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Abstract
Studies of leaf surface are important for the ecophysiological context. We tested 12 allometric equations to estimate 
the leaf area of the endemic species Erythroxylum pauferrense Plowman, using different morphometric measurements 
(n = 600). The analysis of variance (p < 0.001), determination coefficient (R2adj), standard error of estimates (Sxy), and 
graphical interpretation of the dispersion of errors were used to select the models. The residual bias was estimated through 
the confidence interval using t-Student distribution (p = 0.01). Simple linear equations (Ŷ = 0.0244 + 0.7204 × CxL) 
and power functions (Ŷ = 0.7279 × CxL0.9971) were validated from an independent sample of leaves, confirming their 
accuracy. The results are important to guide actions of conservation of the endemic species.
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1. INTRODUCTION AND OBJECTIVES

Leaf area is a key characteristic of ecophysiological 
investigations, since the study of leaves is essential for  
understanding the functioning of ecosystems by the consistency 
of their chemical, structural and physiological properties 
(Díaz et al., 2016; Wright et al., 2004). Besides, leaves are a 
fundamental unit in processes such as light interception, 
temperature regulation, and water balance (Ehleringer, 2017),  
and its measurement is important to evaluate plant development  
and their photosynthetic processes (Liu et al., 2017). Temperature, 
climatic and microclimatic factors may limit the anatomy and 
architecture of leaves (Wright et al., 2004). In ecological studies, the 
leaf area is used to evaluate the effects of management, competition 
among species, and to conservation, providing information 
about the adaptation of morphological and functional groups 
of plants in the most diverse habitats (Cornelissen et al., 2003; 
Dainese et al., 2015; Pérez-Harguindeguy et al., 2013; Sfair et al., 2016).

The methods for estimation of leaf area are classified as 
destructive and non-destructive. Models based on leaf area 
estimation using linear leaf dimensions of several species are 
common (Bianco et al., 2004; Coelho Filho et al., 2005; Maracajá 

et al., 2008; Schmildt et al., 2016; Silva et al., 2013) and promising 
in relation to more expensive methods of measurement; besides, 
it is a reliable alternative for the evaluation of the area of many leaf 
species. However, a good estimation by the models depends on 
sample range (all leaf size variation), morphological characteristics 
(e.g., the shape of the lamina, number of lobes, leaflets), and 
should represent the complete allometric expansion pattern of 
a species. Modeling to obtain leaf area estimation emerges as 
an excellent tool for forest science field.

Information on the ecophysiology of species such as 
Erythroxylum pauferrense Plowman are scarce. E. pauferrense is 
an endemic species of Paraíba, Northeast region of Brazil; it can 
reach 1.5 m to 4 m in height, inhabits the understory vegetation 
and develops under limited light conditions (Loiola et al., 2007; 
Plowman, 1986). The species was recently discovered in botanical 
(Loiola et al., 2007) and phytosociological terms (Andrade et 
al., 2006; Barbosa et al., 2004; Queiroz et al., 2006), and the 
ecophysiological aspects are little known. The taxon has an 
endemic distribution restricted to one of the devastated sectors 
of the Atlantic Forest – of the Alto-Montana forest – and is 
listed as a critically endangered species partially due to its 
restricted phytogeographic distribution.
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The subpopulations of E. pauferrense remain isolated 
and the number of individuals is declining due to habitat 
degradation (CNCFlora, 2012). Studies aiming at monitoring 
and conserving the genetic resources of the species should 
help its recovery and conservation. Therefore, ecophysiological 
studies, such as leaf area-related, indicate the species’ 
performance against its habitat and subsidizes conservation 
actions for endemic genetic resources.

We expect that information at the organism level will add 
value to the knowledge of the species ecology and contribute to 
the conservation of native forest heritage, as well as fostering 
new researches. This work aimed to select and validate the 
equation that best estimates and fits the data of leaf area for E. 
pauferrense. Therefore, we tested different allometric models 
using several leave morphometric measures and selected the best 
fit model according to the accuracy, precision, and reliability.

2. MATERIALS AND METHODS

2.1. Characterization of the area

The study was performed in Mata do Pau-Ferro State 
Park (coordinates: 6°58’12’S, 35°42’15’W), located in the city 
of Areia-PB, Brazil (Figure 1). The park has approximately 
600 ha, is the largest remnant of Brejo de Altitude in the state 
of Paraíba, thus, it is an essential habitat for the preservation of 
E. pauferrense (Barbosa et al., 2004). The phytophysiognomy 
is a type of Ombrophilous Dense Forest, that is, Open 
Ombrophilous Forest (IBGE, 2012).

The relief of the region is characterized as wavy (slopes f 8% 
to 20%) to strongly wavy (slopes of 20% to 45%). The climate is 
as according to Köppen-Geiger classification, described as hot 
and humid with autumn and winter rains (Kottek et al., 2006).

2.2. Data sampling

Thirty individuals of E. pauferrense were selected throughout 
the study area and 600 leaves were collected (healthy and 
free from any damage caused by herbivory), covering all the 
intraspecific variation of leaves in the area (from regenerating 
individuals to adult). The different canopy levels of the 
understory were also used as a selection criterion for leaves. 
Sampling was made from August 2015 to September 2016.

The leaves were stored in dark, moistened plastic bags 
(Pérez-Harguindeguy et al., 2013) and analyzed at the Laboratory 
of Plant Ecology (LEV) at the Federal University of Paraíba, 
Campus II (UFPB). All leaves were listed and then scanned 
through a digital scanner, and the images were processed through 
Image-Pro Plus® software version 4.0 (Media Cybernetics). 
Leaf area was measured in square millimeter (mm²) and 
converted to square centimeters (cm²). The maximum length 
(Lmax) was measured as the greatest distance between the point 
of insertion of the petiole in the leaf limbus and the apex of 
the leaf. The maximum width (Wmax) was measured as the 
largest horizontal dimension to the main vein axis (Figure 2).

Figure 2. Scheme of the measures of leaf lamina of E. pauferrense.
Lmax: maximum length; Wmax: maximum width.

 

Figure 1. Map of the location of the study area, State Park of Mata do Pau-Ferro, Areia, PB.
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2.3. Theoretical models

Twelve models were tested, using combinations between 
the dimensional variables Lmax, Wmax and the leaf area values. 
All models were elaborated by the principle of simplicity and 
practicality. The leaf limbus was taken as the leaf area, the 
dependent variable in the models. The variables Lmax and 
Wmax and the product of the linear combination “Lmax  × Wmax” 
of each leaf were used as independent variables (Table 1).

2.4. Statistical analysis

The equations were fitted in the software R version 3.4.0 
(“R Development Core Team”, 2019). Model selection was 
performed based on the criteria: (i) significance of the analysis 
of variance (F test; p ≤ 0.01); (ii) the value of the coefficient 
of determination adjusted by the degrees of freedom (R²adj); 
(iii) the standard error of the estimate in absolute terms 
(Sxy); (iv) the mean square of residuals (MSresid.); and (v) 
the graphical pattern of errors dispersion in percentage terms 
(ei%). The dispersion pattern of the residues was verified for 
the total sample data following the statistical procedures for 
graphic interpretation (Graybill, 2000; Zuur et al., 2009).

For each model, the average deviation was tested (if equal 
to or different from zero, null and alternative hypotheses, 
respectively) (Equation 13) to infer the model accuracy. Errors 
close or equal to zero mean better model accuracy. Then, the 
confidence interval (CI) for the mean was calculated using 
the t-Student distribution (p > 0.01).
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The combination of described criteria indicates the best-
fitted equation for the estimation of leaf area.

2.5. Model validation

The selected models were submitted to a validation process. 
For the validation, a second independent sample of leaves was 
randomly collected (n = 200) during the same period of the 

main sample (n = 600). The leaf area, length and width of the 
new sample were measured according to the methodology 
previously used. Subsequently, the estimated and observed 
values of leaf area were compared using a Student’s t-test at 
99% of confidence level (p = 0.01). The model validation with 
the independent sample of leaves aims to prove the stability 
and the significance of the parameters (Zar, 2010).

3. RESULTS

3.1. Leaf characteristics

The leaf area ranged from 0.13 cm2 to 19.24 cm², with 
an average of 7.75 cm² and standard deviation of 4.51 cm². 
A strong correlation between the linear measurements of 
the leaf and the observed leaf area was found (i.e., R2

adj from 
0.9095 to 0.9977; p < 0.001) (Table 2). The equations 3, 6 and 
12 best fitted the data showing the lower values of standard 
error of the estimation (Sxy) (Table 2).

Table 2. Adjusted models for leaves of (E. pauferrense) with the respective regression coefficients (β0, β1), standard errors of estimates (Sxy), 
adjusted R-squared (R2

adj), the degree of freedom of residuals (DFresid), mean square of residuals (MSresid) and the dependent variable, leaf 
area (Ŷ) as a function of maximum length (Lmax), maximum width (Wmax) and the product Lmax × Wmax (L × W).

Model Coefficients S(xy) R2
adj DFresid. MSresid. P Estimator=Ŷ

β0 β1

(1) −3.2606 2.7114 1.1179 0.9387 598 1.2497 <0.001 Ŷ = 3.2606 + 2.7114 Lmax

(2) −4.4021 5.2192 1.3479 0.9109 598 1.8168 <0.001 Ŷ = 4.4021 + 5.2192 Wmax

(3) 0.0244 0.7204 0.22399 0.9975 598 0.0502 <0.001 Ŷ = 0.0244 + 0.7204(L × W)
(4) 0.6477 1.7058 0.8393 0.9654 598 0.7044 <0.001 Ŷ = 0.6477 Lmax

1.7058

Table 1. Theoretical models to predict the leaf area of the E. 
pauferrense species and their respective generalizations.

Equation Type Allometric models 

(1) Linear Y = β0 + β1 × Lmax + ei

(2) Linear Y = β0 + β1 × Wmax + ei

(3) Linear Y = β0 + β1 × (LW) + ei

(4) Power Y = β0 × Lmax
β1ei

(5) Power Y = β0 × Wmax
β1ei

(6) Power Y = β0 × (LW)β1ei

(7) Modified Power Y = Lmax
β1ei

(8) Modified power Y = Wmax
β1ei

(9) Modified power Y = (LW)β1ei

(10) Modified linear Y = β1 × Lmax + ei

(11) Modified linear Y = β1 × Wmax + ei

(12) Modified linear Y = β1 × (LW) + ei

Y: leaf area; Lmax: maximum length; Wmax: maximum width; LW: 
product Lmax × Wmax; β0 and β1: model parameters; ei: random error.
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The modified models 10, 11 and 12 showed high coefficient 
of determination (0.96, 0.94 and 0.99, respectively) (Table 2), but 
the error differed from zero (Figure 3) by both the hypothesis test 
and the confidence interval, showing a bias in the distribution. 
The residuals of the modified power equations (Equations 7, 
8 and 9) also differed from zero, therefore rejecting the null 
hypothesis of absence of bias (Figure 3). The linear models 1 and 
2, power models 4 and 5, modified power models 7, 8 and 9, and 
the modified linear models 10 and 11 were discarded due to the 
bias of the residuals. A more detailed analysis of the results of the 
equations indicated a bias from 18.33% to 99.33%, considering 
errors ≥ 40%. The leaf area was underestimated by the equations 
9 and 12 and overestimated by the equations 4, 5, 7, 8, 10 and 
11, therefore these models were rejected. Besides, the residuals 
showed a non-homogeneous distribution (heteroscedasticity).

The equations 3 (linear model for relation with the product 
Lmax × Wmax) and 6 (power model for relationship relation with 
the product Lmax × Wmax) best fitted the data according to the 
analysis of deviation (Figure 3). The graphical interpretation 
of the residue dispersion analysis was important to verify the 
differences between the statistical parameters of equations 
(Zuur et al., 2009). A difference of estimation between the 

equations 3 and 6 was not found (Figure 4). Both equations 
showed significant determination coefficients (R2

adj) and low 
standard errors of estimates (Sxy) (Table 2), besides a low relative 
dispersion of residuals (Figure 5). The relative residues range from 
−26.29% to 11.22% (Figure 5a and b), are normal and constant, 
and reflect the unexplained variability for the measures of the 
leaves of E. pauferrense (= 7.5 ± 4.51 cm², mean and standard 
deviation, respectively). Equations using the length and width 
product (L × W) to describe leaf area are common for species 
with simple leaves (Cardozo et al., 2014; Maracajá et al., 2008).

The low dispersion of the values of leaf area suggests 
a close correlation with the product L × W, justifying the 
good adjustment of the equations 3 and 6 (Figure 5a and b). 
The brackets highlight adjustment details and accuracy of 
the data around the mean for both large and small leaves.

Using the validation analysis, it was verified that the 
estimated values of leaf area were close to the observed for 
both linear (3) and power models (6), thus, a significant 
statistical difference between estimated and observed values 
was not found (Table 3). The models 3 and 6 are the most 
suitable for the estimation of leaf area of E. pauferrense 
for all size class, from initial to fully developed leaves.

Model Coefficients S(xy) R2
adj DFresid. MSresid. P Estimator=Ŷ

(5) 1.1907 2.0653 0.9594 0.9095 598 0.8272 <0.001 Ŷ = 1.1907 Wmax
 2.0653

(6) 0.7279 0.9971 0.2242 0.9975 598 0.0502 <0.001 Ŷ = 0.7279 (L × W)0.9971

(7) - 1.4459 0.9706 0.9537 599 0.9421 <0.001 Ŷ = 1.4459 Lmax 
1.4459

(8) - 2.2233 0.9366 0.9569 599 0.8773 <0.001 Ŷ = 2.2233 Wmax
2.2233

(9) - 0.882 0.4282 0.991 599 0.1833 <0.001 Ŷ = 0.8820 (L × W) 0.882

(10) - 2.0178 1.6418 0.9649 599 0.9649 <0.001 Ŷ = 2.0178 Lmax

(11) - 3.5396 1.994 0.9410 599 0.9761 <0.001 Ŷ = 3.5396 Wmax

(12) - 0.7221 0.2241 0.9977 599 0.0502 <0.001 Ŷ = 0.722 (L × W)

Table 2. Continued...

Figure 3. Asymmetry of the deviations for each allometric equation (1 to 12). The lower limit of the box indicates the 25th percentile; 
the lines inside the boxes denote the median; the upper limit of the box indicates the 75th percentile. The vertical lines above and below 
the box indicate the minimum and maximum values (outliers are shown as points). Asterisks (*) denote biased equations, according to 
confidence intervals calculated for the mean of the deviations (99% by Student’s t-distribution).



Allometric Relations in Leaves of Erythroxylum pauferrense... 

Floresta e Ambiente 2020; 27(1): e20171130 5

5 - 8

Figure 4. Dispersion diagram between leaf area and the product of maximum length and maximum width (L × W) of the leaves of E. 
pauferrense, using the linear model (A) and the power function (B).

Table 3. Comparisons between the observed data of leaf area and the model estimates: linear (Y = β0 + β1 × (LW) + ei), power (Y = β0 × (LW)β1ei).

Variable
Descriptive statistics and t-test results

unit min max  ± sd 
Observed* cm² 0.2775 19.2931 5.4132 ± 4.4997 a

Estimated by the linear model cm² 0.2807 19.2951 5.4004 ± 4.4988 a
Estimated by the power model cm² 0.2597 19.2851 5.3946 ± 4.5044 a

x̅: mean; sd: standard deviation; unit: unit of measurement; min: minimum; max: maximum.
Same letters mean no statistical difference by the Student t-test (99% of probability). 
*Observed data from an independent sample (n = 200).

Figure 5. Scatter plot of relative residues (Ei%) for E. pauferrense leaf area estimates by the linear model 3 (A) and power model 6 (B).

4. DISCUSSION

The regression equations that estimate better the leaf area 
of Erythroxylum pauferrense were the simple linear (3) and 
power (6) models using the product of the maximum length 
and maximum width (L × W), which showed normality in the 
error distribution (homoscedasticity) and good adjustment for 
all statistical parameters. Our results agree with other studies 
using plants with simple leaves (Lima et al., 2012; Santos, 
2016; Toebe et al., 2010). The product between maximum 
length and maximum width has proven to be a valid measure 
of leaf area also for the species Vernonia ferruginea (Less.) 

(Souza & Amaral, 2015), Psidium cattleianum and Psychotria 
suterella (Moraes et al., 2013); but some studies found lower 
coefficient of determination for the relation between leaf and 
L × W for the species Crotalaria juncea L. (Cardozo et al., 
2014). The results show the efficiency of the model with the 
product of the length and width as the predictor variable 
for the determination of leaf area, which may be related to 
a higher amount of information provided through the two 
dimensions (Boeger et al., 2009; Monteiro et al., 2005).

The equations determined by the simple linear models 
(1 and 2, using the variables maximum length and maximum 
width, respectively) were rejected despite their significance, 

a) b)

a) b)
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also reported as inadequate by other studies since the relation 
with these variables does not expand in a completely linearly 
way (Williams & Martinson, 2003). All single dimension 
models, those that use only the length or width of leaves, have 
high values for the R²adj, but they were rejected due to the 
high residue deviation (Figure 3). Some researchers suggest 
that the use of the single-dimension models (Antunes et al., 
2008; Pompelli et al., 2012) which may reduce the amount of 
time and resources implemented in experiments despite the 
simplification. However, the use of single dimension models 
is not recommended to estimate leaf area of E. pauferrense.

Monteiro et al. (2005) found good estimations using the 
length and width of the leaves carried out separately for cotton 
leaf (Gossypium hirsutum L.). However, similar to our results, 
Schmildt et al. (2017) verified a better fit using the product 
between length and width for the leaf area of cacao tree 
(Theobroma cacao L.). Once again, the mathematical models 
using L × W are effective by presenting higher values of R². 
These results corroborate some studies with other species of 
different leaf morphological profiles (Cardozo et al., 2014; 
Maracajá et al., 2008) and are more evident in simple leaves 
with elliptic and oblong limbs. Likewise, the power function 
in our study gives accurate and reliable estimates leaf area 
for the species E. pauferrense.

In this work, it was chosen to dispense with any mathematical 
transformation of the variables for the simple and practical 
use of the equations. This criterion and the acceptance of 
the normality of the residue offer credibility for the selected 
models. Leaves removal is only necessary to estimate the 
allometric models. Once the allometric equation is known, 
the leaf area is determined using a graduated ruler or a 
measuring tape with no need of leaves removal.

The processes of development and growth of forest species 
are important in the ecological context, since the structural 
condition of an individual is related to the environmental 
and genetic factors that contributed to its growth from the 
seedling stage (Silva et al., 2015).

Therefore, studies using allometric models for the estimation 
of leaf area provide a tool for data measure for evolutionary 
and adaptation processes (Brito-Rocha et al., 2016; Forrester 
et al., 2017; Zhang & Pan, 2011). Our study, thus, produces 
data that may contribute to the preservation of the natural 
genetic resources of the species E. pauferrense in its habitat 
facing the biological risk scenario of the Atlantic Forest.

5. CONCLUSIONS

The equations indicated to estimate leaf area of Erythroxylum 
pauferrense are the linear model (Ŷ = 0.0244 + 0.7204 (L × W)) 
and the power function (Ŷ = 0.7279 (L × W)0.9971) using the 

product of maximum length and maximum width as the 
predictor variable. These equations show great precision, 
the absence of bias and high reliability. The indirect measure 
of leaf area through the product of maximum length and 
maximum width provides a simple non-destructive method 
of estimation and avoids the use of expensive equipment.

The estimation of leaf area using the product of maximum 
length and maximum width of leaves is also a consensus for 
commercial species. Therefore, we expect that this study 
provides a tool to the simplification of various biological 
research (e.g., experimental, ecological and ecophysiological 
data) and to understand aspects of biological responses of 
the species to natural ecosystems or conservation actions.
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