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Abstract

Background and aims Biomechanical properties of
cereal root systems largely control both resistance to
root lodging and their ability to stabilise soil. Abiotic
stresses can greatly modify root system growth and
form. In this paper the effect of waterlogging and
moderate mechanical impedance on root biomechan-
ics is studied for both lateral roots and the main axes of
barley.

Methods Barley (Hordeum vulgare) plants were
subjected to transient water-logging and moderate me-
chanical impedance in repacked soil columns. Roots
were excavated, separated into types (nodal, seminal
or lateral) and tested in tension to measure strength
and elastic modulus.

Results Water-logging and mechanical impedance sub-
stantially changed root system growth whilst root bio-
mechanical properties were affected by waterlogging.
Root strength was generally greater in thin roots and
depended on root type. For example, seminal roots 0.4—
0.6 mm in diameter were approximately seven times
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stronger and five times stiffer than lateral roots of the
same diameter when mechanically impeded. Root sam-
ple populations typically exhibited negative power-law
relationships between root strength and diameter for all
root types. Mechanical impedance slowed seminal root
elongation by approximately 50 % and resulted in a
15 % and 11 % increase in the diameter of in nodal
and seminal roots respectively. Power-law relationships
between root diameter and root biomechanical properties
corresponded to the different root types. Coefficients for
between root diameter, strength and elastic modulus
improved when separated by root type, with R* values
increasing in some roots from 0.05 to 0.71 for root
strength and 0.08 to 0.74 for elastic modulus.
Conclusions Moderate mechanical impedance did not
influence the tensile strength of roots, but, waterlogging
diminished the relationship between root strength and
diameter. Separation of root type improved predictions
of root strength and elastic modulus using power-law
regressions.

Keywords Soil mechanical impedance -

Waterlogging - Root biomechanics - Abiotic stress
Introduction

The practical benefits of understanding and manipu-
lating the root systems of agricultural crops are poten-

tially large, ranging from improved production for
food security to decreased soil degradation, but
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aspects such as lodging resistance and soil
stabilisation are often overlooked. Much research has
investigated contributions to soil stabilisation by tree
roots (Abe and Ziemer 1991; Bischetti et al. 2009;
Genet et al. 2008; Mickovski et al. 2009; Stokes and
Mattheck 1996) where large roots act as reinforcing
rods. The biomechanical properties of woody roots
has been linked with internal cell structures (Niklas
et al. 2002, 2006), with other research examining
tissue composition impacts on the biomechanical
properties of herbaceous plant stems (Hepworth and
Vincent 1998).

Studies on plant anchorage have been performed for
sunflower (Ennos 1989), wheat (Crook and Ennos
1993; Ennos 1991a, b), maize (Ennos et al. 1993) and
rice (Oladokun and Ennos 2006) amongst other species.
Models developed in these studies generally use single
values of root strength and elastic modulus for the entire
root system with these values typically derived from the
coronal or nodal roots only. Work on soil stabilisation by
roots, however, has established that the biomechanical
properties of roots depend substantially on root diameter
(Bischetti et al. 2005; Genet et al. 2005; Mickovski et al.
2009; Pollen and Simon 2005). Other research has
shown that mechanical vibration of stems (Hepworth
and Vincent 1999) and the properties of soil influence
the biomechanical properties of roots.

Studies into the influence of internal structures on
fibrous root biomechanical properties are relatively lim-
ited despite fibrous roots offering the potential for sig-
nificant contributions to soil shear resistance,
particularly near the soil surface. Compared with tree
roots, the thin roots associated with fibrous systems
usually have greater root length densities with individ-
ual fibrous roots after having greater tensile strength
(defined here as stress; force per unit cross-sectional
area at breakage) than thicker woody roots. Fibrous root
systems in soil are akin to fibre reinforced composites,
whereas individual woody roots are more analogous to
reinforcing rods. Models in the literature for predicting
root contributions to soil stabilisation range from simple
tensile reinforcement by uniform roots (Waldron 1977)
to reinforcement by populations of roots of varying
strength acting as a fibre bundle (Daniels 1945; Pollen
and Simon 2005). Key to the accuracy of such models is
an understanding of root biomechanics and the potential
effects of abiotic stresses on root tensile strength and
stiffness (elastic or Young’s modulus defined as stress
per unit strain). Natural variability in soil properties, and
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topographic location, result in roots growing in very
different soil physical conditions. Root growth is often
limited by adverse soil physical conditions, if the soil is
hard or dry, or is waterlogged (Bengough et al. 2006;
Sahnoune et al. 2004). Such abiotic stresses may con-
tribute to root lodging within cereal crops (Berry et al.
2004). Lodging may occur through the stem failing
(stem lodging) or if the root system can no longer anchor
the plant when soils are very wet (root lodging) under-
lying a need to understand the effects of abiotic stresses
on root biomechanics. Climate change may affect the
soil environment through changed patterns of rainfall
intensity. More intense rainfall events may increase soil
erosion (Favis-Mortlock and Guerra 1999) and also in-
cidences of waterlogging and the likelihood of crop
lodging.

Hypoxia, mechanical impedance and water stress can
all influence the anatomy and morphology of roots
(Bengough et al. 2006; Iijima and Kato 2007). Hypoxia
and mechanical impedance decrease root elongation rate
with mechanical impedance also increasing root diame-
ter, cortex thickness and the diameter of the xylem vessel
in pea, maize and cotton (lijima and Kato 2007). Root
diameter has a large effect on root strength with negative
power-law relationships between root strength and di-
ameter (Bischetti et al. 2005; Genet et al. 2005; Loades et
al. 2010; Mickovski et al. 2009; Pollen and Simon 2005).
If mechanical impedance increases root diameter then it
is possible that root strength will also decrease. Similarly
the presence of aerenchyma within waterlogged roots is
likely to decrease their tensile strength.

The aim of this paper is to unravel the effects of two
abiotic stresses (transient waterlogging and moderate
mechanical impedance) and root type on root biome-
chanical properties using barley (Hordeum vulgare) as
a model cereal. Barley plants were grown within a
controlled environment for 21 day in either a control
soil, soil exerting a mechanical impedance to root
elongation or a transiently water logged soil, after
which root tensile strength and root elasticity
(modulus) were measured.

Materials and methods

Soil grown plants

Three experimental treatments, (i) control, (i) moder-
ate mechanical impedance, and (iii) transient water-



Plant Soil (2013) 370:407—418

409

logging were established to investigate the impact of
abiotic stress on root growth and root biomechanical
properties. The experiment was repeated three times,
with four replicate tubes for each treatment. The ex-
periment ran concurrently, each staggered by 7 day at
the start to allow sufficient time for root sampling and
testing with minimal sample storage. All tests used
barley (Hordeum vulgare cv. Bowman) because of its
global importance for agricultural production and its
susceptibility to root lodging.

The plants were grown in soil columns contained in
plastic pipes 1 m longx50 mm diameter. Each soil
column was packed with an arable sandy loam soil
(Eutric Cambisol, FAO) that was first passed through a
4 mm sieve at field water content. The soil was sam-
pled from 0 to 10 cm depth and consisted of 71 %
sand, 19 % siltand 10 % clay, with a pH of 6.2. Land
management prior to sampling was spring barley
grown for two years and the field (Bullion Field)
was located at the James Hutton Institute, Mylnefield
Farm (Lat 56°27'36.44"N; Long 3°4'21.74"W).

The plastic pipes were lined with a 0.2 mm thick
polythene sheet so that soil columns could be removed
with minimal disturbance. Pea gravel was placed in
the bottom of each tube to a depth of 20 mm, with
980 mm of soil packed above this layer. Gravimetric
soil water content was measured by oven drying four
subsamples at 105 °C for 72 h prior to packing. De-
aired distilled H,O was added as a fine mist to the
sieved soil to achieve a water content of 0.20 gg .
Following the addition of water, the soil was left to
equilibrate for 24 h to ensure uniform water distribu-
tion and then packed to a dry bulk density of 1.2 g
cm > (control and waterlogged treatments) or 1.4 g
cm > for the mechanically impeded treatment. Packing
was performed using a metal plunger weighing
2.78 kg dropped from a height of 20 mm for control
treatments and 80 mm for mechanically impeded treat-
ments. To achieve uniform soil packing, soil surfaces
between each layer were roughened prior to packing
the subsequent layer to ensure a homogenous column
of soil. The soil was packed in 25 layers for 1.2 gcm®
and 50 layers for 1.4 gecm®. The energy required for
packing was 7 kJm > and 113 kJm > for soil densities
of 1.2 gem® and 1.4 gem® respectively. Batches of
four tubes were placed in 160 mm diameter pipes that
could be filled with water to enable the waterlogging
treatment to be applied. Each batch of four tubes
comprised a block of samples.

Before planting, barley (cv. Bowman) grains were
sterilised in 2 % saturated Ca(ClO,) solution for
15 min, rinsed five times in distilled water and germi-
nated on filter paper for 3 day at 12 °C . Seedlings
were then transferred to soil columns with grains
inserted at a depth of 10 mm. Small holes were bored
into the soil to plant the seedlings, with soil replaced
after planting. All plants were grown in a growth room
with 16 h of light (300 pmolm 2 and 18 °C) and 8 h of
darkness within each 24 h period.

After 7 day of growth water was added to the
containers containing the soil tubes to a depth
50 mm below the soil surface. Tubes subjected to
water-logging were open at the base to allow for water
ingress. Those not subjected to water-logging were
sealed at the base. Waterlogged conditions in the tubes
with an open base were maintained for a period of
7 day before water was drained. Tubes not water-
logged were also immersed in water to ensure soil
temperature was the same in all tubes.

Plant height was recorded every 4th day after sow-
ing (DAS) by measuring the distance from the soil
surface to the tip of the longest leaf. After 21 DAS
growth the plants were cut at the base of the stem and
roots were extracted from the soil column (described
below). Above ground biomass data was collected
following drying of plant leaves at 60 °C for 48 h.

Hydroponically grown plants

Plants were grown hydroponically for assessment
of root biomechanical properties free from the
influence of abiotic stress. They were grown in
1 m long tubes similar to those used for the soil
grown plants. Tubes were sealed at their base
using a rubber bung and supported vertically with-
in a controlled environment chamber. Tubes were
filled with 2 1 of a complete nutrient solution
comprising of: 1.059 mM ammonium chloride;
1.412 mM calcium nitrate; 1.412 mM potassium
nitrate; 1.059 mM magnesium sulphate; 0.353 mM
ethylenediaminetetraacetic acid iron; 3.53 mM po-
tassium phosphate and micronutrients: 0.006 mM
manganese chloride; 0.023 mM boric acid
0.0006 mM zinc chloride; 0.0016 mM copper sul-
phate 0.001 mM sodium molybdate; 0.001 mM
cobalt chloride (Dietrich et al. 2012). Nutrient
solution in tubes was topped up daily to replace
losses through evaporation.
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Grains were pre-germinated as described for the
soil experiment and then wrapped in plastic non-
toxic foam and suspended so roots touched the hydro-
ponic solution. Air stones, attached to an air pump,
were placed 80 cm below the surface of the solution
within each tube to aerate the solution. Day length,
lighting and temperature were the same as those
reported for the soil grown plants. The root systems
from two plants were used for biomechanical testing
and with tensile testing performed 21 DAS.

Bio-mechanical testing of roots

Soil grown plant roots were removed by sliding
the plastic lining from the pipes and washing
gently with tap water over a 2 mm sieve. Care
was taken when washing roots to minimise poten-
tial root breakage or separation from the main root
system. Following washing, roots were stored at
5 °C on moist blotting paper, with bio-mechanical
testing performed within 72 h of root collection.
For hydroponically grown plants the root washing
process was not necessary.

Immediately prior to testing, individual root types
were identified as originating either from the base of
the grain (seminal roots) or from plant stem (nodal
roots). Lateral roots produced from the main axis of
seminal roots were also isolated. Lateral roots were
not produced by nodal roots in all treatments. Each
root type was segregated and subsamples of seminal,
lateral and nodal roots were collected. Roots were
segmented into 60 mm lengths and root diameter
recorded at the midpoint of the root axis using a
Leica MZFLIII stereo microscope and graticule at
10x magnification (Leica, Milton Keynes, United
Kingdom).

Tensile tests of individual plant roots were
performed using a universal testing frame (Instron
5544, Norwood, MA, USA) at an extension rate of
1 mmmin~". Tensile load was measured using a 50 N
load cell accurate to £2 mN at maximum load. Full
details of the mechanical testing of roots maybe found
in Loades et al. (2010). The tensile load measured was
converted to tensile stress (o) using:

UZZ (1)

where F' = breaking force and 4 = root cross-sectional
area.
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Elastic modulus (E) was measured for the initial
linear portion of the stress-strain relationship (Fig. 1)
using the equation:

FL,

E:A(,AL (2)

where F = force; L, = original sample length; 4, = root
cross-sectional area and AL = change in root length.

Statistical analysis

All data were tested for normality followed by linear
regression analysis using GenStat (Tenth Edition) sta-
tistical analysis software (GenStat for Windows,
(2007) 10th Edition, VSN International Ltd., Hemel
Hempstead, UK). Relationships between root diameter
and strength were fitted with power-law curves.
Significance testing for the relationship between root
strength and diameter was performed using a linear
regression with groups following log transformation
of tensile strength, elastic modulus and root diameter
data. The impact of treatment on plant height was
assessed using repeated measures ANOVA with sig-
nificant differences reported for P<0.05. Effects of
water-logging and soil porosity on root diameters
within the three types was analysed using a general
ANOVA.

Results

The height of soil grown plants increased over the
growth period in all treatments (Fig. 2a) (P<0.001,
F=167.6, df=36) though the only treatment effect was
measured at 20 day where waterlogged plants were

35
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Fig. 1 Typical tensile test curve for a root with non-linear
behaviour beyond the yield point prior to tensile failure
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Fig. 2 Mean plant height measured every four days for each of
the four replicates (£SE) (a). All significant differences reported
at the P<0.05 level, significant differences in plant height over
time indicated by capitalised letters. Treatment effect within
each measurement interval indicated by lower case letters. Dry
weights of total shoot biomass for each of the four replicates
after 21 days growth (+SE),bars with the same letter indicate no
significant differences at P<0.05 level (b)

significantly shorter than the mechanically impeded
treatment (P<0.01, F=1.57, df=3).

Plant shoot biomass in the control soil was approx-
imately double that in the waterlogged soil (Fig. 2b).

Biomass produced was not significantly affected by
the mechanical impedance treatment.

Seminal root length was affected by soil treatment
(Fig. 3; P<0.001, F=46.01, df=26) with seminal roots
subjected to transient waterlogging being only one fifth
as long as those in the control treatment. Seminal root
length in the mechanically impeded treatment was only
about half of that of roots in the control treatment.
Treatment also affected nodal root length (P<0.01,
F=6.15, df=28) with nodal roots longest in waterlogged
soil (268+35 mm) and shortest in the mechanically
impeded soil treatment (98410 mm). Lateral root length
was not significantly affected by treatment.

In most treatments the tensile strength (o) and elastic
modulus of roots (£) decreased with increasing root
diameter (Fig. 4). Within all treatments nodal roots were
the largest in diameter (0.91 mm to 1.05 mm), lateral
roots smallest (0.37 mm to 0.54 mm) and seminal roots
intermediate (0.61 mm to 0.68 mm; Table 1). Nodal root
diameters were significantly thicker than seminal root
diameters (P<0.001, F=18.63, df=264). Plants grown
in waterlogged soil had the thinnest nodal and seminal
roots, whilst the thickest nodal and seminal roots were
found in the mechanically impeded treatment (Table 1).

Significant differences in the elastic modulus of roots
were observed between the waterlogged roots and those
grown in the control and mechanically impeded treat-
ments, and also those grown hydroponically (P<0.001,

1000 —
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Fig. 3 Mean root length of seminal axes, nodal axes and lateral
roots after 21 days growth (+SE). Bars within each root type
containing the same letters indicate no significant differences at
P<0.05 level. Within the waterlogged treatment there were
insufficient lateral roots present for analysis
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Fig. 4 Relationship
between root strength, elas-
tic modulus and root diame-
ter for each root type
(seminal axes, nodal axes
and lateral roots) within
control (a), compacted (b)
and waterlogged (c) soil and
hydroponics (d)
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Table 1 Mean root diameter
(mm) of each root type within Root type Control Compacted Waterlogged Hydroponic
treatments (SE in brackets)
Nodal axes n=9 n=3 n=57 n=28
0.917 mm (0.06)  1.050 mm (0.10)  0.906 mm (0.02)  0.994 mm (0.03)
Seminal axes n=63 n=65 n=19 n=24
0.617 mm (0.01)  0.683 mm (0.02)  0.603 mm (0.02)  0.665 mm (0.03)
Lateral roots ~ — n=21 - n=16

0.371 mm (0.02) 0.538 mm (0.02)

F=10.45, df=146; P<0.001, F=9.78, df=162 and P<
0.05, F=11.85, df=141 respectively; Table 2). Elastic
modulus was smaller in waterlogged soils, with no rela-
tionship with root diameter in contrast to the other treat-
ments where the tensile strength of roots increased with
decreasing diameter (Fig. 4). Hydroponically grown nod-
al roots had a greater elastic modulus than those of either
control (P<0.001, F=12.12, df=33) or waterlogged
plants (P<0.01, F=12.08, df=81; Fig. 4). Seminal roots
of waterlogged plants had the smallest elastic modulus of
all treatments. Different root types within the same di-
ameter range showed approximately a 5 fold increase in
stiffness when grown in the mechanically impeded treat-
ment. Lateral and seminal roots 0.4-0.6 mm in diameter
had an average Young’s modulus of 7.03 (+1.2) MPa and
35.08 (£5.8) MPa respectively. Hydroponically grown
lateral and seminal roots 0.4—0.6 mm in diameter had an
average Young’s modulus of 18.65 (+1.7) MPa and
72.51 (£7.7) MPa respectively representing just under a
4 fold increase in stiffness (Fig. 4).

Moderate mechanical impedance or transient water-
logging did not influence the tensile strength of seminal
roots grown in the soil treatments. However, nodal roots
grown hydroponically had a greater tensile strength than
roots subjected to waterlogging (P<0.05, F=15.43, df=
81; Fig. 4), suggesting that root types are best studied as
separate populations. Different root types within the same
diameter range showed approximately a 7 fold increase
in strength when grown in the mechanically impeded

Table 2 P values for significant differences in measured root
Young’s modulus as a function of diameter and treatment

Hydroponics <0.05*

Control <0.001%** <0.01**

Compacted <0.01** n.s n.s
Waterlogged Hydroponics Control

n.s not significant
*P<0.05, ¥*P<0.01, ***P<0.001

treatment. Lateral and seminal roots 0.4-0.6 mm in
diameter had an average strength of 0.66 (+0.1) MPa
and 4.58 (+0.5) MPa respectively. Hydroponically grown
lateral and seminal roots 0.4-0.6 mm in diameter had an
average strength of 2.11 (+0.3) MPa and 8.89 (+0.7) MPa
respectively representing just over a 4 fold increase in
strength (Fig. 4).

Relationships between the tensile strength or elastic
modulus of roots and either their diameter or cross-
sectional area were fitted with power-law relation-
ships. The R? values, between strength and diameter,
were poor and between 0.05 and 0.15 when fitted to
all roots in the population. When fits were applied to
each root type, R? values improved to between 0.22
and 0.71 (Tables 3 and 4). Similar trends were found
in elastic modulus, with root population R? values of
0.07 to 0.14 for the all root types, before improving to
0.13-0.74 when fitted for each root type.

Discussion
Root type and biomechanical properties

Root type was a key factor influencing tensile strength
and elastic modulus. Each root type exhibited different
tensile strength and elastic modulus relationships with
root. Correlation coefficients between tensile strength
and diameter were relatively poor for combined
populations of roots from an individual soil treatment
(Table 3). Considerable previous research has corre-
lated the tensile strength and elastic modulus of roots
with root diameter using a negative power-law rela-
tionship. Whilst these show reasonable fits for many
woody species (Bischetti et al. 2005; Genet et al.
2005; Mickovski et al. 2009; Pollen and Simon
2005), results for fibrous roots are more poorly corre-
lated (Loades et al. 2010). Roots extracted from indi-
vidual soil samples are likely to contain a mixture of
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Table 3 Exponential fit parameters and R* values between peak root tensile strength and diameter (Root tensile strength = a .d * where
d = root diameter). R? values for fits between root peak load and cross-sectional area (CSA) also presented

Root type Model parameters Diameter Adjusted r2 CSA Adjusted 2 d.f
a Std Error k Std Error
Control Population 1.660 0.295 —1.008 0.284 0.15 0.05 73
Seminal 1.407 0.283 —1.308 0.306 0.22 - 63
Nodal 2252 0.610 -0.549  0.943 - - 9
Lateral - - - - - - -
Compacted Population 1.715 0.289 —0.484 0.211 0.05 0.15 89
Seminal 0.868 0.127 -2.361 0.203 0.64 0.18 65
Nodal - - - - - - -
Lateral 0.2138 0.0776 —1.750 0.274 0.71 - 21
Waterlogged Population 1.366 0.165 -0.814 0.301 0.06 0.19 77
Seminal 0.491 0.223 —2.609 0.703 0.41 - 19
Nodal 1.536 0.195 —-0.059 0.752 = 0.15 57
Lateral - - - - - - -
Hydroponics Population 4.484 0.664 —0.263 0.308 - 0.13 68
Seminal 3.74 1.17 —1.333 0.549 0.22 - 24
Nodal 4.511 0.725 —1.898 0.805 0.17 ! 28
Lateral 0.497 0.181 —1.941 0.473 0.52 - 16

Note (-') = Residual variance exceeds variance of response variate

root types, and ages, and this will probably increase
the scatter of the root strength—diameter relationship.

Correlation co-efficients between root tensile
strength/modulus and diameter improved when root
type was included in the model. Nodal root structure
differs from that of seminal roots (Watt et al. 2008).
Seminal roots have central and multiple peripheral
xylem tracheary elements (XTE), whilst nodal roots
have central pith surrounded by both inner and periph-
eral XTE. Root internal structure is very different
within each of the three root types, seminal, nodal
and lateral. The observed dependence of mechanical
properties on root type is therefore to be expected from
the root anatomy, so needs to be considered when
attempting to predict the tensile strength and elastic
modulus of roots from diameter data alone.
Environmental factors will affect the root structure
and potentially root biomechanical properties. Hales
et al. (2009) found increasing cellulose content in
woody roots with decreasing soil water content
influenced by topographic location. Hales et al.
(2009) also found that relationships between strength
and diameter had R? values less than 0.35. In this
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study R? values were between 0.05 and 0.15 when fits
were to all roots in the population, however, when fits
were restricted to root type this improved to between
0.22 and 0.71. Similar trends were found in elastic
modulus with root population R? values of 0.07 to
0.14 improved to 0.13-0.74 when fitted dependant
on root type.

Variations in power-law relationships between ei-
ther the tensile strength or elastic modulus of roots
with their diameter has been questioned previously
due to low R? values of 0.22 reported (Beek et al.
2005) however, root type may explain at least part of
the reason for such poor fits.

Hales et al. (2009) suggested an alternative fitting
of peak load to root cross-sectional area to reduce
potential auto correlation effects (Hales et al. 2009).
This alternative approach gave similar correlation co-
efficients for our data as between strength and diame-
ter with values ranging from 0.05 to 0.19 for the whole
root populations in each treatment. Negative power-
law fits appear to provide useful predictions of root
strength from root diameter, especially if allowance is
made for root type.
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Table 4 Exponential fit parameters and R? values between root Young’s modulus and diameter (Root Young’s modulus = a .d * where

d = diameter)

Root type Model parameters Diameter Adjusted R? d.f
a Std Error k Std Error
Control Population 15.90 3.40 —1.084 0.338 0.14 73
Seminal 16.15 3.90 —1.145 0.376 0.13 63
Nodal 12.11 3.36 —0.04 1.17 -t 9
Lateral - - - - - -
Compacted Population 12.17 241 —0.655 0.231 0.08 89
Seminal 5.91 1.23 -2.586 0.278 0.53 65
Nodal - - - - - -
Lateral 1.737 0.608 —1.863 0.262 0.74 21
Waterlogged Population 19.20 1.40 -0.118 0.223 - 77
Seminal 23.0 11.2 0.166 0.918 ! 19
Nodal 19.29 1.32 0.024 0.411 ! 57
Lateral - - - - - -
Hydroponics Population 28.46 3.84 —0.594 0.256 0.07 68
Seminal 20.34 5.15 -1.959 0.419 0.55 24
Nodal 28.02 2.78 —-1.810 0.501 0.34 28
Lateral 9.13 2.21 —1.008 0.336 0.34 16

Note (-') = Residual variance exceeds variance of response variate

Root response to water-logging and mechanical
impedance

The tensile strength of roots was not influenced by
mechanical impedance, but waterlogging eliminated
the relationship between root diameter and both tensile
strength and elastic modulus. Poor aeration associated
with waterlogging can stimulate aecrenchyma develop-
ment (Evans 2004) and this may explain the impact on
root modulus and strength. Aerenchyma formation
increases air spaces within roots to help the plant
survive in anoxic conditions and this may also de-
crease root structural integrity (Engelaar et al. 1993).
Increasing air spaces results in increasing root poros-
ity. Root strength, measured by compressing the root
surface, decreasing in some species with increasing
root porosity (Striker et al. 2007). If root tissue is
replaced by air spaces that portion of the root cross-
sectional area will not contribute to either root strength
or stiffness. Secondary effects of waterlogging may be
responsible for changes observed in root strength and
modulus and not solely aerenchyma development. The
primary response of plants to waterlogging is controlled
by ethylene and auxin which initiates programmed cell

death, in the development of aerenchyma, and also
adventitious root growth (Visser and Voesenek 2005).
Increases in the availability of plant genotypes with
differing amounts of aerenchyma, not formed through
exposure to abiotic stresses such as waterlogging (Zhu
et al. 2010), offer the potential to examine whether
aerenchyma are specifically responsible for changes in
root biomechanics. It is possible that other alterations in
cell wall composition or tissue structure may also con-
tribute to observed changes in root strength and elastic
modulus.

Waterlogging decreased above ground biomass
when compared to the control grown plants. These
findings are in agreement with results from others
(Sahnoune et al. 2004). Malik et al. (2002) found
biomass significantly reduced after 7 day of
waterlogging. Other studies have shown that final
yield is reduced with increasing mechanical imped-
ance (Ishaq et al. 2001; Whalley et al. 2008). The
mechanical impedance was selected to approximately
halve the root elongation rate, whilst ensuring suffi-
cient root material would be available for mechanical
testing. Schmidt et al. (2013) found in the same soil,
equilibrated to a similar water content (0.2 gg '),
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penetrometer resistances of 0.42 MPa and 0.81 MPa
for soils packed to densities of 1.2 gem > and 1.4 g
cm * respectively. Mechanical impedance did not af-
fect root strength or stiffness in this study, though
more severe impedance may double root diameter
and so have a greater affect.

Relevance of root biomechanical properties to soil
stability and crop lodging

The role of internal root structures on plant tissue has
mainly been studied in woody species (Niklas et al.
2002, 2006). Waterlogging and mechanical impedance
influenced the amount of lateral, seminal and nodal
roots highlighting the potential of abiotic stress to
affect root architecture within different growth envi-
ronments. One of the difficulties in understanding root
lodging within cereal crops is the complexity of envi-
ronmental processes likely to affect roots. Compaction
is thought to increase the lodging resistance of plants
due to increases in anchorage strength resulting from
greater soil strength and reduced plant competition
(Scott et al. 2005). With no change in root strength,
enhanced soil strength and root-soil adhesion is likely
to decrease lodging in compacted soil. The mecha-
nisms responsible for increased lodging in water-
logged conditions may be attributed to both weaker
soil and to weaker and more compliant roots.

From a soil stabilisation perspective, root elastic
modulus is a key parameter for soil stability modelling
(Schwarz et al. 2010) with changing elastic modulus
potentially affecting soil stability. Transmission of
stress along an individual root is determined by its
relative elasticity in relation to the soil and to other
roots though it is a topic that is only recently being
incorporated into root reinforcement models.

Waterlogging was found to influence the biome-
chanics of nodal roots through elimination of the rela-
tionship with diameter and decreases in both strength
and stiffness. A change in nodal root modulus is most
likely to influence plant resistance to lodging (Ennos
1991b). Root lodging resistance of wheat has also
been linked to the size of the root-soil cone (Berry et
al. 2004), however, this relationship is not explicit
with root bending resistance shown to be of greater
importance in one variety (Crook and Ennos 1993).
Although root bending resistance was not measured
explicitly, through three point bend tests, tensile mod-
ulus infers some measure of the materials ability to
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resist tensile bending or twisting forces (Niklas 1998).
With bending resistance critical to lodging resistance,
waterlogging is likely to increase lodging both from a
root biomechanical perspective, due to decreased elastic
modulus, and also from inherent failure due to weak
adhesion between root and already weakened soil.

There is scope to use information on the biome-
chanics of different root types to improve root anchor-
age and soil stability models. Root architecture models
maybe adapted to include predictions of root strength
for each element of the root system. Understanding
each element of the root system may increase accuracy
within soil stability models and also increase our
knowledge of factors influencing root lodging of ce-
real crops. Although simple root analogues have
shown the influence of root architecture on pull-out
resistance (Mickovski et al. 2007), more information
on real root systems is required.

Conclusions

Root type had a large effect on the relationships be-
tween tensile strength and root diameter, and, root
stiffness and root diameter. For a given root type,
thinner roots were generally stiffer and stronger.
Seminal roots were found to be seven times stronger
than lateral roots when mechanically impeded with
four time’s greater strength when grown hydroponi-
cally. Root stiffness showed a similar trend with just
under 5 and 4 fold increases in stiffness between
lateral and seminal roots when mechanically impeded
or grown hydroponically respectively. This depen-
dence on root type may partly explain the large scatter
observed in many experimental studies on populations
of mixed root types. More work is required to fully
understand whether changes in root strength and stiff-
ness are associated with changes in cell wall structure,
composition or tissue density. The effect of root age on
biomechanical properties is another parameter which
may also influence root strength and stiffness.
Waterlogging had a substantial effect on root biome-
chanical properties, and this may have implications for
crop lodging following intense rainfall events.
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