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Leaf shape is an important leaf trait, with ovate leaves common in many floras. Recently,
a new leaf shape model (referred to as the MLRF equation) derived from temperature-
dependent bacterial growth was proposed and demonstrated to be valid in describing
leaf boundaries of many species with ovate leaf shape. The MLRF model’s parameters
can provide valuable information of leaf shape, including the ratio of lamina width
to length and the lamina centroid location on the lamina length axis. However, the
model wasn’t tested on a large sample of a single species, thereby limiting its overall
evaluation for describing leaf boundaries, for evaluating lamina bilateral asymmetry and
for calculating lamina centroid location. In this study, we further test the model using
data from two Lauraceae species, Cinnamomum camphora and Machilus leptophylla,
with>290 leaves for each species. The equation was found to be credible for describing
those shapes, with all adjusted root-mean-square errors (RMSE) smaller than 0.05,
indicating that the mean absolute deviation is smaller than 5% of the radius of an
assumed circle whose area equals lamina area. It was also found that the larger the
extent of lamina asymmetry, the larger the adjusted RMSE, with approximately 50% of
unexplained variation by the model accounted for by the lamina asymmetry, implying
that this model can help to quantify the leaf bilateral asymmetry in future studies. In
addition, there was a significant difference between the two species in their centroid
ratio, i.e., the distance from leaf petiole to the point on the lamina length axis associated
with leaf maximum width to the leaf maximum length. It was found that a higher centroid
ratio does not necessarily lead to a greater investment of mass to leaf petiole relative to
lamina, which might depend on the petiole pattern.

Keywords: centroid ratio, lamina area, leaf petiole, Lobry-Rosso-Flandrois equation, model validity

INTRODUCTION

A leaf of a woody plant usually consists of a lamina, a petiole (or a pseudo-petiole) and a sheath. In
the literature, leaf shape often refers just to the lamina shape and does not involve the morphological
characteristics of the leaf petiole. As an important photosynthetic organ of plants, the leaf has
always been a research hotspot, and leaf traits including lamina size (mass and area), lamina
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thickness, leaf shape, and lamina vein patterns are widely
studied because those measures are intimately associated with the
responses of plants to climate and environmental stress (Wright
et al., 2004, 2017; Chitwood and Sinha, 2016; Baird et al., 2021).
The leaf is crucial to the growth and development of plants,
with the characteristics and variation of leaf structure directly
affecting absorption and utilization of light energy and nutrients
(Smith et al., 1997; Daas-Ghrib et al., 2011). Previous studies
have shown that there is a tradeoff between the photosynthetic
returns from increasing lamina area and the investment in leaf
physical support and hydraulic systems from increasing lamina
mass (Niklas et al., 2007; Huang et al., 2019a,b, 2020; Guo et al.,
2021). Lamina thickness and leaf shape have been demonstrated
to affect such a tradeoff (Niinemets et al., 2007; Lin et al.,
2018, 2020). There is a large variation in leaf shape among
different species and conspecfics, and it is often used to assist
in identifying and classifying plants. Leaf shape is controlled
by genetic, physiological, and ecological factors (Nicotra et al.,
2011). Leaf shape and leaf venation pattern are closely related, and
interact with each other in formation (Dengler and Kang, 2001;
Runions et al., 2017). The ratio of lamina width to lamina length
is usually used as the leaf shape indicator (Lin et al., 2020). The
ovate leaf shape is common in many floras. The centroids of ovate
leaves are closer to the lamina base than those of elliptical and
obovate leaves, and thus the support costs of petioles for ovate
leaves tend to be lower (Niinemets et al., 2007).

Lamina bilateral symmetry can be regarded as one of the leaf
shape features (Shi et al., 2020a). How to measure the bilateral
symmetry of the lamina is an important scientific issue. The
standardized index (SI) was proposed to quantify the extent of
lamina bilateral asymmetry based on the relative area differences
of different sub-regions between both sides of the lamina (Shi
et al., 2018a). The heterogeneity of light in the tree crown
contributes to lamina bilateral asymmetry to a great degree
(Wang et al., 2018; Guo et al., 2020). The two sides of some
laminas might expose light in an irregular pattern because of the
architectural structure of trees. Relative to leaf length, leaf width
has a smaller variation for broad-leaved plants, especially those
with hierarchical reticulate leaf venation (Shi et al., 2018b). For
many plants, the bilateral symmetry is often slightly influenced
by a skewed lamina apex. Wang et al. (2020) verified that a
skewed lamina apex is likely to be beneficial to drainage on
the lamina surface.

It is valuable to construct a parametric model to describe leaf
shape. There are many models for calculating leaf size based on
leaf length and width, using these two one-dimensional measures
to reflect the influence of leaf shape on the calculation of leaf
size (Dornbusch et al., 2011; Shi et al., 2015, 2019; Yu et al.,
2020; Schrader et al., 2021). The principle of similarity suggests
that an object’s area is proportional to the square of its length
(Thompson, 1917); however, the validity of this principle is
demonstrated to be largely affected by the variation in the ratio
of lamina width to length (Shi et al., 2019; Yu et al., 2020). In
other words, the square relationship between lamina area and
lamina length depends on the variation in leaf shape. There are
linear, lanceolate, and elliptical leaf shape models (Dornbusch
et al., 2011; Shi et al., 2015; Li et al., 2021). Although the

ovate leaf shape is very common in many floras, this leaf shape
was mathematically modeled only recently (Shi et al., 2021).
Dornbusch et al. (2011) proposed a step model to describe
the linear and lanceolate leaf shape of plants, especially crops,
but this model could not produce a round lamina base. Shi
et al. (2015) developed a simplified Gielis equation based on its
original version (Gielis, 2003) to describe the shape of bamboo
leaves. The validity of the simplified Gielis equation has been
confirmed using the leaves of 42 bamboo species (Lin et al., 2016).
Nevertheless, the simplified Gielis equation cannot produce
concave curves close to the lamina apex that a typical ovate leaf
shape usually has (Shi et al., 2021). The original Lobry-Rosso-
Flandrois (LRF) equation was used to describe the relationship
between developmental (or growth) rate and temperature of
poikilotherms and microbes (Lobry et al., 1991; Rosso et al., 1993;
Ratkowsky and Reddy, 2017). To increase the flexibility of curve
fitting, Shi et al. (2017) proposed the modified LRF equation
(referred to as MLRF model hereafter for convenience) by adding
a parameter δ, which was then able to describe actual ovate
leaf shapes (Shi et al., 2021). The resulting modified leaf shape
equation has four parameters, all with geometrical meanings: the
first one is half lamina maximum width (yc); the second one is the
distance from lamina base to a point on the lamina length axis
associated with leaf maximum width (xc); the third one is lamina
length (x2); the last one (i.e., δ) controls the curvature of a curve
(Figure 1). These parameters can be potentially applied to reflect
leaf shape, e.g., the quotient of xc and x2, which is referred to as
the centroid ratio, can reflect the location of the lamina centroid
on the lamina length axis for an ovate or obovate leaf shape.
If the quotient is smaller than 0.5, this denotes that the lamina
centroid is closer to the lamina base (i.e., an ovate leaf shape);
if the quotient is larger than 0.5, this means that the lamina
centroid is closer to the lamina apex (i.e., an obovate leaf shape);
if the quotient is equal or approximate to 0.5, this indicates
that the lamina centroid tends to be located at the midpoint of
the lamina length. However, the influence of the location of the
lamina centroid on the allocation of mass between the leaf petiole
and the leaf lamina is unknown. The MLRF model provides an
approach for examining whether the lamina centroid ratio can
affect the ratio of leaf petiole mass to lamina mass. It is mistaken
to directly use the maximum distance between two points on the
lamina edge as lamina length, because lamina bilateral asymmetry
can lead to an inaccuracy using such an approach. The estimate
of the parameter x2 is better as a candidate leaf length, because
lamina apex might largely deviate from the midvein axis for some
leaves, leading to an over-estimation or under-estimation for the
lamina length defined from lamina base to lamina apex (Schrader
et al., 2021). The MLRF equation predicts perfectly a bilateral
symmetrical leaf shape, so the theoretical lamina length (x2) is
on the midvein length.

Regardless of the increase of support cost, the larger the
leaf size, the greater the photosynthetic returns. However, there
is a trade off between leaf size and support cost (Milla and
Reich, 2007; Niklas et al., 2007). In addition, increases in leaf
size also require increases in the investment of the leaf petiole
(Niklas, 1991). The bilateral symmetry of leaf shape is helpful
to reduce the cost of development at the earlier stage of leaf
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FIGURE 1 | The curve generated by the modified Lobry-Rosso-Flandrois
(MLRF) equation, which represents a side of a lamina. Here, x1 and x2

represent the lamina base and lamina apex, respectively; xc represents the
point on the lamina length axis associated with the lamina maximum width
2yc; δ controls the curvature of this curve. In this study, the location of lamina
base (i.e., x1) is fixed to be 0. This means that the MLRF equation only has
four parameters: yc, xc, x2, and δ.

formation and also matches the evolution of the leaf venation
system (Smith et al., 1997; Runions et al., 2017; Kierzkowski
et al., 2019). Thus, it is valuable to explore the association of
leaf size and structure with the corresponding functions. In this
study, we use two Lauraceae species, Cinnamomum camphora
(CC) and Machilus leptophylla (ML), both of which have an ovate
leaf shape (Figure 2), to test: (i) whether the MLRF equation is
valid for describing the leaves of the two species, (ii) whether
leaf shape (represented by the lamina centroid ratio) can affect
the allocation of mass between leaf petiole and lamina, and (iii)
whether the extent of lamina bilateral asymmetry can affect the
validity of the MLRF equation.

MATERIALS AND METHODS

Leaf Collection and Measurement
From two Lauraceae species, Cinnamomum camphora (L.) Presl,
and Machilus leptophylla Hand.-Mazz., which will be referred
to as CC and ML for convenience, more than 600 leaves
were sampled from three trees for each species from early- to
mid-August 2020 at the Nanjing Forestry University Campus
(32◦07′59′′N, 118◦81′37′′E) and the Nanjing Botanical Garden
of the Chinese Academy of Sciences (32◦05′12′′N, 118◦83′47′′E).
Based on 100 randomly sampled leaves for each species, the
ratio of leaf petiole length to lamina length is 0.26 ± 0.04 for
CC, and 0.14 ± 0.02 for ML; the diameter of the leaf petiole is
0.15 ± 0.02 cm for CC, and 0.28 ± 0.03 cm for ML. On average,
leaf petiole length is ca. 1/4 of lamina length for CC, and ca. 1/7 of
lamina length for ML; CC has a longer and slenderer petiole than
ML. Mature and intact leaves with leaf petioles were randomly
sampled from the middle canopy between 8 am and 9 am. To
reduce water loss, the sampled leaves were put into plastic self-
sealing bags (28 cm × 20 cm), and quickly brought back to the

laboratory at the Nanjing Forestry University Campus to measure
lamina mass and leaf petiole mass, the total time lapse being less
than two hours from the collection sites to the laboratory.

Lamina mass and leaf petiole mass were measured using
an electronic balance (ME204/02, Mettler Toledo Company,
Greifensee, Switzerland; measurement accuracy 0.0001 g), and
the lamina image was scanned with an Epson scanner (V550,
Epson Indonesia, Batam, Indonesia) at 600 dpi resolution. The
images were converted to black–white images and saved as
bitmap images at a 600 dpi resolution by Adobe Photoshop
(version: 13.0). Then, the MATLAB (version≥ 2009a) procedure
developed by Shi et al. (2018b) was used to extract the planar
coordinates of the leaf edges, and the R (based on R version 3.6.1;
R Core Team, 2019) script proposed by Su et al. (2019) was used
to measure lamina length, width, and area.

Statistical Methods
Lobry et al. (1991) proposed a model (i.e., LRF equation) to
describe the effect of temperature on the growth rate of microbial
populations. Shi et al. (2017) modified the LRF equation (i.e.,
MLRF equation) by adding a parameter δ to improve the fitting
elasticity and used its integral to develop a new sigmoid growth
equation. After adjusting the curves generated by the MLRF
equation to make them more bilaterally symmetrical along the
x-axis, we found that the following equation validly described
ovate leaf shapes of many plants (Shi et al., 2021):

y = yc
[

(x− x1) (x− x2)
2

(x2 − xc) [(x2 − xc) (x− xc)− (x1 − xc) (xc + x2 − 2x)]

]δ
,

where, x1 and x2 represent, respectively, the lamina base as
the starting point and the lamina apex as the ending point, xc
represents the point on the lamina length axis associated with
lamina maximum width, yc represents half lamina maximum
width, and δ is a parameter influencing the curvature of the curve.
The curvature of the lamina edge can be directly represented by
the parameter δ of the ovate leaf shape model. A large δ value
signifies a large curvature for the lamina edge [see Figure 1C
of Shi et al. (2021)]. This equation produces half an ovate leaf
shape, with the other half generated by f (x) = −y. In order
to estimate the parameters of the MLRF equation, the Nelder-
Mead optimization (Nelder and Mead, 1965) method was used
to minimize the residual sum of squares (RSS):

RSS =
n∑
j=1

(
yj − ŷj

)2
,

where, n represents the number of data points on the lamina
edge, the subscript j represents the jth point, and yj with a
circumflex represents the fitted response variable. For comparing
the goodness of fit of the model to the lamina edge data of the
two species, we calculated the adjusted root-mean-square error
(RMSEadj) of each lamina (Wei et al., 2019; Shi et al., 2020b):

RMSEadj =

√
RSS

/
n

√
A/π

,
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FIGURE 2 | Leaf examples of Cinnamomum camphora (L.) Presl and Machilus leptophylla Hand.-Mazz. (Lauraceae).

where, A is the lamina area. This indicator accounts for the
proportion of the mean absolute deviation in the y values to the
radius of an assumed circle whose area equals lamina area.

To measure the extent of lamina bilateral asymmetry, the
standardized index (SI) proposed by Shi et al. (2018a) was
calculated for each leaf. The indicator took a certain number of
equidistant strips (rectangles) to intersect with a leaf, as shown in
Figure 3. To obtain a more accurate value, we actually used 1,000
strips, but to conveniently show this approach only five strips
were used in this figure. In each strip, the intersection between
the strip and the lamina was divided into upper and lower parts,
and their areas were represented by Li and Ri respectively, where,
i represents the ith strip. The mathematical expression of SI is as
follows:

SI =
1

1000

1000∑
i=1

| Li− Ri|
Li+ Ri

.

FIGURE 3 | Illustration for lamina bilateral asymmetry measure. For clarity, five
equidistant strips are exhibited here, but 1000 strips were used in the actual
calculation.

The smaller the SI, the smaller the degree of the bilateral
asymmetry of a lamina. A prior study showed the log-
transformation of SI made its distribution more normal (Shi et al.,
2020a). Thus, we used the natural logarithm, i.e., ln SI, in the
interspecific comparison.

To compare the significance of the difference in the extent of
lamina bilateral asymmetry between the two species studied, leaf
shape (reflected by the ratio of lamina width to lamina length,
and the ratio of xc to x2), and the ratio of leaf petiole mass
to lamina mass, the analysis of variance was carried out at the
0.05 significance level. The Pearson correlation coefficient test
was used to test the significance of the correlation between the
ratio of leaf petiole mass to lamina mass and the centroid ratio,
and the correlation between the goodness of fit using the leaf
shape model (reflected by RMSEadj) and the extent of lamina
bilateral asymmetry. All statistical analyses were performed using
R (version 3.6.1) (R Core Team, 2019).

RESULTS

The adjusted RMSEs of the MLRF equation for all laminas
were smaller than 0.05, which verifies the validity of the MLRF
equation in describing the ovate leaf shapes studied here. This
shows that the mean absolute deviation between the observed and
predicted y values is less than 5% of the radius of an assumed
circle whose area equals lamina area for each of the 616 leaves.
Figure 4 exhibits two leaf examples and the predicted leaf shapes
using the MLRF equation. Whether it is necessary to introduce
a parameter to control the curvature in the MLRF equation was
answered here; Figure 5A showed that most estimates of δ for
CC were larger than 1, and the mean estimated δ of CC was
significantly larger that of ML. This means that the leaf shape
of CC has a larger curvature than that of ML. However, there
was no significant difference in the goodness of fit between the
two species according to the calculated adjusted RMSE values
(Figure 5B). See Supplementary Table 1 for details.

Frontiers in Plant Science | www.frontiersin.org 4 January 2022 | Volume 12 | Article 822907

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-822907 January 11, 2022 Time: 14:26 # 5

Li et al. Ovate Leaves and Bilateral Symmetry

FIGURE 4 | Comparisons between the scanned leaf edges (gray curves) and the leaf edges predicted by the MLRF equation (red curves) for one leaf example each
of Cinnamomum camphora (L.) Presl and Machilus leptophylla Hand.-Mazz. The adjusted root-mean-square error (RMSEadj) is used to reflect the goodness of fit.

There were significant differences in leaf bilateral asymmetry
(Figure 5C), the ratio of lamina width to length (Figure 5D), the
ratio of leaf petiole mass to lamina mass (Figure 5E), and the
centroid ratio (Figure 5F). CC has a more bilaterally symmetrical
and broader leaf shape than ML; the lamina centroids are both
close to the lamina bases for the two species, but the centroid of
CC is closer to the lamina base; the ratio of leaf petiole mass to
lamina mass of CC is significantly smaller than that of ML.

There was a significant negative correlation between the
centroid ratio and that of leaf petiole mass to lamina mass for
CC (r = –0.14; P < 0.05), but a significant positive correlation for
ML (r = 0.30; P< 0.05). For the pooled data, a significant positive
correlation was found (r = 0.17; P < 0.05).

There was a significant positive correlation between the
adjusted RMSE values and the SI values for each species: the
coefficient of correlation of C. camphora was 0.71 (P < 0.01),
and that of M. leptophylla was 0.74 (P < 0.01) (Figure 6), which
means that approximately 50% of the unexplained variation using
the MLRF equation can be further accounted for by the extent of
lamina bilateral asymmetry.

DISCUSSION

Link of the Validity of the Leaf Shape
Equation to Lamina Bilateral Asymmetry
Although the extant leaf shape models (Dornbusch et al., 2011;
Shi et al., 2015; Li et al., 2021) have been verified to be valid for
plants with special leaf shapes, the question of lamina bilateral
asymmetry has been little considered. The current study shows
that the MLRF model has explained more than 95% of the
mean absolute deviation in y values relative to the radius of an
assumed circle whose area equals lamina area. The remaining
prediction errors could be explained by the extent of leaf bilateral

asymmetry, and the explained variation approximated 50%. This
work implies that the validity of a leaf shape model is closely
related to the extent of leaf bilateral asymmetry. For a leaf shape
apparently deviating from a bilateral asymmetry hypothesis, it is
necessary to introduce one or more parameter(s) to a model for
reflecting such a deviation (Huang et al., 2020; Li et al., 2021).
However, in the current study, the leaf shapes of two Lauraceae
species are basically bilaterally symmetrical, and there is only a
slight deviation in lamina apex from the lamina length axis (i.e.,
the symmetrical axis). This is a small but important functional
modification for leaves to conveniently drain the water on the leaf
surface (Wang et al., 2020). In future studies on developing other
leaf shape models, investigators will have to consider whether
it is necessary to introduce one or more parameter(s) to reflect
the lamina asymmetry by checking whether the deviation from
a perfect bilateral symmetry is large or negligible. Through the
correlation analysis on RMSEadj and SI, we found that the degree
of lamina asymmetry significantly influenced the goodness of fit
of the model. The larger the degree of lamina asymmetry, the
larger the RMSEadj. Thus, the degree of lamina asymmetry can
be quantified by the goodness of fit of the MLRF equation, which
suggests that similar approaches are promising in quantifying
or evaluating the degree of lamina bilateral asymmetry in future
studies related to leaf asymmetry.

Apparently, the leaf shape characteristics including lamina
bilateral symmetry or asymmetry are a result of the interactions
for plants and environmental factors (Chitwood and Sinha,
2016). Plants growing in different environments show
corresponding structural and physiological adaptabilities to
external environmental conditions, such as moisture and carbon
dioxide content (Ito et al., 2015; de Boer et al., 2016); light
capture efficiency and the location of the leaves in the crown can
both influence leaf shape (Reich et al., 1998). The leaf bilateral
symmetry of CC was better than ML. The following reasons
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FIGURE 5 | Comparisons of the estimates of δ (A), adjusted root-mean-square errors (B), the natural logarithms of the standardized indices for lamina bilateral
asymmetry (C), ratios of lamina width to length (D), centroid ratios (i.e., xc/x2) (E), and ratios of leaf petiole mass to lamina mass (F) between C. camphora
(represented by CC) and M. leptophylla (represented by ML). In each panel, the letters a and b are used to represent the significance of the differences between the
two species, with species sharing a common letter not differing significantly at the 0.05 significance level; the percentage numbers at the top of the whiskers
represent the coefficients of variation; the horizontal lines in boxes represent medians, and the asterisks in boxes represent means.
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might have led to this result. For one thing, the lamina size of ML
is larger, and it requires a more skewed lamina apex to rapidly
drain the water on the leaf surface (Wang et al., 2020). Also, the
ratio of lamina width to length of ML is significantly smaller than
that of CC (Figure 5D), and the narrow leaf shape tends to cause
large variations in the symmetrical distributions of hierarchical
reticulate veins and in the cell division rates on both sides of the
lamina (Dengler and Kang, 2001).

Influences of the Lamina Centroid Ratio
and Leaf Petiole Pattern on the
Investment of Mass to Leaf Petiole
The tradeoff between leaf photosynthetic investment and leaf
support investment is always a study hotspot in botany (Niklas,
1991; Niinemets et al., 2007). Previous studies show that lamina
mass positively correlates with lamina area, and leaf petiole mass
also positively correlates with lamina mass on a log-log scale
(Niklas, 1991; Li et al., 2008). Leaf shape has been demonstrated
to affect the scaling relationship between lamina mass and lamina
area (Lin et al., 2020), but few studies have been carried out to
examine whether leaf shape can change the scaling relationship
between leaf petiole mass and lamina mass. In this work, we
analyzed the correlation between the lamina centroid ratio and
the ratio of leaf petiole mass to lamina mass for two Lauraceae
species, and found a negative correlation for the long and slender
petiole (CC) and a positive correlation for the short and thick
leaf petiole (ML).

The ratios of lamina width to length of CC and ML differ
significantly. CC has a smaller and broader lamina, which greatly
reduces the supporting requirement for the leaf petiole. Thus,
smaller and broader leaves tend to have long and slender leaf
petioles and are little influenced by the centroid ratio. ML has a
larger and narrower lamina that increases the burden of the leaf
petiole, so leaf petiole mass correlates with lamina mass. When
the lamina centroid is far away from the lamina base, the plants
tend to have short but thick leaf petioles to support laminas for
maintaining the maximum light surface (Takenaka, 1994). Large
laminas need the petiole to enhance the ability to conduct water,
but also endure the role of external forces (Niklas, 1999), which
requires increasing the investment of mass to the leaf petiole.
The results indicated that lamina size and shape can significantly
modulate the allocation of investment between the lamina mass
and leaf petiole mass, thereby affecting leaf development patterns
in different environments.

Fluctuating asymmetry is widely used as a measure of
developmental stability (Palmer and Strobeck, 1986; Palmer,
1994). It regards the difference in a trait of interest between
two sides of a sample as a developmental “noise.” There are
many indices to measure the level of fluctuating asymmetry,
and the SI can be deemed as one indicator of fluctuating
asymmetry [compared with FA2 of Palmer (1994)]. This is to
say, the indicator here measured the extent of leaf fluctuating
asymmetry. It is somewhat valuable to compare different
fluctuating asymmetry indices for recommending the best one.
However, the present work mainly focuses on: (i) the description
of the ovate leaf shape using a known parametric model, i.e., the

FIGURE 6 | Correlation between the adjusted root-mean-square error and
standardized index for lamina bilateral asymmetry. In each panel, the open
circles represent the observations; the red straight line represents the
regression line; r is the coefficient of correlation; n is the sample size.

MLRF model, based on a large sample size, and (ii) whether the
centroid ratio, which is obtained from the parameters of the
ovate leaf shape model, can have a significant influence on
the allocation of biomass to the petiole and lamina. Although
we quantified the extent of lamina bilateral asymmetry using
SI, it was used only to explore whether the goodness of fit
of the ovate leaf shape model is associated with the extent of
lamina bilateral asymmetry. The results showed that lamina
bilateral asymmetry (which reflects SI) accounted for ca. 50%
of the unexplained variation of the MLRF model. Our ovate
leaf shape model actually hypothesizes (predicts) a perfectly
bilateral symmetrical leaf shape, i.e., an ideal norm without
developmental instability, so any existing asymmetry for laminas
will more or less weaken the model’s power. Fortunately, given
developmental stability of leaves, the studied laminas are of
nice bilateral symmetry except a minor deviation (which we
can regard as a ‘modification’ from a bilateral symmetry) at the
lamina apex for a functional drainage requirement. It is necessary
to point out that fluctuating asymmetry is a population parameter
rather than a sample parameter (Graham, 2021), so it requires
using a large sample size to reflect an accurate asymmetrical
trait of interest. To serve our study aim of testing whether the
validity of the MLRF model is related to the extent of lamina
bilateral asymmetry based on individual leaves (samples), for the
two studied species, 320 and 296 leaves were used respectively,
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which should represent the general traits of lamina structure
including lamina bilateral asymmetry.

CONCLUSION

In this study, we tested the validity of the MLRF model for
describing leaf shapes of two species of Lauraceae using a large
sample for each species. The equation was confirmed to be
credible to describe the actual shapes, and all adjusted root-mean-
square errors (RMSEs) were smaller than 0.05. This means that
the mean absolute deviation is smaller than 5% of the radius of
an assumed circle whose area is equal to the lamina area. We also
found that the goodness of fit of the MLRF model relied on the
extent of lamina bilateral asymmetry. The prediction error can
be further accounted for by the lamina bilateral asymmetry, and
it explained ca. 50% of the unexplained variation of the MLRF
model. In addition, we did not find consistent evidence that the
centroid ratio is positively correlated with the ratio of leaf petiole
mass to lamina mass, which is perhaps associated with leaf petiole
patterns. A long and slender leaf petiole tends to correspond
to a small and broad leaf, regardless of the centroid ratio; a
short and thick leaf petiole tends to correspond to a large and
narrow leaf, and the ratio of leaf petiole mass to lamina mass is
more likely to positively correlate with the lamina centroid ratio.
This work provides important insights into the link between leaf
structure and function.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

DR, HW, and PS designed the work, analyzed the data, and
revised the manuscript. YL and YZ carried out the experiment
and wrote the initial draft. All authors commented on and agreed
with this submission.

ACKNOWLEDGMENTS

We thank Karl J. Niklas, Yabing Jiao, Mengdi Liu, Rong Wang,
and Kexin Yu for their valuable help in the preparation of
this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
822907/full#supplementary-material

REFERENCES
Baird, A. S., Taylor, S. H., Pasquet-Kok, J., Vuong, C., Zhang, Y.,

Watcharamongkold, T., et al. (2021). Developmental and biophysical
determinants of grass leaf size worldwide. Nature 592, 242–247.
doi: 10.1038/s41586-021-03370-0

Chitwood, D. H., and Sinha, N. R. (2016). Evolutionary and environmental forces
sculpting leaf development. Curr. Biol. 26, 297–306. doi: 10.1016/j.cub.2016.02.
033

Daas-Ghrib, C., Montpied, P., Ksontini, M., and Dreyer, E. (2011). Functional
relationships between leaf structure and photosynthetic traits as modulated by
irradiance and nutrient availability in a sclerophyllous and a non-sclerophyllous
mediterranean oak species. Eur. J. For. Res. 130, 503–512. doi: 10.1007/s10342-
010-0438-4

de Boer, H. J., Price, C. A., Wagner-Cremer, F., Dekker, S. C., Franks, P. J.,
and Veneklaas, E. J. (2016). Optimal allocation of leaf epidermal area for gas
exchange. New Phytol. 210, 1219–1228. doi: 10.1111/nph.13929

Dengler, N. G., and Kang, J. (2001). Vascular patterning and leaf shape. Curr. Opin.
Plant Biol. 4, 50–56. doi: 10.1016/s1369-5266(00)00135-7

Dornbusch, T., Watt, J., Baccar, R., Fournier, C., and Andrieu, B. (2011). A
comparative analysis of leaf shape of wheat, barley and maize using an empirical
shape model. Ann. Bot. 107, 865–873. doi: 10.1093/aob/mcq181

Gielis, J. (2003). A general geometric transformation that unifies a wide range of
natural and abstract shapes. Am. J. Bot. 90, 333–338. doi: 10.3732/ajb.90.3.333

Graham, J. H. (2021). Fluctuating asymmetry and developmental instability, a
guide to best practice. Symmetry 13:9. doi: 10.3390/sym13010009

Guo, X., Reddy, G. V. P., He, J., Li, J., and Shi, P. (2020). Mean-variance
relationships of leaf bilateral asymmetry for 35 species of plants and their
implications. Glob. Ecol. Conserv. 23:e01152.

Guo, X., Shi, P., Niinemets, Ü, Hölscher, D., Wang, R., Liu, M., et al. (2021). Leaf
diminishing returns of five different age-groups of moso bamboo (Phyllostachys
edulis) culms. Am. J. Bot. 108, 1662–1672. doi: 10.1002/ajb2.1738

Huang, W., Ratkowsky, D. A., Hui, C., Wang, P., Su, J., and Shi, P. (2019a).
Leaf fresh weight versus dry weight: which is better for describing the scaling

relationship between leaf biomass and leaf area for broad-leaved plants? Forests
10:256.

Huang, W., Reddy, G. V., Li, Y., Larsen, J. B., and Shi, P. (2020). Increase in absolute
leaf water content tends to keep pace with that of leaf dry mass-evidence from
bamboo plants. Symmetry 12:1345.

Huang, W., Su, X., Ratkowsky, D. A., Niklas, K. J., Gielis, J., and Shi, P. (2019b). The
scaling relationships of leaf biomass vs. leaf surface area of 12 bamboo species.
Glob. Ecol. Conserv. 20:e00793. doi: 10.1016/j.gecco.2019.e00793

Ito, F., Komatsubara, S., Shigezawa, N., Morikawa, H., Murakami, Y., Yoshino, K.,
et al. (2015). Mechanics of water collection in plants via morphology change of
conical hairs. Appl. Phys. Lett. 106:133701. doi: 10.1063/1.4916213

Kierzkowski, D., Runions, A., Vuolo, F., Strauss, S., Lymbouridou, R., Routier-
Kierzkowska, A.-L., et al. (2019). A growth-based framework for leaf shape
development and diversity. Cell 177, 1405–1418.e17. doi: 10.1016/j.cell.2019.05.
011

Li, G., Yang, D., and Sun, S. (2008). Allometric relationships between lamina area,
lamina mass and petiole mass of 93 temperate woody species vary with leaf
habit, leaf form and altitude. Funct. Ecol. 22, 557–564.

Li, Y., Niklas, K. J., Gielis, J., Niinemets, Ü, Schrader, J., Wang, R., et al. (2021).
An elliptical blade is not a true ellipse, but a superellipse – Evidence from two
Michelia species. J. Fore. Res. (in press). doi: 10.1007/s11676-021-01385-x

Lin, S., Niklas, K. J., Wan, Y., Hölscher, D., Hui, C., Ding, Y., et al. (2020). Leaf
shape influences the scaling of leaf dry mass vs. area: a test case using bamboos.
Ann. For. Sci. 77:11.

Lin, S., Shao, L., Hui, C., Song, Y., Reddy, G. V. P., Gielis, J., et al. (2018). Why does
not the leaf weight-area allometry of bamboos follow the 3/2-power law? Front.
Plant Sci. 9:583. doi: 10.3389/fpls.2018.00583

Lin, S., Zhang, L., Reddy, G. V. P., Hui, C., Gielis, J., Ding, Y., et al. (2016).
A geometrical model for testing bilateral symmetry of bamboo leaf with
a simplified Gielis equation. Ecol. Evol. 6, 6798–6806. doi: 10.1002/ece3.
2407

Lobry, J. R., Rosso, L., and Flandrois, J. P. (1991). A FORTRAN subroutine for the
determination of parameter confidence limits in non-linear models. Binary 3,
86–93.

Frontiers in Plant Science | www.frontiersin.org 8 January 2022 | Volume 12 | Article 822907

https://www.frontiersin.org/articles/10.3389/fpls.2021.822907/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.822907/full#supplementary-material
https://doi.org/10.1038/s41586-021-03370-0
https://doi.org/10.1016/j.cub.2016.02.033
https://doi.org/10.1016/j.cub.2016.02.033
https://doi.org/10.1007/s10342-010-0438-4
https://doi.org/10.1007/s10342-010-0438-4
https://doi.org/10.1111/nph.13929
https://doi.org/10.1016/s1369-5266(00)00135-7
https://doi.org/10.1093/aob/mcq181
https://doi.org/10.3732/ajb.90.3.333
https://doi.org/10.3390/sym13010009
https://doi.org/10.1002/ajb2.1738
https://doi.org/10.1016/j.gecco.2019.e00793
https://doi.org/10.1063/1.4916213
https://doi.org/10.1016/j.cell.2019.05.011
https://doi.org/10.1016/j.cell.2019.05.011
https://doi.org/10.1007/s11676-021-01385-x
https://doi.org/10.3389/fpls.2018.00583
https://doi.org/10.1002/ece3.2407
https://doi.org/10.1002/ece3.2407
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-822907 January 11, 2022 Time: 14:26 # 9

Li et al. Ovate Leaves and Bilateral Symmetry

Milla, R., and Reich, P. B. (2007). The scaling of leaf area and mass: the cost of
light interception increases with leaf size. Proc. R. Soc. Biol. Sci. 274:2109e2114.
doi: 10.1098/rspb.2007.0417

Nelder, J. A., and Mead, R. (1965). A simplex algorithm for function minimization.
Comput. J. 7, 308–313.

Nicotra, A. B., Leigh, A., Boyce, C. K., Jones, C. S., Niklas, K. J., Royer, D. L.,
et al. (2011). The evolution and functional significance of leaf shape in the
angiosperms. Funct. Plant Biol. 38, 535–552. doi: 10.1071/FP11057

Niinemets, Ü, Portsmuth, A., and Tobias, M. (2007). Leaf shape and venation
pattern alter the support investments within leaf lamina in temperate species,
a neglected source of leaf physiological differentiation. Funct. Ecol. 21, 28–40.

Niklas, K. J. (1991). The elastic moduli and mechanics of Populus tremuloides
(Salicaceae) petioles in bending and torsion. Am. J. Bot. 78, 989–996.

Niklas, K. J. (1999). A mechanical perspective on foliage leaf form and function.
New Phytol. 143, 19–31. doi: 10.1046/j.1469-8137.1999.00441.x

Niklas, K. J., Cobb, E. D., Niinemets, Ü, Reich, P. B., Sellin, A., and Shipley,
B. (2007). Diminishing returns” in the scaling of functional leaf traits across
and within species groups. Proc. Natl. Acad. Sci. U.S.A. 104, 8891–8896. doi:
10.1073/pnas.0701135104

Palmer, A. R. (1994). “Fluctuating asymmetry analyses: a primer,” in Developmental
Instability: Its Origins and Evolutionary Implications, ed. T. A. Markow
(Netherlands: Kluwer), 335–364. doi: 10.1007/978-94-011-0830-0_26

Palmer, A. R., and Strobeck, C. (1986). Fluctuating asymmetry: measurement,
analysis, patterns. Ann. Rev. Ecol. Syst. 17, 391–421. doi: 10.1146/annurev.es.
17.110186.002135

R Core Team (2019). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for statistical computing.

Ratkowsky, D. A., and Reddy, G. V. P. (2017). Empirical model with excellent
statistical properties for describing temperature-dependent developmental
rates of insects and mites. Ann. Entomol. Soc. Am. 110, 302–309.

Reich, P. B., Walters, M. B., Tjoelker, M. G., Vanderklein, D., and Buschena,
C. (1998). Photosynthesis and respiration rates depend on leaf and root
morphology and nitrogen concentration in nine boreal tree species differing
in relative growth rate. Funct. Ecol. 12, 395–405. doi: 10.1046/j.1365-2435.1998.
00209.x

Rosso, L., Lobry, J. R., and Flandrois, J. P. (1993). An unexpected correlation
between cardinal temperatures of microbial growth high-lighted by a new
model. J. Theor. Biol. 162, 447–463. doi: 10.1006/jtbi.1993.1099

Runions, A., Tsiantis, M., and Prusinkiewicz, P. (2017). A common developmental
program can produce diverse leaf shapes. New Phytol. 216, 401–418. doi: 10.
1111/nph.14449

Schrader, J., Shi, P., Royer, D. L., Peppe, D. J., Gallagher, R. V., Li, Y., et al. (2021).
Leaf size estimation based on leaf length, width and shape. Ann. Bot. 128,
395–406. doi: 10.1093/aob/mcab078

Shi, P., Fan, M., Ratkowsky, D. A., Huang, J., Wu, H., Chen, L., et al. (2017).
Comparison of two ontogenetic growth equations for animals and plants. Ecol.
Model. 349, 1–10. doi: 10.1016/j.ecolmodel.2017.01.012

Shi, P., Liu, M., Ratkowsky, D. A., Gielis, J., Su, J., Yu, X., et al. (2019). Leaf
area-length allometry and its implications in leaf-shape evolution. Trees Struct.
Funct. 33, 1073–1085. doi: 10.1007/s00468-019-01843-4

Shi, P., Niinemets, Ü, Hui, C., Niklas, K. J., Yu, X., and Hölscher, D. (2020a). Leaf
bilateral symmetry and the scaling of the perimeter vs. the surface area in 15
vine species. Forests 11:246. doi: 10.3390/f11020246

Shi, P., Ratkowsky, D. A., and Gielis, J. (2020b). The generalized Gielis geometric
equation and its application. Symmetry 12:645. doi: 10.3390/sym12040645

Shi, P., Ratkowsky, D. A., Li, Y., Zhang, L., Lin, S., and Gielis, J. (2018b).
General leaf area geometric formula exists for plants—evidence

from the simplified Gielis equation. Forests 9:714. doi: 10.3390/f911
0714

Shi, P., Xu, Q., Sandhu, H. S., Gielis, J., Ding, Y., Li, H., et al. (2015). Comparison
of dwarf bamboos (Indocalamus sp.) leaf parameters to determine relationship
between spatial density of plants and total leaf area per plant. Ecol. Evol. 5,
4578–4589. doi: 10.1002/ece3.1728

Shi, P., Yu, K., Niklas, K. J., Schrader, J., Song, Y., Zhu, R., et al. (2021). A general
model for describing the ovate leaf shape. Symmetry 13:1524. doi: 10.3390/
sym13081524

Shi, P., Zheng, X., Ratkowsky, D. A., Li, Y., Wang, P., and Cheng, L. (2018a).
A simple method for measuring the bilateral symmetry of leaves. Symmetry
10:118. doi: 10.3390/sym10040118

Smith, W. K., Vogelmann, T. C., DeLucia, E. H., Bell, D. T., and Shepherd, K. A.
(1997). Leaf form and photosynthesis: do leaf structure and orientation interact
to regulate internal light and carbon dioxide? BioScience 47, 785–793.

Su, J., Niklas, K. J., Huang, W., Yu, X., Yang, Y., and Shi, P. (2019). Lamina
shape does not correlate with lamina surface area: an analysis based on the
simplified Gielis equation. Glob. Ecol. Conserv. 19:e00666. doi: 10.1016/j.gecco.
2019.e00666

Takenaka, A. (1994). Effects of leaf blade narrowness and petiole length on the light
capture efficiency of a shoot. Ecol. Res. 9, 109–114. doi: 10.1007/BF02347485

Thompson, D. W. (1917). On Growth and Form. London: Cambridge University
Press.

Wang, P., Ratkowsky, D. A., Xiao, X., Yu, X., Su, J., Zhang, L., et al. (2018).
Taylor’s power law for leaf bilateral symmetry. Forests 9:500. doi: 10.3390/f9080
500

Wang, T., Si, Y., Dai, H., Li, C., Gao, C., Dong, Z., et al. (2020). Apex structures
enhance water drainage on leaves. Proc. Natl. Acad. Sci. U.S.A. 117, 1890–1894.
doi: 10.1073/pnas.1909924117

Wei, H. L., Li, X. M., and Huang, H. (2019). Leaf shape simulation of castor bean
and its application in nondestructive leaf area estimation. Int. J. Agric. Biol. Eng.
12, 135–140. doi: 10.25165/j.ijabe.20191204.4040

Wright, I. J., Dong, N., Maire, V., Prentice, I. C., Westoby, M., Díaz, S., et al. (2017).
Global climatic drivers of leaf size. Science 357, 917–921. doi: 10.1126/science.
aal4760

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., et al.
(2004). The worldwide leaf economics spectrum. Nature 428, 821–827.

Yu, X., Shi, P., Schrader, J., and Niklas, K. J. (2020). Nondestructive estimation
of leaf area for 15 species of vines with different leaf shapes. Am. J. Bot. 107,
1481–1490. doi: 10.1002/ajb2.1560

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Zheng, Ratkowsky, Wei and Shi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 9 January 2022 | Volume 12 | Article 822907

https://doi.org/10.1098/rspb.2007.0417
https://doi.org/10.1071/FP11057
https://doi.org/10.1046/j.1469-8137.1999.00441.x
https://doi.org/10.1073/pnas.0701135104
https://doi.org/10.1073/pnas.0701135104
https://doi.org/10.1007/978-94-011-0830-0_26
https://doi.org/10.1146/annurev.es.17.110186.002135
https://doi.org/10.1146/annurev.es.17.110186.002135
https://doi.org/10.1046/j.1365-2435.1998.00209.x
https://doi.org/10.1046/j.1365-2435.1998.00209.x
https://doi.org/10.1006/jtbi.1993.1099
https://doi.org/10.1111/nph.14449
https://doi.org/10.1111/nph.14449
https://doi.org/10.1093/aob/mcab078
https://doi.org/10.1016/j.ecolmodel.2017.01.012
https://doi.org/10.1007/s00468-019-01843-4
https://doi.org/10.3390/f11020246
https://doi.org/10.3390/sym12040645
https://doi.org/10.3390/f9110714
https://doi.org/10.3390/f9110714
https://doi.org/10.1002/ece3.1728
https://doi.org/10.3390/sym13081524
https://doi.org/10.3390/sym13081524
https://doi.org/10.3390/sym10040118
https://doi.org/10.1016/j.gecco.2019.e00666
https://doi.org/10.1016/j.gecco.2019.e00666
https://doi.org/10.1007/BF02347485
https://doi.org/10.3390/f9080500
https://doi.org/10.3390/f9080500
https://doi.org/10.1073/pnas.1909924117
https://doi.org/10.25165/j.ijabe.20191204.4040
https://doi.org/10.1126/science.aal4760
https://doi.org/10.1126/science.aal4760
https://doi.org/10.1002/ajb2.1560
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Application of an Ovate Leaf Shape Model to Evaluate Leaf Bilateral Asymmetry and Calculate Lamina Centroid Location
	Introduction
	Materials and Methods
	Leaf Collection and Measurement
	Statistical Methods

	Results
	Discussion
	Link of the Validity of the Leaf Shape Equation to Lamina Bilateral Asymmetry
	Influences of the Lamina Centroid Ratio and Leaf Petiole Pattern on the Investment of Mass to Leaf Petiole

	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


