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Diverse maize hybrids are structurally 
inefficient at resisting wind induced bending 
forces that cause stalk lodging
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Abstract 

Background:  Stalk lodging (breaking of agricultural plant stalks prior to harvest) results in millions of dollars in lost 
revenue each year. Despite a growing body of literature on the topic of stalk lodging, the structural efficiency of maize 
stalks has not been investigated previously. In this study, we investigate the morphology of mature maize stalks to 
determine if rind tissues, which are the major load bearing component of corn stalks, are efficiently organized to with-
stand wind induced bending stresses that cause stalk lodging.

Results:  945 fully mature, dried commercial hybrid maize stem specimens (48 hybrids, ~ 2 replicates, ~ 10 samples 
per plot) were subjected to: (1) three-point-bending tests to measure their bending strength and (2) rind penetration 
tests to measure the cross-sectional morphology at each internode. The data were analyzed through an engineering 
optimization algorithm to determine the structural efficiency of the specimens.

Conclusions:  Hybrids with higher average bending strengths were found to allocate rind tissue more efficiently 
than weaker hybrids. However, even strong hybrids were structurally suboptimal. There remains significant room for 
improving the structural efficiency of maize stalks. Results also indicated that stalks are morphologically organized to 
resist wind loading that occurs primarily above the ear. Results are applicable to selective breeding and crop manage-
ment studies seeking to reduce stalk lodging rates.
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Background
Stalk lodging (permanent displacement of plants from 
their vertical orientation) severely reduces agronomic 
yields of several vital crop species including maize. Yield 
losses due to stalk lodging are estimated to range from 5 
to 20% annually [6, 16]. Stalk lodging (as opposed to root 
lodging) occurs when the structural stability of the plant 
is lost due to structural or material failure of the plant 

stem [3, 28]. Root lodging occurs when the stalk or stem 
of the plant remains intact and failure occurs at the root 
soil interface (i.e., the plant is uprooted). This manuscript 
is focused on the problem of stalk lodging. Several inter-
nal and external factors contribute to a plant’s propensity 
to stalk lodge. External factors include wind speed [38], 
pest damage [11], disease [10, 22], and canopy airflow 
[2]. Internal factors include the plant’s morphology and 
material properties [13, 27, 33]. Despite a growing body 
of literature surrounding the topic of maize stalk lodg-
ing, a detailed morphological investigation of the taper 
of maize stalks has not been reported. The purpose of 
this paper is to quantify changes in diameter and rind 
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thickness of maize stalks as a function of plant height 
(i.e., taper) and to determine the structural efficiency of 
the taper of maize stalks. This study investigates stalk 
taper from a purely structural standpoint to determine 
the structural efficiency of maize stalks in the absence of 
external abiotic (i.e., air currents) and biotic (i.e., agro-
nomic management) factors.

To determine the structural efficiency of maize stalks 
one must both quantify the stalk taper and define prob-
able wind loading scenarios. An efficiently tapered stalk is 
defined as one in which uniform mechanical stresses are 
produced when the plant is subjected to probable wind 
loading scenarios. In other words, the shape of the stalk 
is optimal, meaning that loads are supported with as lit-
tle tissue as possible. An inefficient taper is one in which 
non-uniform mechanical stresses are produced. Inefficient 
stalks utilize more structural tissue than is necessary in 
some areas and less structural tissue than is necessary in 
other areas to withstand the loads to which they are sub-
jected. In other words, for inefficient stalks the amount of 
structural tissue could be reduced without affecting the 
load bearing capacity of the stalk. The structural efficiency 
of maize stalks is of interest because efficient stalks would 
theoretically have more available biomass and bioenergy to 
devote to grain filling as compared to inefficient stalks (i.e., 
efficient stalks would have a higher harvest index).

As mentioned previously, both the taper and probable 
wind loading scenarios must be defined to determine 
the structural efficiency of maize stalks. The wind load 
exerted on a plant stalk, known as the drag force (Df), can 
be approximated as [25]:

where ⍴ is the density of air, u is the local wind speed, Ap 
is the projected area of the structure, and CD is the drag 
coefficient. While this equation appears fairly simple at 
first glance, it is complicated by the fact that the variables 
on the right-hand side of the equation are functions that 
can vary both temporally and spatially. For example, the 
drag coefficient changes spatially along the length of the 
stalk and is also a function of the local wind speed. As the 
local wind speed increases, the angle of the leaf blades 
and tassel change (known as flagging), which alters the 
drag coefficient [3, 25].

The strong interrelationships between the factors of 
Eq.  1 complicate attempts to directly measure wind 
forces on maize stalks. Direct measurements of wind 
speeds have successfully been used to estimate drag 
forces in past studies of trees and cereal crops [25, 26, 
36]. However, the large ratio of leaf area to stalk area, 
close proximity of maize plants to one another in com-
mercial fields, and other confounding factors imply that 

(1)Df = 0.5ρu2ApCD

a direct measurement of the wind speed near a maize 
stalk is not necessarily a good predictor of the drag force 
experienced by the stalk. Detailed computational engi-
neering models that capture the interplay between fluid 
dynamics and structural deformations (i.e., fluid–struc-
ture interaction models [41]) could potentially be used 
to calculate the drag force experienced by maize stalks 
over time. However, such models are highly complex and 
computationally expensive, due to difficulties in estimat-
ing the constantly changing drag force and orientation 
of the plant tissues (projected area) with respect to wind 
vectors that vary in three dimensions. In summary, accu-
rately measuring drag forces in crop canopies is challeng-
ing and remains an active area of research. An overview 
of this topic is given by Finnigan [15].

While direct measurement of exact wind forces on maize 
stalks is challenging, defining the realm of probable wind 
loading scenarios is less so. To define the realm of prob-
able wind loading scenarios we assume the wind speed acts 
in the same direction along the length of the stalk. In other 
words, the wind does not blow in one direction at the bot-
tom of the stalk and in a different direction at the top of the 
stalk. Although there are times when hairpin eddies can 
form as air circulates through the canopy [14], the assump-
tion of uniform wind direction was made for purposes of the 
optimization algorithm used in this study. This assumption 
is described in more detail in “Limitations” section. We can 
also bound the degree of change in the magnitude of the wind 
force along the length of the plant. For example, previous 
studies and engineering fluid mechanics theory dictate that 
the local wind speed in crop canopies increases with height 
[9, 38, 39]. A simple examination of corn stalks also suggest 
that the combination of the drag coefficient and projected 
area increases with plant height (i.e., the leaves near the bot-
tom of mature maize plant are often dead and fall off whereas 
the top leaves remain structurally robust). Thus both the local 
wind speed and the combined effect of the drag coefficient 
and projected area can be assumed to increase with plant 
height. Combining these insights with Eq.  1, we can deter-
mine that the wind force (i.e., drag force) increases with plant 
height (at a time prior to stem deflection). The stalk lodging 
resistance of a plant can be defined as the plants ability to 
withstand these externally applied loadings. We can therefore 
gain insights into a plant’s stalk lodging resistance by looking 
at a bounded range of potential wind-loading scenarios. At 
the upper bound of probable wind loading we assume all of 
the wind force acts at the top of the plant as a point load [17]. 
At the lower bound of probable wind loading we assume a 
uniform load is applied to stalk along its entire length (i.e., the 
drag force at the top of the plant is the same as the drag force 
in every other cross-section of the plant including the bot-
tom of the plant). These bounds allow for all probable wind-
loading scenarios and exclude improbable scenarios. Figure 1 
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visually represents each of these assumptions. For example, 
probable wind loading profiles such as a quadratic increase in 
wind loading from the bottom to the top of the plant, would 
fall within the white region of Fig. 1-top. Conversely, improb-
able wind loading profiles, such as the drag force being higher 
at the base of the plant than at the top of the plant, would fall 
outside of the white region in Fig. 1-top.

The structural efficiency of maize stalks can be deter-
mined by using Engineering equations that relate stem mor-
phology and mechanical stress to probable wind loading 
scenarios presented in Fig.  1. In particular, the maximum 
stress in any cross-section (σ) (typically presented in units 
of Pascal) due to wind-induced bending is calculated as [4]:

where Df is the drag force (see Eq. 1) and Sx is the section 
modulus (typically presented in units mm3) at a distance 
x along the stalk, and L is the length of the stalk. Sec-
tion modulus is an engineering term that quantifies the 
morphology of the cross-section [4]. Perhaps somewhat 
surprisingly, Eq.  2 does not include an elastic modulus 
term or any other material or tissue property terms. This 

(2)σ =
∫L
0 Df dx

Sx

is because for a structure with a single homogeneous lin-
ear elastic orthotropic material, the relationship between 
external applied loads and stress is independent of mate-
rial properties.

Maize stalks possess elliptical cross-sections, therefore, 
the section modulus of each cross-sections is a function 
of the ellipse’s major diameter (D), minor diameter (d), 
and the thickness of the rind (t) in the form [40]:

By combining Eqs. 2 and 3, we can calculate the drag 
force and section modulus combination that results in a 
uniform stress along the length of the plant.

Figure  1-top displays a visual representation of the 
range of possible tapers for maize stalks that could pro-
duce uniform stresses during probable wind loading 
scenarios. In other words, it displays the combination 
of external loadings and section moduli that Eq.  2 dic-
tates would result in uniform stress along the length of 
the stem. The range of probable wind loadings is defined 
with an upper bound (red curve) of a point load applied 
to the top of the plant, and a lower bound (blue curve) 

(3)Sx =
π

32d

(

Dd3 − (D − t)(d − t)3
)

.

Fig. 1  Structural efficiency along the length of the specimen as a function of probable wind loadings (top); loading diagrams for a point load and 
uniform drag force (bottom). Plant height (x-axis) is normalized to the height of the plant specimen. Section modulus (y-axis) is normalized by the 
difference between the section modulus at the top internode (SMtop) and the bottom internode (SMbottom)
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of a uniform drag force applied to the entire length 
of the specimen. The graph depicts the most efficient 
plant tapers (white area) from the ground (x = 0) to the 
top of the plant specimen (x = 1), and from the section 
modulus at the uppermost internode of the plant speci-
men (y = SMtop) to the section modulus at the bottom-
most internode of the plant (y = SMbottom). If the section 
modulus of an internode falls above the red curve, then 
that internode will experience a lower maximum stress 
than the rest of the plant, as it has more structural tissues 
(i.e., mass) than is necessary. If the section modulus of an 
internode falls below the blue curve, then that internode 
will experience a higher maximum stress than the rest of 
the internodes of the plant, as it has less structural tissue 
than is efficient. If the section modulus of an internode 
falls between the red and blue curves (white area), then 
that internode will experience a similar level of mechani-
cal stress as compared to the rest of the plant, and there-
fore has an efficient allocation of structural tissues.

To determine the structural efficiency of maize plants, 
a select group of maize stalks were analyzed. Their major 
and minor diameters and rind thicknesses were measured 
at each internode and compared to Fig. 1. In addition, a 
custom optimization algorithm was employed to deter-
mine the exact drag force profile for each plant that would 
produce the most uniform mechanical stress possible for 
the given stalk structure. The details and results of these 
experiments are presented in the following sections.

Box 1: Glossary of terms

Term Definition

Ap Projected area of the structure

CD Drag coefficient

D Major diameter of the cross-section

d Minor diameter of the cross-section

Df Drag force

F0 Positive resolved force applied to the top of the specimen

f(x) Loading profile along the length of the specimen

M0 Positive resolved moment applied to the top of the specimen

Sx Section modulus at the location x along the length of the speci-
men

s Bending stress vector for optimization algorithm

σ Bending stress

ρ Density of air

t Rind thickness

u Local wind speed

v Residual vector for optimization algorithm

X Input loading vector for optimization algorithm

x Length along the length of the specimen

Y Total residual scalar for optimization algorithm

Methods

All maize specimens in this study were subjected to the 
following battery of tests. First, major and minor diam-
eters of each internode were measured with calipers and 
internode lengths were measured with a ruler. Second, 
bending strength was measured in three-point bending. 
Third, rind thickness was measured through rind pen-
etration tests [29]. Each stalk was then analyzed, and an 
optimization algorithm was employed to determine the 
theoretical drag force profile that would produce the 
most uniform stresses along the entire length of the stalk. 
Finally, statistical analyses were performed to investigate 
the relationship between each specimen’s strength and its 
structural efficiency.

Plant materials
Forty-eight maize hybrids, chosen to represent a reason-
able portion of maize genetic diversity, were evaluated 
for variation in stem morphology and structural tissue 
distribution. The hybrids were planted at Clemson Uni-
versity Simpson Research and Education Center, Pendle-
ton, SC in well drained Cecil sandy loam soil. The hybrids 
were grown in a Random Complete Block Design with 
two replications. In each replication, each hybrid was 
planted in two-row plots with row length of 4.57 m and 
row-to-row distance of 0.76  m with a targeted planting 
density of 70,000 plant ha−1. The experiment was sur-
rounded by non-experimental maize hybrids on all four 
sides to prevent any edge effects. To supplement nutri-
ents, 56.7 kg ha−1 nitrogen, 86.2 kg ha−1 of phosphorus 
and 108.9  kg  ha−1 potassium was added at the time of 
soil preparation, and additional 85 kg ha−1 nitrogen was 
applied 30  days after emergence. Standard agronomic 
practices were followed for crop management.

Stalks used for this study were harvested when all the 
hybrids were either at or past physiological maturity (i.e., 
40 days after anthesis), determined based on our previous 
studies on senescence and patterns of sugar accumula-
tion in maize [30]. Ten competitive plants (i.e., plants free 
of disease and of structural damage) from each replica-
tion were harvested by cutting at just above ground level, 
stripped of all the leaves and ears, and transferred to a 
forced air dryer for drying at 65  °C. Some plots lacked 
10 competitive plants (i.e., lacked 10 plants that were 
structurally robust enough to be tested) and, therefore, 
the total number of plants evaluated for each hybrid var-
ied slightly. In total, 945 fully mature, dried commercial 
hybrid maize stalks were used in this study (48 hybrids, 
~ 2 replicates, ~ 10 samples per hybrid).
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Three‑point‑bending tests
Specimens were tested in three-point-bending using an 
Instron Universal Testing System (Instron Model # 5944, 
Norwood, MA). Specimens were supported at their bot-
tom and top node, and loaded at their middle node. Care 
was taken to ensure that the specimens were both loaded 
and supported at nodes, and that the span lengths were 
maximized. This was done to obtain the most natural 
possible failure modes [28, 33]. Specimens were loaded 
at a rate of 2 mm s−1 until structural failure. Additional 
details on the three-point-bending test protocol were 
documented in a previous study [27]. Short span 3-pt 
bend tests (i.e., testing of a single internode with sup-
ports placed at adjacent nodes) were not employed in 
this study as they have been shown to produce unnatural 
failure patterns and result in inaccurate bending strength 
measurements [28].

Morphology measurements
Internode lengths of each specimen were measured with 
a ruler. Other morphology measurements were taken 
at the midspan of each internode of every specimen. In 
particular, caliper measurements were used to obtain 
the minor and major diameters of each internode. Rind 
penetration tests were used to obtain the rind thick-
ness of each internode. Rind penetration tests were per-
formed using an Instron universal testing machine at the 
midspan of each internode of every specimen. A probe 
was briefly forced through the specimen at a rate of 
25  mm  s−1, and the resulting force–displacement curve 
was analyzed using a custom MATLAB algorithm to cal-
culate the rind thickness (t) of the stalk cross-section. 
Additional details on the rind penetration test protocol 
are documented in Seegmiller et al. [29].

Optimization of loading condition
An optimization algorithm was employed to determine 
the drag force profile (f(x)) for each stem specimen that 
would produce the most uniform stress along the length 
of the stalk. As the specimens examined only spanned 
the bottom half of the stalk (from the ground to the ear), 
the loading above the ear was resolved into a single posi-
tive force (F0) and positive moment (M0) applied to the 
top of the specimen as described by Beer et  al. [4] and 
shown in Fig. 2. For the hybrids investigated, the ear was 
an average of 46.1% (± 7.72% standard deviation; 95% 
confidence interval around the mean [45.46%, 46.76%]) of 
the way up the stalk.

Based on this setup, we can now calculate the single 
positive resolved force applied to the top of the specimen 
(F0) and the loading profile (f(x)) for each specimen that 
results in the most uniform stress state in each particular 

specimen. This was accomplished through the use of an 
optimization algorithm. In particular, a custom code was 
developed in Matlab to perform an fmincon optimiza-
tion for each stem specimen [7, 20, 32]. The optimization 
algorithm fmincon is a function that finds a minimum 
of a constrained nonlinear multivariate function. This 
optimization function was used to minimize the varia-
tion in mechanical stress across the length of the speci-
men by changing the values of the input parameters F0 
and f(x) (see Fig. 3). In other words, the algorithm found 
the loading condition that produced the most uniform 
stress along the entire length of the stem. To accomplish 
this, each specimen was computationally partitioned 
into 100 cross-sections and the optimization routine 
would then: (1) take in user-supplied initial estimations 
of F0 at the top of the specimen and f(x) at the other 99 
cross-sections (100 × 1 vector X), (2) calculate bending 
stress at every cross section using Eq.  2 (100 × 1 vector 
s), (3) calculate the variance between the bending stress 
at each cross-section and the uniform stress state (i.e., 
the distance between the “Uniform Stress State” and 
“Stress State Resulting from fmincon Optimization Pro-
cedure” curves in Fig.  3), (100 × 1 vector v), (4) sum all 
the elements of vector v (i.e., the total area between the 
“Uniform Stress State” and “Stress State Resulting from 
fmincon Optimization Procedure” curves in Fig. 3) (sca-
lar value Y), (5) iterate on X until the variance Y was 

Fig. 2  A loading diagram of the wind on the plant stalk with an 
unknown load distribution along the length of the stalk (left); the 
wind loading above the ear can be resolved as an unknown positive 
force (F0) and positive moment (M0) applied to the top cross section 
(right) [4]
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minimized. The code would then give the drag force pro-
file X that produced the most uniform stress state along 
the specimen (s), and the total variance in the bending 
stress (Y), which is a quantitative assessment of how effi-
ciently the specimen’s structural tissues (i.e., rind) were 
allocated. Figure  4 presents a visual depiction of this 
optimization procedure. The optimization routine was 
conducted with several different initial starting points 
for each specimen (i.e., initial values for F0 and f(x)) to 
ensure the global optimal solution was found as opposed 
to a local minimum. Tolerances and stopping criteria 
were set to 1E−6 (first order optimality tolerance), 1E−6 

(function tolerance), and 1E−10 (step size tolerance) 
[24].

Results
Both the three-point-bending tests and rind penetra-
tion tests yielded the expected results, based on pre-
vious studies [27, 28, 33]. The three-point-bending 
force–deflection responses were linear in nature until 
failure and demonstrated failure patterns that occur in 
naturally lodged maize plants [28, 33]. The rind penetra-
tion tests gave results characteristic of the protocol. The 
bending strength of each specimen, as well as the section 

Fig. 3  A typical specimen output, showing the stress state resulting from the fmincon optimization procedure, which attempts to create the most 
uniform possible stress state along the length of the specimen by altering values for F0 and f(x) (top); the analytical maize stalk model partitioned 
into 100 cross-sections along its length (bottom). Plant height (x-axis) is normalized to the height of the plant specimen. Maximum stress of each 
cross-section (y-axis) normalized to a target stress of 1.00

Fig. 4  A flowchart of the optimization algorithm procedure
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modulus, length, major diameter, minor diameter, and 
rind thickness of each specimen internode is presented in 
Fig. 5.

Structural efficiency
Section modulus values for each stalk were analyzed to 
determine structural efficiency (i.e., how structurally 
efficient the taper of each stalk was). The median taper 
of the population was calculated by determining the 
median section moduli at each specimen height, among 
all specimens. It was found that the median taper of all 
stalks demonstrated an efficient allocation of structural 
tissues for probable wind loadings (see Fig. 6). However, 
many internodes fell well outside the range of structural 
efficiency (i.e., outside of the white area in Fig. 6). In par-
ticular, 35% of the measured internodes in the study fell 
within the most efficient range, 38% of measured inter-
nodes fell below the blue curve (too little structural tis-
sue), and 27% of the measured internodes fell above the 
red curve (too much structural tissue).

Optimal drag force profile for each stalk
The optimization procedure was performed on all 945 
stalks. The fmincon procedure successfully determined 
the drag force profile (X) that produced the most uniform 
stress state for each specimen. Figure  7 depicts histo-
grams of the resulting stress states of the specimens. In 
particular, the overall average stress along the length of 
each specimen (n = 945) and the stress at every cross-
section of each specimen (n = 94,500) is presented in 
Fig. 7. To enable all specimens to be plotted on the same 
graph the stress of each specimen/cross-section was nor-
malized to a target stress of 1.00. In other words, a stress 
state different than a stress of 1.00 represents a subopti-
mal allocation of structural tissues.

Are stronger stalks more efficient?
To test the hypothesis that stronger plants allocate struc-
tural tissues more efficiently (i.e., they produce uniform 
stresses under probable wind loading scenarios), a series 
of statistical analyses were performed on the data. Fig-
ures  8 and 9 provide a depiction of the variation (via 
boxplots) in bending strength and structural efficiency 
measurements stratified by hybrid type. Figures  10 and 
11 provide the same but further stratified by hybrid type 
and replication. As discussed previously, the level of 
structural efficiency can be determined by calculating the 
area between the curves shown in Fig. 3 (Y). For example, 
a Y value of zero represents a perfectly efficient structure, 
and the larger the Y value, the less efficiently the stalk tis-
sues are organized. These figures indicate substantial var-
iation in bending strength and structural efficiency across 

hybrids. Moreover, these measures vary within hybrid 
type; i.e., across replication. To formally examine this, we 
posit a model of the following form:

where Yi is the response variable of interest (e.g., log 
transformed bending strength (log(σ)) and log trans-
formed efficiency (log(Y))) as measured on the ith 
observation, β0 is an intercept parameter, hij is a dummy 
variable that encodes the hybrid type (i.e., if the ith 
observation was taken on a plant belonging to the jth 
hybrid then hij = 1 and hij′ = 0 for all j′ �= j ), βj is the 
effect associated with the jth hybrid, ri is a dummy vari-
able that encodes replication (i.e., if the ith observation 
was taken on a plant grown in replication 1 then ri = 1 
and ri = 0 otherwise), α0 is the replicate effect, and εi is 
the error term. To avoid identifiability issues, the dummy 
variables were constructed with respect to a chosen 
hybrid baseline. Tables  1 and 2 summarize the findings 
of this analysis. In particular, these tables display the 
ANOVA results as obtained from the anova function in 
R; which present the usual sequential sums of squares, 
where p-values are for the tests that compare the mod-
els against one another in the order specified. From 
these results we find that hybrid type (p-value ≤ 2e−16), 
replicate (p-value = 0.000285), and their interaction 
(p-value ≤ 2e−16) are highly significant for log-strength. 
Similarly, for log-efficiency we find that both hybrid type 
(p-value = < 2e−16) and the interaction term between 
hybrid type and replicate (p-value = 1.46e−05) are highly 
significant, while replicate (p-value = 0.0882) is not. 
These findings indicate that both genetics (i.e., hybrid 
type) and environment (i.e., plot location) are associ-
ated with bending strength and structural efficiency. It 
is worthwhile to point out that standard model diagnos-
tics (e.g., residual plots, QQ-plots, etc.) were conducted 
to assess the validity of each of these models, as well as 
those discussed below.

Delving deeper, we consider the regression analysis of 
log-efficiency (denoted Yi ) under the following multiple 
linear regression model:

where Si(S2i  ) denotes the strength (squared) of the ith 
observation and δ1(δ2 ) denotes the corresponding effect 
size. Note, strength was entered into the model in a 
quadratic form due to the findings of model diagnostics. 
Table  3 presents a summary of this analysis. This table 
displays the ANOVA results as obtained from the anova 
function in R. From these results we see that strength is 
significantly related to efficiency, even when controlling 

(4)Yi = β0 +
∑

hijβj + riα0 +
∑

rihijαk + εi,

(5)
Yi = β0 + Siδ1 + S2i δ2 +

∑

hijβj + riα0 +
∑

rihijαk + εi,
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for hybrid type, replication, and their interaction. When 
conducting the individual tests of significance (results 
not shown) about δ1 and δ2 we have the p-values < 2e−16 
and 1.81e−07, respectively; i.e., strength seems to be 

significantly (quadratically) related to efficiency, while 
controlling for hybrid type, replication, and their inter-
action. Further, we see that hybrid type, replicate, and 
their interaction continue to be highly significant for 

Fig. 5  The geometric characterization of all 945 specimens; histograms of the specimen strengths (a) and specimen lengths (b); plots of the section 
modulus (c), rind thickness (d), minor diameter (e), and major diameter (f) along the lengths of each specimen



Page 9 of 15Stubbs et al. Plant Methods           (2020) 16:67 	

log-efficiency. This tends to suggest that other genetic 
components and environmental conditions might be 
at play with respect to fully explaining the structural 
efficiency of maize stalks. The R2 (adjusted R2 ) for this 
model was 0.5139 (0.4493).

For completeness, we also conducted the regression 
analysis of the section modulus of the 2nd and 3rd inter-
node down from the ear. This analysis was done using a 
model of the form:

Fig. 6  The measured section moduli of the specimens as compared to the region of structural efficiency. Section modulus (y-axis) is normalized by 
the difference between the section modulus at the top internode (SMtop) and the bottom internode (SMbottom)

Fig. 7  A histogram of the average stress along the length of each of the 945 specimens after optimization, n = 945 (left); a histogram of the average 
stress at all 100 cross-sections along the length of each of the 945 specimens after optimization, n = 94,500 (right). All stress are normalized to a 
target stress of 1.00. Thus, stress states that deviate from 1.00 represent a suboptimal structural allocation of biomass
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where Yi again represent the response of interest (i.e., 
log transformed section modulus of the 2nd and 3rd 

(6)Yi = β0 +
∑

hijβj + riα0 +
∑

rihijαk + εi,
internode) as measured on the ith observation, with all 
other variables being defined as above. Tables  4 and 5 
report the results of the analysis of the section modulus 
of the 2nd and 3rd internodes, respectively. From these 

Fig. 8  Boxplot of bending strength, stratified by hybrid type

Fig. 9  Boxplot of structural efficiency, stratified by hybrid type

Fig. 10  Boxplot of bending strength, stratified by hybrid type and replication
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results, we find that hybrid type and the interaction term 
between hybrid type and replicate are highly significant, 
while replicate is not for log-section modulus of both 
internodes.

Discussion
Improving structural efficiency in maize plants could 
simultaneously enhance yield and stalk lodging resist-
ance. However, there has not been any previous inves-
tigations of structural efficiency in maize stalks. 
Consequently, plant scientists have not directly breed 
or managed for plants that are structurally optimized. 
Results from this study suggest that the majority of mod-
ern maize hybrids may possess suboptimal stalk struc-
tures (see Fig.  6). In other words, most maize plants 
utilize bioenergy and structural biomass inefficiently. 
This reduces the amount of potential biomass and bioen-
ergy available for grain filling (i.e., lowers harvest index) 
and simultaneously makes stalks more susceptible to 
stalk lodging. Of the 945,000 cross-sections analyzed in 
this study 65% were structurally suboptimal with 38% 

Fig. 11  Boxplot of structural efficiency, stratified by hybrid type and replication

Table 1  Results of analysis for log(strength)

Variable Df Sum sq. Mean sq. F-value p-value

H 49 169.46 3.458 9.203 < 2e−16

R 1 4.99 4.994 13.290 0.000285

H * R 47 88.23 1.877 4.995 < 2e−16

Residual 750 281.84 0.376

Table 2  Results of analysis for log(Y)

Variable Df Sum sq. Mean sq. F-value p-value

H 49 75.96 1.5502 10.823 < 2e−16

R 1 0.42 0.4173 2.913 0.0882

H * R 47 14.62 0.3112 2.172 1.46e−05

Residual 844 120.89 0.1432

Table 3  Results of analysis for log(Y) regression

Variable Df Sum sq. Mean sq. F-value p-value

S 1 30.06 30.058 247.798 < 2e−16

S2 1 8.03 8.034 66.234 1.68e−15

H 49 41.08 0.838 6.912 < 2e−16

R 1 1.04 1.041 8.582 0.0035

H * R 47 15.31 0.326 2.686 2.57e−08

Residual 745 90.37 0.121

Table 4  Results of  analysis for  log(section modulus) 
for internode 2

Variable Df Sum sq. Mean sq. F-value p-value

H 49 66.30 1.3531 13.470 < 2e−16

R 1 0.05 0.0480 0.477 0.49

H * R 47 18.87 0.4016 3.998 < 2e−16

Residual 841 84.48 0.1005

Table 5  Results of  analysis for  log (section modulus) 
for internode 3

Variable Df Sum sq. Mean sq. F-value p-value

H 49 73.34 1.4968 14.678 < 2e−16

R 1 0.22 0.2209 2.166 0.141

H * R 47 23.05 0.4904 4.809 < 2e−16

Residual 842 85.86 0.1020
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having too much structural tissue and 27% having too lit-
tle structural tissue.

Analysis of the drag force profiles for each specimen 
that would produce the most uniform stress in the speci-
men revealed that the resolved force F0 was far larger 
than the drag force profile below the ear (see Fig.  12). 
These data imply that stalks allocate structural tissues for 
wind loading that primarily occurs above the ear (e.g., the 
drag force increases exponentially with height). This does 
not imply that there is no wind below the ear, but that 
the drag force (determined by the local wind speed, pro-
jected stalk and leaf area, and drag coefficient) is much 
less below the ear as compared to the drag force above 
the ear. Note this does not imply the bending stresses are 
lower at the base of the stalk. Bending stresses are deter-
mined by forces (i.e., f(x) and F0) and moment arms (i.e., 
distance at which the force is applied). Thus, bending 
stresses are always higher at the base of the stalk even if 
the drag force profile is lower at the base of the stalk.

Three-point bending tests are the most commonly 
employed test to quantify bending strength in plant 
stalks [28, 33, 34]. However, results from this study high-
light several shortcomings of the three-point-bending 
test approach. In particular, most plant stalks are tapered 
and researchers typically opt to place the loading anvil 

from a three-point-bending test at the same anatomical 
location for each stem specimen in a given study (e.g., the 
third internode). Thus, the failure location is artificially 
imposed by the researcher since failure always occurs 
near the loading anvil, whereas in nature, the failure loca-
tion is determined by local material weakness and imper-
fections (i.e., suboptimal allocation of structural tissues). 
By artificially imposing the failure location the researcher 
is inducing failure in a cross-section that may have more 
structural tissue than is optimal in some specimens and 
less structural tissue than is optimal in other specimens. 
This confounds comparisons of bending strength among 
different specimens in a given study, as the measured 
bending strength could vary substantially for any given 
specimen depending on the structural optimality of the 
failed cross-section. A better approach is to apply bend-
ing loads that replicate natural loading patterns. Such 
loading conditions produce natural failure types and 
failure patterns in plant specimens (i.e., failure occurs 
at the cross-section with the least optimal allocation of 
structural tissue). Several devices have been recently 
developed which accomplish this task [5, 8, 12, 18, 19, 
21, 30]. In particular, they utilize the natural anchoring of 
the maize roots and apply a point load to a cross-section 
near the ear (very similar to the loading profile shown in 

Fig. 12  The drag force profile for all 945 specimens (f(x) and F0) (top); a loading diagram of f(x) and F0 (bottom). The 75th and 25th percentile values 
are generally line-on-line with the median values along the length of the specimen. Plant height (x-axis) is normalized to the height of the plant 
specimen. Force (y-axis) is normalized to the maximum calculated force
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Fig.  12). Thus these devices simulate the loading condi-
tions experienced by plants in their natural environment 
and consequently produce natural failure types and pat-
terns [8]. These devices are therefore expected to provide 
more distinguishing power than three-point-bending test 
methods.

This study elucidates the direct connection between 
stalk geometry (i.e., rind thickness and diameter) and 
stalk lodging resistance and demonstrates that key 
insights into stalk lodging resistance can be obtained 
through morphological phenotyping. However, most 
current morphological phenotyping tools require 
destructive sectioning and imaging procedures that 
induce plant fatality. These tools therefore prevent meas-
urement of other important crop breeding metrics such 
as yield. Several nondestructive methods of measur-
ing stalk geometry (i.e., rind thickness and diameter) 
have been developed (e.g., x-ray computed tomography) 
but these methods are usually limited to laboratory or 
greenhouse settings and cannot easily be implemented 
in an agricultural field setting (e.g., [23, 27, 29]). Future 
studies seeking to develop high throughput phenotyping 
methods capable of economically measuring internal and 
external stalk morphologies in the field are warranted 
and will lead to increased understanding of stalk lodging 
resistance.

Results showed that lodging resistant hybrids (i.e., 
those with higher average bending strengths) were more 
structurally efficient than hybrids that were weaker. The 
hybrids with higher average bending strengths also dis-
played less plant to plant variation in structural efficiency. 
In other words, strong hybrids were more structurally 
optimized and more consistently optimized than weaker 
plants (i.e., demonstrated less plant to plant variability). 
These same findings are true when analyzing individual 
plants. For example, if the hybrid factor is ignored and 
each stalk is analyzed as an individual specimen (i.e., no 
averaging of results across hybrids) the stronger stalks 
were more structurally efficient than weaker stalks. These 
results are likely due in part to breeding techniques used 
in the past. In particular, applied selective breeding pres-
sure based on counts of lodged stalks at harvest time is 
expected to produce hybrids that are both strong and 
exhibit minimal plant to plant variance in strength. That 
is to say that a variety with high average strength but also 
high standard deviation in strength will have higher lodg-
ing rates than a variety with a similar average strength 
but a lower standard deviation in strength.

In this study, an optimization routine was used to 
determine the wind loading profile that would produce 
the most uniform mechanical stresses along the length of 
maize stalks. Based upon Fig. 12, which depicts the sin-
gle resolved load (F0) far exceeding the rest of the loading 

profile (f(x)), it was found that maize stalks are structur-
ally optimized for wind loadings that occur primarily 
above the ear. This is consistent with the authors’ obser-
vations in field conditions; although plants at the border 
of the field may experience loading along the full length 
of the stalk, the majority of maize plants appear to be pri-
marily subjected to wind loads at or above the ear. The 
optimization method used in this study was robust and 
has the potential to be applied to other plants in which 
the structure of the plant may be predictive of its load-
ing environment. Using optimization methods to infer 
a plants wind loading environment has several advan-
tages over traditional measurement techniques used to 
determine wind loads on plants. In particular, it is com-
putationally efficient (as compared to fluid–structure 
interaction models) and can infer the aggregate loading 
over time, taking into account the wind profile and fluid–
structure interaction between the wind and the plant 
stalk.

Limitations
The primary limitation of the current study is that the 
rind of the stalk was assumed to be a homogeneous, iso-
tropic, linear elastic material subjected to pure bending. 
The inclusion of heterogeneity, anisotropy, non-linear 
material properties, and the addition of the pith material 
could change the behavior of the analyzed stalks. How-
ever, previous research has shown the inclusion of these 
effects to be small and in many cases insignificant. The 
authors do not believe inclusion of such effects would 
change the overall conclusions of this paper [1, 37].

This study is deliberately limited in its scope to struc-
tural efficiency. Other abiotic and biotic considerations 
can affect stalk morphology/anatomy and should be 
considered in future studies [31]. In addition, this study 
utilized three-point-bending test to measure the bend-
ing strength of stem specimens. However, as mentioned 
previously these tests are less than ideal. Unfortunately, 
at the time the study was conducted by the authors 
we were not fully aware of the limitations of three-
point-bending test. In particular, we did not expect to 
find that the majority of maize stalk cross-sections are 
structurally suboptimal. Future studies are warranted 
which utilize in-field phenotyping devices [12] to assess 
structural efficiency and its relations to stalk strength, 
harvest index, etc.

The assumption of the wind speed acting in the same 
direction along the length of the stalk is not necessar-
ily valid [14], and as such was a key assumption made 
in this study. This assumption was used for this study, 
to avoid the trivial solution during the fmincon optimi-
zation routine, i.e., loading that frequently alternates 
directions to artificially reduce the residual values down 
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to nearly zero in all cases. However, further improve-
ments to the optimization parameters may yield more 
refined results in the future.

The modeling of maize stems as a structure com-
prised of a single homogeneous linear elastic ortho-
tropic material is a simplifying assumption. Further 
analysis, including the inclusion of the pith material or 
the refinement of the model to incorporate the hetero-
geneous nature of the rind and pith tissue [35] would 
provide further insights into the structural efficiency of 
maize stems.

Conclusions
The morphology of physiological mature maize stalks was 
characterized, and the loading environments that result 
in the most uniform maximum stresses along the length 
of maize stalk were investigated. It was found that maize 
stalks are morphologically organized to resist wind load-
ing that occurs primarily above the ear. It was also found 
that plants with higher bending strengths were more 
structurally efficient than weaker plants. However, even 
strong plants allocated structural tissues in a suboptimal 
manner. There exists much room for improvement in 
the area of structural optimization of maize stalks. These 
findings are relevant to crop management and breeding 
studies seeking to improve stalk lodging resistance.
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