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Abstract

Aims Test the effects of root drying on biomechani-
cal properties of fibrous roots.

Methods Tensile strength and Young’s modulus
of Festuca arundinacea roots were tested after full
hydration and during progressive drying. Root diam-
eter, water loss, and water content were measured for
all treatments.

Results Hydrated roots showed weak relations
between biomechanical properties and diameter.
After only 30 min air-drying, both tensile strength
and Young’s modulus increased significantly in thin
roots (< 1 mm) and after 60 min drying, both strength
and Young’s modulus showed a negative power rela-
tion with root diameter. The maximum strength and
Young’s modulus values recorded after 60 min dry-
ing were respectively three- and four-times greater
than in hydrated roots. Strength and Young’s modulus
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increased rapidly when water content dropped below
0.70 g g~!. These biomechanical changes were the
result of root diameter shrinkage of up to 50% after
60 min drying, driven by water loss of upto 0.7 g g~ .
Conclusions Strength and Young’s modulus largely
increased with root drying. We suggest control-
ling root moisture and testing fully hydrated roots as
standard protocol, given that slope instability is gen-
erally caused by heavy rainfall events and loss of mat-
ric suction.

Keywords Fibrous roots - Root diameter - Root
moisture - Soil bioengineering - Tensile strength -
Young’s modulus

Introduction

The use of vegetation in soil-bioengineering is rec-
ognized as an environmentally sustainable solu-
tion for slope stabilization (Ghestem et al. 2014;
Kim et al. 2017). Roots can provide mechanical
reinforcement, anchoring the soil mass and creat-
ing a composite material, with enhanced mechani-
cal properties (e.g., resistance in tension; Docker
and Hubble, 2008). Plant ability to stabilize soil on
slopes varies between species and functional types
with fibrous roots of grasses being more effective in
creating a root-soil composite material, similar to
fiber-reinforced soil, and hence preventing erosion
and shallow failures (Norris et al. 2008). Indeed,
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fibrous roots have the capacity to mobilize more
cohesion then tap roots for the same root area ratio
(De Baets et al. 2008).

Prediction of root derived mechanical reinforcement
relies on robust empirical data including root biome-
chanical properties (Bischetti et al. 2009; Schwarz et al.
2016). Root tensile strength and Young’s modulus are
the most widely studied biomechanical traits in relation
to soil bioengineering (Bischetti et al. 2005; Mao et al.
2012) and are common model inputs to predict root
mechanical reinforcement and slope stability (Schwarz
etal. 2013; Wu et al. 1979).

Root biomechanical properties are obtained by
laboratory or field tensile testing with root segments
clamped and stretched at a fixed rate until failure
occurs (Boldrin et al. 2021; Giadrossich et al. 2017).
Currently there is no universally adopted protocol for
the measurement of root mechanical properties with
approaches varying in terms of sample preparation,
root storage prior to testing, sample length, extension
rate, and measurement devices (Giadrossich et al.
2017; Hales et al. 2009). For example, Bischetti et al.
(2005) compared three different methods to store
roots before tensile testing ((i) drying roots at 60 °C
for 24 h and rewetting them in water for a few hours,
(ii) freezing roots in a plastic bag filled with water
and (iii) storing in 15% alcohol solution) with no sig-
nificant effect on root tensile strength reported. How-
ever, root drying and rewetting, affected biomechani-
cal properties in Hales et al. (2013) study. Neither
study by Bischetti et al. (2005) or Hales et al. (2013)
on both storage and root drying/rewetting measured
the Young’s Modulus of root tissue.

Root biomechanical properties can be affected by
root diameter (De Baets et al. 2008; Mao et al. 2012;
Stokes et al. 2009), water content (Boldrin et al.
2018; Hales and Miniat, 2017), chemical composition
(Genet et al. 2005), root age (Loades et al. 2015), top-
ological order (Mao et al. 2018), anatomy (Mao et al.
2018) and growth conditions (Loades et al. 2013).

The relations between tensile strength and root
diameter have been presented for almost all species
tested in bioengineering studies (Bischetti et al. 2005;
De Baets et al. 2008; Mao et al. 2012). A negative
power law model (Eq. 1) has generally been used to
model these relations, where root tensile strength (7,)
decreases exponentially with root diameter (d)
increase (De Baets et al. 2008; Mao et al. 2012).
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In this model, a« and f are empirical coefficients
which are species specific. While « is the scale factor,
f controls the rate of strength decay with d increase.
For instance, De Baets et al. (2008) presented the
negative power law fitting of tensile strength-diame-
ter relations for 25 Mediterranean species, including
grasses, forbs and shrubs.

In addition to root tensile strength, Young’s modu-
lus (i.e., material stiffness) of roots may also contrib-
ute to soil shear strength controlling the mobiliza-
tion of root reinforcement during soil deformation
(Schwarz et al. 2010). Generally, stiffer roots can pro-
vide greater soil reinforcement (Ghestem et al. 2014).
However, fewer studies have reported relationships
between Young’s modulus and root diameter com-
pared to the widely reported relation between root
tensile strength and diameter (Mao et al. 2012). Most
of these studies fitted the modulus-diameter rela-
tion using a negative power law model (Fan and Su,
2008; Jotisankasa and Taworn, 2016; Mickovski et al.
2009).

Despite the common use of the negative power
model to fit biomechanical vs diameter data, this
model generally explains only a small part of
observed variability. For instance, Liang et al. (2017)
found that the negative power function poorly pre-
dicted biomechanical properties of roots sampled
from young plants of three contrasting species (i.e.,
woody and grass species). Other studies on woody
roots have also challenged the general assumption
of negative power law between diameter and biome-
chanical properties (Boldrin et al. 2017, 2018; Hales
and Miniat, 2017; Mao et al. 2018).

A review by Giadrossich et al. (2017) listed root
water content as an important sample variable during
biomechanical testing. However, the water content
of the roots before, during, and after testing is rarely
reported in most studies on root biomechanical prop-
erties. Few studies, mainly those for woody roots of
trees and shrubs, have investigated the effect of root
moisture (Hales and Miniat 2017; Yang et al. 2016;
Boldrin et al. 2018). A recent study by Boldrin et al.
(2018) found that a large increase in strength and
stiffness of thin woody roots upon air-drying (>5 h)
can result in a negative power relation between root
biomechanical properties and diameter (Boldrin et al.
2018). Although the effect of water content on root
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biomechanical properties would be expected to be
greater in soft non-woody roots, this has been rarely
investigated. A recent study by Zhang et al. (2019)
assessed the effect of moisture on biomechanical
properties of herbaceous roots dried for 6 and 12 h
suggesting a root strengthening. However, to our
knowledge, no study has yet investigated the drying
effect in fibrous roots during short time periods such
as those potentially experienced during laboratory
root handling and testing. Therefore, there is a need to
understand the influence of short drying periods dur-
ing root mechanical testing on empirically measured
root biomechanics. The following research questions
will be addressed: (i) Can short periods of root dry-
ing increase tensile strength and Young’s modulus in
fibrous roots? (ii) What is the mechanism involved in
the change of biomechanical properties upon drying?
(iii) Can root drying enhance the negative power rela-
tion between diameter and biomechanical properties?
Fibrous roots of the wide-spread grass Festuca arun-
dinacea were tested to answer these questions.

Materials and method
Root sampling

Festuca arundinacea (Common name: Tall Fescue;
Family: Poaceae) was selected as the model species
in this study. Festuca arundinacea is a perennial
grass commonly found in Europe, Asia, and North
Africa (Gibson and Newman, 2001). Tall Fescue
was selected due to its potential application for shal-
low slope stabilization, erosion control, environmen-
tal restoration and phytoremediation (Reinbott and
Blevins, 1995; Dong et al. 2019; Khashij et al. 2018).
In particular, Festuca arundinacea has been recently
tested for biomechanical properties (Boldrin et al.
2021) and suggested for stabilization of pathways and
terraces in vineyards (Norris et al. 2008).

In May 2019, Festuca arundinacea roots were
sampled from Bungalow field at The James Hutton
Institute, Dundee (UK; latitude 56°27'26" N, longi-
tude 3°4'17" W). The roots were carefully sampled
from the topsoil (=% 250 mm depth). Sampled roots
were washed from soil using water and a range of
sieves with mesh apertures from 2 to 0.5 mm. After
washing, roots were cut into 60 mm long segments

for mechanical testing with roots showing evidence of
damage were discarded. Each root segment was fully
hydrated in distilled water for 24 h and stored in moist
blotting tissues at 5 °C prior to testing. All roots were
mechanically tested within 48 h of sampling to mini-
mize potential influence of root decay.

Root drying treatments

A preliminary pilot test was carried out to determine
the effect of complete root de-hydration on root bio-
mechanical properties. Ten root segments of similar
diameter were randomly selected for this pilot test
(Suppl. Table 1). Five root segments were oven-dried
at 75 °C for 24 h, while the remaining five roots were
fully hydrated in water for 24 h. Root diameter was
determined as the mean of 3 diameter measurements
distributed uniformly along the root segment axis
(10 mm, 30 mm, and 50 mm). Measurements were
performed using a stereo microscope and a graticule
at 10x magnification (Leica, Milton Keynes, United
Kingdom). Root diameters for oven-dried segments
were recorded before and after the oven-drying to
quantify drying effects on root diameter. Root ten-
sile strength and Young’s modulus were measured
for both hydrated and oven-dried roots and calculated
with diameter recorded immediately before testing
(e.g., after oven-drying; see Biomechanical properties
of the roots section).

Following the pilot test, representing an extreme
condition of root drying (i.e., complete de-hydration
of material), three air-drying time periods (treat-
ments) were selected for this study: time O (i.e., fully
hydrated roots), 30 min, and 60 min. Sixty root seg-
ments (60 mm length) were randomly selected from
the washed-out root population and 20 tested for each
treatment (i.e., 20 hydrated roots, 20 roots air-dried
for 30 min, and 20 roots air-dried for 60 min). In the
case of any slippage, tensile test was discarded (see
Biomechanical properties of the roots section and
Table 1).

During air-drying, root segments were placed on a
flat plastic tray within a temperature-controlled labo-
ratory (19 °C + 0.03; relative humidity ~ 50%). The
diameter and weight of the roots before (i.e., hydrated
root), and after drying treatments were applied, was
recorded. The weight of the root segments was meas-
ured using a four-decimal place balance (+0.0001 g).
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Water loss (w;; g g~') from the roots was calculated
using Eq. (2).

W= Mhyd - Mt )
L= —Mhyd 2

where M, , and M, are the weight of the hydrated
root segmént (g) and the weight of the root segment
(g) after the drying treatment, respectively. Water loss
(wy) is reported as water per root hydrated weight
(i.e., initial weight before air-drying treatment). To
limit the time interval between drying treatment being
applied and root mechanical testing, sample drying
treatments were staggered into groups of three. Roots
that were ready to be mechanically tested were cov-
ered with a plastic film and sealed in a plastic bag to
prevent further water loss following prescribed time
of drying. After the biomechanical testing root seg-
ments were dried at 75 °C until a constant weight was
reached. Root water content (w,; g g~!) was calcu-
lated using Eq. (3).

(M, - M,
We = <T> 3

t

where M, and M, are the weight of the fresh root after
the drying treatment (g) and weight of the oven-dried
sample, respectively.

Biomechanical properties of the roots

Tensile testing of the roots was performed using a
universal testing machine (Instron 5966, Norwood,
MA, USA) with 500 N load cell (+£0.125 N accu-
racy) and an extension rate of 2 mm min~" (Genet
et al. 2005). Root segments were clamped using
pneumatic side action clamps (Instron 2712 series)
with 100 kPa confining pressure to ensure consist-
ent clamping pressure between samples. Confining
pressure was chosen based on preliminary tensile
tests of F. arundinacea roots using different con-
fining pressures. The selected 100 kPa confining
pressure was able to stop root slippage while limit-
ing root damage and failure within clamps (Suppl.
Fig. 1). The length of the root segment between the
clamps was 35 mm. In the case of any slippage, ten-
sile test was discarded.

Tensile strength (MPa) at maximum load and
Young’s modulus (MPa) were obtained from the
stress—strain curve of the tested sample (Loades et al.,

@ Springer

2013). The tensile strength (7,) at maximum load was
calculated using Eq. (4).
_F
)

4

where F is the maximum force (N) required to break
the root and d is the root diameter (mm). Young’s
modulus (E,) was calculated from the initial gradi-
ent of the stress—strain curve within the elastic region
(i.e., initial linear region):

FL,
E, =

where F is the applied force (N); L, is the initial
length (mm) of the root sample (i.e., 35 mm); and AL
is the change in root length (mm) during tensioning.
The root tensile strength and Young’s modulus were
calculated using both the hydrated root diameter (i.e.,
initial root diameter before treatment) and the root
diameter after drying (i.e., final root diameter after
air-drying treatment).

The relation between surface area (mm?) and vol-
ume (mm?) of each root segment was calculated from
the initial diameter (i.e., hydrated diameter before
treatment) and the segment length (L;; 60 mm),
assuming a cylindrical shape (Eq. 6).

A mdL + (7r<§>2> % 2 ©

14 7(d/2)*L,

Statistical analysis

The statistical analysis was performed using GenStat
17th (VSN International), SPSS Version 24 (IBM
Corp) and SigmaPlot 14 (Systat Software, San Jose,
CA). The variability in the averaged result is pre-
sented as + standard error of the mean (SE). Signifi-
cant difference between treatments were tested using
one way-ANOVA, followed by post hoc Tukey’s
test. Data that did not follow a normal distribution
were log-transformed prior to ANOVA (for details
see Results section and figure captions). The results
were considered statistically significant when p
value <0.05.
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Results
Root biomechanical properties

Stress—strain curves of the hydrated roots highlighted
the typical bi-phasic nature of elastic—plastic mate-
rials (Boldrin et al. 2018; Yang et al. 2016; Loades
et al. 2013). Initial preliminary testing (pilot test)
highlighted that oven-dried roots showed a steeper
stress—strain curve (Fig. 1), with reduced strain to
failure (<10% strain) when compared to hydrated
roots (strain to failure>20%). The stress—strain
curve of hydrated roots also showed a larger plastic
deformation region than elastic deformation dur-
ing tensile testing. In contrast, elastic deformation
dominated in the stress—strain curves of oven-dried
roots. Hence, the hydrated roots were ductile while
the oven-dried roots were brittle. A maximum ten-
sile strength of 9.8 MPa (mean=5.07+1.26 MPa)
was recorded in hydrated roots and 61.54 MPa
(mean=39.8 +7.34 MPa) in oven-dried roots. Maxi-
mum values of Young’s modulus were 150.3 MPa
(mean=69. 03+22.86 MPa) in hydrated roots and
1426.69 MPa (mean=999.52+120.04 MPa) in
oven-dried roots. Observations during tensile testing
showed some instances of root cortex failing before
the stele. This explains the intermediate stress drops
observed in two of the stress—strain curves (Fig. 1).

To understand the potential effect of root drying
over short periods under laboratory conditions (e.g.,
during common material handling and testing), root
biomechanical properties for fully hydrated (time
0; initial d 1.09—1.68 mm) and air-dried roots for
30 min (initial d: 1.1-1.76 mm) and 60 min (ini-
tial d: 1.0-1.95 mm) were tested and the results
are shown in Fig. 2. Unlike the oven-dried roots,
which had a maximum strain of 0.13 mm mm™!
(mean=0.08+0.03 mm mm_l), air-dried roots
showed larger strain values, with a maximum of
0.42 mm mm~' (mean=0.30+0.01 mm mm™")
and 0.39 mm mm™' (mean=0.33+0.01 mm mm™")
for the 30 min and 60 min treatments respec-
tively (Table 1). There were no significant differ-
ences between the mean of the tensile strain of the
hydrated root (time 0) and the air-dried roots (p
value =0.18).

Maximum tensile strength and Young’s modulus
values observed in hydrated roots (i.e., time 0) was
10.29 MPa (mean=5.81+0.41 MPa) and 82.77 MPa

——-—- Hydrated roots
Oven dried roots

Tensile Stress [MPa]

0 T T T T T T T T
000 0.05 0.10 0.15 0.20 0.25 0.30 0.35 040 045

Tensile Strain [mm mm™]

Fig. 1 Typical tensile stress versus tensile strain curves for
hydrated root samples (dashed lines) and oven-dried root sam-
ples (solid lines). The circles highlight the cortex failure. The
tensile strength of dry roots is calculated using the final diam-
eter (i.e., after oven-dried). The roots are number 1 to 10, and
their diameter, tensile strength, Young’s modulus and strain at
failure are given in Supplementary Table 1

(mean=43.87+4.07 MPa) respectively (Table 1).
Both tensile strength and Young’s modulus increased
with increasing air-drying time. After 30 min and
60 min air-drying, maximum recorded tensile
strength was 25.26 MPa (mean=10.59+1.16 MPa)
and 33.93 MPa (mean=16.11+1.72 MPa), respec-
tively (Table 1). The mean tensile strength of the
roots tested after 30 min and 60 min air-drying were
respectively 31% and 156% greater than that of
hydrated roots (i.e., time 0). Mean tensile strength
of the roots tested after 60 min was 40% greater than
those tested after 30 min. The Young’s modulus of the
roots also increased with drying time, with maximum
values of 214.52 MPa (mean=95.93+9.37 MPa)
and 352.57 MPa (mean=142.57+20.97 MPa) for
30 min and 60 min air-drying, respectively (Table 1).
When compared with roots at Time 0, the mean
Young’s modulus increased by 107% and 188% after
30 min and 60 min air-drying respectively. The mean
Young’s modulus of the roots tested after 60 min
was 36% greater than that measured after 30 min
air-drying.

The relations between root biomechanical prop-
erties (tensile strength and Young’s modulus) and
diameter were fitted using the negative power model
commonly reported in literature (Fig. 2). The strength
of relations between biomechanical properties and
diameter increased with increasing air-drying period

@ Springer
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Fig. 2 Root biomechanical properties plotted against final
diameter (i.e., after treatment). Tensile strength versus diam-
eter relation for (a) fully hydrated roots at time 0; after 30 min
drying; (c) after 60 min drying. Young’s modulus versus diam-
eter relation for (d) fully hydrated roots at time 0; (e) After
30 min drying; (f) After 60 min drying. (g) Re-plot of figures

as indicated by the coefficient of determination (R?)
values. Unlike the tensile strength, the root Young’s
modulus showed no significant relation with the
diameter in hydrated roots (time 0) and after 30 min
air-drying. However, after 60 min air-drying, a strong
negative power relation between root Young’s modu-
lus and diameter (R>=0.62; p value<0.001; n=18)
was observed with an abrupt increase of stiffness

@ Springer

Diameter [mm)]

Diameter [mm]

a—f combing all treatments; (h) Root breakage force plotted
against final diameter (i.e., after treatment) combining all treat-
ments. Lines represent the best fitted curves. Equations, coef-
ficient of determination (R?) and p value for fitted models are
given in figure

in thin roots (Fig. 2f). Figure 2g replots the tensile
strength data to highlight the strength-diameter rela-
tion when testing a population of roots varying in
water content. Although, there was a significant
negative power relation between tensile strength and
diameter (Fig. 2g; R?>=0.73; p value<0.001; n=57),
we did not find any relation between the root break-
age force and diameter (Fig. 2h).
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Table 1 Summary of number of tested samples, root diameter range, breaking force, tensile strength, Young’s modulus and strain at
failure for each treatment (time O (hydrated roots); after 30 min air-drying; after 60 min air-drying)

Treatment Number Diameter range

Breakage force [N] Tensile strength

Young’s Modulus  Strain at failure [mm

of root [mm)] [Mean + SE(max [MPa] [Mean+SE [MPa] [Mean +SE mm™'] [Mean +SE
samples value)] (max value)] (max value)] (max value)]
Time 0 19 1.09-1.68 7.15+0.39 (9.71) 5.81+0.41 (10.29) 43.87+4.07 (82.77) 0.30+0.04 (0.36)
30 min 20 1.10-1.76 7.72+0.49 (12.92) 10.59+1.16 (25.26) 95.93+9.37 0.30+0.01 (0.42)
(214.52)
60 min 18 1.00-1.95 7.10+0.61 (14.08) 16.11+1.72(33.93) 142.57+20.97 0.33+0.01 (0.39)

(352.57)

Average data are given =+ standard error. Maximum value for each variable is given in parenthesis after the average value. In the case
of any slippage, tensile test was discarded (1 sample in time O treatment; 2 samples in 60 min air-drying treatment)

Tensile strength values did not significantly differ
between treatments when calculated using the initial
diameters (diameter before treatment) with average
values of 5.81+0.41 MPa (time 0); 5.59+0.39 MPa
(after 30 min drying) and 5.65+0.40 MPa (after
60 min drying). Similarly, Young’s modulus did not
significantly differ when calculated using the initial
(i.e., before air-drying) diameter of samples (time O:
43.87 +4.07 MPa; after 30 min: 51.94 +4.83 MPa; after
60 min 45.91+4.44 MPa; Fig. 3). However, the mean
root tensile strengths calculated using the final diam-
eters of the roots (i.e., after drying) were 90% and 184%
greater than the tensile strength obtained using the ini-
tial diameters for 30 min and 60 min treatment, respec-
tively (Fig. 3). While there was no significant differ-
ence between treatments, when the root tensile strength
and Young’s modulus were calculated using the initial
diameters (7,: p value=0.92; E,: p value=0.41; Fig. 3),
there was a significant difference between treatments in
terms of tensile strength and Young’s modulus when
the final (i.e., after treatment) diameters were used in
the calculations (7,: p value <0.001; E,: p value <0.001;
log transformed data; Fig. 3).

Root water loss and water content

Root water loss increased with drying time. However,
water loss rate was largely influenced by root diam-
eter with thin roots drying faster than thicker roots
(Fig. 4). For instance, after 30 min air-drying, the
thinnest root (w;, = 0.46 g g~') lost 2.3-times more
water than the thickest root (w, = 0.20 g g~ !). After
60 min of drying the water loss increased to between
0.69 g g~ and 0.23 g g~! recorded in the smallest and
largest diameter roots, respectively (Fig. 4).

At time O (hydrated root) water content ranged
from 0.72 g g7 t0 0.92 g g™, recorded in roots with

20
18 | == Initial d c (a)
—= Final d l

Tensile strength [MPa]

o N A O
T S S

Time 0 30 min 60 min

200

180 4 = Initial d (b)
— Final d b

160 - l

140 ~
120
100
80 -
60 - a a
40
20 +

Young's modulus [MPa]

Time 0 30 min 60 min

Fig. 3 Mean (+standard error) of (a) tensile strength and (b)
Young’s modulus calculated using initial diameter (i.e., before
air-drying; white bars) and final diameter (i.e., after air-drying;
grey bars). Mean (& standard error) of time O (hydrated roots)
given by the white bar with oblique pattern. Letters indicate a
statistically significant difference between treatments, as tested
using one-way ANOVA followed by post hoc Tukey’s test.
Data were log-transformed in statistical analyses of tensile
strength and Young’s modulus calculated with final diameter
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Fig. 4 Root water loss

and water content plotted
against initial diameter
(diameter of hydrated roots
before treatments). Root
water loss—diameter rela-
tion with the corresponding
best fit equation and R>
value for (a) 30 min; (b)

60 min air-drying. Water
loss is defined as g of water
loss per g of root fresh
weight (hydrated root).
Root water content versus
initial diameter for (c) fully
hydrated root at time 0; (d)
after 30 min and (e) 60 min
air-drying. Water content is
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1.12 mm and 1.68 mm diameter, respectively. There-
fore, water content constituted up to 92% of total root
weight. After 30 min air-drying, thin (<1.30 mm)
roots highlighted a notable water loss with water
content dropping down to 0.40 g g~! (recorded in a
1.23 mm d root). In contrast thicker roots lost less
water and maintained water content close to fully
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hydrated values (e.g., 0.73 g g~! in 1.76 mm root;
Fig. 4). After 60 min air-drying, the water content of
roots dropped below 60% (0.20-0.51 g g~'). While
no relation between root diameter and water content
was observed in fully hydrated roots (Fig. 4c), after
30 min and 60 min, root water content and initial
diameter showed a positive relation (Fig. 4d, e).
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Root water loss and root surface area/volume ratio
highlighted a positive linear correlation for both dry-
ing treatments (Fig. 5). Therefore, root water loss
increased with the increase in the root surface area/
volume ratio. The root surface area/volume ratio is
inversely proportional to the root diameter and hence
thin roots have higher surface area/volume ratio, and
water loss, when compared to thicker root.

Root tensile strength and Young’s modulus
increased with decreasing water content. We observed
an abrupt increase of both tensile strength and
Young’s modulus when root water content dropped
below 0.7 g g~! (Fig. 6). Moreover, the root drying
increased the variability of biomechanical properties
(i.e., scattered data; Fig. 6).

Discussion

This study has highlighted the influence of short
periods of air-drying (e.g., 30 min) on both ten-
sile strength and Young’s modulus of fibrous
roots. F. arundinacea roots became stronger and
stiffer when water content dropped below 0.7 g g~!
(Fig. 6). Root drying and the change in biomechan-
ical properties were diameter dependent with dry-
ing treatments resulting in decreased root diameter
and therefore increasing tensile strength. Large
tensile strength and Young’s modulus values were
measured in thin roots that dried faster, and root
diameters decreased more, compared with thicker
roots (Figs. 4 and 5).

Fig. 5 Root water loss After 30 min After 60 min
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Biomechanical properties and root drying

Hydrated roots of F. arundinacea can be consid-
ered relatively weak if compared to literature data
on fibrous roots for different grass species (Comino
et al. 2010; De Baets et al. 2008; Zhang et al. 2019).
For instance, Comino et al. (2010) reported strength
values up to 372.04 MPa (root d: 0.10 mm) for Fes-
tuca pratensis. However, extreme strength values
(e.g.,>200 MPa) found in the literature on grass
roots were generally observed in roots thinner than
0.2 mm (De Baets et al. 2008; Comino et al. 2010).
In the present study, the diameter of the tested roots
ranged between 0.85 and 1.68 mm (fully hydrated).
Moreover, while root water content and its influence
on biomechanical properties were recorded in this
study, there is no information about the water status
of similar species tested in literature.

Tensile stress—strain curves of roots were strongly
affected by oven-drying in the pilot experiment. The
oven-dried roots showed smaller strain (i.e., exten-
sion) when compared with the completely hydrated
roots in agreement with stress—strain curves for
woody roots in Boldrin et al. (2018) and Yang et al.
(2016). Howeyver, short air-drying time (i.e., 30 min
and 60 min) did not significantly affect the tensile
strain of tested fibrous roots when compared with the
hydrated roots.

As expected, the drying method (i.e., oven vs air-
drying) highlighted a notable effect on biomechani-
cal properties, with oven-drying (pilot test) leading
to two-fold greater maximum strength and Young’s
modulus values compared with the air-dried treat-
ments. However, it should be highlighted that oven-
drying represents an extreme condition, where roots
are fully de-hydrated. The maximum values of both
tensile strength and Young’s modulus for the air-dried
roots were recorded after 60 min air-drying. The
increase in root tensile strength and Young’s modu-
lus observed after the air-drying period (Fig. 2), is
in agreement with the results obtained by previous
studies (Boldrin et al. 2018; Hales et al. 2013; Hales
and Miniat 2017; Kurowski et al. 2018; Yang et al.
2016; Zhang et al. 2019). In particular, Zhang et al.
(2019) observed that the root strength of the herba-
ceous species Heteropappus altaicus and Poa sphon-
dylodes increased respectively by 27% and 15% after
6 h air-drying. In contrast with our study, Yang et al.
(2016) and Mahannopkul and Jotisankasa (2019)
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reported a decrease in tensile strength after drying.
However, these studies tested different plant species
(e.g., woody species in Yang et al. (2016)), as well as
very different drying treatments in terms of time and
method (e.g., chamber with suction control by hang-
ing water column in Mahannopkul and Jotisankasa
(2019)). Few studies have evaluated the effect of root
drying on Young’s modulus. The Young’s modulus
of non-woody roots of Cicer arietinum increased up
to 35-times due to air-drying (Kurowski et al. 2018).
In the present study, root tensile strength and Young’s
modulus increased when the root water content
dropped below 0.7 g g~! (Fig. 6). For woody roots
of Ulex europaeus, Boldrin et al. (2018) observed a
similar increase when the root water content dropped
below 0.5 g g™ L.

A significant decrease in root diameter occurred
due to root air-drying (p value <0.001) in agreement
with the literature (Boldrin et al. 2017; 2018; Car-
minati et al. 2013, 2009; Zhang et al. 2019). Since
the root tensile strength and Young’s modulus are a
function of root diameter, changes in these biome-
chanical properties with drying could be explained
by decreases in root diameter. Changes in root ten-
sile strength and Young’s modulus in drying treat-
ments were driven by the shrinkage of the roots,
because these biomechanical properties are com-
puted by dividing a root breaking force by the cor-
responding root cross-sectional area (Egs. 4 and 5).
Therefore, in our study, changes in biomechanical
properties resulted from a “calculation effect” rather
than intrinsic changes of material mechanical prop-
erties. Indeed, while there was a significant differ-
ence in biomechanical properties between treatments
when the final diameter (i.e., after drying treatment)
was used in the calculation, there was no significant
difference between the tensile strength and Young’s
modulus across the different treatments when initial
diameter (i.e., before air-drying) was used. Moreo-
ver, this result was further reinforced by the lack of
a significant difference between the breakage forces
of the roots subjected to different treatments (p
value=0.68). A similar conclusion was reported for
woody roots upon drying by Boldrin et al. (2018).
It should be noted however that woody roots in Bol-
drin et al. (2018) were air-dried up to 24 h with nota-
ble biomechanical changes recorded after only 5 h
air-drying, despite notable water loss and diameter
shrinkage being recorded after only 30 min in thin
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roots (Boldrin et al. 2018). Although both fibrous
and woody roots were mechanically affected by mois-
ture loss, fibrous roots responded faster (i.e. 30 min
vs>5 h). However, in previous studies on non-woody
roots, short air-drying periods (<5 h) were not con-
sidered (e.g., 6 or 12 h in Zhang et al. (2019)). It can
be hypothesized that the absence of secondary tis-
sues (e.g., secondary xylem in stele) in grass roots
translated in a greater mechanical susceptibility to
moisture changes. In particular, initial water loss
and diameter shrinkage in woody roots may be lim-
ited to cortical and bark tissues (e.g., periderm and
senescent cortex), which are known to have negligi-
ble mechanical contribution in woody roots (Hatha-
way and Penny, 1975). The larger cortex to stele ratio
of fibrous roots, compared with woody roots (Wang
et al. 2019), may result in more shrinking and swell-
ing given the susceptibility of cortical tissues to
moisture variation (Berry and Roderick, 2005; Gall
et al. 2002). For instance, seasonal and diurnal vari-
ation in root water status could significantly affect
diameter of roots growing in soil. Huck et al. (1970)
noted that root diameters of Gossypiwn hirsutum
(cotton), observed in a rhizotron during sunny days,
could decrease by up to 40% in diameter compared
to wetter days. More recently, X-ray CT imaging of
roots during soil dry/wetting cycles showed that roots
shrink as consequence of plant water stress and then
continue to shrink in a chain reaction due to the loss
of hydraulic conductivity between soil and the root
(Carminati et al. 2013). In this regard, root biome-
chanical properties may vary through changes in root
diameter because of transpiration, soil water avail-
ability and evaporative demand. Zhang et al. (2019)
observed a significant difference between the root
tensile strength after sampling (i.e., equilibrated with
plant and soil water status) and after full saturation
in the laboratory. Significant biomechanical differ-
ences were found between root sections tested after
being buried in soils differing in water content (Bol-
drin et al. 2018). It is possible to hypothesize that root
drying in soil depends on soil texture, with dry fine-
particle soils (e.g., clay soil) inducing more negative
water potential at the root surface and hence greater
potential to pull water from the root (i.e., drying) than
dry coarse-particle soils (e.g., sand; Boldrin et al.
2018). With such complex processes driving root
water content it could be necessary to saturate sam-
pled roots before tensile testing to obtain a consistent

root hydration status between samples and represent
a worst-case scenario for slope stability, as slopes fail
with increasing soil moisture and loss of matric suc-
tion (Sidle and Bogaard 2016).

Root drying effect on the relation between diameter
and biomechanical properties

Negative power law relationships between root bio-
mechanical properties and diameter have been com-
monly reported, or assumed, in soil bioengineering
literature (Comino et al. 2010; De Baets et al. 2008;
Mao et al. 2012; Mickovski et al. 2009). How-
ever, in this study, the negative power relation was
only observed after the air-drying treatments. The
hydrated roots (i.e., time 0) showed weak relation-
ships between diameter and both tensile strength and
Young’s modulus. The development of a negative
power law between strength and diameter was high-
lighted by the increase in the coefficient of determina-
tion (R?) as drying progressed and strength increased
in the thin roots. On the other hand, the strength of
the relationship between Young’s modulus and diam-
eter increased only after 60 min air-drying (R? from
0.11 in hydrated roots to 0.68 after 60 min air-dry-
ing; Fig. 2). Unlike the Young’s modulus of fibrous
roots tested in our study, the increase in Young’s mod-
ulus of woody roots tested by Boldrin et al. (2018)
occurred only after 24 h drying and the coefficient
of determination of the negative power relationship
remained small (R?=0.24). It should be noted that
woody and herbaceous roots differ in terms of fine-
root (<2 mm) function and structure (e.g., absorptive
vs transport roots). While in woody plants absorptive
roots may represent from 10 to 58% of fine roots, in
herbaceous plants (e.g., grasses) those account from
60 to 100% of fine roots (McCormack et al. 2015).
The transition from absorptive to transport function
in roots is associated with secondary development
within the root, including the formation of a water-
impermeable cork periderm, thickening of cell walls,
and deposition of suberin in root tissues (Steudle and
Peterson 1998). Together, these changes reduce the
radial movement of water across root tissues and limit
water loss when roots are in contact with dry soil or
air-dried in laboratory condition.

When roots from all three treatments were
combined, the negative power relation between root
tensile strength and diameter highlighted a strong
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negative power relationship (R>=0.73). This may be a
common condition when tested roots are sampled from
plants differing in water status or exposed to laboratory
conditions for different periods of time prior to testing.
The empirical coefficients of the negative power
equation obtained fitting the data of 30 min (a = 9.48;
p =— 1.83) and 60 min (@ = 10.62; g = —1.19) air-
drying treatments were similar to those reported by
De Baets et al. (2008) for Helictotrichon filifoluim
(a =14.51; = —1.08) and Piptatherum miliaceum
(a = 11.49;f = —1.77) grasses. However, coefficients
of the negative power relationships between strength
and diameter largely vary in the literature on fibrous
roots (e.g., Lygeum spartum (a = 60;f = —1.30)
in Mattia et al. (2005); Vetiveria zizanioides
(¢ =3.30; = —1.31) in Mickovski and van Beek
(2009); Lolium perenne (a =1.93 ;§=-2.10) in
Comino et al. (2010)). Additionally, in fibrous roots,
biomechanical properties and their relationship with
diameter can vary between seminal, nodal and lateral
roots (Loades et al. 2013) further complicating drivers
of root biomechanical properties.

In this study, the mechanism enhancing the nega-
tive power relation between biomechanical properties
and diameter was found to be driven by differences in
root water loss and shrinkage across different diam-
eter classes. Thinner roots highlighted faster drying,
and greater shrinkage, than larger diameter roots. Root
water loss and water content were diameter dependent
and inversely related to root surface area/volume ratio
(Figs. 4 and 5). For instance, the thinnest root before
treatment (1 mm) had twice the root surface area/vol-
ume ratio than the largest root (1.95 mm). Therefore,
thin roots lost water at a faster rate when compared
with the large roots. Previous studies obtained similar
results for both non-woody (Kurowski et al. 2018) and
woody roots (Boldrin et al. 2018).

Our results suggest over relatively short air-drying
periods significant water loss can lead to increases in
both tensile strength and stiffness of thin roots, exag-
gerating negative power relationships between biome-
chanical properties and diameter.

Conclusion
This study highlighted that short air-drying peri-

ods (e.g., 30 min) due to root exposition to labo-
ratory conditions can induce notable changes in
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biomechanical properties of fibrous roots. Although
previous studies highlighted the effect of root dry-
ing on biomechanical properties, such effects were
measured only after relatively long air-drying peri-
ods (e.g.,>5 h) and mainly on woody roots. Water
loss and diameter shrinkage, induced by air-drying,
were diameter dependent, with thinner roots drying
faster than ticker roots due to their larger evapora-
tive surface per volume. This enhanced the negative
power law relationship between root diameter and
both tensile strength and Young’s modulus. There-
fore, root drying can lead to the overestimation of
strength and stiffness in thin roots. The change of
root biomechanical properties after only 30 min air-
drying indicates that care must be taken during root
handling and testing to ensure that all the root diame-
ter classes being tested have consistent water content.
Our study on fibrous roots supports the statement
made by Hales et al. (2013) and Boldrin et al. (2018)
for woody roots that laboratory testing of roots must
be performed on fully hydrated roots, which likely
represents the more conservative (i.e., weaker) con-
dition for both soil on slopes and roots as landslides
are generally triggered by heavy precipitation and
loss of matric suction (i.e., large soil and root water
contents). Under laboratory conditions roots should
therefore be fully saturated prior to testing with water
content maintained until testing.

Further work is needed to understand the effect of
root drying on biomechanical properties in different
species with contrasting root anatomy, morphology
and adaptation to environment (e.g., drought resist-
ance). Moreover, it should be highlighted that the
effect of drying period (e.g., 30 or 60 min) depends
on laboratory conditions such as temperature and
humidity (19 °C and 50% in the present study).
Indeed, future work is still necessary to find the
microscopic mechanisms driving root shrinkage (e.g.,
intracellular forces driven by water potential drop)
and their response to boundary conditions (e.g., vapor
pressure deficit in the laboratory during testing or soil
moisture during sampling).
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