that can
be exploited when breeding barley. Bringing together
genomics (Mascher ez al., 2017), exploitable genetic
control of straw properties other than length (Berry
and Berry, 2015), and improved understanding of
the relationship between cell-wall structure and
mechanical properties (Cosgrove and Jarvis, 2012)
will be central to future developments in this area.
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Conclusions and Recommendations

1. Landrace barley populations from Kurdistan had
very thin straw which made them susceptible to
an unusual form of lodging in which the straw
curves over under the weight of the head, without
fracture. Finite element models of this type of
lodging allowed the contributions of wind and
gravity to be separated.

2. 'The models allowed the prediction that increasing
straw diameter and reducing straw length were
likely to be the most promising strategies for
reducing lodging.

3. Smaller gains in resistance to lodging could be
expected from thicker or stiffer cell walls.

4. 'The drooping habit of barley heads made only
a small difference to predicted susceptibility to
lodging.
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