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Abstract 
The aim of this work was to compare methods of determining the leaf area of guava (leaf discs and scanned 
images) and to model leaf area as a function of linear dimensions. Four areas of guava ‘Paluma’ were selected 
(12, 15, 20 and 24 months of age) for the experiment in the municipality of Pedro Canário, ES, Brazil. We 
randomly collected samples from 15 plants in each area. Ten leaves were chosen among the lower, middle and 
upper thirds of each plant to ensure that leaves of all sizes were collected, for a total of 600 leaves. Subsequently, 
we determined the leaf area by the methods of digital imaging and leaf discs. Linear regression analysis and 
correlation analysis were used to compare the methods. Linear, quadratic and power models of leaf area, as a 
function of the length or width and/or the product of length and width were adjusted. The methods of leaf discs 
and scanned images are discordant. The method of digitised images was a better fit to the width of the leaf, while 
the method of leaf discs was a better fit for length. 
Keywords: scanned images, leaf discs, modelling, non-destructive method 

1. Introduction 
Guava, in Brazil, is grown in three different production systems to cater to different markets: cultivation for table 
guava, for industry and for mixed uses. The latter system aims to serve both markets simultaneously, which is an 
advantage for producers, as the best quality fruits are intended for in nature fruit markets at premium prices, and 
the remainder are intended for processing into different products according to the type of fruit (Ramos et al., 
2010; Pereira & Kavati, 2011). 

The leaf area of fruit trees is an important characteristic because it is directly related to cultural processes and 
management systems, as it affects photosynthetic capacity, light interception, interference with ground cover, 
competition with other plants, water loss, and determination of pesticide spray coverage, among others (Morgado 
et al., 2013; Bosco et al., 2012). 

The area of a leaf can be obtained by indirect, non-destructive methods, such as mathematical models or 
equations that estimate, with reasonable accuracy, leaf area as a function of linear dimensions (such as length, 
width and/or the product of both). The ease and speed of execution and low cost are important (independent of 
modern, expensive equipment) because these methods do not cause destruction of the plant, and this allows 
measurements to be made several times on the same individual (Silva et al., 2002; Araújo et al., 2005; Maldaner 
et al., 2009; Lima et al., 2012). 

Recent research was conducted to develop equations that relate the length, width or the product of both to the 
leaf area of some fruit trees, such as passion fruit (Morgado et al., 2013), mango (Lima et al., 2012), apple 
(Bosco et al., 2012), acerola (Lucena et al., 2011) and vines (Borghezan et al., 2010), with a high degree of 
accuracy. However, there are no reports on the estimation of leaf area in guava, and for this fruit, leaf area could 
be an important tool for assessing growth, productivity and phytosanitary treatments. 
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The aim of this study was to establish mathematical models based on the evaluation of linear measurements 
made on leaves of guava ‘Paluma’ to estimate the leaf area. 

2. Methodology 
The study was conducted in the district of Crystal North, Municipality of Pedro Canary, northern Espírito Santo 
region (18°17′33″ S, 39°57′26″ W, elevation 65 m). The region is classified by Köppen as a tropical rain forest 
and climate (Am), and the soil is classified as dystrophic Ultisol.  

In September 2017, we selected four areas of guava ‘Paluma’, 12, 15, 20 and 24 months old, spaced 6.5 × 4.0 m. 
The orchards were formed by transplanting trees, and certification was formed through cutting. Until the 
establishment of the experiment, these plants had not yet been subjected to pruning. 

We randomly selected 15 plants in each of the areas previously marked for study. Ten leaves were chosen among 
the lower, middle and upper thirds of the plant to ensure that leaf material of all lengths and widths was collected, 
totalling 600 leaves. 

For each leaf, linear measurements of length and width were made. The length measurement was taken along the 
central rib, from the apex of the leaf to the intersection of the blade and the stem. For the width, the greatest 
width perpendicular to the alignment of the central rib was used. Both measurements were in centimetres using a 
graduated scale to the nearest 0.1 cm. 

After determining the linear measurements, scanned images of each leaf were obtained using a flatbed scanner 
(HP brand, model Scanjet Enterprise 7500 Flow with a scan resolution of 600 dpi), and the images were 
processed using ImageJ software, version 3.0 (RASBAND, 2012). This software used an algorithm that 
integrates the digitised image using the technique of measurement and classification of objects on the digital 
image surface. Subsequently, with the aid of an auger (diameter of 35 mm), the maximum possible number of 
discs of the lamina, including the ribs, were made. 
Samples of leaf discs and the remainder of each leaf were separately packed into paper bags and dried in an oven 
with forced aeration and a temperature of 65 °C to constant weight. The dry mass of the two portions was 
determined using an electronic balance with a 1 mg resolution and a 5 mg accuracy. The total area of each leaf in 
cm² was calculated using the Equation 1: 

                                     (1) 

Where, MST is the total dry mass of the leaves, ATD is the total area of the discs and MSD is the dry mass of the 
discs. 

The lengths, widths, products of length and width and leaf areas were determined digitally through the leaf disc 
images. Measures of central tendency, variability, skewness and kurtosis were calculated and checked for 
normality using the Kolmogorov-Smirnov test (p < 0.05). 

The evaluation of the agreement between the methods of determining leaf area, scanned images and weighing 
leaf discs, was performed with the adjustment of a simple linear regression, where the leaf area determined by 
digitalised images was considered the dependent variable and the leaf area using leaf discs was the independent 
variable. 

Prior to fitting the models, data for length, width and leaf area were subjected to Bartlett, Kolmogorov-Smirnov 
and Durbin-Watson tests to verify the homogeneity of variance, normal distribution of residuals and data 
independence, respectively. If the data set displayed the characteristics of homogeneity of variance, normal 
distribution and independence, these data would be used without any processing (Bosco et al., 2012). 

For each model tested, the significance of the coefficients was determined using the Student t test at 5% 
significance. Then, the coefficients of linear correlation (r) and determination (R2) between the values of the 
estimated and observed area were calculated. The significance of “r” was evaluated by the Student t-test at 5% 
significance. For each model, the mean absolute error (MAE), the root mean square error (RMSE) and the 
Willmott index (d) (Willmott et al., 1985) were calculated using the Equations 2, 3 and 4: 

                            (2) 
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                               (4) 

Where, yi are the estimated values of leaf area, Yi are the observed values of leaf area,   is the average of the 
observed values and n is the number of leaves (n = 600). After obtaining these values, we determined the 
Camargo and Sentelhas (1997) index (CS) (CS × d = r). 

The criteria used for selection of the best models that estimate the leaf area as a function of the length or width 
and/or the product of both were the following: the linear coefficient was (a) non-zero and (b) no different from 
the slope; coefficients of linear correlation (r) and determination (R2) were close to one; the mean absolute error 
(MAE) and root mean square error (RMSE) were close to zero; and the indices “d” and CS were close to one. 
The best models were arranged in rank order, with the best fit for each model chosen to perform the validation 
and performance tests. The validation and the performance tests of the selected models were performed with data 
from lengths, widths and leaf areas obtained from 500 leaves. 

The generation and evaluation of the models were performed in R (2013) software. 

3. Results and Discussion 
The measures of central tendency, variability, skewness and kurtosis, in relation to the length (L), width (W), the 
product of length and width (L × W), the leaf area determined by digital images (ID) and the leaf area 
determined by leaf discs (DF), show that the data from 511 leaves did not fit a normal distribution (p ≤ 0.05) 
(Table 1).  

 

Table 1. Descriptive statistics and normality test for the length of the central leaflet (C), the width of the central 
leaflet (L), the product of length and width (L × W), the leaf area determined by digital imaging (ID) and the leaf 
area determined by leaf discs (DF) of 511 leaves of guava ‘Paluma’ 

Statistic C L C × L ID DF 

Minimum 7.88 2.81 22.13 48.55 49.43 

Maximum 15.00 6.97 104.53 333.05 337.29 

Mean 11.46 5.19 60.35 168.19 169.60 

Median 11.50 5.21 59.89 163.09 164.06 

Standard deviation 1.29 0.71 14.67 49.70 49.94 

CV (%) 11.21 13.59 24.30 29.54 29.45 

Cs -0.55 -0.22 +0.18 +0.44 +0.46 

Ck -0.93 -0.09 -0.26 +0.22 +0.26 

D 0.657* 0.135* 0.268* 0.0526* 0.0775* 

Note. Cs: Coefficient of asymmetry; Ck: Coefficient of kurtosis; D: significance of the Kolmogorov-Smirnov 
test; *: Significant ns: not significant. 

 

Though variability in relation to the average data of L and High W cannot be considered as their coefficients of 
variation were 11.21 and 13.59%, respectively, it can be concluded that the sample is suitable for the generation 
of regression models because the variability of leaf area determined by ID and DF was considerably higher, 
demonstrating the adequacy of the sample. The average leaf area determined by DF was 0.84% higher than the 
leaf area determined by ID, indicating the compatibility of the methods. Toebe et al. (2012) did not verify the 
normality for the variables length, width and the product of length when they performed a similar experiment to 
determine the leaf area of the bean vargem by two methods (discs and digital photos), and they found a 
difference of 16% mean leaf area between the two methods. 

Figure 1 shows the fit of the simple linear regression between leaf area determined by digital imaging and the 
leaf area determined by leaf discs. 
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Figure 1. Simple linear regression between the leaf area determined by digital imaging and the leaf area 

determined by leaf discs of 511 guava leaves 

 

The linear and angular coefficients of the simple linear regression of leaf area determined by digital imaging as a 
function of leaf area determined by leaf discs were close to zero (a = -0.4961, p ≤ 0, 05) and close to one (b = 
0.9946, p ≤ 0.05), respectively. An angular coefficient close to 1 indicates that measurements of leaf area 
determined by the two methods are mathematically similar. Furthermore, there is a decreasing trend (a = 
-0.4961); that is, the larger the leaves, the smaller the differences between the leaf area determined by the two 
methods. However, the percentage change in the mean area of the two methods remained constant. The model Ŷ 
= - 0.4961 + 0.9946 x indicates that for every one-unit increase in leaf area determined by leaf discs, the leaf area 
determined by digital images increases, on average, 0.9946 units. Thus, it can be inferred that the methods 
provide approximately equal leaf areas because the coefficients of linear correlation (r = 0.9996, p ≤ 0.05) and 
determination (R2 = 0.9992), even though they are high values, need to be analysed from a practical standpoint; 
essentially, there is a linear relationship between the variables. Bosco et al. (2012) conducted a similar study to 
select regression models to estimate the leaf area in apple and determined, for all selected, the significances of 
angular and linear coefficient models. This highlights the importance of this type of analysis, beyond the linear 
correlation coefficient. Methods for the determination of leaf area using digital photos and leaf discs provide 
different results, although the correlation coefficients are high; a similar conclusion was obtained by Toebe et al. 
(2012), working to determine the leaf area of green beans.  

The model (quadratic and power) that relates leaf area determined by digital images and by leaf discs with the 
full leaf measurements of length, width and/or the product of length and width showed similar adjustments 
(Tables 2 and 3). The high values of the coefficients of determination (R2 ≥ 0.989) indicate that all models could 
be used to estimate leaf area. 
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Table 2. Equations for determining the leaf area ratio (Y) of leaf discs and digital images using the length (L) 
width (W) and the product of length and width (L × W) as independent variables (x) 

Model Independent Variable Estimated Equation 

Area Leaf Discs 

1. Linear C Y = 38.415x – 270.59 

2. Linear L Y = 69.642x – 191.71 

3. Linear C × L Y = 3.386x – 34.751 

4. Quadratic C Y = 2.824x² – 26.115x + 93.358 

5. Quadratic L Y = 11.497x² – 47.842x + 102.640 

6. Quadratic C × L Y = 0.012x² + 1.890x + 8.731 

7. Potential C Y = 0.226x2.704 

8. Potential L Y = 4.531x2.186 

9. Potential C × L Y = 1.174x1.211 

Area Digital Images 

10. Linear C Y = 38.237x -269.96 

11. Linear L Y = 69.336x – 191.53 

12. Linear C × L Y = 3.370x – 35.206 

13. Quadratic C Y = 2.759x² – 24.822x + 85.693 

14. Quadratic L Y = 11.331x² – 46.456x + 98.587 

15. Quadratic C × L Y = 0.011x² + 1.938x + 6.401 

16. Potential C Y = 0.217x2.716 

17. Potential L Y = 4.414x2.196 

18. Potential C × L Y = 1.136x1.217 

 

Eighteen estimated models of leaf area with high coefficients of determination (R² > 0.95) were obtained (shown 
in Table 3). Model tests showed significant differences (p < 0.05) in the estimation of leaf area as a function of C 
and/or L. The quadratic and power models gave values of coefficients of determination (R²) greater than the 
linear models. 

 

Table 3. Angular ratio (a), linear (b), linear correlation (r) and determination (R2) coefficients obtained for the 
adjusted leaf area between the estimated and observed linear regressions. Mean absolute error (MAE), root mean 
square error (RMSE), Willmott index (d) and Camargo and Sentelhas index (CS) 

Model a b r R² MAE RMSE d CS 

1 0.977* 3.850* 0.989* 0.977 6.108 7.515 0.994 0.983 

2 0.967* 5.557* 0.983* 0.967 7.254 9.030 0.992 0.975 

3 0.989* 1.900* 0.994* 0.989 4.418 5.290 0.997 0.992 

4 0.992* 1.391* 0.996* 0.992 3.595 4.521 0.998 0.994 

5 0.991* 1.443* 0.996* 0.992 3.830 4.606 0.998 0.994 

6 0.992* 1.203ns 0.997* 0.993 3.305 4.054 0.998 0.995 

7 1.006* -1.040ns 0.996* 0.984 3.635 4.430 0.998 0.994 

8 0.970* 5.006* 0.995* 0.989 4.219 5.218 0.997 0.992 

9 0.988* 1.966* 0.996* 0.989 3.745 4.492 0.998 0.994 

10 0.978* 3.706* 0.989* 0.978 5.981 7.369 0.994 0.983 

11 0.968* 5.327* 0.984* 0.968 6.984 8.836 0.992 0.976 

12 0.989* 1.790* 0.995* 0.989 4.342 5.122 0.997 0.992 

13 0.992* 1.355ns 0.996* 0.992 3.492 4.459 0.998 0.994 

14 0.992* 1.329* 0.996* 0.992 3.569 4.413 0.998 0.994 

15 0.993* 1.110ns 0.997* 0.994 3.073 3.954 0.998 0.995 

16 1.008* -1.273ns 0.996* 0.985 3.535 4.389 0.998 0.994 

17 0.971* 4.686* 0.995* 0.989 3.986 4.979 0.997 0.993 

18 0.990* 1.688* 0.996* 0.989 3.593 4.327 0.998 0.994 
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The quadratic and power models adjusted for the product of width and length had a higher performance (higher 
values of R²) when length and width were analysed separately. Models for crop snap beans, passion fruit (Toebe 
et al., 2012; Morgado et al., 2013), melon (Lopes et al., 2007), crambe (Toebe et al., 2010) and tropical forage 
(Sousa et al., 2015) yielded different results, with lower coefficients of determination when the variable length 
was determined by digital photos or leaf discs. However, it is noteworthy that the differences between the 
coefficients of variation of the models found in this study were very small, less than 0.1% percent different. 
Therefore, due to the high labour required to collect two variables (length and width), there is no justification for 
the use of these equations, so we suggest the use of equations that consider only the variable width or length for 
both practicality and accuracy of results.  

It can be inferred that the quadratic power models based on the length or width are more appropriate than other 
models. Queiroga et al. (2003), Maldaner et al. (2009), Toebe et al. (2010), and Silva et al. (2015) concluded that 
quadratic power models using the width of the leaf presented better results for the determination of leaf area; this 
agrees with our results for guava leaves. It is advantageous to use only one dimension of the leaf for determining 
leaf area, regardless of the size. 

4. Conclusion 
Guava leaf area can be determined by simple measures of its linear dimensions. 

The m of all leaf discs and scanned images is in agreement for the estimation of the leaf area; given that the 
dimension is used, the first is the appropriate length and width. 

Although it disagrees with the use of linear dimensions of the leaf, m offers good accuracy in determining the 
leaf area, and the wood frame model was the best fit for the two methods. 
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