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Abstract
The leaf sheath of many plants has been observed to influence both stiffness and

ultimate strength. For example, the sheath has been observed to be closely related

to “greensnap” (or “brittle-snap”) failure of Zea mays. The goal of this study was to

develop a method for assessing longitudinal and temporal patterns of sheath influence

on flexural stiffness. This metric was chosen because it has been shown to be predic-

tive of ultimate bending strength. A three-point bending test method was developed

for assessing the longitudinal and temporal influence of the sheath on flexural stiff-

ness of Zea mays. Comparisons between pairs of tests at the same location (sheath

present vs. absent) were performed. Four types of maize were tested. The sheath had

a statistically significant influence on bending. Sheath influence appears to be closely

related to maturity since both spatial and temporal patterns of influence mirror the

sigmoidal maturation patterns previously observed in maize stalks. The paired nature

of this method increases statistical significance and allows for multiple tests along the

length of the stalk. Results indicate that the influence of the sheath changes over the

life span of the Zea mays in parallel with maturation patterns. However, further stud-

ies will be needed to confirm this hypothesis more broadly and to study additional

issues such as heritability and the influence of genotype and environment on sheath

effects. Due to the common architecture of Poacea plants, this method can be used

to provide new insights on sheath influences of various species.

1 INTRODUCTION

The clasping leaf sheath has been recognized as playing a

role in the mechanical response of Poacea species such as

Avena sativa (oats), Arundinaria tecta (switchcane), as well

as plants in other families, such as palms (Isnard & Rowe,

2008; Niklas, 1990, 1998). Recent studies have examined the

influence of the leaf sheath on the stiffness and strength on

wheat and oat stems (Wu & Ma, 2019). The leaf sheath has

also been observed to play a role in a phenomenon known

as maize greensnap (wind-induced fracture of the stalk dur-

© 2022 The Authors. Crop Science © 2022 Crop Science Society of America.

ing rapid growth) (Elmore & Ferguson, 1999; Elmore et al.,

2003). Finally, it has been observed that the presence of

sheath blight increases the lodging rate in rice (Wu et al.,

2012).

The growth patterns of Poacea plants follow a bottom-up

progression in which lower internodes elongate first, while

upper internodes elongate last (Sharman, 1942). Studies of

maize growth dynamics have revealed that both leaf develop-

ment (including the sheath) and internode elongation follow

sigmoidal or “S” shaped curves (Fournier & Andrieu, 2000;

Morrison et al., 1994).
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While the growth patterns of grain plants are well-

documented, our overall understanding of leaf/sheath inter-

actions remains relatively sparse. For example, Hill (2011)

attempted to predict greensnap failure, but concluded that

it was not yet possible to predict greensnap susceptibility.

A recent study reported that maize stalks are not optimally

tapered to resist bending loads (Stubbs, Seegmiller et al.,

2020). However, that study examined stalks in the absence of

sheaths.

A deeper understanding of sheath/stalk interactions is

needed, but existing bending test methods and prior studies

are inadequate. For example, Niklas studied the influence on

two cultivars of Avena satvia, noting that the influence of

the leaf sheath changed with tissue maturity, and along the

length of the stalk (Niklas, 1990). That study made use of a

fairly complex experimental apparatus and lacked a statistical

analysis. The values reported in that study were also based

on equations that modeled the stem as a solid cylinder. How-

ever, because the inner pith tissues are much more compliant

than rind tissues (Stubbs et al., 2019; Stubbs, Larson, & Cook,

2020) the solid cylinder assumption induces significant errors

in the calculated values for modulus of elasticity and flexural

stiffness.

Previous studies that attempted to quantify sheath influence

were either destructive (Isnard & Rowe, 2008; Wu & Ma,

2019), used hanging weights (Isnard & Rowe, 2008; Niklas,

1998), or used relatively complex vibratory methods (Niklas,

1990). Most importantly, these prior studies generally pro-

vided information only at the level of the entire stalk. Thus,

those studies are not suited to assess how the sheath influ-

ence varies along the stalk. This is an important limitation,

since the literature on stalk/sheath maturation suggests that

the influence of the sheath may vary according to the tissue

maturation of the stalk. Whole stalk measurements thus may

obscure longitudinal patterns that are important for under-

standing the spatial and temporal influence of the sheath on

stalk strength and flexibility.

The development of a robust testing methodology will

enable future studies aimed at examining the influence of the

leaf sheath in greater detail. For example, it has been proposed

that further insights into the mechanisms of greensnap could

enable metrics for predicting the susceptibility of maize to

greensnap failure (Hill, 2011). Such metrics could accelerate

genetic gain in lodging resistance, hence improving yield.

The first purpose of this study was to develop a technique

for more quickly measuring the influence of the sheath as a

function of axial position along the stalk of large grains such

as maize and sorghum. The second purpose was to deploy

this method to understand more about the role of the leaf

sheath on maize stalk stiffness. The characteristic of flexu-

ral stiffness (also known as flexural rigidity) was chosen for

two reasons. First, individual flexural stiffness tests are non-

destructive. This allows for paired testing between the cases

Core Ideas
∙ Leaf sheaths provide structural support to maize

stalks.

∙ Leaf sheaths influence varies spatially and tempo-

rally.

∙ A new three-point bending test provides high

spatial resolution as well as high statistical power.

∙ Leaf sheath influences mirror maturation patterns

of the stalk.

of sheath present vs. absent, which increases statistical power.

Second, flexural stiffness has been found to be an excellent

predictor of stalk strength in maize (Robertson et al., 2016).

2 MATERIALS AND METHODS

2.1 Maize plants

Four types of commercial maize were used in this study,

including two varieties of field corn (Vigor Root and Silver

Queen), one type of sweet corn (Extra Early), and one type

of flint corn (Fiesta Ornamental). For brevity, these varieties

are denoted as VR, SQ, EE, and FO, respectively. Plants were

grown in Spanish Fork, Utah in a single location and at a sin-

gle planting density as these variables were not of interest in

this study. Plants were grown using the plastic mulch method

(Tarara, 2000). Plants were irrigated as needed, typically 2–3

times per week.

2.2 Specimen preparation

Stalks were harvested from the field immediately before test-

ing. On each day of testing, a sample of seven stalks was

chosen from each variety. Stalks were selected from random

locations within the field, but not from row ends. Pruning

shears were used to cut the stalk just below the brace roots.

Following collection, all stalks were taken directly to the

laboratory for testing.

To prepare for testing, the leaf blades were removed just

above the collar using scissors. For testing alignment pur-

poses, stalks were marked with a thin black line every 10 cm

starting at the basal node using an indelible felt marker.

2.3 Flexural bending tests

Three-point bending tests were performed using a universal

testing machine (Model 3340 Series, Instron). Traditionally,

three-point bending tests are performed with a load point
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824 HALE ET AL.Crop Science

F I G U R E 1 An illustration of the test arrangement used in this

study. Supports are represented by gray circles while the red arrow

represents the applied force. Supports are fixed throughout the

experiment while the stalk is shifted left by 10 cm at each stage. The

first tested region is highlighted to illustrate the overlapping nature of

tests.

centered between the two supports. However, this approach

was not appropriate in this case because the apical portions

of the stalk were sometimes too weak to support the stalk’s

ownweight. Instead, both supports were placed on one side

of the load point, as shown in Figure 1. This configuration

is structurally equivalent to a traditional three-point bend-

ing test. This approach allowed the stronger basal region to

support the weight of the weaker apical section.

Distances between supports/loads were the same for all

tests. Supports were placed 15 and 30 cm to the left of the

loading anvil. The loading anvil was slowly lowered until

the loading anvil made contact with the stalk and induced a

slight bending displacement. At this point, the force and dis-

placement were set to zero. The machine then executed three

displacement cycles. Each cycle applied a 2 mm displacement

to the stalk and then returned to the zero position. This small

value for displacement was chosen because it allowed flexural

data to be collected without causing any observable damage to

the stalk or sheath (i.e., the force/deformation path was highly

linear). After testing a particular section, the stalk was moved

10 cm to the left, as shown in Figure 1. This process was

repeated along the length of each stalk.

Stalks were first tested with the leaf sheaths intact. After the

entire stalk had been tested, all the leaf sheaths were removed

by scoring the outside of the sheath at the node and carefully

peeling away the sheath. During the sheath removal process,

marks were transferred to the stalk. Each stalk was then tested

again at each of the same locations as the initial tests. In this

way, each 30 cm section of the stalk was tested with sheaths

present and absent and the testing process was repeated at

10 cm intervals along the entire stalk.

2.4 Flexural stiffness calculations

Flexural stiffness (or flexural rigidity) is typically defined

in engineering textbooks as EI: the product of the Young’s

Modulus (E) and the area moment of inertia (I). Flexural stiff-

ness is most easily obtained by combining force/deformation

measurements with the equation for deflection of a beam

in three-point bending. Under this approach, the following

equation is used to calculate the flexural stiffness:

δ = 𝑃𝐿3

48𝐸𝐼
(1)

Here P represents the applied force, L is the span between

supports, and δ is the deflection at the point of the applied

load. This approach relies upon two important assumptions:

first, that E is constant within each cross-section of the beam,

and second, that both the geometry and the material prop-

erties are constant along the length of the beam. Neither of

these assumptions is typically true for plant stems. A previous

study showed that tissue stiffness variation can be accounted

for using a different form for the moment of inertia (Stubbs

et al., 2018). In that formulation, the material stiffness

(E) is allowed to vary as functions of x and y within the

cross-section. Integrating the material stiffness over the cross-

sectional area (dA) produces the material-weighted moment

of inertia (IE):

𝐼𝐸 = ∫ 𝐸 (𝑥, 𝑦) 𝑦2𝑑𝐴 (2)

The material-weighted moment of inertia represents the

cross-sectional resistance to bending. In other words, IE cap-

tures the flexural stiffness when material properties vary

across the cross-section. If IE is allowed to vary along the

length of the stalk, we can write an expression for the

deflection using Castigliano’s Theorem:

δ = ∫
∂
∂𝑃

(
𝑀 (𝑧)
𝐼𝐸 (𝑧)

)
𝑑𝑧 (3)

Unfortunately, this equation cannot be evaluated since we

do not know the axial variation of IE. However, if we use a

relatively short test span and assume that IE is constant within

the test span, we obtain an equation that is very similar to the

standard form:

δ = 𝑃𝐿3

48𝐼𝐸
(4)

This can be solved for the flexural stiffness as:

𝐼𝐸 = 𝑃𝐿3

48δ
(5)
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This approach produces an aggregate flexural stiffness (IE)

for each test region shown in Figure 1. The key to this

approach is the use of overlapping sections of 30 cm each.

This approach allows the assessment of flexural stiffness

along the length of the stalk.

2.5 Data analysis

The data produced by the experiments described above con-

sisted of two sets of flexural stiffness measurements along the

length of each stalk: one set representing the flexural stiffness

with the sheath present, and a corresponding set of measure-

ments at the same locations, but with the sheath removed.

Additional data dimensions included the type of maize and

the test date of each data set.

A simple paired t-test was used to assess the overall differ-

ence in flexural stiffness between the sheathed and unsheathed

conditions. This approach neglects factors such as variety,

date, or axial position, but it provides an overall assessment of

the influence of the sheath. Paired t-tests were performed by

first calculating the percentage difference between sheathed

and unsheathed tests according to Equation (6) below. The

null hypothesis was that the sheath had no influence on

stiffness:

Parcent sheath inf luence =
𝐸𝐼with sheath − 𝐸𝐼no sheath

𝐸𝐼with sheath
100

(6)

A simple analysis of variance was performed to rank the

three major variables in terms of their effect on sheath influ-

ence. These variables included axial position along the stalk

(x), time (t) of testing in terms of days since planting, and

variety.

The effect of the sheath along the length of the stalk and

over time was analyzed using a nonlinear regression approach.

The growth and development of maize internodes and sheaths

often follow a sigmoidal (‘S’ shaped) curve (Fournier &

Andrieu, 2000). Thus, a sigmoidal curve was used as the basis

for describing the influence of the leaf sheath on stem stiffness

as a function of axial position.

The sigmoidal curve has four key variables, which are illus-

trated in Equation (7) and in Figure 2. Variable “a” is the

upper asymptote, which represents the maximum sheath influ-

ence. Variable b is the lower asymptote, which represents the

minimum sheath effect. Both a and b have units of percent.

Variable c is related to the rate of transition from low to high

effect. Lastly, d indicates the point of inflection, the point of

the maximum rate of change, and the point along the stalk

where the sheath has an influence of 50%. Units of millimeters

were used for variables c and d.

𝑓 (𝑥) = 𝑎 − 𝑏

1 + 𝑒(𝑑−𝑥)∕𝑐
+ 𝑏 (7)

F I G U R E 2 Three sigmoid curves with their associated

coefficient values and the sigmoid curve equation.

Equation (7) captures the spatial influence of the sheath on

stalk stiffness for a given variety at a specific moment in time.

This formulation was used to perform an exploratory analysis

of the patterns exhibited across time and between varieties.

Equation (7) was generalized to account for temporal

effects (t) and the influence of variety (Vi). To do this, each

coefficient (a, b, c, d) in Equation (7) was expanded as a lin-

ear function of time and variety. This model is summarized in

Equations (8) and (9a–d):

𝑓 (𝑥) = 𝐴 − 𝐵

1 + 𝑒
(𝐷−𝑥)
𝐶

+ 𝐵 (8)

𝐴 = 𝑎0𝐺 + 𝑎1𝐺𝑡 +
4∑

𝑖 = 1
𝑉𝑖

(
𝑎𝑖0 + 𝑎𝑖1𝑡

)
(9a)

𝐵 = 𝑏0𝐺 + 𝑏1𝐺𝑡 +
4∑

𝑖 = 1
𝑉𝑖

(
𝑏𝑖0 + 𝑏𝑖1𝑡

)
(9b)

𝐶 = 𝑐0𝐺 + 𝑐1𝐺𝑡 +
4∑

𝑖 = 1
𝑉𝑖

(
𝑐𝑖0 + 𝑐𝑖1𝑡

)
(9c)

𝐷 = 𝑑0𝐺 + 𝑑1𝐺𝑡 +
4∑

𝑖 = 1
𝑉𝑖

(
𝑑𝑖0 + 𝑑𝑖1𝑡

)
(9d)

Here the subscript G stands for “generic” as it cap-

tures trends that are independent of variety. The index i
refers to variety and the influence of variety was cap-

tured using a categorical variable Vi (0 or 1) along with

variety-specific intercept (“0” subscripts) and slope terms
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826 HALE ET AL.Crop Science

(“1” subscripts). Superscripts were used to link coefficients

with their respective variety.

A constrained optimization program was used to calcu-

late the best-fit values for each of the model coefficients.

Equation (7) required just four coefficients, but the use of

Equations (8) and (9) required optimizing for 40 coefficients.

The optimization routine minimized the SSE statistic (sum of

squared errors between the model and the data). Optimization

was performed using the constrained nonlinear optimization

function “mfmincon()” in the commercial software package

MATLAB (MathWorks). Constraints were used to keep each

parameter within physically realistic bounds (all a and b coef-

ficients were held between 0 and 100, c and d coefficients

were restricted between 0 and the stalk height).

Statistical models operated on three levels. At the first level,

Equation (7) was applied to data collected for a single variety

at a specific time point. These “snapshot” models capture non-

linear spatial variation in sheath influence but do not account

for time or variety. At the second level, spatial patterns and

time were considered, but variety was ignored. This approach

utilized Equation (8), but involved only the “G” subscript

terms in Equation (9). Finally, spatial, temporal, and variety

effects were considered by using Equations (8) and (9) with

all terms included.

3 RESULTS

3.1 Overall influence of sheath by variety

As described in the methods section, the influence of the

sheath was quantified as the percent difference in relation to

the flexural stiffness measured with the sheath present. For

each variety tested, the leaf sheath exhibited a statistically sig-

nificant effect on the stiffness of the stem. Figure 3 shows the

distributions of the relative effect of the leaf sheath for the

varieties tested in this study, regardless of other factors. Paired

t-tests indicated that the influence of the sheath was highly sig-

nificant in all varieties (p < 0.001 for all tests). However, the

influence of the sheath varies between 0% and at least 75%

for each variety. Much of this variation is due to the remain-

ing experimental factors as well as experimental uncertainty.

Analysis of variance revealed that each of the variables sig-

nificantly affected sheath influence, with spatial location (x)

having the strongest effect on sheath influence, followed by

time (t), and lastly by variety. Table 1 provides the ANOVA

table of results.

3.2 Level 1 modeling: Spatial variation in
sheath influence

The spatial influence of the sheath on overall stem stiffness

was clearly evident when the variety and date were held con-

F I G U R E 3 Box plots depicting the influence of the leaf sheath

on flexural stiffness for each variety tested, and all varieties combined

(last box). Notches indicate statistical significance.

T A B L E 1 ANOVA Table for a simple linear model containing the

three variables of interest.

Sums squared Df MSE p value
Variety 2.64 3 0.88 0.0000

Time 37.61 1 37.61 0.0000

Test Location 53.40 1 53.40 0.0000

Error 75.74 2018

Note: The R2 value for the linear model containing these three variables was 0.52.

stant. For each date/variety pair, the influence of the sheath

increased with distance from the base of the stalk. A typi-

cal example of this characteristic spatial pattern is shown in

Figure 4, in which the distance from the base of the stalk

increases from left to right, and the vertical axis indicates the

influence of the sheath.

A total of 29 “snapshot” sigmoidal fits of this type were

performed using Equation 7 (one for each date/variety pair).

The R2 values were statistically significant for every snapshot

model, which indicates that leaf sheath influence follows the

same sigmoidal pattern that has been used to describe node

elongation (9,10). Across all models, the median R2 value

was 0.69, with a mean and standard deviation of 0.65 and

0.15, respectively. All 29 charts with the associated R2 val-

ues are available in the supplementary data that accompanies

this paper.

The 29 snapshot models required 116 unique coefficients

(29 × 4 = 116). This collection of models accounted for

74% of the variance in the data. This approach captured

variety-specific and temporal effects implicitly rather than

explicitly.
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HALE ET AL. 827Crop Science

F I G U R E 4 Representative charts for each variety showing the sigmoid curve fitted to test results as a function of axial position. Additional

charts available in the supplementary data that accompanies this paper.

3.3 Using Level 1 models to understand
temporal patterns

While Level 1 (snapshot) models did not model temporal

effects explicitly, distinct temporal patterns were apparent in

both boxplots and changes in snapshot model shape over time.

Figure 5 shows two snapshop curves at two-time points and

for two different varieties. As seen in Figure 5, at 55 days after

planting the influence of the sheath varies spatially with a

minimum influence of approximately 10% in each variety and

a maximum influence of approximately 90%. In contrast, the

sigmoid curves at 110 days after planting indicate a maximum

sheath influence of only about 40%–50%.

Sigmoid curve shifts over time can be understood more

clearly by plotting the values of snapshot model coefficients

(Equation 7) as functions of time. Recall from the methods

section that parameters a and b indicated the minimum and

maximum influence of the sheath, while parameters c and

d indicate the rate of increase and location of the inflec-

tion point (see Figure 2 for graphical representations of each

coefficient). Figure 6 provides plots of each coefficient as a

function of time and variety. As seen in black in the top row

of Figure 6, the coefficient a (the maximum level of sheath

influence) exhibited a statistically significant decrease over

time for each variety. In contrast, coefficient b (gray, min-

imum level of sheath influence) was found to be relatively

stable over time.

Coefficient d captures the point of inflection of the sig-

moid curve. This coefficient (shown in black in the bottom

row of Figure 6), exhibited a statistically significant increase

over time for each variety. The temporal patterns of coefficient

c were relatively weak. This data indicates that the overall

influence of the leaf sheath (the difference between a and

b) decreases as time progresses while the point of inflection

moves upward along the stalk as time increases. Coefficients

(b and c) did not have a significant pattern across time.

3.4 Level 2 modeling: Generic model with
temporal effects

The generic model simultaneously captured all of the time

dependencies shown in Figure 6. The generic model is pro-

vided in Equations (8) and (9) where only the “G” subscript

terms in Equation (9) are used. The generic model consisted

of 8 coefficients and produced an R2 value of 0.59. Unlike
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828 HALE ET AL.Crop Science

F I G U R E 5 Data and sigmoid curves for two varieties at 55 days and 110 days post-planting.

linear models, where terms can be omitted, the structure of

the sigmoid function requires that all coefficients be included.

Nevertheless, not all coefficients were statistically significant.

The variance/covariance matrix was used to obtain 95% con-

fidence intervals on each coefficient (Bonferonni correction

was included to account for the number of tests). This analy-

sis revealed that all a, b, and d coefficients were statistically

nonzero while both of the b coefficients were not significantly

different from 0 (Figure 8).

The statistically significant temporal patterns predicted by

the generic model are illustrated graphically in Figure 7. The

arrow indicates the passage of time, with sigmoidal curves of

sheath influence depicted at four equally spaced time points.

The point of inflection (d) moves upward along the stalk as the

upper asymptote (a) simultaneously moves downward and the

slope at the point of inflection (c) decreases with time. These

results are independent of variety.

3.5 Level 3 modeling: Temporal and variety
effects included

Including both generic and variety-specific terms (an addi-

tional 32 terms over the generic model) increased the R2 value

modestly from 0.59 (generic model) to 0.67. The individ-

ual sum squared total and error terms for both generic and

variety-specific models are provided in Table 2. This table

also provides SST and SSE values broken down by variety

which reveals that some variety-specific models differed from

the generic model more than others. For example, the generic

model predicted 67% of the variance in the Extra Early vari-

ety. Adding 8 additional hybrid-specific terms to the model

increased the predictive capability to just 70%. In contrast, the

generic model captured just 51% of the variety Silver Queen,

and adding variety-specific terms increased the predictive

capability to 68% (an increase of 17%).

Although this study was not designed to identify differ-

ences between varieties, the variance/covariance matrix of

the models used in this study was used to obtain confi-

dence intervals for individual coefficients to illustrate that

variety-specific differences were detected. Confidence inter-

vals for generic model and variety-specific models are shown

in Figure 8. For convenience in making comparisons, the

variety-specific coefficients in Figure 8 are shown as net

coefficients: generic plus variety-specific terms rather than

as separate generic and variety-specific coefficients as used

in Equation (9). Figure 8 shows that the vast majority of

a, c, and d coefficients were statistically significant, while
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F I G U R E 6 Plots of coefficient values over time for each of the four varieties. Consistent patterns were observed for coefficients a and d
(shown in black). In contrast, inconsistent patterns were observed for coefficients b and c (shown in gray).

T A B L E 2 Sums of squared terms by variety for both generic and variety-specific models.

SSE R2

Variety SST Generic model Variety-specific Generic model Hybrid-specific Sample size
Extra early 41.5 13.6 12.6 0.67 0.70 524

Vigor root 39.9 15.8 14.9 0.60 0.63 535

Fiesta O. 42.3 17.8 13.5 0.58 0.68 497

Silver Q. 35.0 17.1 11.3 0.51 0.68 468

Total 158.6 64.4 52.3 0.59 0.67 2024

Abbreviations: SST, sum of squares total; SSE, sum of squares error.

F I G U R E 7 The progression of sigmoid curves as a function of

time within the generic model. The statistically significant coefficients

are shown at times of 60, 80, 100, and 120 days.

the b coefficients typically were not. Several variety-specific

differences were detected, though these should be inter-

preted as illustrative only due to the limited scope of this

experiment.

4 DISCUSSION

Previous studies have demonstrated that the growth and devel-

opment of maize follow sigmoidal patterns in both space and

time (Fournier & Andrieu, 2000; Morrison et al., 1994; Stubbs

et al., 2018). When comparing maturity across internodes, tis-

sue maturity is highest at the base, and lowest at the apex. The

data in this study suggest that the influence of the sheath is

correlated with maturity, since both the influence of the sheath

and patterns of maturity exhibit similar temporal patterns.

The generic model captured strong temporal patterns. With

just eight parameters, this model captured 59% of the vari-

ation in sheath influence. Including variety-specific effects

required an additional 32 coefficients, but only predicted an

additional 8% in variance. Finally, the use of 29 snapshot

models required an additional 120 coefficients, but only pre-

dicted 7% of the additional variance. While more research is

needed, the major factors that determine the influence of the

leaf sheath appear to be axial location and maturation (i.e., the

passage of time). Variety appears to have a relatively minor

effect, but data from this study suggests that variety effects
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F I G U R E 8 95% confidence intervals with Bonferroni corrections for the offset and slope coefficients for generic (G) and variety-specific

model coefficients.

can also be statistically significant. Agronomic factors such

as planting density, nutrient content, and field management

were not investigated in this study but should be explored in

future studies.

Dissection and qualitative examination of maize internodes

revealed that immature tissues are soft, flexible, and have

relatively low strength. In contrast, mature tissues are hard,

inflexible, and appear to have higher strength. These obser-

vations, when combined with the data collected in this study

suggest that the leaf sheath provides critical structural sup-

port for these immature tissues. Thus, as the tissues mature,

the influence of the sheath decreases. This is likely related

to mechanical changes in the sheath due to the remobiliza-

tion of carbon from the leaf sheath as senescence progresses.

While more focused research is needed to gain further insight,

these observations likely have implications for future stud-

ies on the growth and development of grain species, and for

studies focused on greensnap maize failure (Hill, 2011).

4.1 Practical considerations

As with all test methods, this method has advantages and

disadvantages. Advantages of this test method include the fol-

lowing: (1) minimal sample preparation; (2) the test does not

induce structural damage of the specimen (though it requires

removal of the leaf sheath); (3) the test supports are fixed

throughout the test, which results in significant time savings

over methods which require adjustment of the supports for

each test (Robertson et al., 2014, 2015) (4) spatial resolu-

tion can be refined as desired by shortening the shift distance

between tests (see Figure 1). For example, a shift distance of

5 cm would double the spatial resolution presented in this

study; (5) the paired nature of the test increases statistical

significance.

Disadvantages of this test method include the following; (1)

the removal of the sheath can be somewhat time-consuming;

(2) the attainment of high spatial resolution along the stalk

increases the number of tests that must be performed and may

cause a degradation in data quality as a shorter span increases

the tendency for transverse compression of the stalk (Robert-

son et al., 2014, 2015; Stubbs et al., 2018); (3) the test requires

a non-standard three-point bending test configuration. A com-

plete test series of a single stalk required approximately 15

min to complete.

4.2 Limitations and future research

The purpose of this study was methodological development,

not to specifically quantify the influence of sheath on any par-

ticular variety or at any particular period of growth. Hence,

some factors that may influence sheath/stalk interactions were

not quantified nor varied. For example, field replicates and

multiple growing environments were not used in this study

and time was quantified using regular dates rather than by
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using growth-degree-units or phyllochrons. Planting density

was held constant and only four varieties were investigated.

The measurement uncertainty of the testing method was not

quantified (Nelson et al., 2019). In spite of these limitations,

this preliminary study demonstrates that the leaf sheath exerts

a strong effect on the flexibility of maize stalks and sug-

gests that the leaf sheath may also have a strong influence on

the mechanical resilience of the stalk/sheath structure. This

study also provides a clear methodology and framework for

future studies that may examine differences between varieties,

the influence of environment and field management, and the

influence of time and temperature on the sheath effect.

Dissection of maize internode and observed differences

between immature and mature tissues, including tissue stiff-

ness, flexibility, and strength were only qualitative in nature

(and hence were not included in the results section). How-

ever, these observations provide valuable insights for future

researchers. In addition, this study did not seek to quantify

the mechanical differences between immature and mature tis-

sues. Such measurements will allow for a more complete

description of the phenomena observed, and allow a more

comprehensive description of the tissue maturation process.

Significant methodological development will need to be per-

formed in order to enable such measurements. Thus, future

research in this area will need to focus first on the development

of testing methodologies, as well as the application of these

methodologies to the study of maize tissue development.

Finally, field-based measurement of stem stiffness may pro-

vide an alternative means of assessing the influence of the leaf

sheath on flexural stiffness. A number of devices have been

developed for flexing plants (Erndwein et al., 2020). The use

of such devices would eliminate the need for laboratory mea-

surements and would make use of the plants’ natural root/soil

boundary conditions. On the other hand, the soil itself can be

an apparent source of flexure (Reneau et al., 2020), so this

approach can introduce additional sources of error to the mea-

surement process (Nelson et al., 2019). Additional research

will be needed to develop a field-based protocol for such mea-

surements. For example, the DARLING device has been used

to perform in-field flexural measurements (Cook et al., 2019;

Reneau et al., 2020). This study provides valuable guidance

for such follow-on studies.

5 CONCLUSIONS

This paper provides a description of a testing methodology

that can be used to quantify the influence of the leaf sheath

along two important dimensions: along the length of the

stem, and across time. Results from preliminary tests indi-

cate that the leaf sheath of maize plays an important structural

role by increasing stem stiffness (and likely also increasing

stalk strength). The influence of the sheath was observed

to decrease over time, both locally at the individual intern-

odes, and globally, across the entire length of the stem. The

data collected in this study indicated that the leaf sheath

significantly increased stem stiffness in each variety tested.

Future studies are needed to fully understand the effects of

the leaf sheath on issues such as greensnap failure and tissue

maturation.
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