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HIGHLIGHTS:
The sapodilla leaf area can be estimated using a nondestructive method based on allometric equations.
Models that use the product of the leaf length and width present the best criteria for estimating the leaf area.
The equations LA = 0.664 x LW and LA = 0.713 x LW accurately and quickly estimate the sapodilla leaf area.

ABSTRACT: The leaf area is a parameter of fundamental importance in studies on plant growth and physiology.
The objective of this study was to build allometric equations for the accurate and fast estimation of sapodilla leaf
areas. In total, 250 leaves of different shapes and sizes were collected from sapodilla matrices trees growing at the
Universidade Federal Rural do Semi-Arido, Mossor6-RN, Brazil. For each leaf, the length, width, product of length
and width (LW), product of length and length, product of width and width, and leaf area were measured. Linear and
nonlinear models were used to construct the allometric equations. The best equations were chosen on the basis of
the following criteria: the highest coefficient of determination, Pearson’s linear correlation coefficient, and Willmotts
index of agreement; and the lowest Akaike information criterion and root mean square error. It was verified that
the models that used the LW value presented the best criteria for estimating the leaf area. Specifically, the equations
¥ =0.664 x LW and § = 0.713 x LW, which use LW values, are the most suitable for estimating the leaf area of
sapodilla quickly and accurately.

Key words: Manilkara zapota L., biometrics, regression models, Sapotaceae

RESUMO: A 4rea foliar é um pardmetro de fundamental importincia para estudos relacionados ao crescimento e
fisiologia vegetal. O objetivo do trabalho foi construir equagdes alométricas que permitam estimar com precisdo e
rapidez a drea foliar do sapotizeiro. Foram coletadas 250 folhas de diferentes formas e tamanhos em arvores matrizes
de sapotizeiro localizadas na Universidade Federal Rural do Semi-Arido, Mossoré-RN, Brazil. Em cada folha, foi
mensurado o comprimento, largura, produto entre comprimento e largura (LW), produto entre comprimento e
comprimento, produto entre largura e largura, e area foliar. Modelos lineares e nao lineares foram utilizados para
construcio das equa¢des alométricas. As melhores equagdes foram escolhidas com base nos seguintes critérios: maior
coeficiente de determinacéo, coeficiente de correlagio linear de Pearson e indice de concordancia de Willmott, e menor
critério de informacgao de Akaike e raiz do quadrado médio do erro. Diante disso, verificou-se que os modelos que
utilizaram o produto entre comprimento e largura apresentaram os melhores critérios para estimar a area foliar do
sapotizeiro. Buscando reduzir o tempo das analises e maior precisdo dos dados, as equagdes § = 0.664 x LW ¢
¥ =0.713 x LW e utilizando LW sao as mais indicadas para estimar a area foliar do sapotizeiro.

Palavras-chave: Manilkara zapota L., biometria, modelos de regressdo, Sapotaceae
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INTRODUCTION

Among the fruits of nutritional importance, sapodilla
(Manilkara zapota L.; family Sapotaceae) is an exotic species
with known antioxidative properties. The sapodilla trees are
cultivated widely in pantropical regions for their wood (used
for various purposes, including the creation of artisanal
products), fresh fruits, and latex (Moura et al., 2019). For
the continued expansion of sapodilla, studies are needed to
estimate its growth, physiology, and productivity.

The leaf area (LA), which is an essential parameter for
studies of plant physiology and ecology, is directly related to
vital plant processes, such as photosynthetic efficiency, water
balance, respiration, and the interception of light energy
(Tondjo et al., 2015). LA measurements can be obtained either
directly (using a digital meter or scanner) or indirectly (Zhang,
2020). The direct methods involve the destruction of samples,
which renders successive measurements unfeasible and incurs
high costs (Liu et al., 2017). By contrast, the indirect method
involves the application of regression models based on the
linear dimensions of the leaves, making it a nondestructive,
economical, and effective technique that allows measurement
of the LA throughout the plant growth cycle (Hernandez-
Fernandéz et al., 2021).

In studies on fruit trees, the LA indicates the relationship of
the leaf surface with the fruit weight, quality, and maturation
and estimation of production attributes (Keramatlou et al.,
2015). Studies with a focus on LA estimations have been carried
out on other fruit trees, such as vines (Teobaldelli et al., 2020)
and cashew trees (Gomes et al., 2020).

Although LA estimation through regression models is easy
to apply, there are still no studies on the application of this
indirect method for sapodilla crops. Regression models may
provide information for subsequent studies on this species.
Therefore, the objective of this study was to build allometric
equations that allow for the fast and accurate estimation of
the sapodilla LA.

MATERIAL AND METHODS

This study was performed using sapodilla trees grown in the
didactic orchard of the Center of Agrarian Sciences, Federal
Rural University of the Semi-Arid Region, Rio Grande do
Norte, Brazil (5° 11’ S, 37° 20° W). The climate in this region
is classified as BSh and is considered dry and very hot, with a
dry season and summer rain (Alvares et al., 2013). The average
temperature is approximately 28 °C, and annual rainfall is
approximately 695 mm. The soil in the experimental area is
classified as Eutrophic Red-Yellow Argisol (Ultisol).

In total, 250 leaves were randomly collected from 15
matrices of M. zapota trees. Expanded, healthy, pest-free, and
disease-free leaves or leaves with damage caused by biotic or
abiotic related factors were selected (Ribeiro et al., 2022a).
Leaves of different shapes and sizes were selected to test
the generality of the model and to obtain significantly more
variability in the sample data. Immediately after collection, the
leaf samples were packed in plastic bags and kept in the shade
to maintain their turgidity.
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The leaves were digitized using a table scanner (model
OKI ES5162LP MFP) with a 1,200 x 1,200 DPI resolution. The
images were processed, contrasted, and analyzed individually
using Image]J software (National Institutes of Health, USA)
according to the methodology described by Ribeiro et al.
(2018). During the scanning of the images, rules graduated in
centimeters were included on each sheet as indicators of the
reference scale for the analyses. For each leaf, the maximum
length (L) (cm) (distance between the insertion end of the
petiole and the opposite distance of the central rib) and
maximum width (W) (cm) (superior measure perpendicular
to the central rib) were measured for calculation of the actual
(observed) LA (cm?) (Figure 1). Then, using the length and
width data, the product of length and width (LW) (cm?),
product of length and length (LL) (cm?), and product of width
and width (WW) (cm?) were calculated.

On the basis of the variance inflation factor (VIF) (Eq. 1)
(Marquaridt, 1970) and tolerance value (T) (Eq. 2) (Gill, 1986),
the degree of collinearity between the linear parameters of the
leaves (L and W) was evaluated to verify the accuracy of the
regression coefficient estimates. A variance inflation factor of
greater than 10 and a tolerance value of less than 0.1 indicate
that the length (L) and width (W) data have multicollinearity,
which may affect the estimation of the LA; therefore, one of
these parameters should be excluded for the adjustment of the
regression models for LA estimation (Gill, 1986).

1

VIF =— 1
-r
1
T=—+ 2
VIF @
where:
r - correlation coefficient between L and W;
VIF - variance inflation factor; and,
T - tolerance value.

Tests of 90 linear and nonlinear regression models were
performed to estimate the LA (dependent variable) as a

Figure 1. Length (L) and width (W) of a representative leaf of
sapodilla
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function of the linear dimensions of the leaves (L, W, LW,
LL, and WW) (independent variables). Logarithmic and
polynomial models from the second to fifth order were
excluded, leaving 16 models that presented satisfactory criteria
in addition to high accuracy and speed of analysis.

The regression models tested were as follows: linear (y = 3,
+ [31 XX +¢); linear without an intercept (¥ = [31 X X + €,); power
(¥ = B, x xP' + ¢); and exponential (§ = B, x ,* + ¢). The value
of § estimates the LA as a function of x, which corresponds to
the linear dimensions of the leaves (L, W, LW, LL, and WW).
Student’s t-test (with a probability value of 0.05) was used to test
the following H hypotheses: 3 = 0 versus Ha: B # 0;and H : 8,
=0 versus Ha: B, # 1, where B and B, are regression coeficients.

The best models for estimating the LA of sapodilla were
chosen on the basis of the following criteria: a higher coefficient
of determination (R?) (Eq. 3), a higher Pearson linear correlation
coeflicient (r) (Eq. 4), alower Akaike information criterion (AIC)
(Eq. 5), a higher Willmott agreement index (d) (Eq. 6), and a
lower root of the mean error square (RMSE) (Eq. 7).

RZ :l— i=1 (3)

AIC=-2InL(x\0)+2(p) (5)

n

Z(S’l -V )2

d=1-—1 (6)

(I + )

(7)
where:
R? - coefficient of determination;
r - Pearson linear correlation coefficient;
AIC - Akaike information criterion;
d - Willmott agreement index;
RMSE - root of the mean error square;
y. - estimated values of leaf area;
y, - observed values of leaf area;
y, - average of the observed values;
Y. =¥.-V:¥, =Y, - ¥; L(x\0) - maximum likelihood function;
p - number of model parameters;
n - number of observations;

x, and y, - i-th observations of the variables y and x; and,
y and x - means of variables y and x.

Descriptive analyses were performed to calculate the
minimum, maximum, and average values; amplitude;
standard deviation; standard error; asymmetry; shortness;
and coefficient of variation. Data normality was verified using
the Shapiro-Wilk test (Shapiro & Wilk, 1965). The observed
and estimated LAs were compared using Student’s t-test for
paired samples (p < 0.01). Statistical analyses of the data were
performed using R v.4.1.2 (R Core Team, 2022).

RESULTS AND DI1SCUSSION

The sapodilla leaves varied in length of between 3.70 and
16.25 cm, with an average of 9.55 cm and amplitude of
12.55 cm (Figure 2A). The leaf width varied between 1.58 and
5.94 cm, with a mean of 3.42 cm and an amplitude of 4.36 cm
(Figure 2B). The LW values ranged from 5.87 to 94.85 cm?, with
an average of 34.41 cm? and amplitude of 88.98 cm® (Figure
2C). The LL values varied between 13.72 and 264.19 cm?,
with a mean of 96.54 and an amplitude of 250.47 cm?® (Figure
2D). The WW values ranged from 2.51 to 35.29 cm?, with an
average of 12.42 cm? and amplitude of 32.78 cm® (Figure 2E).
The actual LA values ranged between 4.22 and 70.86 cm?, with
an average of 24.47 cm? and amplitude of 66.64 cm” (Figure
2F). The lowest coeflicients of variation were observed for leaf
length and width, 24.37 and 24.90%, respectively (Figures 2A
and B). The highest data variability was recorded for the LW
(47.53%), LL (47.92%), WW (50.15%), and actual LA (48.34%)
values (Figures 2C, D, E and F).

A wide variability in LW, LL, WW, and LA data is of
fundamental importance for studies involving regression
models for estimating the LA of fruit species (Oliveira et al.,
2017; Gomes et al., 2020). High data variability allows for
the construction of more representative models and precise
equations that can be applied for leaves of different shapes
and sizes, which can be measured at different phenological
stages during the plant life cycle (Cargnelutti Filho et al,,
2021). The collection of a large number of leaves (250 leaves)
from different parts of the matrices was considered to be ideal
for constructing models that estimate the LA of sapodilla as
a function of linear measurements of leaves. Previous studies
have confirmed that the use of a low number of samples to
build allometric models can lead to the generation of biased
equations with low reliability for estimating the LA (Antunes
et al., 2008; Pompelli et al., 2012).

The kurtosis coefficients (k) of LW, LL, WW, and LA presented
a platykurtic distribution, which was flatter than the normal
distribution (k > 3.26). By contrast, the length data presented
a leptokurtic distribution (k < 3.26), whereas the width data
exhibited a mesokurtic one (k = 3.26) (Figure 2). The high
p-values of the normality test (p = 0.05), combined with the
magnitude of the mean about the median and asymmetry,
characterized a suitable adjustment of the length and width data
to the normal distribution. The asymmetry of the LW, LL, WW,
and LA data indicated a higher frequency of leaves with values
approaching the minimum and a lower frequency of those with
values close to the maximum, confirming the non-normality of
the data (Ribeiro et al., 2022b). Linear and nonlinear association
patterns between the L, W, LW, LL, WW, and LA values were
observed in the dataset used to construct the predicted regression

Rev. Bras. Eng. Agric. Ambiental, v.27, n.3, p.209-215, 2023.
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*Asymmetry differs from zero by the t-test at 0.05 probability; *Kurtosis differs from 3 by the t-test at 0.05 probability; - Significant at 0.01 probability; ™ - Non-significant;

C.V. - Coefficient of variation

Figure 2. Descriptive analysis of the length (A), width (B), product of length and width (LW) (C), product of length and length
(LL) (D), product of width and width (WW) (E), and leaf area (LA) (F) of 250 sapodilla leaves

models for LA estimation (Figure 3). Linear patterns were
observed between LW and LA, LL and LA, and WW and LA,
whereas nonlinear patterns were evident between L and LA and
W and LA (Figure 3), indicating the need for different regression
models for data adjustment and validation.

The variance inflation factor (VIF) values ranged between
0.004 and 0.139, whereas the tolerance (T) values ranged from
7.165 to 217.64. Thus, for all constructed models, the variance
inflation factor values were less than 10 and the tolerance
values were greater than 0.10, indicating that the collinearity
between the length and width data was negligible and these
parameters were valid for use in the regression models (Gill,
1986; Fanourakis et al., 2021).

Rev. Bras. Eng. Agric. Ambiental, v.27, n.3, p.209-215, 2023.

The models presented coefficient of determination (R*)
values of above 0.86, indicating that at least 86% of the variations
in sapodilla LA were explained by the equations proposed for
the estimation (Table 1). The equations that used the LW value
presented the best criteria for estimating the LA of the species,
giving the best fits of the regression models (Macirio et al., 2020;
Goergen etal., 2021). The exception was the exponential model,
where the best criteria were observed in the equation in which
the WW value was used (Ribeiro et al., 2020).

The criteria used to choose the best equations for estimating
the LA of sapodilla through linear dimensions of the leaves
confirmed that the power model and the linear model without
the intercept, both constructed using the LW values, were
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Figure 3. Frequency histograms (diagonal) and data dispersion between the length, width, product of length and width, product of
length and length, product of width and width, and leaf area of 250 sapodilla leaves used to build equations for estimating the leaf area

the quickest and most accurate. These models showed the
highest coefficients of determination (R?) (0.9991 and 0.9954),
Pearson’s linear correlation coefficients (r) (0.9977 and 0.9976),
and Willmott agreement indexes (d) (0.9988 and 0.9988) and
the lowest Akaike information criterion (AIC) (560.75 and
567.08) and root mean square error values (RMSE) (0.7998
and 0.8108) (Table 1). Linear and power models were also
the most suitable for estimating the LA of other plant species

(Tondjo etal., 2015; Trachta et al., 2020; Montelatto et al., 2021;
Mela et al., 2022).

The equations proposed for estimating the LA of sapodilla
presented high adjustments of the data (R*> > 0.99), in which
the residual variance was homogeneous, with little dispersion
of the data (Figure 4). The LA data estimated from the
constructed equations showed positive correlations with
the observed values (measured from the digital images),

Table 1. Models, regression coefficients (3, and ), coefficient of determination (R?), Pearson’s linear correlation coefficient
(r), Akaike information criterion (AIC), Willmott agreement index (d), root mean square error (RMSE), and equations for
estimating the leaf area (LA) of sapodilla as a function of linear leaf dimensions (length and width)

**, ns - Significant at p < 0.01, and not significant, respectively, by F test

Rev. Bras. Eng. Agric. Ambiental, v.27, n.3, p.209-215, 2023.
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LA - Leaf area; LW - Product of length and width

Figure 4. Relationship between the observed leaf area and
the product of length and width of sapodilla leaves calculated
using the models § = 0.664 x LW'"® and § = 0.713 x LW. An
analysis of the dispersion pattern of the residues is presented
in the inset
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producing coefficient of determination (R?) values of greater
than 0.99 (Figures 5A and C). There were no significant
differences between the observed LAs and the values
estimated in the indicated models, confirming the significant
relationship between the observed and estimated data
(Figures 5B and D). Thus, the equations § = 0.664 x LW'1#
(power model) and ¥ = 0.713 x LW (linear model without
intercept) are the most suitable for accurately estimating the
LA (> 99%) of sapodilla by means of the linear dimensions
of the leaf. These two equations can also be used to measure
this parameter in different cultivation environments and
phenological stages of the species.

CONCLUSIONS

1. The leaf area of sapodilla can be estimated with a
nondestructive indirect method using allometric equations
based on the linear dimensions of the leaves.

2. The equations § = 0.664 x LW%8 (R* = 0.9991) and
¥ =0.713 x LW (R* = 0.9954), which use the product of the
leaf length and width, are the most suitable for the accurate
and quick estimation of the leaf area of sapodilla.

Figure 5. Relationship and comparison (Student’s t-test) between the observed leaf area and the leaf area estimated using the
linear model without intercept (A and B) and the power model (C and D) as a function of the product length and width of the

sapodilla leaves

Rev. Bras. Eng. Agric. Ambiental, v.27, n.3, p.209-215, 2023.
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