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Abstract

With few exceptions, terrestrial plants are anchored to substrates by roots that experience bending and twisting 
forces resulting from gravity- and wind-induced forces. Mechanical failure occurs when these forces exceed the flex-
ural or torsional tolerance limits of stems or roots, or when roots are dislodged from their substrate. The emphasis of 
this review is on the general principles of anchorage, how the mechanical failure of root anchorage can be averted, 
and recommendations for future research.
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Introduction

Previous research has shown that the capacity of a root system 
to provide anchorage stability can be understood phenomeno-
logically in terms of the degree to which root systems respond 
to the mechanical forces transmitted to them by their shoot 
systems (Pfeffer, 1893; Dittmer, 1937; Stolzy and Barley, 1968; 
Nass and Zuber, 1971; Coutts, 1983; Anderson et  al., 1989; 
Ennos and Fitter, 1992; Ennos, 1993, 2000; Gartner, 1994; 
Stokes et al., 1995, 1996, 1997; Crook and Ennos, 1996; Stokes 
and Mattheck, 1996; Niklas, 1999). Nevertheless, shoot–root 
system interactions are influenced by a number of abiotic and 
biotic factors, including soil conditions and overall plant size, 
that are complex and difficult to analyze (Wiersum, 1957; 
Eavis, 1972; Kramer, 1983; Marshall and Holmes, 1988; Vogel, 
2012; Gardiner et al., 2016). The goal of this paper is to provide 
an overview of some of the more important aspects of root 
mechanics and anchorage stability.

Despite all that has been learned, in comparison with what 
is known about the biomechanics of aerial plant organs, we are 
still comparatively ill informed about the mechanics of roots 

and how terrestrial plants are stabilized against dynamic forces. 
The lack of extensive data on root systems is understandable in 
part because subterranean portions of the plant body are diffi-
cult to access and evaluate. Consequently, from a purely prac-
tical perspective, the aboveground portions of land plants have 
received the most attention. In addition, understanding the 
mechanics of root systems presents substantial theoretical and 
experimental difficulties. In addition to the physical properties 
of roots (e.g. tissue elastic moduli, and the size, shape, geom-
etry, and number of roots) (Ennos, 1993, 2000), root anchorage 
is dictated by the characteristics of the soil and the depth to 
which roots grow (Coutts, 1983; Marshall and Holmes, 1988; 
Stokes et al., 1997). Indeed, the synergism between the mech-
anical behavior of above- and belowground plant organs is 
extremely complex, particularly since the mechanics of the 
former is influenced by wind speed and direction, and because 
the behavior of the latter is influenced by the presence of other 
neighboring plants, soil type, and the degree to which the soil 
is hydrated—a feature that can change over short periods of 
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time (Marshall and Holmes, 1988; Gartner, 1994; Holmes, 
2015; James, 2003; Gardiner et al., 2010, 2016; Albrecht et al., 
2016). Nevertheless, despite the complexity of the shoot–root–
soil system, understanding the dynamic interactions between 
aerial and subterranean portions of the plant body is essential 
to conceptualizing important ecological phenomena such as 
soil erosion and stem and root lodging.

The purpose of this paper is to provide a review and sum-
mary of the current understanding of root lodging. The au-
thors are hopeful that this review will be a useful resource for 
future researchers, both as a ready reference and as an indicator 
of research that is still needed to attain a comprehensive under-
standing of complex root–soil interactions that influence root 
lodging.

General principles

It is important to highlight the general principles that pertain 
to all terrestrial plants and to arborescent plants in particular: (i) 
aboveground organs sustain two general categories of mech-
anical forces, namely gravity-imposed static loads and wind-
induced dynamic loads (Vogel, 1981; Niklas, 1992); (ii) these 
forces, and the stresses and strains they induce, can interact 
and affect one another (Gardiner et al., 2010, 2016); (iii) static 
loads increase slowly as a plant grows in size such that growth 
patterns can be adjusted developmentally to compensate for 
increasing static loads (Niklas, 1992; Niklas and Spatz, 2000); 
(iv) in contrast, dynamic loads can change hourly and some-
times dramatically, and are therefore intrinsically unpredictable 

(Gardiner et al., 2010, 2016); (v) as a consequence, plants gen-
erally fail as a result of dynamic loads (Coutts, 1983; Anderson 
et  al., 1989); (vi) plant tissues are effective at resisting pure 
bending loads, but are more susceptible to failure when the 
loading is combined with shear or torsional loading (Niklas 
and Spatz, 2012); (vii) the younger parts of a plant (composed 
of primary tissues) typically have a lower stiffness than their 
older counterparts composed of secondary tissues; and (viii) 
the mode of failure of root tissue typically takes on one of two 
forms: root tissue failure near the ground level or failure of the 
soil–root subsystem.

Collectively, these principles bear directly on the dynamic 
behavior of the shoot–root–soil system (Fig. 1). For example, 
the magnitude of wind-induced drag forces (F) exerted on 
the aerial portions of a plant is proportional to the product of 
the canopy sail area (A) and the square of the ambient wind 
speed (U): F ∝ AU2 (Vogel, 1981). Regardless of whether this 
drag force is reduced by leaf and stem flexure or by mechan-
ical ‘pruning’ (Niklas and Spatz, 2000), it invariably exerts a 
bending moment at the base of the shoot–root junction (MB), 
which equals the product of the drag force and the lever arm 
(L) through which the drag force is exerted: MB=FL (Niklas 
and Spatz, 2012). Therefore, mechanical stability requires that 
the root–soil system provides a restoring moment (MR) that 
equals the bending moment (MR=MB); that is, anchorage 
failure may occur when MR<MB (Coutts, 1983; Ennos and 
Fitter, 1992; Gartner, 1994; Stokes et  al., 1995, 1996, 1997; 
Gardiner et al., 2010).

Many biotic and abiotic factors contribute to the magni-
tude of the restoring moment MR (Fig. 1). The ability of a 

Fig. 1. Schematic of different kinds of roots in a ‘conventional’ anchorage system. (A) Four kinds of roots are illustrated (a, lateral roots; b, tap roots; 
c, sinker roots; d, fibrous roots). (B and C) A two-dimensional finite element model illustrating stresses within the roots and within the surrounding soil. 
(D). A bending moment (MB) is generated by a drag force (F), which is proportional to the product of the square of the canopy sail area (A) and wind 
speed (U). The bending moment equals the product of the drag force and the lever arm over which it is exerted (L), and must be counterbalanced by a 
restorative moment (MR) to ensure mechanical stability. The magnitude of the restorative moment depends on the depth of burial of the root system (d), 
the flexural and torsional stiffness of roots (EI and GJ), and the physical properties of the soil (density, ρ; hydration, h; compaction c; and shear modulus, 
τ), which influence the friction coefficient (f) at the root–soil interface. Open triangles indicate directions of local bending forces.
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section of root tissue to contribute to a restoring moment MR 
is determined by the distance away from center of rotation of 
the shoot–root system (x), and the amount of restoring force 
that it can apply (R). This can be represented algebraically as 
MR=Rx. When evaluating the system from this standpoint, it 
becomes clear that the most robust root system is one that can 
maximize both the restoring force and the mechanical leverage 
of that force.

Additionally, a plant may have strategies for reducing the 
applied bending moment. Since MB∝ AU2L, and because 
the wind speed is uncontrollable, changes in the sail area and 
height due to flexure of the plant’s stems or leaves can be used 
to reduce the applied bending moment (more about this in 
‘Minimizing the applied moment’).

Maximizing the restoring force

The limiting restoring force that is applied to the system 
arises from either the root tissue, the root–soil interface, or the 
broader regions of soil that are indirectly affected by the root 
ball. As such, the tissue properties of the root, geometric char-
acteristics of the root, friction and adhesion interface between 

the root and the soil, and soil material properties are of the 
utmost importance in maximizing the strength of a root–soil 
system (see for example Fig. 2).

The restoring force of the root tissue

Depending on the orientation of a given section of root tissue 
relative to the center of rotation, the root tissue can apply 
either a bending, torsional, tensile, or compressive load (see 
Fig. 3). Lateral roots oriented normal to the direction of the 
prevailing wind will experience torsion and therefore twist 
along their lengths as well as bend to varying degrees, whereas 
lateral roots that are upwind and downwind of the prevailing 
wind will bend primarily upward and downward, respectively 
(Coutts, 1983; Anderson et  al., 1989; Ennos, 2000). Tap and 
sinker roots whose axes intersect the center of rotation will flex 
in complex patterns.

Internal tissue stresses are dependent upon the applied loads 
and the material and geometric characteristics of the roots. 
The restorative bending load is proportional to the product 
of the bulk tissue elastic modulus (E) and the second moment 
of area (I) (i.e. flexural rigidity=EI). The restorative torque is 
proportional to the product of the bulk tissue shear modulus 

Fig. 2. The partially exposed root system of a sugar maple (Acer saccharum) (A and B) and the appearance of three roots (I–III) experiencing different loading 
conditions (C–E) as a result of the drag forces (F) created by prevailing winds and eccentric self-loading. (C and D) Schematics of a polar and a lateral view 
of roots I–III showing transverse root geometries, bending and restorative moments (MB and MR), tensile and compressive bending stresses (σ+ and σ–, 
respectively), and shear stresses (τ). (E) The formula for the second moment of area of an isosceles trapezoid, which approximates the geometry of roots I 
and III. The plane of bending (n) is denoted by a dashed line. [B–D are adapted from Niklas (1999) with permission of the American Journal of Botany.]
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(G) and the polar second moment of area (J) (i.e. torsional 
rigidity=GJ). The restorative tensile or compressive load is pro-
portional to the product of E and the area of the root (Ar) (i.e. 
tensile rigidity=EAr). For example, a circular section of root 
with diameter r will have a flexural rigidity of E · π

4 r
4, a tor-

sional rigidity of G · π
2 r

4, and a tensile rigidity of E·πr2.
Significant research has been performed in understanding 

both the tissue (McGarry, 1995; Operstein and Frydman, 2000; 
Hamza et  al., 2006; Johnson et  al., 2010) and the geometric 
characteristics (McCully, 1999) of roots. One example of this 
involves a large sugar maple, Acer saccharum, which was available 
for detailed anatomical study (Fig. 2; Niklas, 1999). Differences 
in the strength and stiffness (measured in bending and tor-
sion) were determined for wood samples removed from the 
most recent (youngest) growth layers at different points along 
the lengths of three large lateral roots emerging at different 
compass directions from the base of this tree. These roots were 
selected because their orientation with respect to the direc-
tion of the prevailing wind could be determined (Fig. 2A, B) 
based on wind velocity measurements taken over four con-
secutive growing seasons (from 1996 to 1999) and because the 
tree canopy had been pruned heavily on one side such that the 
prevailing dynamic and static loading conditions on each root 
could be reasonably assumed (Fig. 2C, D). Specifically root 
I  was predominantly exposed to bending, causing its upper 
surface to experience tensile stresses (σ+) and its lower surface 
to be subjected to compressive stresses (σ–); root II was pre-
dominantly subjected to torsional stresses (τ); and root III was 
predominantly exposed to bending in the opposite direction to 
that of root I such that the location of tensile and compressive 
stresses was reversed.

Analyses of wood samples removed from different portions 
of the three roots revealed that the compressive strength (σc), 

elastic modulus (E), and torsional modulus (G) decreased, on 
average, from the base of the trunk toward the tip of each root. 
Each of these variables maximized at ~1 m (where root taper 
was maximized) from the base of the trunk. These trends were 
correlated with longitudinal changes in the second moment 
of area (I) and the polar second moment of area (J), which 
were sufficient in magnitude to mask the effects of differences 
in E and G on flexural and torsional rigidity, both of which 
decreased from the base of the trunk to the tip of each root 
(Niklas, 1999).

Two features of this study are of particular interest: (i) the 
stiffness of the wood in the most recent growth layer; and (ii) 
the transverse geometry of each root. The stiffness and com-
pressive strength of wood samples removed from the lower 
surface of the most recent growth layer in root I (which ex-
perienced compression as a result of bending) were greater 
than those measured for samples taken from the opposing side 
(which experienced tension). The opposite was observed for 
root III. In addition, the thickness of the most recent growth 
layer was greater on the bottom of root I and on the top of 
root III (see Fig. 2D). Further, the compressive strength and 
shear modulus of wood samples removed from the most re-
cent growth layer in root II (which experienced torsion) were 
greater than those of samples removed from roots I  and III. 
These trends in the material properties of wood are notable 
because the differences in wood strength and stiffness in roots 
I and III were adaptive with respect to the kinds of stresses ex-
perienced in the youngest growth layers of wood.

Turning to the geometry of roots, the transverse sections 
near the base of roots I and III conformed roughly to isosceles 
trapezoids in which the largest sides were oriented toward the 
maximum compressive stresses. This geometry and orientation 
affect the second moment of area of both roots (Fig. 2C, D). 
As in all geometries, the second moment of area of an isosceles 
trapezoid, In, increases as the cube of the dimension orthogonal 
to the plane of bending (i.e. In∝d3) (Fig. 2E). More importantly, 
a trapezoid minimizes compressive stresses near its large base 
(which is where maximal compressive stresses occur in roots 
I and III) because the neutral plane is closer to its larger than its 
smaller base. In contrast to roots I and III, the transverse geom-
etry of root II, which predominantly experienced torsion, was 
circular. This cross-section may be adaptive in the context of 
torsion because it can minimize the polar moment of area for 
any given surface area.

This example illustrates how individual roots in the same 
anchorage system can adaptively respond to chronic mechan-
ical perturbation induced by dynamic loading. In particular, 
the differences in root transverse geometry and in the ma-
terial properties of the wood in roots I–III are examples of the 
phenomenon known as thigmomorphogenesis (Knight, 1803, 
1811; Jacobs, 1954; Telewski, 2006), which has been reported 
for >80% of all of the species examined (Jaffe, 1973). Studies 
of the molecular events preceding developmental changes in 
stems and leaves have implicated the role of mechano-sensing 
stretch-activated ion channels and the cytoskeleton–plasma 
membrane–cell wall in the mechano-perception of wind and 
additional mechanical loads (Telewski, 2006; Chehab et  al., 
2009). It is reasonable to posit that similar phenomenologies 
occur in the derivative cells of root vascular cambium.

Fig. 3. A coconut palm root system exposed by the erosion of beach 
sand during Hurricane Inike (1992). The remains of a hotel foundation 
destroyed by Inike is seen to the right of the root system.
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The restoring forces of the soil and root–soil interface

Root depth and geometry combine with soil features such 
as density, hydration, compaction, and soil shear strength (d, 
ρ, h, c, and τ, respectively) to determine the overall strength 
of the root–soil system (Coutts, 1983; Marshall and Holmes, 
1988; Anderson et  al., 1989; Crook and Ennos, 1996; Ennos, 
2000). Specifically, the interaction between root architecture 
and soil type plays a key role in the robustness of the root 
anchorage system. Roots more effectively resist bending and 
twisting as root depth, soil density, compaction, and soil shear 
strength increase. In contrast, bending and twisting become 
more likely as the strength of soil decreases with increasing 
hydration and decreasing compaction. The latter occurs for the 
following three reasons: (i) hydration reduces particulate cohe-
sion and softens cemented aggregates; (ii) the development of 
macroscopic swelling causes uneven strains throughout the soil 
profile; and (iii) rapid hydration of dry soils can compress air 
trapped within the soil before advancing downward, where-
upon it can reach pressures that exceed the tensile strength 
of the soil, resulting in its explosive release and soil failure 
(Marshall and Holmes, 1988). Other important abiotic factors 
are soil suction and the friction (f) generated at the root–soil 
interface. These two factors, along with root size and number, 
influence the extent to which roots can be pulled along their 
lengths out of the soil (Anderson et al., 1989).

Roots can actually modify the effective bulk mechanical 
properties of the soil. Experimental tests using different root 
architectures indicate that roots can enhance soil shear strength 
(Ghestem et  al., 2014), and fracture toughness and bond en-
ergy (Zhang, 2008). Additionally, this phenomenon can be ad-
vantageously implemented through the use of soil ballasting 
(Mamo and Bubenzer 2001; Dupuy et al., 2005a, 2007; Gyssels 
et al., 2005; Stokes et al., 2007; Li et al., 2016). In certain cir-
cumstances, the presence of roots is believed to increase the 
strength of the soil, improve soil stability, and decrease soil 
erosion. In fact, trees and plants are sometimes even used as 
landslide prevention and mitigation features in landslide-prone 
environments (Mamo and Bubenzer, 2001; Stokes et al., 2007; 
Li et al., 2016; Hales and Miniat, 2017).

One example of this ballasting effect is found by investigating 
an arborescent monocot, the coconut palm (Cocos nucifera), 
which survived the effects of Hurricane Iniki in 1992. 
Inspection of the soil within the ‘root ball’ of the specimen 
shown in Fig. 3 revealed a cement-like soil consistency sur-
rounding the living roots, presumably because of the effects of 
organic exudates from the surfaces of roots on the aggregation 
of soil particles. This phenomenology has been reported for the 
root systems of other species (Price, 1911; Shane, 2011).

Maximizing the mechanical leverage of the 
restoring force

The second main factor in the restoring moment of an-
chorage systems is the mechanical leverage of the restorative 
force. This leverage is typically achieved through the architec-
ture of the root system. Root system architectures vary widely 

between plant species, many of which have been covered in 
detail (Ennos, 2000). Attempts have been made to characterize 
root architecture, such as X-ray microcomputed tomography 
(μ-CT) (Mairhofer, 2012), visual scoring of architectural traits 
in maize (Trachsel et al., 2011), and genetic mapping of root 
traits in maize and rice (Husakova et al., 2013; Muthreich et al., 
2013). The root system architecture plays a key role in the re-
storative moment that can be applied by the root system, and 
understanding and manipulating key architectural features 
is pivotal for future plant advancement (Rogers and Benfey, 
2015). Although there are many types of root architectures, 
many of which have been covered in detail in previous review 
papers (e.g. Ennos, 2000), it is worth mentioning a few ex-
amples here, and discussing how specific architectural strategies 
affect the mechanical leverage of the root system.

Plate root systems

Plate root systems, such as those seen in A.  saccharum, act as 
shallow cylindrical volumes that can resist overturning mo-
ments. Plate root systems aim to maximize their mechanical 
leverage by growing horizontally away from the center of ro-
tation to maximize the effective moment arm of the resistance 
forces. As such, the mechanical leverage of this system is de-
pendent of the radius and depth of the plate. Sensitivity studies 
of many of the plate root system parameters have been inves-
tigated, including overall plate geometry and the effect of soil 
on the root plate system (Blackwell et al., 1990; Cucchi et al., 
2004; Fan and Tsai, 2016).

Tap root systems

Where plate root systems increase their leverage by growing 
horizontally outward, tap root systems aim to maximize 
their mechanical leverage by growing downward. These sys-
tems act like pilings to resist the overturning moment of the 
plant. One example of this root system can be shown in a 
case study of the columnar cactus Pachycereus pringlei, which 
was studied to explore the hypothesis that the ability to resist 
wind-throw decreases with increasing plant size (Niklas et al., 
2002). Seventeen conspecifics differing in size were examined 
to determine the scaling relationship among shoot height, 
basal stem diameter, and root anchorage. In addition, the root 
system of one specimen measuring ~5 m in height was ex-
cavated in detail to measure the dimensions of its lateral, tap, 
and sinker roots, and the material properties of the tissues in 
the youngest growth layers in these roots. Excavation of the 
root system revealed that the columnar shoot was subtended 
by a woody tap root measuring 1.15 m in depth and 0.20 
m in width at its junction with the shoot. The tap root was 
connected to an extensive but shallow system of lateral roots, 
three of which comprised the bulk of the lateral anchorage 
system (designated as 1L, 2L, and 3L) (Fig. 4). The largest of 
these lateral roots (1L) branched into four roots (1L1–1L4), 
the largest of which (1L1) measured 5.15 m in length and 
0.064 m in diameter at its base. The lateral roots 2L and 3L 
measured 3.89 m and 4.11 m in length and 0.09 m and 0.10 
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m in basal diameter, respectively. The depth of burial of the 
proximal and most distal lateral roots varied between 0.05 m 
and 0.20 m, respectively. A total of eight sinker roots were ob-
served near the base of the three lateral roots.

Examination of the anatomy of all three types of roots re-
vealed a core of wood and a peripheral complex of tissues 
consisting of periderm, cortex, and secondary phloem. The 
number of alternating ray and axial tissue panels in the xylem 
and phloem increased toward the vascular cambium; that is, 
the number of rays increased as secondary growth proceeded. 
The rays and living peripheral complex tissues contained large 
amounts of starch. A comparison of spatially and chronologic-
ally equivalent tissue samples from the youngest growth layers 
within the wood revealed that the volume fraction of axial 
tissue increased toward the distal ends of all three types of roots. 
Mechanical tests of all wood samples showed that the volume 
fraction of axial tissue correlated positively with Young’s elastic 
modulus (E) and the breaking stress measured in bending (σB). 
By virtue of their tapering, the second moment of area (I) and 
second polar moment of area (J) of all root types increased 
proximally toward the base of the shoot.

Coronal root systems

Coronal root systems, as often seen in monocots such as wheat 
and maize, grow in the shape of a downward-facing cone (or 
crown, hence the ‘coronal’ moniker), and aim to balance the 
geometric attributes of plate root- and tap root-like systems. 
To quantify the robustness of coronal root architectures, sys-
tems have been developed to predict the risk of failure (Baker 
et al., 1998). It has been found that in general, wider angle cone 

patterns are more robust in certain wheat cultivars (Crook and 
Ennos, 1994, Piñera-Chavez et al., 2016).

Other root architectures

Root architectures vary widely between species, and many 
do not fall into one of the three main categories discussed 
above. Many species, such as Mallotus wrayi, fall in the ‘inter-
mediate system’ definition, sharing features of two or more 
of the three main architectures (Crook et  al., 1997; Ennos, 
2000). Investigation into more novel architectures, such as 
the so-called flying buttress root system in Rhizophoria mangle 
(Méndez-Alonzo et  al., 2015), or the brace root systems of 
Zea mays (Foth, 1962; Hetz et al., 1996), demonstrate alterna-
tive methods of maximizing the mechanical leverage of root 
systems.

Minimizing the applied moment

Plants also adopt strategies to minimize the overturning mo-
ment that the root system has to resist. As previously discussed, 
wind-induced loading will cause an overturning moment 
equivalent to the product of the height above the base at which 
the load is applied (L) and the drag force (F), which is in turn 
the product of the sail area (A) and the square of the am-
bient wind speed (U). When this load is applied, the plant will 
bend, and the lever arm of the gravity-induced loading of the 
weight of the plant will increase, thereby increasing the applied 
moment.

Plants are also able to modify the drag forces applied to their 
aboveground organs by changing the overall area exposed to 

Fig. 4. Schematic silhouettes of the shoot and taproot of a specimen of Pachycereus pringlei (shown to the left) and a polar-view schematic of its 
extended root system. Black circles indicate the locations of sinker roots. The notion 1L, 2L, and 3L distinguish among the three principal lateral roots 
and their subsidiary lateral roots (e.g. 1L1, 1L2, and 1L3). [Adapted from Niklas et al. (1999) with permission of the Journal of Experimental Botany.]
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the wind (Gillies et  al., 2002). This can be achieved through 
a decrease in the area of the wind-exposed leaf area (Vogel, 
1989) or changing bending orienting parallel with the direc-
tion of the wind (Speck, 2003). However, the latter strategy 
has the potential to increase the gravity-induced bending mo-
ment adversely at the base of the shoot–root junction (see Fig. 
5). For example, let us consider a stem with weight W. If a 
wind-induced drag force is applied to a single leaf at the top 
of the stem causing the center of gravity of the plant to deflect 
by Δx, the resulting overturning moment at the root–shoot 
junction can be defined as MB = AU2L + WΔx. It should also 
be noted that the wind profile varies between different en-
vironments, and significant research has been performed on 
determining the wind profile that is exerted on different plant 
species (Massman, 1987; Grant and Nickling 1998).

One example of a drag-reduction strategy can be found in 
Cocos nucifera. Inspection of the leaf base of old and decaying 
C. nucifera leaves reveals a cross-hatched infrastructure of vas-
cular tissues and associated fibers that girdle the stem (see Fig. 
6). Measurements of the fibrous components of this infrastruc-
ture indicate that their torsional shear modulus (G) and Young’s 
elastic modulus (E) are, on average, 3.1 GN m–2 and 13.4 GN 
m–2, respectively (unpublished data), which are comparable 
with those of many types of wood (Niklas and Spatz, 2010).

The cross-hatched, chevron-like arrangement of the fibrous 
components within the living tissues of petioles is mechanic-
ally complex because it provides an opposing system of com-
paratively rigid guywires operating within a less stiff matrix 
of parenchymatous ground tissue. This system benefits mech-
anically from the overall external geometry of the base of the 
leaf, which consists of an annulus-like component surrounding 
the stem and a lever-like component. Collectively, the two 

components of the leaf base look much like an offset wrench 
(Fig. 7A). Finite element analyses of this geometry reveal that 
the bending and torsional stresses in the longitudinal and radial 
directions reach their maxima along the upper rim of the an-
nulus, extending outward along the rim of levered portion of 
the petiole. The smallest stresses are predicted to occur along 
the lower surfaces where the annulus merges with the levered 
portion of the petiole (Fig. 7A). Moderate stress intensities are 
predicted internally within the leaf base.

Computer simulations (KJN, unpublished) using the afore-
mentioned material properties and geometry of the base of 
the petiole indicate that both contribute significantly to re-
ducing the effects of drag forces on anchorage stability pri-
marily because of leaf flexure. The silhouette of a coconut palm 
measuring 7.16 m in height was used to simulate the appear-
ance of the plant when subjected to a sustained wind speed of 
33 m s–1 (the equivalent of a category 1 hurricane) (Fig. 7B, C). 
Computations show that the canopy sail area is reduced to 32% 
of its original area, whereas stem height is reduced by 9%. As 
a consequence, the drag-induced bending moment exerted at 
the base of the stem was estimated to be <44% of the force that 
would have occurred had no leaf flexure taken place. Two add-
itional components contributed to these results: (i) a reduction 
in the drag coefficient; and (ii) a reduction in the height of the 
foliage ‘crown’ as a result of stem flexure. The importance of 
leaf flexure was corroborated by laboratory experiments using 
isolated leaves, which indicated that individual leaves can flex 
≥90° without experiencing shear failure.

One additional feature is worth mentioning. The dislodge-
ment of a palm’s root system does not have invariably fatal 
consequences provided that roots maintain access to water. 
This fact is attributed in part to the capacity of fleshy roots to 
tolerate significant bending and twisting before they undergo 
mechanical failure.

Methods for characterizing root 
morphology

Morphological characteristics are typically more influential 
than material properties (von Forell et al., 2015), but charac-
terization of the root morphology has been a long-standing 
challenge in root lodging research. Many methods have been 
developed for characterizing root morphology. These have 
ranged from relatively low-tech methods involving a shovel 
(Trachsel et  al., 2011) or pressurized water (Stoeckeler and 
Kluender, 1938; Böhm, 1979; Gross, 1995, Lindsey et al., 1995), 
to sophisticated imaging techniques involving CT scanning 
(Gregory et al., 2003; Lontoc-Roy et al., 2005; Mooney et al., 
2012) or ground-penetrating radar (Barton and Montagu, 
2004; al Hagrey, 2007). A very thorough review article on root 
characterization summarizes this field up to the year 2008 
(Danjon and Rubens, 2008).

Methods for imaging root morphology have progressed 
rapidly in recent years. A 2012 book, Measuring roots, includes 
sections on both lab and field studies of root morphology 
(Mancuso, 2012). Morphology assessment methods described 
within this book include electrical impedance (Repo et  al., 

Fig. 5. When firmly anchored plant stem deflects from its original position 
(dashed outline) and orients itself parallel to the direction of the wind, the 
drag force potentially decreases, but the gravity-induced moment at the 
shoot–root junction increases due to the increased moment arm of the 
gravity-induced load.
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2012), confocal microscopy (Pollastri et  al., 2012), and a re-
view of three-dimensional (3D) quantification methods (Fang 
et  al., 2012). Additional methods have included a 3D optical 
imaging system for plants grown in a transparent agar (Clark 

et  al., 2011), a similar 2D imaging system that tracked root 
morphology over time (Lobet et al., 2011), and a 2D computer 
vision-assisted analysis system for analyzing flatbed scanner im-
ages of roots (Le Bot et al., 2010).

Fig. 6. Fibrous leaf bases girdling a palm stem.

Fig. 7. Finite element simulations of wind-induced movements at the base of a palm leaf (A) and computer simulations predicting the profile of a palm 
exposed to a hurricane category 1 wind speed (B and C). (A) The base of the palm leaf consists of a torus (that surrounds the stem) and a funnel-like 
cantilevered petiole (that supports the rest of the leaf). The intensities of bending stresses are indicated by different colors. The intensities of tensile 
and compressive stresses are shown in red and blue, respectively (see scales to the left). (B and C) Silhouettes of a coconut palm exposed to calm 
wind conditions (B taken from a photograph of a real specimen) and the same palm exposed to an oncoming high intensity (hurricane category 
1) unidirectional wind speed (based on computer simulations using the mechanical responses of the leaf base shown in A). The leeward deflections 
of leaves (and the downwind flexure of the stem) were used to compute the drag force exerted on the specimen [see Niklas and Speck (2001) for 
protocols.]
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Rich data sets obtained from root morphology studies have 
enabled the creation and validation of realistic 3D models of 
root morphology. A  review on this topic was published that 
included comparisons of six different modeling platforms 
(Dunbabin et  al., 2013). More recent advances include inte-
grated parametric models (Barczi et al., 2018) and a functional–
structural root modeling framework (Schnepf et al., 2018).

Advanced root modeling studies

As computational power increases, the ability to create more 
realistic computational models becomes feasible. In 2005, 
Dupuy et  al. used parametric variation and finite element 
modeling to look at the restorative forces that can be with-
stood in four different soil types, and found that the ideal root 
system architecture is different for each soil type (Dupuy et al., 
2005a). Additionally, the failure mode varies between soil types 
(Dupuy et al., 2007). Modeling suggested that the root system 
architecture and mechanical properties of the soil can actually 
modify the shape of the slip surface and the location of the 
center of rotation, thereby potentially increasing the robustness 
of the anchorage system (Fourcaud et al., 2008). The effective 
bulk mechanical properties of soil can also be modified through 
tilling, thereby changing features of the root–soil system archi-
tecture by increasing features such as the root penetration 
into the soil, root density, and root diameter (Dexter, 1978; 
Somerville, 1979; Bian et al., 2016).

A series of three experiment-informed computational 
studies (Yang et al., 2014, 2017, 2018) were carried out to in-
vestigate specifically the root anchorage of Pinus species. The 
first study incorporated a tissue failure model and demonstrated 
that the model was sufficiently detailed to capture experimen-
tally measured behavior patterns (Yang et al., 2014). The second 
paper introduced the RootAnchor model, which consists of 
individual root segments, modeled as Timoshenko beams 
(Timoshenko, 1930). Virtual models were based upon an ex-
isting data set of actual root morphology. This study reported 
a ranking of factors from greatest to least influence: tap roots, 
windward shallow roots, perpendicular shallow roots, windward 
sinker roots, and leeward shallow roots. A subsequent, more de-
tailed sensitivity analysis using similar modeling techniques re-
vealed that the morphological traits played a dominant role in 
tree anchorage. The key factors were found to be tap root depth, 
the rate of root taper, and the diameter of shallow roots on the 
windward side of the tree (Yang et al., 2018).

Thigmomorphogenesis

As plants grow, they constantly respond to stimuli, and can 
change their growth and effective mechanical properties as a 
result. As previously mentioned in discussing the root system 
of A.  saccharum, root systems and root system architectures 
are no exception to this phenomenon. For example, research 
performed on tomato plants found that periodic horizontal 
loading of the aboveground stems resulted in larger root–stem 
dry weight ratios (Gartner, 1994). Similarly, investigations have 
been performed on the possibility of manipulating the root 

anchorage robustness of Pinus pinaster through the removal of 
the tap roots in seedlings (Khuder et al., 2007).

Dynamic effects

One of the least understood aspects of root anchorage is 
the damping of harmonic oscillations resulting from wind-
induced motion. Damping causes a decrease in the amplitudes 
of free oscillations and thus reduces the danger of a reson-
ance catastrophe in high winds (Jacobs, 1954; Mayhead, 1973; 
Milne, 1991; Peltola et  al., 1993; Moore and Maguire, 2004; 
Spatz et al., 2007). Setting aside dissipative mechanisms in the 
root–soil system, there are two principal sources of damping: 
fluid damping and structural damping within the material (e.g. 
wood in the case of trees). Fluid damping (the dissipation of 
energy into the surrounding soil) depends on the square of the 
velocity of the plant’s movement relative to the surrounding 
medium. Viscous damping depends on the physical properties 
of plant tissues. Although the mathematics of complex har-
monic oscillations are reasonably well developed, their applica-
tion to tree harmonics is very poorly understood, in large part 
because of the geometric complexity of canopy architecture 
and the heterogeneity in the material properties of different 
levels of branching (owing to the anatomical transitions be-
tween primary growth in twigs and secondary growth in older 
branches).

Agronomic studies

A great deal of agronomic research has been conducted 
to determine how to reduce root lodging in crops—es-
pecially cereal crops. Research in this area tends to focus 
on individual crops such as rice (Miyasaka, 1970), maize 
(Stamp and Keil, 1992a, b; Sanguineti et  al., 1998), and 
wheat (Crook and Ennos, 1993, 1994; Berry et al., 2003). 
In contrast to the more mechanistic approaches described 
above, agronomic research often focuses on how nutrients 
and farm management practices influence root lodging 
(Liebhardt et al., 1965; Crook and Ennos, 1996; Scott et al., 
2005; Bian et  al., 2016). A  review article on root lodging 
in cereals provides an excellent overview of research in this 
field (Berry et al., 2004).

Future research

While much progress has been made, a great deal of additional 
information will probably be necessary to form a more com-
plete understanding of the factors influencing root lodging. 
The following sections highlight a number of areas in which 
further research is needed, as well as methodological ap-
proaches for accelerating progress on these topics.

Knowledge gaps

The creation of accurate computational models will require rea-
sonably accurate material properties. However, at present, relatively 
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little is known about the mechanical tissue properties of roots. 
Should roots be approximated as linearly elastic or non-linearly 
elastic? What is the role of viscoelastic damping in root tissues and 
between roots and soil? Furthermore, what is the distribution of 
material properties within roots and do spatial distributions of ma-
terial properties serve structural purposes? A substantial amount of 
additional research will be required to address these issues.

Thus far, almost no research has been performed on the 
failure mechanics of root tissues. Many biological systems have 
developed fracture resistance strategies (Bertram and Gosline, 
1987; Bruet et  al., 2008). It is not yet clear if roots manifest 
similar strategies, or perhaps new, uncharacterized strategies. Do 
roots fail by brittle fracture, plastic fracture, or fatigue-induced 
fracture? Can roots recover from partial fractures, and if so, how 
quickly? At present, this area of research is largely unexplored.

Minor roots are typically neglected in root biomechanics 
research, but the cumulative effect of hundreds or thousands of 
small roots could have a significant impact on root lodging. In 
particular, certain root configurations could support the for-
mation of a robust root ball, while other root arrangements 
may discourage root ball formation. However, little is known 
about the process of root ball formation and the effect of minor 
roots on root lodging.

One area of serious concern is the methodologies used to 
measure biomechanical characteristics of root systems and 
their architecture. As with any developing field, standardized, 
repeatable, and reliable measurement techniques are of the ut-
most importance to ensure translational research.

New technologies

Several new initiatives and technologies can be expected 
to inform future research. Of particular note in this area is 
the ROOTS initiative from the US Department of Energy 
ARPA-E program. The ROOTS program has provided over 
US$24 million to root imaging research, including new tech-
niques such as thermoacoustic imaging, MRI, X-ray CT im-
aging, and backscatter X-ray imaging (https://arpa-e.energy.
gov/?q=programs/roots). These research projects will probably 
produce valuable new data sets and techniques that can be used 
to advance our understanding of root lodging.

Accelerating empirical research through computational 
simulations

Modern computational power has the potential to accelerate 
research progress on the biomechanics of root lodging. Even 
when information about material properties and root archi-
tecture is lacking, simulations can serve as ‘computational ex-
periments’ which can provide valuable insights. This approach 
often allows research to progress more quickly and at a fraction 
of the cost of empirical studies. For example, computational 
models can be used to perform parametric and global sen-
sitivity analyses (Dupuy et  al., 2005b, 2007; von Forell et  al., 
2015; Yang et al., 2018), studies which are often not possible 
in an experimental setting. Results from sensitivity analyses 
can be used to rank-order model parameters according to 
their predicted influence on system response. Once rankings 

are obtained, empirical studies can be designed to (i) verify 
model predictions; and (ii) target the parameters and effects 
with the strongest predicted influence. Used in this way, com-
putational models can significantly accelerate research progress 
by circumventing costly and time-consuming empirical studies 
(Dupuy et al., 2005a, b, 2007; Yang et al., 2014, 2017, 2018).

Concluding remarks

Arborescent plants can experience mechanical failure of the 
root system as a result of wind-induced drag forces. The mode 
of failure typically takes on one of two forms: root tissue failure 
near the ground level or failure of the soil–root subsystem. Of 
these modes, failure of the soil–root subsystem is quite difficult 
to analyze because it is contingent upon complex interactions 
between roots and soil. This challenge is exacerbated by the 
fact that soil conditions can be highly variable (e.g. soil com-
paction, composition, and moisture content all affect both the 
soil mechanical properties and the soil–root interactions). It is 
clear from previous studies that root anchoring features and 
strategies vary among species. Even within species, anchoring 
strategies can vary due to local conditions.

Although a great deal has been learned about root lodging, 
substantial knowledge gaps remain. One such gap is under-
standing the effects of chronic dynamic oscillations on stem 
and root tissue fatigue and how stems and roots are affected by 
these oscillations as well as how the roots may dampen these 
oscillations. Research in this area is imperative if we hope to 
understand fully the ways in which plant anchorage systems 
respond to dynamic loadings.

The use of computational models has increased over recent 
years and is anticipated to play a greater and greater role in root 
lodging research. With these models comes the opportunity to 
perform detailed parametric sensitivity studies. This approach 
can greatly improve the utility of our models and provide valu-
able insights that can be used to design empirical studies that 
are more closely focused on significant factors and effects.

Acknowledgments

The authors thank Dr Anja Geitmann (Faculty of Agriculture and 
Environmental Science, McGill University) for inviting this contribution 
to a special issue honoring the scientific contributions of Dr Hanns-
Christof Spatz. They also thank two anonymous reviewers for their 
helpful comments and recommendations. This paper is dedicated to the 
memory of Christof Spatz, a dear friend and a generous colleague.

References
Albrecht A, Badel E, Bonnesoeur V, et al. 2016. Comment on ‘Critical 
wind speed at which trees break.’ Physical Review E94, 067001.

al Hagrey AS. 2007. Geophysical imaging of root-zone, trunk, and mois-
ture heterogeneity. Journal of Experimental Botany 58, 839–854.

Anderson CJ, Coutts MP, Ritchie RM, Campbell DJ. 1989. Root ex-
traction force measurements for Sitka spruce. Forestry 62, 127–137.

Baker  CJ, Berry  PM, Spink  JH, Sylvester-Bradley  R, Griffin  JM, 
Scott RK, Clare RW. 1998. A method for the assessment of the risk of 
wheat lodging. Journal of Theoretical Biology 194, 587–603.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/70/14/3439/5304217 by guest on 06 M

ay 2021

https://arpa-e.energy.gov/?q=programs/roots
https://arpa-e.energy.gov/?q=programs/roots


Root anchorage | 3449

Barczi JF, Rey H, Griffon S, Jourdan C. 2018. DigR: a generic model and 
its open source simulation software to mimic three-dimensional root-system 
architecture diversity. Annals of Botany 121, 1089–1104.

Barton CV, Montagu KD. 2004. Detection of tree roots and determination 
of root diameters by ground penetrating radar under optimal conditions. 
Tree Physiology 24, 1323–1331.

Berry PM, Sterling M, Baker CJ, Spink J, Sparkes DL. 2003. A cali-
brated model of wheat lodging compared with field measurements. 
Agricultural and Forest Meteorology 119, 167–180.

Berry  PM, Sterling  M, Spink  JH, Baker  CJ, Sylvester-Bradley  R, 
Mooney  SJ, Tams  AR, Ennos  AR. 2004. Understanding and reducing 
lodging in cereals. Advances in Agronomy 84, 215–269.

Bertram JE, Gosline JM. 1987. Functional design of horse hoof keratin: 
the modulation of mechanical properties through hydration effects. Journal 
of Experimental Biology 130, 121–136.

Bian  D, Jia  G, Cai  L, Ma  Z, Eneji  AE, Cui  Y. 2016. Effects of tillage 
practices on root characteristics and root lodging resistance of maize. Field 
Crops Research 185, 89–96.

Blackwell PG, Rennolls K, Coutts MP. 1990. A root anchorage model for 
shallowly rooted Sitka spruce. Forestry 63, 73–91.

Böhm W. 1979. Methods of studying root systems. Ecological studies 33. 
Berlin Heidelberg: Springer.

Bruet BJ, Song J, Boyce MC, Ortiz C. 2008. Materials design principles 
of ancient fish armour. Nature Materials 7, 748–756.

Chehab EW, Eich E, Braam J. 2009. Thigmomorphogenesis: a complex 
plant response to mechano-stimulation. Journal of Experimental Botany 60, 
43–56.

Clark  RT, MacCurdy  RB, Jung  JK, Shaff  JE, McCouch  SR, 
Aneshansley DJ, Kochian LV. 2011. Three-dimensional root phenotyping 
with a novel imaging and software platform. Plant Physiology 156, 455–465.

Coutts  MP. 1983. Root architecture and tree stability. In: Atkinson  B, 
Bhat KKS, Coutts MP, Mason PA, Read DK, eds. Tree root systems and 
their mycorrhizas. Dordrecht: Springer Netherlands, 171–188.

Crook MJ, Ennos AR. 1996. The anchorage mechanics of deep rooted 
larch, Larix europea×L.  japonica. Journal of Experimental Botany 47, 
1509–1517.

Crook  MJ, Ennos  AR. 1994. Stem and root characteristics associated 
with lodging resistance in four winter wheat cultivars. Journal of Agricultural 
Science 123, 167–174.

Crook MJ, Ennos AR, Banks JR. 1997. The function of buttress roots: 
a comparative study of the anchorage systems of buttressed (Aglaia and 
Nephelium ramboutan species) and non-buttressed (Mallotus wrayi) tropical 
trees. Journal of Experimental Botany 48, 1703–1716.

Cucchi V, Meredieu C, Stokes A, Berthier S, Bert D, Najar M, Denis A, 
Lastennet R. 2004. Root anchorage of inner and edge trees in stands of 
Maritime pine (Pinus pinaster Ait.) growing in different podzolic soil condi-
tions. Trees 18, 460–466.

Danjon F, Reubens B. 2008. Assessing and analyzing 3D architecture of 
woody root systems, a review of methods and applications in tree and soil 
stability, resource acquisition and allocation. Plant and Soil 303, 1–34.

Dexter AR. 1978. A stochastic model for the growth of roots in tilled soil. 
Journal of Soil Science 29, 102–116.

Dittmer  HJ. 1937. A quantitative study of the roots and root hairs of a 
winter rye plant (Secale cereale). American Journal of Botany 24, 417–420.

Dunbabin  VM, Postma  JA, Schnepf  A, Pagès  L, Javaux  M, Wu  L, 
Leitner  D, Chen  YL, Rengel  Z, Diggle  AJ. 2013. Modelling root–soil 
interactions using three-dimensional models of root growth, architecture 
and function. Plant and Soil 372, 93–124.

Dupuy  LX, Fourcaud  T, Lac  P, Stokes  A. 2007. A generic 3D finite 
element model of tree anchorage integrating soil mechanics and real root 
system architecture. American Journal of Botany 94, 1506–1514.

Dupuy L, Fourcaud T, Stokes A. 2005a. A numerical investigation into 
the influence of soil type and root architecture on tree anchorage. Plant and 
Soil 278, 119–134.

Dupuy L, Fourcaud T, Stokes A. 2005b. A numerical investigation into 
factors affecting the anchorage of roots in tension. European Journal of Soil 
Science 56, 319–327.

Eavis BW. 1972. Soil physical conditions affecting seedling root growth. 
Plant and Soil 36, 613–622.

Ennos  AR. 1993. The scaling of root anchorage. Journal of Theoretical 
Biology 161, 61–75.

Ennos AR. 2000. The mechanics of root anchorage. Advances in Botanical 
Research 33, 133–157.

Ennos AR, Fitter AH. 1992. Comparative functional morphology of the an-
chorage systems of annual dicots. Functional Ecology 6, 71–78.

Fan C-C, Tsai M-H. 2016. Spatial distribution of plant root forces in root-
permeated soils subject to shear. Soil and Tillage Research 156, 1–15.

Fang S, Clark R, Liao H. 2012. 3D quantification of plant root architecture 
in situ. In: Mancuso S, ed. Measuring roots: an updated approach. Berlin, 
Heidelberg: Springer, 135–148.

Foth  HD. 1962. Root and top growth of corn 1. Agronomy Journal 54, 
49–52.

Fourcaud  T, Ji  JN, Zhang  ZQ, Stokes  A. 2008. Understanding the 
impact of root morphology on overturning mechanisms: a modelling ap-
proach. Annals of Botany 101, 1267–1280.

Gardiner  B, Berry  P, Moulia  B. 2016. Wind impacts on plant growth, 
mechanics and damage. Plant Science 245, 94–118.

Gardiner B, Blennow K, Carnus J-M, et al. 2010. Destructive storms 
in European forests: past and forthcoming impacts. Final report to the 
European Commission.

Gartner BL. 1994. Root biomechanics and whole-plant allocation patterns: 
responses of tomato plants to stem flexure. Journal of Experimental Botany 
45, 1647–1654.

Ghestem M, Veylon G, Bernard A, Vanel Q, Stokes A. 2014. Influence 
of plant root system morphology and architectural traits on soil shear resist-
ance. Plant and Soil 377, 43–61.

Gillies JA, Nickling WG, King J. 2002. Drag coefficient and plant form 
response to wind speed in three plant species: Burning Bush (Euonymus 
alatus), Colorado Blue Spruce (Picea pungens glauca), and Fountain Grass 
(Pennisetum setaceum). Journal of Geophysical Research 107, ACL 10-1–
ACL 10-15.

Grant  PF, Nickling  WG. 1998. Direct field measurement of wind drag 
on vegetation for application to windbreak design and modelling. Land 
Degradation & Development 9, 57–66.

Gregory  PJ, Hutchison  DJ, Read  DB, Jenneson  PM, Gilboy  WB, 
Morton EJ. 2003. Non-invasive imaging of roots with high resolution X-ray 
micro-tomography. Plant and Soil 255, 351–359.

Gross R. 1995. Construction application of hydraulic soil excavation. In: 
Watson G, Weeley D, eds. Proceedings: trees and building sites. Savoy, IL: 
International Society of Arboriculture, 177–184.

Gyssels G, Poesen J, Bochet E, Li Y. 2005. Impact of plant roots on 
the resistance of soils to erosion by water: a review. Progress in Physical 
Geography 29, 189–217.

Hales TC, Miniat CF. 2017. Soil moisture causes dynamic adjustments to 
root reinforcement that reduce slope stability. Earth Surface Processes and 
Landforms 42, 803–813.

Hamza O, Bengough AG, Bransby MF, Davies MCR, Hallett PD. 2006. 
Biomechanics of plant roots: estimating localised deformation with particle 
image velocimetry. Biosystems Engineering 94, 119–132.

Hetz W, Hochholdinger F, Schwall M, Feix G. 1996. Isolation and char-
acterization of rtcs, a maize mutant deficient in the formation of nodal roots. 
The Plant Journal 10, 845–857.

Holmes JD. 2015. Wind loading of structures. Boca Raton, FL: CRC Press.

Husakova E, Hochholdinger F, Soukup A. 2013. Lateral root development in 
the maize (Zea mays) lateral rootless1 mutant. Annals of Botany 112, 417–428.

Jacobs MR. 1954. The effect of wind sway on the form and development 
of Pinus radiata D. Don. Australian Journal of Botany 2, 35–51.

Jaffe MJ. 1973. Thigmomorphogenesis: the response of plant growth and 
development to mechanical stimulation: with special reference to Bryonia 
dioica. Planta 114, 143–157.

James  K. 2003. Dynamic loading of trees. Journal of Arboriculture 29, 
165–171.

Johnson SN, Hallett PD, Gillespie TL, Halpin C. 2010. Below-ground 
herbivory and root toughness: a potential model system using lignin-
modified tobacco. Physiological Entomology 35, 186–191.

Khuder H, Stokes A, Danjon F, Gouskou K, Lagane F. 2007. Is it possible 
to manipulate root anchorage in young trees? Plant and Soil 294, 87–102.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/70/14/3439/5304217 by guest on 06 M

ay 2021



3450 | Stubbs et al.

Knight TA. 1803. XI. Account of some experiments on the descent of the 
sap in trees. A letter from Thomas Andrew Knight, Esq. to the Right Hon. 
Sir Joseph Banks, Bart. KBPR S. Philosophical Transactions of the Royal 
Society B: Biological Sciences 93, 277–289.

Knight TA. 1811. On the causes which influence the direction of the growth 
of roots. Philosophical Transactions of the Royal Society B: Biological 
Sciences 101, 209–219.

Kramer  PJ. 1983. Problems in water relations of plants and cells. 
International Review of Cytology 85, 253–286.

Le Bot J, Serra V, Fabre J, Draye X, Adamowicz S, Pagès L. 2010. 
DART: a software to analyse root system architecture and development 
from captured images. Plant and Soil 326, 261–273.

Li Y, Wang Y, Ma C, Zhang H, Wang Y, Song S, Zhu J. 2016. Influence 
of the spatial layout of plant roots on slope stability. Ecological Engineering 
91, 477–486.

Liebhardt WC, Murdock JT. 1965. Effect of potassium on morphology 
and lodging of corn 1. Agronomy Journal 57, 325–328.

Lindsey  PA, Gross  R, Milano  R. 1995. An investigation to assess the 
importance of street infrastructure improvement on roots of adjacent cork 
oak tree. In: Watson G, Neely D, eds. Trees and building sites. Savoy, IL: 
International Society of Arboriculture, 22–32.

Lontoc-Roy  M, Dutilleul  P, Prasher  SO, Han  L, Smith  DL. 2005. 
Computed tomography scanning for three-dimensional imaging and com-
plexity analysis of developing root systems. Botany 83, 1434–1442.

Lobet  G, Pagès  L, Draye  X. 2011. A novel image-analysis toolbox 
enabling quantitative analysis of root system architecture. Plant Physiology 
157, 29–39.

Mairhofer S, Zappala S, Tracy SR, Sturrock C, Bennett M, Mooney SJ, 
Pridmore  T. 2012. RooTrak: automated recovery of three-dimensional 
plant root architecture in soil from x-ray microcomputed tomography im-
ages using visual tracking. Plant Physiology 158, 561–569.

Mamo  M, Bubenzer  GD. 2001. Detachment rate, soil erodibility, and 
soil strength as influenced by living plant roots part I: laboratory study. 
Transactions of the ASAE 44, 1167.

Mancuso S, ed. 2012. Measuring roots: an updated approach. Berlin, 
Heidelberg: Springer.

Marshall  TJ, Holmes  JW, Rose  CW. 1988. Soil physics. Cambridge: 
Cambridge University Press.

Massman W. 1987. A comparative study of some mathematical models 
of the mean wind structure and aerodynamic drag of plant canopies. 
Boundary-Layer Meteorology 40, 179–197.

Mayhead GJ. 1973. Sway periods of forest trees. Scot Forest 27, 19–23.

McCully ME. 1999. Roots in soil: unearthing the complexities of roots and 
their rhizospheres. Annual Review of Plant Physiology and Plant Molecular 
Biology 50, 695–718.

McGarry  A. 1995. Cellular basis of tissue toughness in carrot (Daucus 
carota L.) storage roots. Annals of Botany 75, 157–163.

Méndez-Alonzo  R, Moctezuma  C, Ordoñez  VR, Angeles  G, 
Martínez AJ, López-Portillo J. 2015. Root biomechanics in Rhizophora 
mangle: anatomy, morphology and ecology of mangrove’s flying buttresses. 
Annals of Botany 115, 833–840.

Milne R. 1991. Dynamics of swaying of Picea sitchensis. Tree Physiology 
9, 383–399.

Miyasaka A. 1970. Studies on the strength of rice root: II. On the relation-
ship between root strength and lodging. Japanese Journal of Crop Science 
39, 7–14.

Mooney SJ, Pridmore TP, Helliwell J, Bennett MJ. 2012. Developing 
X-ray computed tomography to non-invasively image  3-D root systems 
architecture in soil. Plant and Soil 352, 1–22.

Moore  JR, Maguire  DA. 2004. Natural sway frequencies and damping 
ratios of trees: concepts, review and synthesis of previous studies. Trees 
18, 195–203.

Muthreich N, Majer C, Beatty M, et al. 2013. Comparative transcriptome 
profiling of maize (Zea mays L.) coleoptilar nodes during shoot-borne root 
initiation. Plant Physiology 113, doi.org/10.1104/pp.113.221481.

Nass HG, Zuber MS. 1971. Correlation of corn (Zea mays L.) roots early 
in development to mature root development 1. Crop Science 11, 655–658.

Niklas KJ. 1992. Plant biomechanics: an engineering approach to plant 
form and function. Chicago, IL: University of Chicago Press.

Niklas KJ. 1999. Variations of the mechanical properties of Acer saccharum 
roots. Journal of Experimental Botany 50, 193–200. 

Niklas  KJ, Molina-Freaner  F, Tinoco-Ojanguren  C, Paolillo  DJ Jr. 
2002. The biomechanics of Pachycereus pringlei root systems. American 
Journal of Botany 89, 12–21.

Niklas KJ, Spatz H-C. 2000. Wind-induced stresses in cherry trees: evi-
dence against the hypothesis of constant stress levels. Trees 14, 230–237.

Niklas KJ, Spatz H-C. 2010. Worldwide correlations of mechanical prop-
erties and green wood density. American Journal of Botany 97, 1587–1594.

Niklas  KJ, Spatz  H-C. 2012. Plant physics. Chicago, IL: University of 
Chicago Press.

Niklas KJ, Speck T. 2001. Evolutionary trends in safety factors against 
wind-induced stem failure. American Journal of Botany 88, 1266–1278.

Operstein V, Frydman S. 2000. The influence of vegetation on soil strength. 
Proceedings of the Institution of Civil Engineers-Ground Improvement 4, 
81–89.

Peltola  H, Kellomäki  S, Hassinen  A, Lemettinen  M, Aho  J. 1993. 
Swaying of trees as caused by wind: analysis of field measurements. Silva 
Fennica 27, 113–126.

Pfeffer  W. 1893. Druck-und Arbeitsleistung durch wachsende Pflanzen. 
Leipzig: S. Hirzel.

Piñera-Chavez FJ, Berry PM, Foulkes MJ, Molero G, Reynolds MP. 
2016. Avoiding lodging in irrigated spring wheat. II. Genetic variation of stem 
and root structural properties. Field Crops Research 196, 64–74.

Pollastri S, Azzarello E, Masi E, Pandolfi C, Mugnai S, Mancuso S. 
2012. Applications of confocal microscopy in the study of root appar-
atus. In: Mancuso S, ed. Measuring roots: an updated approach. Berlin, 
Heidelberg: Springer, 93–108.

Price SR. 1911. The roots of some North America dessert grasses. New 
Phytologist 10, 328–340.

Repo T, Cao Y, Silvennoinen R, Ozier-Lafontaine H. 2012. Electrical 
impedance spectroscopy and roots. In: Mancuso S, ed. Measuring roots: 
an updated approach. Berlin, Heidelberg: Springer, 25–49.

Rogers ED, Benfey PN. 2015. Regulation of plant root system architec-
ture: implications for crop advancement. Current Opinion in Biotechnology 
32, 93–98.

Sanguineti MC, Giuliani MM, Govi G, Tuberosa R, Landi P. 1998. Root 
and shoot traits of maize inbred lines grown in the field and in hydroponic 
culture and their relationships with root lodging. Maydica 43, 211–216.

Schnepf  A, Leitner  D, Landl  M, Lobet  G, Mai  TH, Morandage  S, 
Sheng C, Zörner M, Vanderborght J, Vereecken H. 2018. CRootBox: 
a structural–functional modelling framework for root systems. Annals of 
Botany 121, 1033–1053.

Scott DI, Tams AR, Berry PM, Mooney SJ. 2005. The effects of wheel-
induced soil compaction on anchorage strength and resistance to root 
lodging of winter barley (Hordeum vulgare L.). Soil and Tillage Research 
82, 147–160.

Shane  MW, McCully  ME, Canny  MJ, Pate  JS, Lambers  H. 2011. 
Development and persistence of sandsheaths of Lyginia barbata 
(Restionaceae): relation to root structural development and longevity. Annals 
of Botany 108, 1307–1322.

Somerville A. 1979. Root anchorage and root morphology of Pinus radiata 
on a range of ripping treatments. New Zealand Journal of Forestry Science 
9, 294–315.

Spatz HC, Brüchert F, Pfisterer J. 2007. Multiple resonance damping or 
how do trees escape dangerously large oscillations? American Journal of 
Botany 94, 1603–1611.

Stoeckeler JH, Kluender WA. 1938. The hydraulic method of excavating 
the root systems of plants. Ecology 19, 355–369.

Speck O. 2003. Field measurements of wind speed and reconfiguration in 
Arundo donax (Poaceae) with estimates of drag forces. American Journal of 
Botany 90, 1253–1256.

Stamp P, Kiel C. 1992a. Root morphology of maize and its relationship to 
root lodging. Journal of Agronomy and Crop Science 168, 113–118.
Stamp  P, Kiel  C. 1992b. Seedling traits of maize as indicators of root 
lodging. Agronomie 12, 157–162.
Stokes A, Ball J, Fitter AH, Brain P, Coutts MP. 1996. An experimental 
investigation of the resistance of model root systems to uprooting. Annals 
of Botany 78, 415–421.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/70/14/3439/5304217 by guest on 06 M

ay 2021



Root anchorage | 3451

Stokes A, Fitter AH, Courts MP. 1995. Responses of young trees to wind 
and shading: effects on root architecture. Journal of Experimental Botany 
46, 1139–1146.
Stokes  A, Lucas  A, Jouneau  L. 2007. Plant biomechanical strategies 
in response to frequent disturbance: uprooting of Phyllostachys nidularia 
(Poaceae) growing on landslide-prone slopes in Sichuan, China. American 
Journal of Botany 94, 1129–1136.
Stokes  A, Mattheck  C. 1996. Variation of wood strength in tree roots. 
Journal of Experimental Botany 47, 693–699.
Stokes A, Nicoll BC, Coutts MP, Fitter AH. 1997. Responses of young 
Sitka spruce clones to mechanical perturbation and nutrition: effects on bio-
mass allocation, root development, and resistance to bending. Canadian 
Journal of Forest Research 27, 1049–1057.
Stolzy LH, Barley KP. 1968. Mechanical resistance encountered by roots 
entering compact soils. Soil Science 105, 297–301.
Telewski FW. 2006. A unified hypothesis of mechanoperception in plants. 
American Journal of Botany 93, 1466–1476.
Timoshenko  SP. 1930. History of strength of materials: with a brief 
account of the history of theory of elasticity and theory of structures. New 
York: Dover Publications Inc.

Trachsel S, Kaeppler SM, Brown KM, Lynch JP. 2011. Shovelomics: 
high throughput phenotyping of maize (Zea mays L.) root architecture in the 
field. Plant and Soil 341, 75–87.

Vogel S. 1981. Life in moving fluids. The physical biology of flow. Boston, 
MA: Willard Grant Press.

Vogel  S. 1989. Drag and reconfiguration of broad leaves in high winds. 
Journal of Experimental Botany 40, 941–948.

Vogel S. 2012. The life of a leaf. Chicago, IL: University of Chicago Press.

von Forell G, Robertson D, Lee SY, Cook DD. 2015. Preventing lodging 
in bioenergy crops: a biomechanical analysis of maize stalks suggests a 
new approach. Journal of Experimental Botany 66, 4367–4371.

Wiersum LK. 1957. The relationship of the size and structural rigidity of 
pores to their penetration by roots. Plant and Soil 9, 75–85.

Yang M, Défossez P, Danjon F, Dupont S, Fourcaud T. 2017. Which 
root architectural elements contribute the best to anchorage of Pinus spe-
cies? Insights from in silico experiments. Plant and Soil 411, 275–291.

Yang M, Défossez P, Danjon F, Fourcaud T. 2014. Tree stability under 
wind: simulating uprooting with root breakage using a finite element method. 
Annals of Botany 114, 695–709.

Yang M, Défossez P, Danjon F, Fourcaud T. 2018. Analyzing key factors 
of roots and soil contributing to tree anchorage of Pinus species. Trees 32, 
703–712.

Zhang  B, Hallett  PD, Zhang  G. 2008. Increase in the fracture tough-
ness and bond energy of clay by a root exudate. European Journal of Soil 
Science 59, 855–862.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/70/14/3439/5304217 by guest on 06 M

ay 2021




