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Abstract:

The Montgomery model has been proved to be suitable for the leaf area estimation, that is, A
= cml xL xW. However, the same plant affected by different genes causes the variation of
leaf shape. The effects of allometric growth and variation of ramie leaf on the parameter
(cml) of Montgomery model still needs further exploration. In this study, a total of 3020
leaves were taken from 151 varieties in the ramie germplasm resource nursery (20
leaves/variety). Based on the root mean square error (RMSE) and the parameter (cml)
variation coefficient, six mathematical models of leaf area were compared. The results show
that the Montgomery model is the optimum support model. It is also found that the parameter
(cm1) of Montgomery model of ramie leaf with different genes varies greatly, which ranges
from 0.5633~0.6621; the morphological variation of ramie leaf can be described by the
change in oval parameters (a, b, ¢) and the length of leaf opex, and partially explain the
change in the parameters of Montgomery mod-el. Therefore, in order to improve the accuracy
of leaf area estimation of Montgomery model, the allometric growth and variation of ramie
leaf with different genes should be considered.

Keywords: Ramie, Montgomery model, Leaf area estimation, Allometric growth,
Morphological variation.

I. INTRODUCTION

As proposed as a similarity principle of organism [1], the area and weight of an organism are
respectively proportional to the square of its length (the area—length allometry), and the 3/2
power of its surface area (the weight-area allometry) at a constant density. Actually in the
estimation of biological data, the allometric growth indicators of the area-length and weight-area
relationships of an organism is close but not exactly equal to 2 and 3/2. For example, the
allometric growth relationship among the surface area, length, and weight of six fish varieties
indicated wide estimate ranges for their allometric growth indicators from 1.88~2.22 and
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1.54~1.69, respectively [2]. The main reason is that organisms vary greatly in the area-length and
weight-area allometric growth indicators, and for the same organism, they could be affected by
different genes and environmental factors [3]. The leaf is an important organ for the
transpiration, photosynthesis and heat balance [4]. The leaf area, weight, thickness, and leaf mass
per unit area are significant functional indicators [5,6]. These indicators are affected by genes,
environments, and agronomic practice or management [7-9]. At the same time, they reflect the
growth status of plants that affect plant growth rate, fruit development quality and harvest yield
[10-13]. Therefore, functional indicators of these leaves are widely used in physiological and
ecological researches.

The leaf area, an important parameter of plant canopy, has significant influence on the light
interception and penetration, leaf energy balance and solar radiation distribution. In order to
quickly and easily estimate the functional indicators, such as leaf area and dry weight, the
relationship model between the functional indicators of leaf has been investigated [14-20].
Montgomery proposed a formula for the leaf area (A) of the corn (herein after referred to as
Montgomery Model) as: A = ¢ xL xW, where c is a fitting constant; L is leaf length and W is leaf
width [21,22]. Subsequently, Montgomery Model was proved to be also suitable for the
calculation of leaf area, such as, rice and sorghum [23,24]. Therefore, this model has been
widely used in leaf area estimation for field crops. Peijian Shi based on the leaf morphology of
six plant groups, Montgomery Model was validated, and used to estimate the ratio range of the
leaf area to the product of leaf length and width: (1/2, 7/4)[25].

The ratio mentioned above varies among plants within a population. At the same time, the
ratios for the same plant species are also largely affected by genes and environmental factors
[26,27]. However, only very limited information is available about the relationship between the
leaf indicators. Therefore, 151 ramie varieties were sampled as a representative germplasm
collection and used to determine the relationship among the ramie leaf area, length and width.
The change range of parameters of Montgomery Model of ramie leaf with different gene types
was explored, and explained from the morphological variation.

Il. MATERIALS AND METHODS
2.1. Plant Materials
The plants were collected from the ramie germplasm resource nursery in this study. The
nursery is located at the Yunyuan Teaching Base of Hunan Agricultural University, Changsha,
China (N28°11'01.981", E113°04'10.159"), with humid subtropical monsoon climate. With

abundant rainfall, good light and heat conditions, ramie grows well in the nursery. A total of 151
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ramie varieties, including Huazhu No. 4, Manyuanzuan and Niu'erging, were sampled to
represent the ramie germplasm collection, all of which were transplanted on January 16, 2018.
The field trial was divided into six blocks, each with 26 plots (each with a ramie variety). The
planting map for the germplasm resource was shown in Appendices Table S1.

2.2. Data Collection

One week before the second-season ramie harvest, 10 ramie plants were randomly selected
from each variety, and the 5th and 6th real leaves from the top of each plant were collected with
a total of 20 leaves. The leaf image was taken in a dark box, and the image processing method
was then used to obtain leaf data. The operation details are as follows: (1) The Photoshop
software is used to preprocess the images and obtain leaf information. (2) After converted into a
binary image in MATLAB.2016, leaf tip and petiole are marked by human-computer interaction;
specifically, the mouse is used to mark the leaf tip, searching for the petiole based on the
maximum distance measurement, and rotating the image to make the leaf tip straight down based
on the direction of leaf tip-petiole segment. (3) The toolbox regionprops in MATLAB is used to
obtain the leaf area, length and width (the smallest rectangle on the periphery). (4) The leaf
information data obtained by the image recognition processing are all in pixel, and the leaf
length, width and area are calculated in accordance with the pixel value represented by each
centimeter.

2.3. Statistical Analysis

Models 1-6 were used for fitting the data of leaf area (Table I). In Model 1 (Montgomery
model) , it is assumed that the leaf area is proportional to the rectangle area (leaf length and width
are its two sides). For the simplicity, the parameter (cml) in the Model 1 was called the
Montgomery parameter. In Model 2, plane projection was used to reveal the proportional
relationship between leaf and rectangle areas. Models 3 and 4 represent the relationship among
the leaf area, length and width respectively. In Models 5 and 6, it was assumed that the leaf area
is proportional to the squares of leaf length and width respectively, which was proposed by
Thompson's similarity principle.

Table I. Six equation measurement models for leaf area

No. Model type No. Model type
Model 1 A=Cnn1 (LXW) Model 4 A=CraW"™
Model 2 A=Cpp;p (LXW) " Model 5 A=Cps L*
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Model 3 A=Cp3 LP™ Model 6 A=CmgW*

In Model 1, c,y=exp(al); the exponential constant and intercept in other models also have a similar relationship; A =leaf area; L
=leaf length; W=leaf width; Wt = leaf weight; and other symbols are the parameters to be input.

The goodness-of-fit of model was measured by the following equation:

RMSE = /Y1, (0BS; — SIM;)?/n (1)
In equation (1) OBS; is the leaf area; i is the i-th leaf; SIM;is the estimated value of model.

The standard deviation coefficient (Vo) was used to measure the dispersion of data.

V,(x) = g ()

In equation (2) o is standard deviation; X is mean.

The effectiveness of leaf area estimation [28] was evaluated by the cross-validation. Two
sampling methods were used. One was to randomly sample varieties, then the leaves of the
selected varieties were taken as samples (random varieties sampling). The other was to randomly
sample leaf samples from all the 151X20 leaves (random leaf sampling). The sampled leaves
were divided into two parts. One part (leaves of 1-150 varieties sampled by varieties sampling or
(1-150) X20 leaves sampled by leaf sampling) was randomly selected and kept as the data for

model validation, and other samples were used for the pre-test. The cross-validation was repeated
10,000 times, and the RMSE was used as the final estimation effect.
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111. RESULTS
3.1. Goodness-of-fit of Area Model
@
Y
@ L
L
L
@ @
- o U o X
. R— e W 3

Fig 1: Schematic diagram of the ramie leaf morphological indicators

“L” is denoted leaf length; “W” is denoted leaf wide; the area of purple border is the leaf area; circle @ is denoted leaf opex; circle
@ is denoted leaf basis point.

The morphological indicators of ramie leaves are shown in Figure 1. The data of all varieties
were taken to test the overall fitting model (Figure 2). The RMSEs estimated for six models in
order are 5.06, 5.01, 13.23, 7.64, 14.18, and 8.86. The goodness-of-fits for Models 3-6 are
obviously worse than those of Models 1 and 2 (Model 2> Model 1; Model 4 > Model 3; Model 6
> Model 5).
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“Mean”is denoted mean of the RMSE,”V§”is denoted standard-deviation of the parameter of model fitting for each variety.
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Fig 2: Overall fitting model based on the leaf data of all varieties
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Fig 3: Frequency histogram of RMSE of model fitting for each variety.
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150 The model was fitted with the data based on the classification of 151 ramie varieties. The
151 frequency distribution of RMSEs and the corresponding means in Fig 3 show that the
152 goodness-of-fit based on the classification of varieties is similar to the overall goodness-of-fit
153 based on the data of all varieties, that is, the goodness-of-fits of Models 3-6 are obviously inferior
154 tothose of Models 1 and 2, of which Model 2> Model 1; Model 4 > Model 3; Model 6 > Model 5.
155

156 3.2 Parameter Consistency of Area Model
157
158 According to the classification of varieties, the leaf area data were used to fit the model. The

159 standard deviation coefficients of the fitted parameters (¢ and by) in Fig 3 show that the
160  parameters (cm and by,) consistency of Models 1-6 is ordered not the same as the goodness-of-fit
161 (Model 1> Model 2; Model 4 > Model 3; Model 6 > Model 5).

162

163 3.3 Cross-Check of Area Model

164

165 The leaf samples were divided into the training and testing sets for cross-check of area model.
166 In the training and testing set, two sampling methods were used: variety sampling and leaf
167 sampling. The variety sampling is to randomly select some from 151 varieties, and all the
168 selected varieties are used as the training set. The leaf sampling is to randomly select some from
160 all samples (3020 leaves) as the training set.

170
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Fig 4: Cross-check of area model by sampling varieties and by sampling leaf samples

As shown in Fig 4, random variety sampling and random leaf sampling show that the
prediction error (RMSE) is related to the capacity of training set in the model test, and becomes
smaller with the increase of sample size (number of varieties), that is, the predictive ability of
model depends on the capacity of training set; when the training set more than 280 leaves, the
result is opposite, that is, the prediction effect of Model 2 is slightly better than that of Model 1.
When sample size (the number of varieties) is big enough (n>280), based on the random variety
sampling, the prediction effects of models were ranked as follows: Model 1>Model 2>Model
5>Model 3>Model 6>Model4.

IVV. DISCUSSION
4.1 Selection of Leaf Area Model

The Montgomery model has been proven effective in predicting the leaf area of many crops
[23,24]. In fact, Fig 3 confirmed that the variation coefficient of parameters (c and b) of
Montgomery model is indeed very small, and the relative prediction error of Model 1 is about
3%. Therefore, the Montgomery model can be used for predicting the leaf area of ramie. Fig 3
indicates that Model 1 has more consistent fitting parameters than Model 2. At the same time, for
the 99.7% confidence interval of proportion indicator, Model 2 includes Model 1. Therefore,
according to standard [29], Model 1 can be used to replace Model 2. The predictive ability of a
model depends on its structure and the sample size in the training set. The resampling in this
paper also confirmed this. The larger the sample size in the training set, the better the prediction
ability; When the sample size (the number of leaf) is big enough (n is more than 90), the Model 2
IS better.
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4.2 Effect of Leaf Variation on the Model

The effect of morphological variation in leaf area on Montgomery model is rarely discussed.
If the leaf morphology conforms with the principle of similarity, the leaf length and leaf area will
be proportional to leaf width and the product of leaf length and width respectively. Conversely, if
the relationship between the leaf area and the product of leaf length and width changes, the leaf
morphology will not conform to the principle of similarity. Classified by varieties, to fit
Montgomery model, 95% confidence interval of the parameters were (0.5674, 0.6498). The
mean for the interval length is 13.54%, ranging from 0.5633 to 0.6621. And the difference
between the two is 16.23% of the mean. Therefore, it is concluded that the relationship between
the leaf area and the product of leaf length and width does not strictly conform to the principle of
similarity, which is not strictly valid. Goodness-of-fits indicate the following order (from the
best to worst): Models 5, 3, 6 and 4. Models 5 and 3 are generally better than Models 6 and 4, that
is, the leaf width as a factor can better explain the leaf area than the leaf length.

The shape of ramie leaf is close to the oval. The lower end is nearly semicircular, and the
upper end is nearly parabolic, as shown in the following formula (3).

—+%—1y>0
3 ©)
—+—2—1YSO
Its area is as follows:
S=2f0ba 1—%dy+2f0ba 1—§dy=§ab+gac 4

In equation (4) S is leaf area; a is leaf width; b+c is the leaf length.
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bl

Variety with the minimum Variety with the maxmum < W B
Montgomery parameter Montgomery parameter

Fig 5: Morphological variation of ramie leaf

The oval area is 0.666< S <0.785. When ¢ = 0, the oval is parabolic, and its area S is
0.667xLxW,; when b = 0, the oval is parabolic, and its area S is 0.785xLxW. The coefficient of
leaf area S is affected by the ratio of oval parameters b to c. The smaller the b:c, the larger the
coefficient of area S; when the length and width of oval leaf are equal, the smaller the b:c, the
larger the area S. However, it is found that the parameters of the fitted Montgomery model range
from 0.5633 to 0.6621, which is smaller than the lower bound value (0.666) of coefficient of oval
area S. The main reason is that the leaf shape of ramie has long and thin leaf opex, which is
difference in the length for different varieties (Fig 4). There are variations in the leaves of
different varieties. Therefore, the differences of varieties should be taken into consideration, and
the leaves of different varieties should be taken to collect data for the establishment of a unified
model.

It is assumed that when the oval is semicircular, the leaf area (S)=0.667xLXW (i.e.b=0); in
the Montgomery model 1 (S=cm1xLxW), cm1=0.667; When the oval is parabolic, the leaf area
(S)=0.785%LxW (i.e.b=0); in the Montgomery model 1 (S=cm1xLxW), cm1 =0.785. As we can
see, the size of cml is affected by b and c. The smaller b:c, the larger cm1; when the leaf length
(L) and leaf width (W) are equal, the smaller b: c, the larger the area (s). We know that the value
range of cm1 is (0.5633,0.6621), in which the maximum value is less than the lower bound of the
ovate area formula coefficient of 0.667. The main reason is that ramie has long and thin leaf
opex, and the length of whiskers of various varieties is different (Fig 5). There are variations in
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the leaves of different varieties. Therefore, the differences of varieties should be taken into
consideration, and the leaves of different varieties should be taken to collect data for the
establishment of a unified model.

V. CONCLUSIONS

This study has proved that Montgomery model is suitable for estimating the leaf area in ramie
by using the leaf length and width; the Montgomery parameter (cm1) is estimated to be 0.6081,
and its 95% confidence interval is (0.5633, 0.6621). Different varieties of plants have different
ratio coefficients of the leaf area to the product of leaf length and width. The same plant is also
different due to the regulation of gene mutation and environmental factors. It is found that there
are two reasons for the leaf variation among varieties of ramie; one is the change of oval
parameters (a, b, c), and the other is the change in length of leaf opex, which affects the
Montgomery parameter (cml) values. In order to establish a model suitable for the area
estimation across varieties is established, leaves from a diverse panel of germplasm should be
investigated as in this study.

This paper verified the effectiveness of Montgomery model for rapid leaf area measurement,
put forward strategies to improve the accuracy of estimation model, and explained the reasons
for the differences in parameters of different varieties of leaf area estimation model. In future
studies, we can further use Montgomery parameter to estimate leaf area to explore the
classification of varieties, and then carry out the association of leaf shape associated genome.
In addition, it is also Interesting and valuable research to improve the oval function used in this
paper for the simulation and visualization of leaf shape.
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Appendices
Table S1. The planting map for the germplasm resource
/ / 83101 | UM 183103 | vema
;(moyeluga Ganzhu 4 Xinyuma | Q5 rl:lg;uerql Gaoanma
Tongpiging gf]a”y“anzu Ganzhu 3 | 3-11 219 | 2-12
Zhongyixue | 5 47 27 3-10 7-8 7-15
Xlao
1-33 4-7 13 7-5 221|115
3-42 Xiangzhu 3 | 1-16 6-35 3-40 |43
fhongs'Zh” 2.41 3-1 3-26 216 | 2-23
2-26 3-2 1-28 19 213 |1-24
3-32 9-2 2-2 Huazhu5 | 2-35 | 3-8
1-36 1-37 2.1 Xinzeng | 4 g 3-25
Rami 1
Ceme
e 2-10 8Ch“a”2h” 3-30 1-7 320 |44 nt
nurser
road
y 3-34 Huazhu4 | 4-2 1-35 237|132
2-30 2-14 2-3 3-6 335 |34
4-8 1-18 3-31 1-23 2-34  [3-23
3-41 1-8 2-29 3-9 329 [1-13
1-14 3-33 3-28 2-32 319  [2-38
3-21 1-22 3-3 3-24 129 |/
2-20 3-38 35 Xiang7 |[3-22 |15
1-41 3-16 9-35 1-11 217|125
3-39 3-36 2.28 1-10 231 | Zhongyimale
ISUO
1-27 gh"”gz“” 1-17 1-21 312 |28
2-5 1-2 fh“m”g 1-6 1-39 |41
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4-6 4-5 1-34 1-4 1-30 /

2-36 2-18 2-25 1-1 1-20 2-15
3-14 3-18 1-26 / T-1 2-11
1-12 3-7 2-27 2-39 2-40 3-15
House 6 House 5 House 4 | House3 | House 2 | House 1
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