Y
Wi %)

BOTANICAL SOCIETY OF AMERICA
leading wlenllxls alld educators

Applico’rions

in Plant Sciences

INVITED SPECIAL ARTICLE

REVIEW ARTICLE

For the Special Issue: Advances in Plant Phenomics: From Data and Algorithms to Biological Insights

Field-based mechanical phenotyping of cereal crops to

assess lodging resistance

Lindsay Erndwein' , Douglas D. Cook? “=" , Daniel J. Robertson®

Manuscript received 14 September 2019; revision accepted
6 March 2020.

' Department of Plant and Soil Sciences and the Delaware
Biotechnology Institute, University of Delaware, Newark,
Delaware 19711, USA

?Department of Mechanical Engineering, Brigham Young
University, Provo, Utah 84602, USA

*Department of Mechanical Engineering, University of Idaho,
Moscow, Idaho 83844, USA

*Author for correspondence: esparks@udel.edu

Citation: Erndwein, L., D. D. Cook, D. J. Robertson, and E. E.
Sparks. 2020. Field-based mechanical phenotyping of cereal crops
to assess lodging resistance. Applications in Plant Sciences 8(8):
el1382.

d0i:10.1002/aps3.11382

,and Erin E. Sparks'*

Plant mechanical failure, also known as lodging, is the cause of significant and unpredictable
yield losses in cereal crops. Lodging occurs in two distinct failure modes—stalk lodging

and root lodging. Despite the prevalence and detrimental impact of lodging on crop yields,
there is little consensus on how to phenotype plants in the field for lodging resistance and
thus breed for mechanically resilient plants. This review provides an overview of field-based
mechanical testing approaches to assess stalk and root lodging resistance. These approaches
are placed in the context of future perspectives. Best practices and recommendations for
acquiring field-based mechanical phenotypes of plants are also presented.
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Cereal crops are faced with a complex mechanical challenge: they
must be rigid enough to support their own weight, but flexible
enough to be resilient in the face of external forces (e.g., wind)
(Gardiner et al., 2016). Mechanical failure of cereal crops is known
as lodging (see Box 1 for a glossary of terms used in this article) and
refers to the “permanent displacement of plants from their vertical
stance” (Rajkumara, 2008). Lodging is multifactorial and stochastic,
but has been reported to cause up to 80% yield losses, depending
on the crop and field location (Berry et al., 2004; Rajkumara, 2008),
and can reduce the quality of harvested grain (Mizuno et al., 2018).
Factors underlying plant susceptibility to lodging include meteoro-
logical factors (e.g., wind, rain, and hail), field management prac-
tices (Rajkumara, 2008), plant architecture (Stamp and Kiel, 1992;
Brune et al., 2018), and plant biomechanics (Robertson et al., 2016).

The two types of lodging are distinguished by the point of me-
chanical failure: stalk lodging and root lodging (Berry et al., 2004).
In cereal crops, stalk lodging refers to breakage of the stem below the
height of the flower, and root lodging refers to failure at the root-soil
interface. In maize, stalk failure is further distinguished by the point
of failure as green (brittle) snap or stalk lodging. Green snap refers

to stalk breakage at the stem node prior to flowering, whereas stalk
lodging refers to stem internode buckling and occurs at late plant
stages. Root lodging can occur at any plant stage; however, yield
losses become more severe as plants mature or as time to harvest
decreases (e.g., Carter and Hudelson, 1988). From an agronomic
perspective, stalk and root lodging often occur in the same field
and are rarely differentiated by growers. From a plant breeding or
phenotyping perspective, however, stalk and root lodging are dis-
tinct in both their failure types and failure mechanisms (Berry et al.,
2003a). As such, the genetic and environmental underpinnings of
stalk lodging resistance and root lodging resistance are expected to
be distinct, and the mechanical phenotyping methods used to assess
each type of lodging are likewise distinct. Herein, we review field-
based mechanical phenotyping approaches to quantify stalk lodging
resistance and root lodging resistance in cereals. Recommendations,
best practices, and future research directions are highlighted. We
refer the reader to other focused review articles for more informa-
tion on the general topic of lodging (Berry et al., 2004; Rajkumara,
2008; Berry, 2013; Khobra et al., 2018), the impact of wind forces on
plants (Gardiner et al., 2016), root anchorage (Stubbs et al., 2019),
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BOX 1. Glossary of terms.

Bending: Also known as flexure. Refers to the application of an external force perpendicular to the longitudinal axis of a slender object. Bending tests can be
performed in the field or laboratory using different equipment to obtain mechanical properties or phenotypes. Field-based configurations are discussed in this
review, and laboratory-based configurations are explained in Shah et al. (2017).

Brazier buckling: Refers to the mechanism by which hollow tubes fail in bending. In this mechanism, transverse shear causes an ovalization of the tube’s cross
section. This results in a characteristic creasing or buckling failure pattern (Brazier, 1927).

Lodging: The displacement of plants from their vertical stance (Rajkumara, 2008). Lodging can occur as a result of stalk or root failure. Stalk lodging occurs
when plants are bent or broken at the stalk below the inflorescence. Root lodging occurs when roots are broken or pulled from the soil.

Rind penetration: The measured force required to pierce the rind of a plant stalk. This test is typically conducted with a probe attached to a force gauge. This
measurement has been used to assess stalk lodging susceptibility, but the results are conflicting about the utility of this measurement and its relationship to
stalk lodging.

Root pulling/pushing resistance: The amount of force required to overcome soil adhesion and uproot a plant. Root pulling resistance is applied vertically, and
root pushing resistance is applied horizontally.

Strength: The ability of an object to resist forces before deformation or failure. In engineering, the term can refer to the localization of forces using integrative
modeling or to the collective forces applied to a structural member or object. For the scope of this paper, strength refers to the latter meaning, which is also
known as structural strength (Moulia, 2013). There are multiple types of strength measurements. Bending strength (also known as flexural strength) is an
object’s ability to resist bending before accruing plastic or permanent deformations. Failure strength is the force at which an object breaks. Ultimate tensile
strength is the maximum force that can be applied to an object before failure. Yield strength is the force at which elastic deformation ends and plastic or
permanent deformation begins.

laboratory-based mechanical phenotyping of stalks/stems (Shah  ball can be formed (i.e., a cohesive root-soil structure) that rotates out

et al, 2017), and plant biomechanics (Niklas, 1992; Niklas and
Spatz, 2012), which fall outside the scope of this review.

FAILURE ANALYSIS OF NATURALLY OCCURRING LODGING

Understanding the failure patterns associated with lodging is critical
to identify breeding targets for lodging resistance. Lodging can man-

of the soil during plant failure. This is similar to uprooting observed in
large trees (Easson et al., 1992). Failure during induced root lodging in
winter wheat (Crook and Ennos, 1993, 1994) and maize (Ennos et al.,
1993) is characterized by the tensile anchorage model, wherein both
crops demonstrate buckling of roots on the leeward side (away from the
applied force). A study of root failure during natural lodging in wheat
also found a failure of tensile anchorage with roots breaking and, addi-
tionally, roots pulling free of the soil (Easson et al., 1992; Fig. 2). Our

ifest by different failure mechanisms, which
can provide insight into the most appropriate
mechanical phenotyping strategies (Robertson
et al,, 2015a). In general, stalk lodging failure
patterns can vary spatially (ie., location of
failure within the plant) and temporally (i.e.,
across the plant’s lifespan). For example, small
grains tend to buckle at the lower internodes
(Mulder, 1954; Laude and Pauli, 1956; Neenan
and Spencer-Smith, 1975; Fig. 1A), but in bar-
ley and oats, buckling of the middle internodes
is common and failure can even occur near the
peduncle (White, 1991; Fig. 1B). In contrast,
large grains like maize tend to fail near a node,
but the specific failure pattern can differ by
growth stage. For example, analysis of mid-sea-
son maize shows that plants fail at the node in
a green or brittle snapping pattern (Elmore
etal,, 2005; Fig. 1C), whereas late-season maize
stalk lodging primarily involves a mechanism
known as Brazier buckling (Robertson et al.,
2015a; Fig. 1D). Understanding these different
failure patterns has been essential to the devel-
opment of testing protocols and phenotyping
methods that reproduce natural failure types
and patterns (Robertson et al., 2014, 2015a).
Plant anchorage is achieved through interac-
tions of roots and soil. Roots can act as tethers
in tension or compression, with those tethers
failing during root lodging. In addition, a root

A - Small grain buckling at lower internode

B - Barley/oat buckling at middle internode and peduncle

FIGURE 1. Failure patterns of cereal stalks. Natural failure patterns of cereal stalks vary by
the crop type and age of the plant. (A) In small grains, the most common failure mechanism
is buckling at the lower internodes. (B) However, in barley and oats, buckling of middle inter-
nodes or as high as the peduncle have been reported. (C) In contrast, for large grains, such as
maize, mid-season failure occurs in a green (or brittle) snapping pattern, with failure at the
stem nodes. (D) For late-season maize lodging, failure is defined by Brazier buckling of stem
internodes, close to the node.
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A - Uprooting

B - Breakage

FIGURE 2. Failure patterns of cereal roots. Experimental evidence sug-
gests that cereal crop roots act as tethers in tension or compression.
During root lodging, these tethers may fail through (A) roots pulling out
of the soil and/or (B) roots breaking in either tension (on the side where
force is applied) or compression (on the side away from where the force
is applied).

unpublished observations of root failure in maize after lodging are con-
sistent with these results. These results favor a model of tensile anchor-
age over the model of root ball anchorage. However, soil composition
may influence the type of failure, and additional studies are needed to
fully understand the potential variations of root failure patterns.
Considering the variation in failure modes described above, quan-
tifying lodging resistance in the field is not a simple or singular task.
Several approaches have been developed to evaluate lodging resistance
in the field, including artificial wind and devices that measure proxies
of stalk or root failure. The following sections review the methods that
have been used to assess cereal crops for lodging resistance in the field.

ARTIFICIAL WIND TO EVALUATE STALK AND ROOT LODGING

Artificial wind sources that attempt to mimic the natural weather
patterns associated with plant failure have been used to assess
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lodging resistance. One early study tested the effectiveness of a
mobile wind source (an airplane propeller driven by an automo-
bile engine) to evaluate lodging resistance in wheat, oats, and barley
(Harrington and Waywell, 1950). This study found that while the
artificial wind experiments provide some value to assess lodging
resistance, the large size and low-throughput of the wind source
made this an unsatisfactory approach to study lodging. More recent
studies have developed wind machines to study lodging in wheat
(Sterling et al., 2003), maize (Wen et al., 2019), and rice (Shrestha
et al., 2020). In wheat, a wind tunnel was constructed with a por-
table wooden enclosure and six axial fans mounted on a mobile
trailer. This setup was determined to provide an accurate simulation
of natural wind conditions (Sterling et al., 2003). This wind tunnel
revealed interesting differences in the timing of lodging, namely
that stalk lodging occurs instantaneously whereas root lodging
occurs progressively (Sterling et al., 2003). However, additional
studies with this wind tunnel were not found in the literature. For
maize, a mobile wind machine was constructed of a high-speed fan
set on parallel rails for mobility and used to evaluate stalk lodging
as an outcome of variable wind speeds (Wen et al., 2019). This study
showed that the failure wind speed varies based on maize variety,
but did not attempt to link these results directly to the incidence of
lodging (Wen et al., 2019).

Recently, a device called Blaster—a combination of a wind ma-
chine and a rain simulator (Shrestha et al., 2020)—has been devel-
oped. The device was applied across 20 rice cultivars and three field
seasons, and shows a high prediction of natural stalk lodging when
evaluated for a subset of eight genotypes (Shrestha et al., 2020). The
bending moment of the lower internodes, as measured by a pros-
trate tester (see below for additional description of prostrate testers
used to evaluate root lodging resistance), was the best single trait
predictor of stalk lodging induced by Blaster. However, a compound
trait, named “lodging resistance index” (bending moment at the in-
ternode / [above-ground fresh weight * culm length]; Ookawa and
Ishihara, 1992), was the best predictor of lodging induced by Blaster,
with an R* of 65-73% depending on wind speed (Shrestha et al.,
2020). This study by Shrestha et al. (2020) also represents the first
comprehensive analysis of wind-induced stalk lodging compared to
natural stalk lodging and provides a solid biological basis for genetic
variation in stalk lodging resistance. However, it remains unclear if
the addition of water to the wind simulator has a significant impact
on lodging or whether wind alone could be used for future evalu-
ations. One study of natural wheat lodging in China reported that
the combination of wind and rain was related to a higher percentage
of lodging than either factor alone (Niu et al., 2016), suggesting that
the addition of water to wind simulators may be critical for their
successful application in understanding lodging resistance.

The approaches described above all consist of a wind source that
can be moved from one location to the next, but is static relative to
the field. In other words, there is a single point source of wind that
is applied in a gradient across the plants. A major advancement was
realized for commercial breeding applications, when Pioneer Hi-
Bred (now Corteva Agriscience, Wilmington, Delaware, USA) de-
veloped a mobile wind machine called “Boreas” to select for green
snap, root lodging, and stalk lodging resistance in maize (Barrerio
et al,, 2008). The basis of Boreas is a wind generator that can move
throughout a field, and can apply varying durations and velocities
of wind to simulate the environmental conditions associated with
each type of lodging (Barrerio et al., 2008). Using Boreas to simu-
late thunderstorm conditions was reported as a strong indicator of

© 2020 Erndwein et al.
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green snap events (Cooper et al., 2014). However, as Boreas is used
in commercial applications and protected by patents, the details of
the device and research data obtained from this platform are not
readily available.

A major consideration in the construction and cost of an artifi-
cial wind system is acquiring the desired wind speeds. Theoretically,
the failure wind speed of cereals was calculated as 11.6 m/s at the
canopy (Baker, 1995); however, this likely varies dramatically among
crop types, within different genotypes of the same crop, and under
different moisture conditions, and is also dependent on planting
density. Failure wind speeds have not been directly calculated for
many crops, and thus the minimum needed wind speeds for wind
simulators is an open question. In maize, the failure wind speeds
were calculated between 16 and 30 m/s depending on the variety,
but this study relied on purely wind-induced failure without soil
saturation (Wen et al., 2019). It is likely that these studies would
show reduced failure wind speeds with the addition of soil moisture.

Reported wind speeds achieved by the artificial wind sources
described above are: 8.5 m/s (up to 10 m/s for gusts) (Sterling et al.,
2003), 30 m/s (Wen et al., 2019), 16.7 m/s using Blaster (converted
from 60 km/h; Shrestha et al., 2020), and 45 m/s using Boreas
(Barrerio et al., 2008). Thus, the wind tunnel of Sterling et al. (2003)
would likely not generate enough wind speed to evaluate lodging
in maize, but is suitable for smaller-stature crops. Although limited
in their application (likely because of the cost and expertise needed
to construct them), artificial wind approaches can provide valuable
information about lodging resistance in cereal crops.

MECHANICAL METHODS TO EVALUATE STALK LODGING

Rind penetration

The most common approach for assessing stalk lodging resistance is
measuring rind penetration resistance. This measurement involves
piercing the stalk rind with a probe attached to a digital force gauge
(Flint-Garcia et al., 2003a, b; Peiffer et al., 2013) and recording the
maximum force required to penetrate the rind. This method has
been used throughout most of the 20th century and dates back to
at least 1935 (Khanna, 1935). However, there are conflicting reports
of the utility of the rind penetration procedure to evaluate lodging
resistance, and it is not widely used by commercial breeding pro-
grams. Some studies show that rind penetration resistance is highly
correlated with stalk lodging resistance (Anderson and White, 1994;
Dudley, 1994), whereas others show that rind penetration is weakly
correlated with stalk lodging resistance (McRostie and MacLachlan,
1942; Butrén et al., 2002; Gou et al., 2007; Hu et al., 2012; Robertson
et al., 2017). One of the studies with weak correlation compared
the results from rind penetration resistance in maize to labora-
tory-based stalk three-point bending strength measurements
(Robertson et al., 2017), which closely mirror failure patterns of
naturally stalk-lodged plants (Robertson et al., 2014, 2015b). In this
analysis, rind penetration resistance accounted for less than 20% of
the variation in stalk bending strength (Robertson et al., 2017).
These conflicting results about the utility of rind penetration re-
sistance to predict stalk lodging resistance could be attributed to the
fact that rind penetration resistance measurements do not quantify
the effect that stalk morphological properties have on stalk lodging
resistance. From a biomechanical perspective, the stem diameter,
cross-sectional area, and rind thickness all influence stalk lodging
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resistance (Robertson et al., 2017). Several studies investigating the
genetic architecture of rind penetration resistance have shown that
there is not a direct correlation between rind penetration and other
morphological features of importance for stalk lodging resistance
(Butrén et al., 2002; Martin et al., 2004; Gibson et al., 2010; Hu et al.,
2012; Li et al., 2014; Ma et al., 2014). Furthermore, it has been sug-
gested that the relationship between rind penetration resistance and
stalk strength is highly dependent on growing conditions such as
planting density, genotype, and location (Robertson et al., 2016). A
primary reason for the contrasting reports on the effectiveness of
rind penetration resistance is likely due to the lack of published test-
ing standards. For example, the geometry of the penetrating probe
and the rate of force application are expected to have a significant
effect on measurements, but these factors are rarely reported in pa-
pers that utilize the rind penetration method.

Bending tests

In considering the natural failure pattern of lodged stalks, several
field-based measures of stalk bending stiffness and stalk bending
strength have been developed. The original field-based bending
test was achieved by fastening different weighted chains to the
base of an oat panicle and measuring the stalk displacement from
horizontal (Grafius and Brown, 1954). With this information, the
authors calculated a metric of lodging resistance (calculated as
the torque a plant can resist divided by the applied torque), which
showed a moderate correlation with natural lodging (Grafius and
Brown, 1954). These experiments were low-throughput and la-
borious, thus a series of semi-automated field-based bending de-
vices were subsequently developed. These devices can be divided
into two categories based on whether they have been applied to
small grains (e.g., wheat, rice, oat, or barley) or large grains (e.g.,
sorghum or maize).

A primary challenge with field-based mechanical testing of small
grains is the inability of a single stem to provide a sufficient amount
of resistance to reliably detect with a load sensor. To overcome this
limitation, multiple plants are tested together in small grain applica-
tions. One device (referred to here as Berry’s device) was developed
to study winter wheat lodging and consists of a hand-held force
meter with a load cell attached to a push bar to measure the force
required to push over multiple plants (Fig. 3A, Table 1; Berry et al.,
2003b). The measurement obtained from this device is the force ap-
plied to reach a discrete angle. Recently, this device was modified by
another group to reduce the weight and continuously record data
as plants are bent (Fig. 3B, Table 1; Heuschele et al., 2019). This up-
dated device, called the Stalker, was created to differentiate between
different management practices in wheat and between different
small grains (i.e., wheat, oat, and barley); however, the paper does
not report the results of these trials (Heuschele et al., 2019).

For larger grains, several different devices have been developed
to test individual plant biomechanics in the field. The first device
(referred to here as Guo's device) was developed to non-destruc-
tively measure the forces required to bend maize stalks across a set
of discrete angles (Fig. 3C, Table 1; Guo et al., 2018, 2019). In this
device, a controller module with a strain sensor is connected by a
belt to a second unit fixed to the stalk. The controller module is
pulled to discrete angles ranging from 0°-45° and the maximum
equivalent force is recorded. This force was shown to have a strong
negative correlation with the incidence of stalk lodging in maize
(Guo et al,, 2018, 2019).

© 2020 Erndwein et al.
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A second device, DARLING (Device for
Assessing Resistance to Lodging in Grains), was
also developed to assess stalk biomechanics in
larger cereal crops (Cook et al., 2019). This device
(Fig. 3D, Table 1) collects continuous force-rota-
tion data and consists of a vertical support with a
control box mounted at the top, a horizontal foot-
plate attached by a hinge at the base, and an ad-
justable-height load cell. To use DARLING, the
operator places a stalk in contact with the load cell
and places a foot on the hinged base to anchor the
device to the ground. This device is able to test the
stalk in two modes: (1) bent until failure to obtain
stalk bending strength, or (2) bent within the lin-
ear-elastic range of the material to obtain flexural
stiffness. In the first mode, the device reproduces
the natural stalk lodging failure mode (buckling),
whereas the second mode of testing allows for a
non-destructive measurement that is a surrogate
for laboratory-based stalk bending strength mea-
surements (Robertson et al., 2016; Cook et al.,
2019). However, in the nondestructive mode,
the reliability of measurements depends on soil
conditions and soil type, which should ideally be
kept constant throughout testing. A recent study
that utilized the DARLING device as part of a
multi-year, multi-location study demonstrated
that bending strength measurements are more
highly correlated with natural lodging incidence
compared to rind penetration testing (Sekhon
et al,, 2020). However, the study also indicated
that rind penetration resistance does account for
part of the observed variability in natural lodging
incidence that is not accounted for by bending
strength measurements.

METHODS TO EVALUATE ROOT LODGING

Root pulling/pushing resistance

While the failure mechanics of roots during
lodging include both uprooting and break-
age, field-based approaches have focused on
measuring plant anchorage independent of
these failure mechanics. Vertical root-pull-
ing resistance (VRPR) is a parameter for as-
sessing root anchorage that has been widely
used in maize since the 1930s (Wilson, 1930;
Zuber et al., 1971; Fincher et al., 1985). VRPR
can be measured rapidly in the field and was
shown to be negatively correlated with root
lodging in maize (Kamara et al., 2003; Liu
et al., 2011). VRPR has been less utilized in
other cereal crops, particularly in the con-
text of root lodging. One set of studies used
VRPR in rice as an approach to understand
and select for drought tolerance, but did not
evaluate root lodging (Ekanayake et al., 1985,
1986). Another study determined that VRPR
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B - The Stalker

A - Berry’s device

C - Guo’s device D - DARLING

FIGURE 3. Devices for measuring stalk bending strength. (A) Berry’s device was developed to study
winter wheat stalk lodging and consists of a hand-held force meter with a load cell attached to a
push bar that measures the resistance force required to push over multiple plants. (B) An updated
version of this device, called the Stalker, was developed for small grains (wheat, oat, and barley). The
Stalker reduced the weight of Berry’s device and introduced some automation, i.e,, the device is
pushed forward until a preset 45°, and then the force-rotation data are continuously recorded until
the test is ended by the operator. (C) Guo’s device features a hand-held two-component circuit block
system and measures the forces required to bend maize stalks across a set of discrete angles. One
component, a controller module, contains a strain sensor, single-axis angle sensor, microcontroller,
power supply module, a signal acquisition circuit, and a radio frequency transceiver. The second
component consists of another radio frequency transceiver and single-axis sensor. The two com-
ponents are connected by a rigid belt, and the controller is pulled to discrete angles (represented
as F, and F,) to measure the maximum equivalent force (F_), which is used to assess stalk lodg-
ing resistance. (D) DARLING was developed to assess stalk biomechanics in larger cereal crops and
more closely recreate natural failure patterns during stalk lodging. DARLING consists of a vertical
support with a control box and digital display mounted at the top, a horizontal footplate attached
by a hinge at the base, and an adjustable-height load cell attached to the vertical support. Plants can
be non-destructively bent within the linear-elastic range of the material to obtain flexural stiffness or
displaced until failure; the maximum applied bending strength is then recorded.

© 2020 Erndwein et al.
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TABLE 1. Comparison of stalk mechanical phenotyping devices.

Erndwein et al.—Field-based mechanical phenotyping 60f11

Device Crop Measurement

Pros Cons

Wheat (multiple  Stem failure strength
plants at once) Root failure strength
(with soil wetting)

Berry’'s device? + Inexpensive

- Adjustable push-bar height
- Digital force-torque display

+ Unable to measure individual plant properties
+ Heavy battery pack
+ Results dependent on soil conditions

+ Rapid measurements (6 min/plot)

+ No digital display

« Before data analysis, load values must be
converted to newtons (N) using a calibration
curve

+ Only used for small grains

+ Operator-dependent data (prone to jitter)

- Continuous force-displacement data collection

« Difficult to translate measurement to
engineering principles
+ Operator-dependent data (prone to jitter)

Stalker® Wheat, oat, Resistance force + Open source
barley - Nondestructive
+ Field-portable
- Can test singular or multiple plants
- LED indicates maximum rotation at 45°
+ Data stored on SD card
Guo's Maize Pulling force - Nondestructive
device® Equivalent force -+ Portable
- Digital display
- Data stored in flash memory
- Flexible pulling directions
DARLING® Maize, sorghum  Failure strength + Replicates natural failure patterns

Flexural stiffness + Field-portable

- Rapid measurements (17 s/test)
+ Can be nondestructive
-+ Adjustable load cell

« Only useful for large grains

«Accuracy of measurements decreases as
rotation increases past 20°

+ Dependent on soil conditions

+ Operator-dependent data (prone to jitter)

+ Graphical user interface
- Continuous force-displacement data collection

“Berry et al. (2003b).
PHeuschele et al. (2019).
‘Guo et al. (2018, 2019).
dCook et al. (2019).

was highly variable and therefore unsatisfactory as a method to
predict the tendency for root lodging in wheat, oats, and barley
(Harrington and Waywell, 1950). Despite the unclear relationship
with root lodging resistance, several devices have been developed
to measure VRPR in the field.

An early device to measure VRPR consisted of a clamp and a
scale, where the plant is lifted from the soil by manually pushing
a lever; this method has been proven to be inaccurate because it
was impossible to control for lifting rate and measurements were
extracted manually (Thompson, 1972, 1982; Rogers et al., 1976;
Jenison et al., 1981; Penny, 1981; Arihara and Crosbie, 1982; Peters
et al,, 1982). Other devices have been subsequently designed to re-
duce manual error and measure VRPR using tractor hydraulics,
but this approach has proven too heavy and cumbersome for wide-
spread measurements (Zuber, 1968; Donovan et al., 1982; Kevern
and Hallauer, 1983; Melchinger et al., 1986).

Two devices were designed to overcome the limitations iden-
tified from these early methods to measure VRPR (Dourleijn
et al., 1988; Fouéré et al., 1995). One device (referred to here as
Dourleijn’s device; Fig. 4A, Table 2) uses an electric-powered mo-
tor and a pulley system to pull the plants vertically out of the soil
at a constant rate (Dourleijn et al., 1988). The maximum pulling
force is recorded as a post-test on an attached scale. A second
device (referred to here as Fouéré’s device; Fig. 4B, Table 2) is an-
chored by nails into the soil, and the stalk is symmetrically placed
between the anchor feet (Fouéré et al., 1995). A force sensor then
transmits an angular pushing displacement to the stalk and re-
cords the resistance force at discrete angles. Mechanical data are
recorded as moment-angle relationships, and the maximum force
applied to pull the root system out of the soil is then extracted
as the horizontal root-pushing resistance. This device repre-
sented several improvements upon previous devices, including
the use of fork prongs to prevent root system damage, nails to
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anchor the device to the soil, and automated recording of force
measurements.

Root failure moment

A major drawback of the root pulling/pushing systems is that they
do not necessarily replicate how a plant fails during root lodging. In
other words, they apply unnatural loads and likewise produce un-
natural failure types and patterns. An attempt to improve upon these
approaches and replicate root lodging conditions was made with the
introduction of a device to measure root failure moment (Rfm). This
approach was originally designed for sunflower (Sposaro et al., 2008)
and subsequently applied to maize (Liu et al., 2012). The devices to
measure Rfm consist of a push bar attached to the plant stem at a
specific height with a steel cable, a base protractor, and an offset pul-
ley system to pull the plant over (referred to here as Sposaro’s device;
Fig. 4C, Table 2). The Rfm is then calculated as the force when the
stalk is pulled to perpendicular multiplied by the attachment height
of the push bar. Although it is not widely used (likely due to the cum-
bersome and low-throughput nature of the device), Rfm in maize
was shown to be negatively correlated with planting density, which is
known to increase root lodging (Liu et al., 2012).

Hand-held prostrate testing

One approach to measure root anchorage in small grains has been
the use of a commercially available, hand-held prostrate testing de-
vice (Daiki Rika Kogyo Co. Ltd., Saitama, Japan). In this system, the
prostrate device is attached perpendicular to multiple plant stems
(10-15), the plants are displaced to a 45° angle, and the pushing resis-
tance is recorded (Fig. 4D, Table 2). This approach has been applied
to winter wheat (Xiao et al., 2015), canola (Wu and Ma, 2016), and
rice (Kashiwagi and Ishimaru, 2004). Interestingly, this approach is
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A - Dourleijn’s device B - Fouéré’s device

C - Sposaro’s device

FIGURE 4. Devices for measuring root anchorage. (A) Dourleijn’s device measures vertical root
pulling resistance in maize. The device uses an electric-powered motor and pulley system to pull
the plants out of the soil at a constant rate. (B) Fouéré’s device measures horizontal root pushing
force in maize and consists of a main frame, handle, adjustable force sensor, angle sensor, a two-
pronged steel fork with anchoring nails, and a control head with an electronic display and keys.
This device uses a force sensor to transmit an angular pushing force to the stalk; an electronic
control system then automatically records the resistance force. (C) Sposaro’s device, which was
originally developed for sunflower and later applied to maize to improve upon root pulling/push-
ing resistance devices, better replicates the failure mode of root lodging. With this device, a push
bar is attached to the plant stem, while a base protractor and an offset pulley system are used to
pull the plant over. Root failure moment (Rfm) can then be calculated. (D) For smaller crops (e.g.,
canola, wheat, rice), a commercially available prostrate testing device can been used. The device
attaches to an adjustable mounted plate attached to the plant. Plants are displaced to a 45° angle,
and the pushing resistance is then recorded.

very similar to the bending tests used to assess stalk lodging, varying
only in the placement of the device lower on the stem and closer
to the soil surface. Although this approach is often presented as a

http://www.wileyonlinelibrary.com/journal/AppsPlantSci

Erndwein et al.—Field-based mechanical phenotyping

7 of 11

measure of root anchorage, one study notes that
it is difficult to separate this measure as indicative
of root lodging distinct from stalk lodging (Xiao
et al, 2015). For example, in rice the bending
moment calculated from prostrate testing of the
lowest internodes was highly predictive of Blaster-
induced stalk lodging (Shrestha et al., 2020).

ALTERNATIVE ANALYSES OF BIOMECHANICS

There are two primary alternatives to field-based
measurements: laboratory-based measurements
and computational modeling. Although these
topics are outside the primary focus of this re-
view, we present the basic features of these alter-
natives as a starting point for further reading.
Laboratory-based measurements rely on
samples being removed from the field and trans-
ported to a laboratory. These types of analyses
for stalks include destructive crushing tests,
bending tests, or analyses of plant anatomy. A
recent review provides an overview of the labo-
ratory-based measurements of stalk mechanics
(Shah et al., 2017), thus they are not discussed
here. In contrast to stalk lodging, there are lim-
ited approaches to understand root lodging in
the laboratory setting because the root system is
less amenable to removal and mechanical testing.
One attempt to understand root lodging
outside of the field setting was the use of com-
putational models of root-soil interactions to
gain new insights into the factors influencing
root lodging in maize (Brune et al., 2018). These
models allow researchers to explore hypotheses
and carry out “computational experiments” that
could not be accomplished with purely empirical
approaches. One major advantage of computa-
tional models is that every aspect of a computa-
tional model can be independently manipulated.
This enables experiments that are fundamen-
tally different from the experiments that can be
performed in either the laboratory or the field.
For example, computational modeling has been
used to dissect the factors influencing stalk lodg-
ing in maize (von Forell et al., 2015). Additional
information on computational modeling to un-
derstand plant biomechanics can be found in a
review by Prusinkiewicz and Runions (2012).

DISCUSSION

A general overview of field-based mechanical
phenotyping equipment used to assess lodging
resistance in grain crops is provided in Tables 1
and 2. In the sections below, we discuss the need

for improved standard operating procedures and testing standards
for phenotyping equipment that will enable greater interoperability.
In addition, we provide an evaluation of each phenotyping method
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TABLE 2. Comparison of root mechanical phenotyping devices.
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Device Crop Measurement Pros Cons
Dourleijn’s device*  Maize Vertical root « Constant pulling speed (automated) « Scale must be read and recorded manually
pulling « Rapid measurements (5-10 min/10 plants) + Heavy (must be rolled like a wheelbarrow)
resistance + Measurements are device specific
+ Requires two operators
+ Does not mimic failure during root lodging
Fouéré's device® Maize Horizontal - Digital display - Expensive (US$5000)
root pulling « Field-portable « Dependent on soil conditions
resistance + Data saved internally + Does not mimic failure during root lodging
+ Automated recording of force measurements
+ Rapid measurements (1 min/plant)
Sposaro’s device® Maize, Root failure - Inexpensive + Nointernal memory
sunflower moment + Adjustable push-bar height + Requires large row spacing to function
« Field-portable
« Mimics failure during root lodging
Prostrate testing Small grains  Root failure + Inexpensive and commercially available + No digital display
device? (canola, moment - Hand-held - Difficult to conduct measurements in wind
wheat, rice) - Nondestructive + Loading rate is operator dependent

. (Can be used for a variety of plants

- Cannot distinguish between root and stalk properties

“Dourleijn et al. (1988).

bFouéré et al. (1995).

Sposaro et al. (2008); Liu et al. (2012).

9Xiao et al. (2015); Wu and Ma (2016); Kashiwagi and Ishimaru (2004).

and mention best practices for conducting field-based mechanical
tests of plant stalks and roots.

Development of testing standards to enable reproducibility

As technologies to assess plant mechanics in a field setting continue to
be developed, there is an urgent need to focus on reproducibility and
a complete understanding of the mechanics of plant failure. Several
of the approaches outlined above suffer from a lack of reproducibil-
ity between laboratories and/or devices. This lack of reproducibility
comes in part from a failure to understand how plants fail during
lodging. For example, there is little conceptual relationship between
rind puncture resistance (pushing a needle-like instrument laterally
through the outer tissues of the stalk) and natural wind-induced
failure, which typically manifests as buckling, snapping, or splitting
(Robertson et al., 2015a). Similarly, for root lodging, plants are not
pulled vertically from the soil during natural lodging events. It thus
follows that root pulling/pushing tests have shown variable success in
increasing our understanding of root lodging resistance.

Another challenge in reproducibility is the lack of experimental
detail included in published articles. It is often unclear how devices
are constructed, how they are used, and/or what mechanical metrics
are measured. A prime example of this is the copious use of the term
“strength,” which is meaningless without context. Two contexts are of
importance when discussing strength: the first concerns how strength
was measured (e.g., bending, crushing, shear, tensile, compressive)
and the second with how strength was extracted. For example, there
are two strength measures often associated with plant mechanics—
the ultimate structural strength and the structural failure, also known
as yield strength. The ultimate structural strength represents the high-
est force that the object can withstand, whereas the structural failure
or yield strength represents the force at which the object breaks or
buckles. These measures are not always equivalent, and should be dif-
ferentiated when reporting results. Furthermore, structural strength
should be differentiated from material strength. The ultimate struc-
tural strength of an object is the highest force it can withstand and
does not account for differences in geometry among objects, whereas

http://www.wileyonlinelibrary.com/journal/AppsPlantSci

the ultimate material strength is the highest force per unit area a given
material can withstand. The ultimate structural strength is the type
of strength most commonly measured in plant phenotyping experi-
ments. Clarifying the type of strength measured by devices in future
studies will enable greater interoperability and understanding.

Lastly, there remains a lack of connection between the field-
based mechanical measures described here and the underlying bi-
ology. Linking field-based mechanical measures to plant anatomy,
architecture, and composition is a key phase of future research in
mechanical phenotyping. Understanding how mechanical mea-
sures vary with the underlying biology enhances our ability to select
for plants with improved lodging resistance without compromising
other traits such as yield or disease resistance.

Evaluation of phenotyping methods

In this section, we endeavor to provide an objective evaluation of
current phenotyping methods. This evaluation is based on the au-
thors’ experience, opinion, and fairly limited data availability. It is in-
tended to assist plant scientists in choosing a phenotyping method
and to highlight potential future research directions. A ranking of
phenotyping devices is not provided, as our intent is only to provide
an objective evaluation of each methodology. Each method has its
own unique benefits and drawbacks as discussed below.

As compared to other phenotyping methods, artificial wind is
generally assumed to most closely mimic naturally applied forces
that induce stalk and root lodging. Although artificial wind has been
shown to induce stalk lodging in rice with a high correlation to natu-
ral lodging (Shrestha et al., 2020), we are unable to find any examples
in the literature demonstrating that these machines do or do not pro-
duce natural stalk lodging or root lodging failure types and patterns.
Additionally, the large cost and size of such machines make them in-
accessible to many public-sector plant breeders and agronomists. The
limited mobility of wind machines (with the exception of Boreas)
also makes them difficult to utilize on large association panels to dis-
cover the genetic underpinning of lodging resistance. A primary lim-
itation of artificial wind machines that are static relative to the field
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is that wind speed naturally decreases with distance from the wind
source. Thus, plants near the wind source will experience different
wind forces than those near the back of a plot. Various correction fac-
tors or other manners of accounting for this have been presented in
the referenced articles. However, the Boreas machine has overcome
this limitation altogether and is likely the most well-developed arti-
ficial wind source. This is due to a large corporate investment in the
machine; however, as mentioned previously, the Boreas machine is
inaccessible to most breeders and most of the data collected with the
machine are proprietary. To increase accessibility, the goal for future
studies should be to lower the cost and improve mobility of artificial
wind sources. In addition, future researchers should seek to confirm
that artificial wind induces natural failure types and patterns in cereal
crops to confirm the validity of use as a proxy for lodging resistance.

Rind penetration experiments have been conducted for nearly 100
years, yet much is still unknown about the methodology. For exam-
ple, it is unclear how probe geometry and the rate of force application
affect the measurement. A primary advantage of rind penetration is
that it is not entirely destructive (i.e., it does not induce plant death)
and the testing can be done before flowering. This enables plant
scientists to make breeding decisions (e.g., experimental crosses)
in the same season that the data are collected. This is not possible
when utilizing artificial wind sources or other destructive phenotyp-
ing measurements of lodging resistance. Rind penetration testing is
also one of the most rapid ways of mechanically phenotyping cereal
crops, and enables testing any given plant without disturbing neigh-
boring plants. This method is effective for rapidly ranking varieties
with significant differences in stalk strength, but does not perform
well at differentiating between elite varieties, which may possess very
similar strengths. The primary limitation of this approach is that rind
penetration experiments do not produce natural stalk lodging fail-
ure patterns. Thus, breeding for increased rind penetration resistance
may not always increase stalk lodging resistance. The lack of associ-
ation with natural failure types and patterns is one likely reason that
previous studies have demonstrated mixed results. We are unaware
of any studies using rind penetration resistance to study small grains.
The puncture force of small grains is likely so low as to complicate
accurate measurement in a field setting. In summary, rind penetra-
tion resistance appears to be a viable way to rapidly investigate stalk
lodging resistance, but additional factors (e.g., plant geometry or
bending strength) also need to be considered when breeding for stalk
strength. Future studies should report the rate of force application
and provide a detailed description of the probe geometry used in the
study. In addition, it is important that scientists agree upon a standard
operating procedure for rind penetration resistance testing.

Bending tests can induce the same failure patterns observed in
naturally lodged crops. At the time of writing, the DARLING de-
vice is the only field-based bending strength device explicitly shown
to produce natural failure types and patterns (Cook et al., 2019).
However, we believe it is highly probable that the other bending
strength devices (which operate on similar principles) likewise pro-
duce natural failure types and patterns. The bending test approach
essentially eliminates the chaotic influence of wind loading, thus
decreasing measurement uncertainty. In other words, these tests
provide information about the inherent strength of individual
stalks in the absence of wind effects. For example, artificial wind
tests are affected by factors such as leaf size, leaf number, leaf an-
gle, and planting density. From a statistical standpoint, the bending
strength approach likely provides the greatest distinguishing power
for ranking varieties based on inherent stalk strength. Of course,
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these methods are not without their own unique drawbacks. The
throughput of bending tests can vary, but in general this method
typically takes longer than the rind puncture test (testing rates of
wind tests are not well-quantified). The DARLING device appears
to be the fastest of the bending test methods, with testing rates of
approximately 150-200 stalks/hour. The results of bending tests
must be interpreted with caution. Although the method does pro-
vide very detailed information about stalk strength, it does not pro-
vide any information about how each variety translates wind into
bending load. Thus, one can imagine a situation in which a crop
variety with a high strength rating may lodge at a higher rate than a
similar variety with a slightly lower strength, because the leaf archi-
tecture of the first variety results in higher bending loads than the
leaf architecture of the second variety.

All of the devices utilized for testing small grains suffer from one
common limitation or constraint—they require testing of multiple
plants at once. During the test, these plants interact with one another
and can provide mechanical support to one another. The physics
governing this self-supporting behavior are complex and have not
been fully elucidated. To overcome this limitation, the measured
force is typically divided by the number of stems deflected in the
test to determine an average strength value. It is unclear how dif-
ferent plant spacings, or factors such as the number of tillers, may
affect the average strength value.

In general, there has been greater progress in understanding the
mechanics associated with stalk lodging than the mechanics asso-
ciated with root lodging. Root lodging is more difficult to simulate
due to a lack of devices that apply a rotational moment at the base
of the plant. Specifically, root pushing/pulling devices have suffered
from a lack of reproducibility and variable ability to predict natural
root lodging. The failure pattern of roots achieved using these de-
vices has not been reported, thus it remains unclear if variation in
predictability is related to the type of failure induced or the wrong
direction of applied force to mimic root lodging.

Devices that measure root failure moment are likely the most
appropriate for determining root lodging susceptibility, but are
currently cumbersome and low-throughput. Furthermore, the one
study that reported results in maize did not detail the failure pattern
of the roots or provide a direct comparison with natural root lodg-
ing (Liu et al., 2012). There is an urgent need to develop phenotyp-
ing approaches that simulate the natural failure patterns during root
lodging. However, the natural failure patterns during root lodging
are poorly understood. It is likely that development of devices that
apply a rotational moment at the base of the plant will enable a bet-
ter understanding of the root-soil interactions that are critical for
plant anchorage. It should also be noted that several patents exist for
devices to measure crop lodging resistance. However, the majority
of these devices are not evaluated in scientific literature, and their
efficacy is therefore not possible to assess in this review.

Overall, the devices discussed in this review could be made
more user-friendly by supporting the collection of metadata
(e.g., plot number, GPS coordinates) and utilizing improved
digital user interfaces. These features are necessary to make the
devices amenable to large genetic studies and to limit inter-user
variability, data corruption, and data loss. Furthermore, the ac-
cessibility of field-based mechanical phenotyping equipment is
limited. The technology is rapidly advancing, and the discipline
lacks a consensus on the best phenotyping approaches. In our ex-
perience, the best practice for acquiring field-based mechanical
phenotyping data is to collaborate directly with the developers
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of the instrument(s) being used. Data collection pitfalls are many
and are unique to each device, crop, and field combination.
Integrative research teams combining expertise in plant science
and mechanical measurements are required to successfully iden-
tify and navigate such pitfalls in the field.
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