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Abstract 
The objective of this study was to obtain mathematical equations through the 
leaf dimensions to estimate the area leaf of Cordia myxa L. 392 leaves of 
plants were collected, located in the municipality of São Mateus, North of the 
State of Espírito Santo, Brazil, 300 of which were used to adjust the equations 
and 92 for validation. Of all the leaves, the largest length (L) and maximum 
width (W) were measured, product of multiplying the length with the width 
(LW) and the real leaf area (RLA). Models equation first degree linear, qua-
dratic and power were fitted, where RLA was the dependent variable as a 
function of L, W and LW as an independent variable. All equations were va-
lidated according to appropriate criterion. Thus, the power model  

( )0.97490.84ELA LW= , based on the product of multiplication of length with 
width (LW) is the most suitable for estimating the leaf area of Cordia myxa L. 
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1. Introduction 

Cordia myxa L. is a species native to Asia, popularly known as Assyrian plum 
and belonging to the Boraginaceae family, widespread especially in the tropics 
and temperate regions of the world, an ecological characteristic present in Bora-
ginaceae is the ability of many of its species to establish themselves in areas very 
disturbed, therefore being useful species for the reforestation of areas where the 
anthropic action is evident [1]. 
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The measurement of the area leaf can be an important parameter in studies 
related to plant morphology, anatomy and ecophysiology, as it allows to obtain a 
fundamental indicator for understanding the plant’s responses to environmental 
factors, since the leaves are the main organs responsible for photosynthetic 
process, its knowledge being able to estimate the loss of water through transpira-
tion, in addition to the absorption and conversion of light energy into chemical 
energy [2] [3]. 

The determination of the area leaf can be carried out by direct or indirect, de-
structive or non-destructive methods. The direct methods are those that use 
measurements made directly on the leaves, where they often require the removal 
of the leaf or other structures, which may not be possible, due to the limited 
number of plants, in the experimental plot, in its turn the indirect methods are 
based on the known correlation between a measured variable and the leaf area, 
obtaining precise and easy mathematical equations, this being a non-destructive 
method and the measures can be taken on the plant, without the need to remove 
structures [4]. 

The use of mathematical equations to estimate leaf area has been reported for 
several plant species [5]-[11]. However, no literature is lack of studies that seek 
to model the area leaf for Cordia myxa L. 

Thus, the objective of this study was to obtain mathematical equations and 
indicate the most appropriate for estimating the area leaf of Cordia myxa L. in a 
non-destructive way from the linear dimensions of the leaves. 

2. Material and Methods 

The study was carried out at the Federal University of Espírito Santo, Campus 
São Mateus, located in the North of the State of Espírito Santo, Brazil, with the 
following geographical coordinates: 18˚40'36'' south latitude and 39˚51'35'' lon-
gitude East. The climate of the region is characterized according to Köppen as 
tropical AW, with dry winter and rain during the summer [12]. 

The experiment was based on the collection of 392 leaves of Cordia myxa L. 
healthy and at different stages of development, in the four cardinal points, which 
did not present damage or attack from diseases or pests, as suggested by Oliveira 
et al. [6], soon the leaves were packed in plastic bags and quickly transported to 
the laboratory. In the laboratory, of each leaf, the largest length (L) and the larg-
est width (W) of the leaf blade was determined using a ruler graduated in cm 
(Figure 1). The length was measured along the main midrib, which is the dis-
tance between the base of the leaf at the point of insertion of the petiole to its 
apex, and the width, considered in the middle part of the leaf. Subsequently, the 
real leaf area (RLA) of each leaf was determined in cm2, with the aid of the Licor 
LI-3100 table meter. The product of multiplying the length with the width (LW 
in cm2) was also calculated. Descriptive statistics of the data were determined by 
obtaining the values of maximum, minimum, mean, amplitude, standard devia-
tion (SD) and coefficient of variation (CV). 
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Figure 1. Representation of the length (L) along the midrib and the maximum width (W) 
of leaves of Cordia myxa L. 
 

For the modeling, 300 leaves were used in which RLA was defined with the 
dependent variable as a function of L, W or LW as independent variables, being 
tested the models first degree linear represented by 0 1

ˆ ˆELA xβ β= + , quadratic 
represented by 2

0 1 2
ˆ ˆ ˆELA x xβ β β= + +  and power represented by 1̂

0
ˆELA xββ= , 

totaling nine equations and their respective coefficient of determination (R2). 
For validation, the L, W and LW values of 92 leaves that were sampled for this 

purpose were replaced in the equations proposed in the modeling, thus obtain-
ing the estimated leaf area (AFE), in cm2. A simple linear equation  
( 0 1

ˆ ˆELA xβ β= + ) was thus adjusted, where ELA was used as a dependent varia-
ble as a function of RLA. The hypotheses 0 0: 0H β =  versus 0 0:aH β ≠  and 

0 1: 1H β =  versus 1 1:aH β ≠  were tested, using the Student t test at 5% prob-
ability. The mean absolute error (MAE), the root of the root mean square error 
(RMSE) and the Willmott d index [13] were also determined for all equations 
estimated using expressions 1, 2 and 3. 
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where: ELA, are the estimated values of leaf area; RLA, are the real values of leaf 
area; RLA  is the average of the real leaf area values; n, is the number of leaves 
sampled for validation, 92 in the present study. 

The criterion for selecting the best models was based on linear coefficient 
( 0β ) is not different from zero, slope ( 1β ) is not different from one, values of 
the mean absolute error (MAE) and root mean square error (RMSE) closest to 
zero and Willmott’s d index [13] closest to one. 

Statistical analyzes were performed with the aid of the R software [14], with 
scripts developed for the data package ExpDes.pt version 1.2 [15]. 
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3. Results and Discussion 

High variability of the sampled data was observed, verified by the high ampli-
tude, with values above the average for all characteristics (Table 1), in addition, 
the values of the coefficient of variation (CV) were higher than 25.30% for both 
the sample used for modeling as for the sample used for modeling, these values 
being considered high or very high [16]. This high variation was also found by 
several authors when studying mathematical models to estimate the leaf area of 
other species [7] [10] [11]. These data point out that in the sample collected 
there are leaves of different stages of development and consequently of different 
sizes, which is a fundamental characteristic in the study of modeling, since the 
adjusted equations can later be used throughout the crop cycle [5] [8].  

The nine equations adjusted to estimate the leaf area of Cordia myxa L. 
through their linear dimensions can be seen in Table 2. Note that there was a 
better relationship between the real leaf area (AFR) and the product of multip-
lying the length with the width (LW) in the three models studied with coeffi-
cient of determination (R2) greater than 0.98, showing that more than 98% of 
the area leaf of Cordia myxa L. leaves can be explained by LW. This better re-
lationship can be explained since the length and width are different measures 
and when combined they become more appropriate than when used indivi-
dually [17]. However, we must not pay attention only to the high values of R2 
when choosing the best equation, because its use, without any other validation 
criteria, may imply an erroneous estimate of the leaf area [18]. 

When analyzing the coefficients of the nine adjusted equations (Table 3), five 
equations showed results not significantly different from zero for the linear coef-
ficient ( 0β ) and not significantly different from one for the slope ( 1β ). This 
finding suggests that for these equations, as 1 cm2 in the real leaf area increases, 
the equation will add 1 cm2 in the estimated leaf area and when the real leaf area 
is 0 cm2, the model will estimate a leaf area of 0 cm2 [9]. However, despite the  
 
Table 1. Descriptive statistics with value minimum, maximum, mean, amplitude, stan-
dard deviation (SD) and coefficient of variation (CV) of the variables: length (L); width 
(W); product of the length and width (LW) and real leaf area (RLA) of leaves of Cordia 
myxa L. 

Variable Unit Minimum Max Average Amplitude SD CV 

300 leaves were used for modeling 

L cm 2.20 18.50 12.21 16.30 3.49 28.57 

W cm 1.50 13.40 8.40 11.90 2.33 27.72 

LW cm2 3.30 227.94 109.93 224.64 51.92 47.23 

RLA cm2 2.15 165.75 81.81 163.60 38.13 46.61 

92 leaves for validation 

L cm 4.00 18.80 10.82 14.80 3.06 28.28 

W cm 2.70 12.40 7.34 9.70 1.86 25.31 

LW cm2 10.80 208.68 84.36 197.88 42.31 50.15 

RLA cm2 6.90 156.27 62.95 149.37 30.88 49.05 
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Table 2. Equation with linear adjustment of first degree, quadratic and power and its re-
spective coefficient of determination (R2) using the real leaf area (RLA) as dependent va-
riable, in function of length (L), width (W), product of length with width (LW) of leaves 
of Cordia myxa L. 

Model Equation R2 

Linear ( )44.5504 10.3528ELA L= − +  0.9562 

Linear ( )51.0881 15.8153ELA W= − +  0.9453 

Linear ( )1.530010 0.730324ELA LW= +  0.9980 

Quadratic ( ) ( )26.18991 2.52336 0.35508ELA L L= − + +  0.9794 

Quadratic ( ) ( )218.40043 6.56575 0.59243ELA W W= − +  0.9760 

Quadratic ( ) ( )20.5416317 0.7537996 0.0001077ELA LW LW= + +  0.9980 

Power ( )1.77180.9202ELA L=  0.9787 

Power ( )1.77721.7727ELA W=  0.9760 

Power ( )0.97490.84ELA LW=  0.9980 

 
Table 3. Linear coefficient (β0), slope (β1) and determination coefficient (R2), obtained 
from equations with first line linear adjustment between real leaf area (RLA) and esti-
mated leaf area (ELA) of linear equations of first degree, quadratic and power for the in-
dependent variables length (L), width (W) and product of length and width (LW), besides, 
mean absolute error (MAE), root mean square error (RMSE) and Willmott d index of 
leaves of Cordia myxa L. used for validation. 

Model Variable β0(1) β1(2) R2 MAE RMSE d 

Linear L 0.1353ns 0.9315* 0.9125 8.3482 10.4170 0.9718 

Linear W −2.5234ns 1.0071ns 0.9184 7.0333 9.0634 0.9770 

Linear LW 0.0443ns 0.9963ns 0.9938 1.8806 2.4475 0.9984 

Quadratic L 2.2029ns 0.9213* 0.9216 7.2919 9.4981 0.9769 

Quadratic W −3.2847ns 1.0389ns 0.9324 6.0627 8.1441 0.9810 

Quadratic LW 0.2068ns 0.9933ns 0.9938 1.8823 2.4448 0.9984 

Power L 2.1869ns 0.9218* 0.9215 7.2941 9.4895 0.9769 

Power W −5.3833* 1.0684* 0.9339 6.2172 8.2288 0.9801 

Power LW 0.0796ns 0.9948ns 0.9938 1.8785 2.4438 0.9984 

(1) nsValue of β0 does not differ from zero by Student’s t-test, at a level of 5%; (1) *Value of β0 differs from 
zero by Student’s t-test, at a level of 5%; (2) nsValue of β1 does not differ from one, by Student’s t-test, at a 
level of 5%; (2) *Value of β1 differs from one, by Student’s t-test, at a level of 5%. 

 
fact that five equations have no significant effect for 0β  and 1β , the power 
model equations adjusted from the product of the length with the width proved 
to be more effective in determining the leaf area of Cordia myxa L. because it in-
dicates less error in the estimation verified by the values of the mean absolute 
error (MAE) and root mean square error (RMSE) closer to zero, besides, of in-
dex values d closer to one. 
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Figure 2. Adjusted equation of power model and its coefficient of determination (R2), 
using the real leaf area (RLA) as dependent variable, as a function of the product of length 
and width (LW) of leaves of Cordia myxa L. 
 

The equations adjusted with only one measurement of the leaf surface (L or 
W) are easier to use in practice [8]. However, this type of equation is less accu-
rate and may require different adjustments throughout the vegetative cycle of 
the plants, thus requiring different equations for the different stages of develop-
ment [19]. Thus, the results presented here show us that the equation 

( )0.97490.84ELA LW=  whose behavior can be seen in Figure 2 is the most ac-
curate in estimating the leaf area of Cordia myxa L. This equation was chosen 
because it presents the best results when submitted to appropriate validation 
methods [20]. 

4. Conclusion 

The power model equation represented by ( )0.97490.84ELA LW=  adjusted 
from the product of the length with the width is the most accurate in estimating 
the leaf area of Cordia myxa L. and can be used without the easy way without the 
need to destroy the leaves. 
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