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Abstract
The objective of this study was to select mathematical equations that best fit the estimation of the leaf area of
pink pepper (Schinus terebinthifolius Raddi) from the linear leaflet dimensions. 500 leaflets with different
physiological ages of a commercial plantation were collected, located in the region of Gameleira, municipality of
São Mateus, North of the State of Espírito Santo, Brazil. Was measured the length (L) along the main midrib, the
largest width (W) and the observed leaf area (OLA) of each sheet. The product of the multiplication between L
and W of the leaflets (LW) was determined. For the modeling the measurements of 400 leaflets were used,
where OLA was used in function of L, W or LW. Based on the models found, we obtained the estimated leaf
area (ELA). A simple linear regression was fitted for each proposed model of OLA in function of ELA. We
tested the hypotheses H0: β0 = 0 versus Ha: β0 ≠ 0 and H0: β1 = 1 versus Ha: β1 ≠ 1, using Student’s t test at 5%
probability. The mean values of ELA and OLA were compared by Student’s t test 5% probability. It was
determined the mean error (E), mean absolute error (MAE), root mean square error (RMSE) and Willmott d
index. The best adjusted equation was chosen by linear coefficient (β0) not different from zero, angular
coefficient (β1) not unlike one, non-significant values of ELA and OLA, E, EAM and RQME closer to zero and
Willmott’s index d closer to one. In this way, the leaf area of leaflets of Schinus terebinthifolius Raddi can be
estimated by the quadratic model equation ELA = -2.6646 + 2.2124 W + 1.3953(W)2 , using only the width of
the leaves as a measure.
Keywords: Schinus terebinthifolius Raddi, mathematical equations, non-destructive method, modeling of the
leaf area, leaf area estimation
1. Introduction
The pink pepper (Schinus terebinthifolius Raddi) is a species belonging to the family Anacardiaceae, also known
as red aroeira, aroeira mansa, aroeira pimenteira, aroeira of the beach (Paiva & Aloufa, 2009). Native to South
America (Degáspari, Waszczynskyj, & Prado, 2005), is widely distributed throughout the Brazilian territory,
especially in regions of the Atlantic Forest (Santana, Sartorelli, Lago, & Matsuo, 2012).
It is a medium sized plant with composite and aromatic leaves (Ceruks, Romoff, Fávero, & Lago, 2007) and
small flowers, grouped in inflorescences (Silva, Nogueira, Oliveira, & Santos, 2008). The fruits are of the drupe
type, when ripe, they present a red and lustrous coloration, whose smell resembles that of the pepper (Oliveira
Junior et al., 2013). The red bark resembles a paper, which involves the seed (Degáspari et al., 2005). The seed is
unique, presenting dark brown coloration with a diameter of 4 to 5 mm (Degáspari et al., 2005; Lorenzi & Matos,
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2008).
According to Paiva and Aloufa (2009), this species has increased pharmacological use, being considered by
popular medicine as astringent, anti-diarrheal, anti-inflammatory, depurative, diuretic and febrifuge. Studies with
S. terebinthifolius have shown great antifungal potential, through the extraction of essential oils present in the
leaves in the plant (Braga et al., 2007; Oliveira Junior et al., 2013).
The determination of leaf area is one of the most important measures related to plant growth (S. Bianco, M. S.
Bianco, & Carvalho, 2008), being associated to factors such as light interception, photosynthetic efficiency,
evapotranspiration and behavior related to irrigation and fertilizer responses (Blanco & Folegatti, 2005).
There are several methods to determine the leaf area of a plant, of which they are classified as direct or indirect.
The direct methods, although accurate, are mostly destructive, which prevents constant measurements in the
same plant, another disadvantage is that they require complex and expensive equipment (Pompelli et al., 2012).
Indirect methods, however, do not destroy the leaves, allowing successive evaluations of the same plant during
its cycle, as well as expediting the evaluations (Toebe, Cargnelutti Filho, Loose, Heldwein, & Zanon, 2012).
Among the indirect methods, the getting of mathematical equation models based on linear leaf dimensions has
been reported in several studies (Peksen, 2007; Rouphael, Colla, Fanasca, & Karam, 2007; Antunes, Pompelli,
Carretero, & Damatta, 2008; Toebe, Brum, Lopes, Cargnelutti Filho, & Silveira, 2010; ompelli et al., 2012;
Toebe et al., 2012, Buttaro, Rouphael, Rivera, Colla, & Gonnella, 2015; Santos et al., 2016; Schmildt, Oliari,
Schmildt, Alexandre, & Pires, 2016; Vitória et al., 2018; Ribeiro et al., 2019; Oliveira et al., 2019),
demonstrating that this technique is an important tool for evaluating the leaf area of several species.
Regarding pink pepper, a non-destructive methodology for the determination of its leaf area is of great
importance, since there are no mathematical equations in the literature that allow this measurement in the species.
For this reason, this work aimed to select the equations that best fit the determination of the leaf area of pink
pepper plants (Schinus terebinthifolius Raddi) from the linear dimensions of the leaflets.
2. Method
The study was carried out in commercial plantations of pink pepper (Schinus terebinthifolius Raddi), located in
the region of Gameleira, municipality of São Mateus, North of Espírito Santo State, Brazil (South latitude
18º40′36″ and 39º51′35″ east longitude). The climate of the region is tropical with dry winter and rainy summer,
Aw type according to Köppen classification (Alvares, Stape, Sentelhas, Gonçalves, & Sparovek, 2014).
The leaves containing the leaflets were collected in vegetatively propagated pink pepper plants, popularly known
in the region by the name of “Peludinha”, due to the presence of hairiness at the ends of the branches and shoots.
Were used productive plants, cultivated in full sun, under the spacing of 5 × 5 meters.
Two intact, uninjured or deformed leaves were collected in the middle third of the plant, containing on average
seven leaflets per leaf, in approximately 40 plants. Care was taken to highlight the leaves at their insertion, so
that only the photosynthetically active portion of the leaf was sampled. In total, 496 leaflets with different
physiological ages were collected.
After the collection, the leaves were taken to the Laboratory of Plant Improvement at the University of Espírito
Santo, Federal University of Espírito Santo, where the analyzes of the area of the leaflets were carried out. First,
the length (L, in cm) was measured on the main midrib, considering the point of insertion of the limbus in the
petiole to the apex, and the largest width (W, in cm) in the medial position of the limbus perpendicularly to the
main midrib, with the aid of a graduated ruler (Figure 1). Then the product of the multiplication between the L
and W of leaflets was determined (LW, in cm2).
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Figure 1.. Representatioon of the lengtth (L) along thee midrib and thhe maximum w
width (W) of leaflets of Schinus
terebinnthifolius Radddi
All leafletss were then digitized in theirr natural colorr with the aid oof an HP Deskkjet F4280® scanner, set at 75 dpi
resolution and TIFF format (Tag Im
mage File Form
mat). Then thhe images werre processed bby ImageJ® public
domain sooftware (Schinddelin, Rueden,, Hiner, & Elicceiri, 2015) to obtain the obsserved leaf areea (OLA, in cm
m²) of
each leaflet. Among thhe 496 sampleed leaflets, 4000 leaflets werre randomly sselected to obbtain the modeling
equations, and 96 leafllets were usedd to validate them. Measuures of centrall tendency annd variability were
calculated.
To model the OLA (deppendent variablle) in functionn of L, W or LW
W of the 400 lleaflets as indeependent varia
ables,
the follow
wing models were
w
used: firsst degree lineaar (ELA = β0 + β1 x), quadraatic ELA = β0 + β1 x + β2 x2) and
power (EL
LA = β0 xβ1 ), and
a their respeective coefficiient of determ
mination (R2). The parameteers β0 and β1 were
estimated uusing the leastt squares method.
For the vaalidation the values
v
of L, W and LW of 96 leaflets weere substitutedd in the modelling equations thus
obtaining the estimated leaf area (EL
LA, in cm2). Inn each model, initially a sim
mple linear reggression was fitted
f
(ELA = β0 + β1 x) of OLA
A as a dependeent variable inn function of EL
LA as an indeppendent variabble.
We tested the hypothesees H0:β0 = 0 veersus Ha:β0 ≠ 0 and H0:β1 = 1 versus Ha:β1 ≠ 1, using Stuudent’s t test at
a 5%
probabilityy. The means obtained
o
from
m ELA and OL
LA were compaared by Studennt’s t test at 5%
% of probabiliity. It
was also ddetermined the mean error (E
E), the mean abbsolute error (M
MAE), the rooot mean squaree error (RMSE) and
the Willmoott d index (W
Willmott, 1981), for all equatiions, by meanss of Equations 1, 2, 3 and 4.
∑ni=1 ELA – OL
LA

E=

EAM
M=
RQME
E=
d=1–

(1)

n
∑ni=1 ELA – O
OLA

(2)

n
∑ni=1 (ELA – OLA)

2

(3)

n

∑ni=1 ELAi – OLA
Ai

2

∑ni=1 E
ELAi – OLA + OL
LAi – OLA

2

(4)

Where, EL
LA are the estiimated values of leaf area; O
OLA are the observed values of leaf area; OLA is the mean
m
of the obseerved values; n is the numbeer of leaflets (nn = 96).
The criteriia used to seleect the equationns that best esstimate leaflet area as a funcction of L, W oor LW were: linear
coefficientt (β0) not non-zero, angular ccoefficient (β1) not unlike onne, non-signifiicant values inn the compariso
on of
the means of ELA and OLA,
O
E, EAM
M and RQME ccloser to zero aand Willmott’ss index d (Willmott, 1981) closer
c
to one. Staatistical analyzzes were perforrmed with the aid of softwarre R (R Core T
Team, 2018), bby the data pac
ckage
ExpDes.ptt version 1.2 (F
Ferreira, Cavallcanti, & Noguueira, 2018).
3. Results and Discussion
The high aamplitude of thhe leaf dimenssions of lengthh (L), width (W
W), product off the length with the width (LW)
(
and observved leaf area (OLA)
(
of the samples used for the modelling and for thhe validation, represented by
y the
high valuees of the coeffficient of variaation (CV) andd standard devviation (SD) ccan be observeed in Table 1. This
high variaability is desiraable in studiess to obtain maathematical equuations for thee estimation oof leaf area sin
nce it
reflects thhe use of leaaves with diffferent proporrtions, being a representaative sample of the population
contemplaating all stagess of developmeent of the plannt. In this way,, the data set ccan be consideered appropriatte for
the presentt study (Alves et al., 2016).
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Table 1. Minimum, max, average, amplitude, standard deviation (SD) and coefficient of variation (CV) values of
the variables: length (L); width (W); product of the length and width (LW) and observed leaf area (OLA) of
leaflets of Schinus terebinthifolius Raddi
Variable
Unit
400 leaves were used for modeling
L
cm
W
cm
LW
cm2
OLA
cm2
96 leaves for validation
L
cm
W
cm
LW
cm2
OLA
cm2

Minimum

Max

Average

Amplitude

SD

CV (%)

2.90
1.20
3.96
3.29

10.50
4.60
48.30
36.04

6.15
2.60
16.66
12.91

7.60
3.40
44.34
32.75

1.48
0.51
7.06
5.26

24.14
19.68
42.38
40.76

3.40
1.60
5.78
3.99

10.30
4.50
46.35
35.66

6.27
2.64
17.53
13.44

6.90
2.90
40.57
31.67

1.68
0.61
8.82
6.64

26.77
23.19
50.28
49.41

The nine equations generated from OLA in function of the L, W and LW measurements in the linear models of
first degree, quadratic and power can be seen in Table 2. Note that there is a strong association between the
relationship of OLA with the allometric measurements of the leaves, explained by the high values of the
coefficient of determination (R2), presenting values higher than 0.90. However, the selection of the best equation
should not only take into account the high values of R2, since this practice may generate inaccurate estimations
of the leaf area (Antunes et al., 2008). Thus, a set of collected data for the validation of the equations must be
used, this validation indicates the ability of the models to estimate the leaf area, being an important method to
define the precision of the equations (Neter, Kutner, Nachtshein, & Wasserman, 1996). In this way, the
validation parameters aim to analyze the relationship between the foliar dimensions and to test the precision of
the data obtained in the estimation of the leaf area.
Table 2. Equation with linear adjustment of first degree, quadratic and power and its respective coefficient of
determination (R2) using the observed leaf area (OLA) as dependent variable, in function of length (L), width
(W), product of length with width (LW) of leaflets of Schinus terebinthifolius Raddi
Model
Linear
Linear
Linear
Quadratic
Quadratic
Quadratic
Power
Power
Power

Equation
ELA = -8.10036 + 3.41712(L)
ELA = -12.3727 + 9.7143 (W)
ELA = 0.563995 + 0.741001(LW)
ELA = 1.06832 + 0.34907 L + 0.24238 (L)2
ELA = -2.6646 + 2.2124 W + 1.3953(W)2
ELA = 0.0109455 + 0.8065607 LW – 0.0016474(LW)2
ELA = 0.5941 L 1.6766
ELA = 1.9451 W 1.9436
ELA = 0.8878 LW 0.9532

R2
0.9291
0.8948
0.9888
0.9441
0.9069
0.9894
0.9437
0.9049
0.9892

When validation was done from the 96 leaflet sample of Schinus terebinthifolius Raddi, it was verified that
among the models tested only the quadratic and power equations based on W, presented a linear coefficient (β0 )
statistically equal to zero and angular coefficient (β1 ) not unlike one (Table 3). According to Carvalho, Toebe,
Tartaglio, Bandeira and Tambara (2017), this criterion is fundamental in choosing the best adjustments because
this indicates that if the observed leaf area is zero, the estimated leaf area will also have values close to zero, so
as the leaf area is increased, the estimate of the leaf area for the proposed models will increase gradually and
close to the unit.
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Table 3. Linear coefficient (β0 ), angular coefficient (β1 ) and determination coefficient (R2), obtained from
equations with first-line linear adjustment between observed leaf area (OLA) and estimated leaf area (ELA) by
length (L), width (W) and length product with the width (LW) of leaflets of Schinus terebinthifolius Raddi used
for validation
Modelo
Linear
Linear
Linear
Quadratic
Quadratic
Quadratic
Power
Power
Power

Variável
L
W
LW
L
W
LW
L
W
LW

β0
-1.39677*
-0.98624*
-0.2936*
-1.04848*
-0.35562ns
-0.411248*
-1.01810*
-0.35521ns
-0.403401*

β1
1.10867*
1.08628*
1.0129ns
1.07146*
1.02751ns
1.024372*
1.07294*
1.02438ns
1.021958*

R2
0.9222
0.9479
0.9936
0.9541
0.9574
0.9929
0.9490
0.9564
0.9934

When we analyzed the MAE, RMSE and d evaluation criteria, we found that the LW based linear model
presented more satisfactory results, however, this model did not meet the validation criterion with β0 and β1
statistically different from zero and one, respectively. Among the models that met the coefficient test, the
quadratic model with W as the independent variable presented values of E, MAE and RMSE closer to zero, in
addition, this model presented the highest value between the comparison of means of ELA and OLA by the t test
(p < 0.05), confirming a greater similarity between these two variables.
Table 4. Observed leaf area (OLA) and estimated leaf area (ELA) of linear equations of first degree, quadratic
and potential for the independent variables length (L), width (W) and product of length and width (LW), besides
the value of p, mean error (E), mean absolute error (MAE), root mean square error (RMSE) and Willmott d
index of leaflets of Schinus terebinthifolius Raddi used for validation
Model
Linear
Linear
Linear
Quadratic
Quadratic
Quadratic
Power
Power
Power

Variable
L
W
LW
L
W
LW
L
W
LW

OLA

13.4386

ELA
13.3812
13.2791
13.5571
13.5209
13.4249
13.5203
13.4739
13.4656
13.5446

p value
0.9490
0.8610
0.9010
0.9286
0.9884
0.9312
0.9693
0.9771
0.9110

E
-0.0580
-0.1612
0.1197
0.0831
-0.0138
0.0825
0.0356
0.0272
0.1071

MAE
1.4305
1.2275
0.4191
1.1884
1.0836
0.4345
1.2231
1.1057
0.4243

RMSE
1.9555
1.6086
0.5517
1.4893
1.3815
0.5874
1.5634
1.3946
0.5664

d
0.9746
0.9834
0.9982
0.9861
0.9885
0.9979
0.9845
0.9883
0.9981

Thus, in this study for the estimation of leaf area of leaflets of Schinus terebinthifolius Raddi we recommend the
quadratic model equation ELA = -2.6646 + 2.2124 W + 1.3953(W)2 , using only width as measurement. The
use of only one dimension to determine the leaf area of a crop is easier to perform when comparing the equations
obtained from two dimensions because it requires less effort in obtaining the measurements. According to Santos
et al. (2016), the biggest advantage of this type of model is the 50% reduction in the number of measurements
when compared to two dimensional models.
This type of equation based on a measure (L or W) has already been reported as more accurate in several studies
for the determination of mathematical equations as described by Rouphael et al. (2007), Toebe et al. (2010),
Buttaro et al. (2015) e Schmildt et al. (2016). According to Buttaro et al. (2015) these models are used with high
precision, mainly due to its simplicity and convenience. Moreover, after the models have been established, these
equations can be used in a continuous way throughout the cycle, without the need of destruction of the plant and
without the obligation of specific equipment to determine the leaf area, a practice that can be done with a simple
ruler.
4. Conclusion
The leaf area of Schinus terebinthifolius Raddi can be estimated quickly and accurately by maximum leaflet
width, non-destructively by the quadratic model equation ELA = -2.6646 + 2.2124 W + 1.3953(W)2 .
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