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Mathematical Modeling to Estimation Leaf Area
of Pimenta dioica from Linear Dimensions

ABSTRACT

The objective of this work was to obtain regression equations and to indicate the most
appropriate from different mathematical models for the estimation of the leaf area of Allspice
(Pimenta dioica) by non - destructive method. 500 leaves of plants located in the municipality
of S8o Mateus, North of Espirito Santo State, Brazil, were collected, 400 of which were used
to adjust the equations and 100 for validation. The length (L) along the main midrib, the
maximum width (W), the product of the length with the width (LW) and the observed leaf
area (OLA) were measured from all leaves. We fitted models of linear equations of first
degree, quadratic and power, where OLA was the dependent variable in function of L, W and
LW. From the 100 sheets intended for validation, and using the adjusted equations for each
mathematical model, the estimated leaf area (ELA) was obtained. Subsequently, a simple
linear regression was fitted for each model of the proposed equation in which ELA was the
dependent variable and OLA the independent variable. The means obtained from ELA and
OLA were compared by Student's t test 5% probability. The mean absolute error (MAE), the
root mean square error (RMSE) and Willmott's index d were also determined. The best fit
had as selection criterion the non-significance of the comparative means of ELA and OLA,
MAE and RMSE values closer to zero and value of the coefficient of determination
coefficient (R?) close to one. Thus, the power model (ELA = 0.7605(LW)**?® and R? =
0.9764) based on the product of length and width (LW) is the most appropriate for estimating
the leaf area of Pimenta dioica.
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1. INTRODUCTION

Allspice (Pimenta dioica) is a species widely used in cooking as a spice and seasoning. In
Central America and the Caribbean, its use is present in folk medicine, where its leaves are
used in the treatment of diabetes, hypertension, obesity, influenza, cold, fever, digestive tract
problems, abdominal pain and menstrual cramps [1].

The leaf is a fundamental organ of plants, so the determination of the leaf area allows
studying factors such as photosynthesis, evapotranspiration, plant growth and development,
light interception and responses to stimuli such as irrigation and fertilization [2]. Thus, there
are direct and indirect methods to determine the leaf area of a plant. The direct methods
mostly consist of techniques that involve the destruction of the leaves, necessitating
equipment that is not always accessible [3]. Indirect methods, on the other hand, are non-
destructive, simple, fast and do not require specific equipment [4].




Among indirect methods, the estimation of leaf area through mathematical equation models
has been widely used. These models are based on the relation between linear dimensions of
the leaves as the length and the width or the interaction of both measures, and these models
can be used in the field, under different stages of development and growth of plants, non-
destructive manner, low cost and high degree of precision [5].

Mathematical models for estimating leaf area have already been developed for various
crops, such as Cucumis melo L. [6], Crambe abyssinica [7], Jatropha curcas [4], Passiflora
spp. [8], Coffea canephora [9], Vitis vinifera L. [10], Passiflora mucronata [11], Annona
cherimila Mill. [12], Crotalaria juncea [5], Litchi chinensis Sonn. [13], and Prunus armeniaca
L. [14].

Different species present distinct leaf anatomy requiring specific models that estimate the
leaf area for each of them. In this sense, the objective of this study was to generate
regression equations and test from mathematical models estimating the leaf area of Pimenta
dioica from linear dimensions of the leaves, of form non-destructively.

2. MATERIAL AND METHODS

The study was conducted with the species Pimenta dioica, known as Allspice, whose leaves
were collected in the municipality of Sdo Mateus, North of the State of Espirito Santo, Brazil,
located at 18°40'36" south latitude and 39°51'35" east longitude. The region is characterized
by tropical AW (tropical humid) climate, with rainfall in summer and dry winter according to
the classification of kbppen [15].

500 leaves of 12 different plants were counted, and in each sampled plant, leaves were
collected at all stages of development at the four cardinal points, which did not present
damage or attack of diseases or pests, as suggested by Oliveira et al. [13]. The leaves were
packed in plastic bags and transported to the Plant Improvement Laboratory of the
University of Espirito Santo (CEUNES).

The length (L) along the main midrib and the maximum width (W) of the leaf blade were
measured in cm with ruler graduated in millimeters (Fig. 1). Subsequently, the multiplication
of the length along the main midrib and the maximum width of the leaf blade (LW), in cm?,
were determined. The observed leaf area (OLA, in cm?) was determined through images of
the scanned leaves, with the aid of a Photosmart C4280° scanner. The images were saved
in the formed TIFF (Tag Image File Format) with 75 dpi and processed with the help of
ImageJ® software [16].
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Fig. 1. Representation of the length (L) along the midrib and the maximum width (W)
of leaves of Pimenta dioica

Among the 500 leaves, two groups, one with 400 leaves and the other with 100 leaves, were
randomly selected, which were used, respectively, to adjust the modeling and for validation.
In both groups, for the characteristics L, W, LW and OLA, the descriptive statistic was
determined obtaining the minimum, maximum, mean, amplitude and coefficient of variation
(CV) values.

For modeling, OLA was used as a dependent variable in function of L, W and LW as
independent variables, being tested the models linear of first degree represented by
ELA = B, + B;x , quadratic represented by ELA = B, + B,x + B,x? and power represented by

ELA = Boxﬁl, totaling nine equations for the estimation of the leaf area of Pimenta dioica.

For the validation the values of L, W and LW of the 100 sheets sampled for this purpose
were substituted in the proposed equations for modeling, thus obtaining the estimated leaf
area (ELA), in cm® A simple linear regression was then fitted (ELA = f, + B,x) and their
respective determination coefficient (R%) for each modeling equation, where ELA was used
as a dependent variable in function of OLA.

It was also determined the mean absolute error (MAE), the root mean square error (RMSE)
and Willmott's index d [17], for all nine equations estimated by expressions 1, 2 and 3.

MAE = ﬁ n |ELA — OLA| 1)

RMSE = \/ﬁz?ﬂ(ﬁm — OLA)? )
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In which: ELA, are the estimated values of leaf area; OLA, are the observed values of leaf
area; OLA is the average of the leaf area values observed and n, is the number of sheets
sampled for validation, being 100 in the present study.



The criteria used to select the best model that estimated the leaf area of the Pimenta dioica
in function of L, W and LW were: coefficients of determination (R?) closest to one; MAE and
RMSE close to zero and index d closer to one. Statistical analyzes were performed using
software R [18], with scripts developed for the ExpDes.pt version 1.2 data package [19].

3. RESULTS AND DISCUSSION

The high variability found in leaf size, verified by the amplitude and high coefficient of
variation (CV) of the length (L), the width (W), product of the length with the width (LW) and
the observed leaf area (OLA) (Table 1), is important for the establishment of mathematical
models, since it allows to verify the use of sheets of different sizes in the generation of the
equations. According to Pezzini et al. [20] this high variability is desired since it indicates the
presence of small, medium and large leaves in the sample, resulting in more precise
mathematical models that estimate the leaf area with better precision of the different phases
of the development of the plant. Thus, the adjustment of equations from models should be
from a high range of leaf sizes collected in different parts of the plant [21, 5]

In relation to the leaves used for the validation, the values of the characteristics studied were
between the range of the values used for the establishment of the mathematical models,
since the extrapolation of the data may lead to mis estimate of the leaf area [22].

Table 1. Descriptive statistics with value minimum, maximum, average, amplitude and
coefficient of variation (CV) of the variables: length (L); width (W); product of the
length and width (LW) of leaves of Pimenta dioica

Variable Unit Minimum Maximum  Average Amplitude CV (%)

400 leaves were used for modeling

L cm 3.00 14.00 8.44 11.00 23.31
W cm 2.10 8.70 5.03 6.60 21.84
LW cm2 6.72 117.45 44.33 110.73 41.84
OLA cm2 4.65 87.43 32.77 82.78 41.91

100 leaves for validation

L cm 5.00 13.50 8.65 8.50 20.53
w cm 2.70 7.30 4.98 4.60 20.86
LW cm2 13.50 98.55 44.58 85.05 38.64
OLA cm2 9.87 71.47 32.68 61.60 38.65

Among the nine equations adjusted for the different models tested, it was observed that the
LW based equations as independent variable presented better prediction in the leaf area
estimation, and the three models proposed in this study (linear first degree, quadratic and
power) presented similar behavior in relation to the coefficient of determination (R?). Thus,
the models linear first degree (ELA = 0.342431 + 0.731690(LW) and R? = 0.9763), quadratic
(ELA = 0.9932763 + 0.7004475(LW) + 0.0003180(LW)? and R? = 0.9764) and power (ELA =



0.7605(LW)*%9?® and R? = 0.9764) are the most adequate in the estimation of leaf area of
Pimenta dioica, taking as base only the coefficient of determination.

However, R? should not only be used as a criterion for choosing the best fit of the equation,
since its application may lead to an inaccurate estimation of the leaf area, thus requiring the
use of adequate techniques to validate the data [23]. Thus, in the present study, the mean
absolute error (MAE), the root mean square error (RMSE) and the Willmott d index should
be taken into account in the selection of the model that best estimates the leaf area of
Pimenta dioica.

Table 2. Equation with linear adjustment of first degree, quadratic and power and its
respective coefficient of determination (R? using the observed leaf area (OLA) as
dependent variable, in function of length (L), width (W), product of length with width
(LW) of leaves Pimenta dioica

Model Equation R?
Linear ELA = —22.763 + 6.577 (L) 0.8881
Linear ELA = —26.4029 + 11.7638 (W) 0.8854
Linear ELA = 0.342431 + 0.731690(LW) 0.9763
Quadratic ELA = —3.12129 + 1.66112 (L) + 0.29095(L)? 0.8991
Quadratic ELA = —8.1467 + 4.2357(W) + 0.7399(W)2 0.8931
Quadratic ELA = 0.9932763 + 0.7004475(LW) + 0.0003180(LW)? 0.9764
Power ELA = 0.7386(L)17610 0.8989
Power ELA = 1.6298(W)18363 0.8908
Power ELA = 0.7605(LW)%-9926 0.9764

In the validation of the equations from 100 leaves destined randomly for this purpose (Fig. 2)
the model using LW was more accurate in the estimation of the leaf area of Pimenta dioica.
This model presented higher R* values in the modeling and validation equation. The MAE
and RMSE in the LW based models were smaller than in the equations obtained only when
L or W was used individually, and this same behavior was observed by Carvalho et al. [5]
studying the leaf area estimation for Crotalaria juncea, indicating greater precision in the
models that use LW as independent variable. However, the power model stood out, being
slightly superior to the linear models of first degree and quadratic confirming by the
validation with lower values of MAE and RMSE and index d closest to one.
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Fig. 2. First degree linear adjustment validation equation and its respective
determination coefficient (R using the estimated leaf area (ELA) as the dependent
variable obtained by first degree linear modeling equations (A, B and C), quadratic (D,
E and F) and power (G, H and 1), as a function of leaf length observed (OLAL), width
(OLAW) and length product with width (OLALW) e erro absoluto do erro (EAM), raiz
guadrada médio do erro (RQME) e indice d Willmott of Pimenta dioica leaf



Models obtained with only a linear dimension have been reported as more accurate for some
species as Cucumis melo L. [6], Crambe abyssinica [7] and Passiflora mucronata [11].
However, these models in most cases show tendentious estimates of leaf area, especially
for small and large leaves [23]. In this way, the combination of measurements presents
better adjustment in the determination of the leaf area of Pimenta dioica, being more efficient
than models based on a single linear measure.

Therefore, the measurement of leaf area of Pimenta dioica should be performed based on
two non-destructive measurements by the power model equation represented by ELA =
0.7605(LW)%9926 (Fig. 3) where, LW is the length multiplication along the central midrib and
the largest leaf width. Studies carried out for several species such as Jatropha curcas [4],
Passiflora spp.[8], Vitis vinifera L. [10], Coffea canephora [9], Crotalaria juncea [5], Litchi
chinensis Sonn. [13], Prunus armeniaca L. [14] and Annona cherimila Mill. [12] indicated that
the product of the combination of length and width is more predictive in estimating the leaf
area of these species.
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Fig. 3. Equation of power model and determination coefficient (R?, using the foliar
area observed (OLA) as dependent variable, in function of the product of the length
and width (LW) of leaves Pimenta dioica

4. CONCLUSION

The power model (ELA = 0.7605(LW)*%**® and R® = 0.9764) based on the product of length
and width (LW) is the most indicated, being possible to determine with high degree the
accuracy, in a safe way, without the necessity of the destruction of the leaves and with
cheap equipment the estimation of the leaf area of Pimenta dioica.

REFERENCES



1. Suérez A, Ulate G, Ciccio J. Cardiovascular effects of ethanolic and aqueous extracts of
Pimenta dioica in Sprague-Dawley rats. Journal of Ethnopharmacology. 1997; 55(2): 107-
111. https://d0i:10.1016/s0378-8741(96)01485-7

2. Blanco FF, Folegatti MV. Estimation of leaf area for greenhouse cucumber by linear
measurements under salinity and grafting. Scientia Agricola. 2005; 62(4): 305-309
http://doi.org/10.1590/S0103-90162005000400001

3. Godoy LJG, Yanagiwara RS, Villas Bbéas RLV, Backes C, Lima CP. Andlise da imagem
digital para estimativa da area foliar em plantas de laranja “Péra”. Revista Brasileira de
Fruticultura. 2007; 29(3): 420-424. http://doi.org/10.1590/S0100-29452007000300004

4. Pompelli MF, Antunes WC, Ferreira DTRG, Cavalcante PGS, Wanderley Filho HCL,
Endres L. Allometric models for non-destructive leaf area estimation of Jatropha curcas.
Biomass and Bioenergy. 2012; 36: 77-85. https://doi.org/10.1016/j.biombioe.2011.10.010

5. Carvalho JO, Toebe M, Tartaglio FL, Bandeira CT, Tambara AL. Leaf area estimation
from linear measurements in different ages of Crotalaria juncea plants. Anais da Academia
Brasileira de Ciéncias,. 2017; 89 (3): 1851-1868. http://doi.org/10.1590/0001-
3765201720170077

6. Lopes SJ, Brum B, Santos VJ, Fagan EB, Luz GM. Estimativa da area foliar de meloeiro
em estadios fenoldgicos por fotos digitais. Ciéncia Rural. 2007; 37(4): 1153-1156.
https://doi.org/10.1590/S010384782007000400039

7. Toebe M, Brum B, Lopes SJ, Cargnelutti Filho A, Silveira TR. Estimate leaf area of
Crambe abyssinica for leaf discs and digital photos. Ciéncia Rural. 2010; 40(2): 445-448.
https://doi.org/10.1590/S0103-847820 10000200036

8. Morgado MAD, Bruckner CH, Rosado LDS, Assuncdo W, Santos CEM. Estimacdo da
area foliar por método ndo destrutivo, utilizando medidas lineares das folhas de espécies
de Passiflora. Revista Ceres. 2013; 60 (5): 662-667. http://doi.org/10.1590/S0034-
737X2013000500009

9. Schmildt ER, Amaral JAT, Santos JS, Schmildt O. Allometric model for estimating leaf
area in clonal varieties of coffee (Coffea canephora). Revista Ciéncia Agronémica. 2015; 46
(4): 740-748. https://doi.org/10.5935/1806-6690.20150061

10. Buttaro D, Rouphael Y, Rivera CM, Colla G, Gonnella M. Simple and accurate allometric
model for leaf area estimation in Vitis vinifera L. genotypes. Photosynthetica. 2015; 53(3):
342-348. https://doi.org/10.1007/s11099-015-0117-2

11. Schmildt ER, Oliari LS, Schmildt O, Alexandre RS, Pires FR. Determinacdo da &area
foliar de Passiflora mucronata a partir de dimens@es lineares do limbo foliar. Revista
Agro@mbienteOn-line. 2016; 10(4): 351-354. https://doi.org/10.18227/1982-
8470ragro.v10i4.3720

12. Schmildt ER, Hueso JJ, Pinillos V, Stellfeldt A, Cuevas J. Allometric models for
determining leaf area of 'Fino de Jete' cherimoya grown in greenhouse and in the open field.
Fruits. 2017. 72(1): 24-30. https://doi.org/10.17660/th2017/72.1.2



13. Oliveira PS, Silva W, Costa AAM, Schmildt ER, Vitéria EL. Leaf area estimation in ;litchi
by means of allometric relationships. Revista Brasileira de Fruticultura. 2017 39(Special): 1-
6. http://doi.org/10.1590/0100-29452017403

14. Cirillo A, Pannico A, Basile B, Rivera CM, Giaccone M, Colla G, Pascale S, Rouphael Y.
A simple and accurate allometric model to predict single leaf area of twenty-one European
apricot cultivars. European Journal of Horticultural Science. 2017; 82(2): 65-71.
http://doi.org/10.17660/eJHS.2017/82.2.1

15. Alvares CA, Stape JL, Sentelhas PC, Goncgalves JLM, Sparovek G. Kdppen's climate
classification map for Brazil. Meteorologische Zeitschrift. 2014; 22(6): 711-728. https:
//doi.org/10.1127/0941-2948/2013/0507

16. Schindelin J, Rueden CT, Hiner MC, Eliceiri KW. The ImageJ Ecosystem: An Open
Platform for Biomedical Image Analysis. Molecular Reproduction and Development. 2015;
82 (7-8); 518-529. https:// doi.org/10.1002/mrd.22489

17. Willmott CJ. On the validation of models. Physical Geography. 1981; 2(2): 184-194.
https://doi.org/10.1080/02723646.1981.10642213

18. R Core Team. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. 2018. Vienna, Austria.

19. Ferreira EB, Cavalcanti PP, Nogueira DA. Package ‘ExpDes.pt’. 2018.

20. Pezzini RV, Cargnelutti Filho A, Alves BM, Follmann DN, Kleinpaul JA, Wartha CA,
Silveira DL. Models for leaf area estimation in dwarf pigeon pea by leaf dimensions.
Bragantia. 2018; 77(2): 221-229. https://doi.org/10.1016/j.scienta.2007.04.003

21. Cargnelutti Filho A, Toebe M, Burin C, Fick AL, Casarotto G. Estimativa da area foliar de
nabo forrageiro em fungdo de dimensdes foliares. Bragantia. 2012; 71(1): 47-51.
http://www.scielo.br/pdf/brag/v71n1/08.pdf

22. Levine DM, Stephan DF, Szabat KA. Estatistic for managers using Microsoft Excel:
global edition. (8th ed.) London: Person. 2017. 728p.

23. Antunes WC, Pompelli MF, Carretero DM, Damatta FM. Allometric models for non-
destructive leaf area estimation in coffee (Coffea arabica and Coffea canephora). Annals of
Applied Biology. 2008; 153 (1): 33-40. https://doi.org/10.1111/j.1744-7348.2008.00235.x



