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ABSTRACT. The leaf area estimation of crops is a critical analysis because it indicates the
photosynthetically active area of the plant. However, some methods are more expensive and difficult to
apply to crops, such as pitaya. Thus, the objective of the present work was to determine a non-destructive
method of estimating the area and weight of pitaya cladodes using linear dimensions. In an experimental
orchard, 101 pitaya cladodes of the species Selenicereus undatus were collected, and the length (L), width
(W), cladode area (CA), fresh mass (FM) and dry mass (DM) of the cladodes were measured. The product
between the cladodes’ length and width (LW) was then calculated. Linear, non-intercept linear and power
models were used to predict the area and weight of cladodes using allometric equations. The criteria for
choosing the best equations were based on Pearson’s coefficients of determination and correlation,
Willmott’s agreement index, Akaike’s information criterion, root mean squared error and mean absolute
error. The equations constructed with the power and linear model were the most suitable for predicting
cladode area (CA = 5.577 * LW®*#), cladode fresh mass (FM = 8.50 * W'138) and cladode dry mass (MD = 3.03
+1.74 * W). Thus, it was possible to construct a non-destructive and reliable method for predicting the area
and weight of pitaya cladodes using the linear dimensions of the cladodes (Iength and width).
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Introduction

The pitaya [Selenicereus undatus (Haw.) D.R. Hunt] is a plant belonging to the Cactaceae family, originating
in the Americas, with approximately 1,500 species distributed in 100 genera and Mexico having a great genetic
diversity of this crop (Patel et al., 2023). The production of this exotic fruit, known for its numerous nutritional
properties that are beneficial to human health (Verona-Ruiz et al., 2020), has expanded considerably
worldwide. Although Brazil is not yet among the largest global producers, production reached 2924 tonnes in
2022 (Cruz & Martins, 2022), with projections for growth until 2029 (Mitsui, 2024).

Similar to the forage palm (Opuntia ficus-indica), pitaya captures light through its cladodes (modified stems)
with specialised structures to capture light energy to carry out photosynthesis, which even influences fruit
production. In countries with a hot climate, high insolation represents one of the main challenges for dragon fruit
production. It can cause irreversible cladode damage, affecting photosynthetic efficiency and fruit quality. Among
the strategies studied to mitigate these effects, shading has shown promise (Oliveira et al., 2021). However, several
gaps remain to be filled in the cultivation of this fruit. Increased research has focused on the absence of consensus
on its taxonomy (Trindade et al., 2023) and postharvest conservation, considering that internal physiological
metabolism and storage conditions are crucial for fruit spoilage (Huang & Zhao, 2024). Cladode morphology is also
noteworthy since the shape and position of the cladodes are directly related to fruit productivity and quality (Brito
et al., 2024). Thus, it is essential to understand the photosynthetic area of dragon fruit cladodes, which is not yet
feasible by traditional measurement methods, such as the use of equipment.

Several methods can be used to determine the leaf area of crops, and they are classified as direct, indirect,
destructive and non-destructive. The direct methods (destructive and non-destructive) are precise but require
more time, labour and investments in high-cost equipment (Goergen et al., 2021; Ribeiro et al., 2023a). The
non-destructive indirect method allows for the determination of leaf area from equations using the length
and width of the leaves.
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Several studies have determined the relationship between leaf area and leaf dimensions in various plant
species, such as sweet potato (Ribeiro et al., 2024), Spondias tuberosa (Amorim et al., 2024a), Spondias sp.
(Amorim et al., 2024b), Cassia fistula (Ribeiro et al., 2023a), basil (Ribeiro et al., 2022a), Erythrina velutina
(Ribeiro et al., 2022b), and Lisianthus (Dias et al., 2022). These works have been of great relevance, providing
precise equations for estimating the leaf area of these plants and presenting methodologies that can be used
without requiring the destruction of plant material, thus making them less costly for the researcher.
Estimating leaf area by regression models is an accurate and easy-to-use method, providing the execution of
the method in all vegetative phases of the plant (Carvalho et al., 2017).

In the case of cacti, such as pitaya, this determination becomes more complicated by the morphology, as
their leaves are modified into cladodes. Therefore, pitaya is not subject to traditional methods of
determination. However, a method that helps estimate pitaya’s cladode area still needs to be developed.
Therefore, this study aimed to determine a non-destructive method for predicting the area and weight of
pitaya cladodes using the linear dimensions of the cladodes (length and width).

Material and methods

This study was conducted in the experimental orchard of the Serra Talhada Academic Unit, belonging to
the Federal Rural University of Pernambuco, located in the municipality of Serra Talhada, state of
Pernambuco, Brazil (Figure 1). The climate of the region is of the BSh type according to the Koppen
classification (Alvares et al., 2013) and characterised as hot and dry semi-arid, with an altitude of 435 m,
average annual temperature above 25°C, global average radiation of 17.74 M] m'}, average relative humidity
of 64.85% and average annual precipitation of 653 mm (Bezerra et al., 2020).
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Figure 1. Location map of Serra Talhada, Pernambuco State, Brazil, where red pitaya cladodes were collected.

A total of 101 pitaya cladodes of Selenicereus undatus, characterised by a red peel and pulp fruit, were
collected. Collection was carried out by selecting cladodes of various sizes and shapes that were free of pests,
diseases, and other biotic and abiotic damage (Figure 2).

After collection, the cladodes were taken to the plant production laboratory, where fresh weight
measurements were carried out by weighing each cladode individually on a semi-analytical scale and then
scanned on a flatbed scanner (HP DeskJet Ink Advantage 2874, Barueri, Sao Paulo State, Brazil) with a
resolution of 600 DPI. The cladodes were then taken to the greenhouse and dried at 60°C for 168 hours. The
dry mass was determined by weighing the cladodes individually on a semi-analytical scale.

The digitised cladodes were processed using Image] software v. 1.53k with image contrast, as described by Amorim
et al. (2024a). After processing, the following measurements were recorded: length (L), equivalent to the distance
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from the apex of the cladode to the insertion of the peduncle; the width (W), referring to the maximum measurement
perpendicular to the central area; and the cladode area (CA). The product of the L and W data (LW) was calculated.

Cladode center length (L)

1.0 em
—

Cladode center width (W)

Figure 2. Linear dimensions [length (L) and width (W)] of the red pitaya cladode.

The linear (§ = B, + B, - x + &;), linear without intercept (§ = B, - x + ;) and power (¥ = f3, - xP1 + ¢;) were
used to predict the cladode area and weight, in which § corresponds to the estimate of cladode area (CA), fresh
mass (FM) and dry mass (DM) as a function of x (dimensions of cladodes L, W and LW).

To determine the best models and prediction equations, the following criteria were adopted: the highest
coefficients of determination (R2) (Equation 1), Pearson’s correlation coefficient (r) (Equation 2), Willmott
agreement index (d) (Equation 3), the lowest Akaike information criteria (AIC) (Equation 4), root mean
squared error (RMSE) (Equation 5), and mean absolute error (MAE) (Equation 6).
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where: yi: estimated cladode area; y’i: observed cladode area; yi: average of the observed values; y’I: §i - v;
y’i:yi - y; L(x\0): maximum likelihood function; p: number of model parameters; n: number of observations;
xi and yi: observations of variables x and y; x and y: average of the variables x and y.

Descriptive analysis was performed to determine the maximum, minimum and mean values, total
amplitude, standard deviation, and coefficient of variation. Student’s t-test for paired samples up to 5%
probability was used to compare the observed cladode area and weight and those estimated by the proposed
equation. Statistical analyses were conducted using R software (R Core Team, 2023).

Results

The collected cladodes had a L ranging from 4.34 to 108.94 cm, with a mean of 28.77 cm and an amplitude
of 104.59 cm. The W ranged from 1.83 to 39.84 cm, with a mean of 9.85 cm and amplitude of 38.01 cm. The
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LW ranged from 9.95 to 4120.11 cm?, with a mean of 408.63 cm? and an amplitude of 4110.16 cm?. The CA
showed variation between 6.40 and 546.55 cm?, with a mean of 119.43 cm? and an amplitude of 540.15 cm?. The
FM varied from 3.44 to 588.09 g with a mean and amplitude of 119.70 and 584.65 g, respectively. The DM ranged
from 0.300 to 79.94 g, with a mean of 20.24 g and an amplitude of 79.64 g. The highest coefficients of variation
were recorded for LW (164.36%) and FM (90.19%) and the lowest for L (66.80%) and DM (68.48%) (Table 1).

Table 1. Minimum, maximum, mean, total amplitude, standard deviation and coefficient of variation of length (L), width (W), product
of length and width (LW), cladode area (CA), fresh mass (FM), and dry mass (DM) of red pitaya (Selenicereus undatus) cladodes.

Descriptive statistic L (cm) W (cm) LW (cm?) CA (cm?) FM (g) DM (g)
Minimum 4.34 1.83 9.95 6.40 3.44 0.300
Maximum 108.94 39.84 4120.11 546.55 588.09 79.94

Mean 28.77 9.85 408.63 119.43 119.70 20.24

Total amplitude 104.59 38.01 4110.16 540.15 584.65 79.64
Standard deviation 19.22 7.06 671.63 91.98 107.96 13.86
CV (%) 66.80 71.72 164.36 77.01 90.19 68.48

Figure 3 shows the dispersion between the variables L, W, LW, CA, FM, and DM, demonstrating different
relationships between them, which indicates adjustments of linear and non-linear models for estimating the
cladode area and weight. It is possible to observe linear patterns between L and CA, W and CA, FM and CA,
and DM and CA, and non-linear patterns between LW and CA. Regarding FM, linear patterns were observed
between W and FM and between CA and FM, and non-linear patterns were found between L and FM and
between LW and FM. For DM, linear patterns were observed between W and DM and between CA and DM, and
the non-linear patterns were found between L and DM and between LW and DM.
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Figure 3. Histograms and scatter plots between length, width, length and width product, cladode area, fresh mass and dry mass of red

pitaya (Selenicereus undatus) cladodes.
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Thus, it was possible to use linear and non-linear models to predict CA, FM, and DM of pitaya cladodes.
For CA, the best fitted model was the power model, using LW (CA = 5.577 * LW%5*) and with the best criteria
observed for the coefficient of determination (R2: 0.9680), Pearson’s linear correlation coefficient (r: 0.9838)
and Willmott’s agreement index (d: 0.9917) and lower values of the Akaike information criterion (AIC:
849.82), root of the mean squared error (RMSE: 16.44) and mean absolute error (MAE: 12.40) (Table 2).

Table 2. Regression models, coefficient of determination (R2), Pearson's correlation (r), Willmott agreement index (d), Akaike's
criterion (AIC), root mean squared error (RMSE) and mean absolute error (MAE), for linear dimensions (L, W and LW) of red pitaya
(Selenicereus undatus) cladodes in the cladode area estimation.

Model x! R? r d AIC RMSE MAE Equation
Linear L 0.9282 0.9638 0.9812 929.69 24.52 18.38 CA=-13.28+4.61*L
Linear w 0.9291 0.9642 0.9815 928.43 24.36 18.62 CA=-4.23+12.55*W
Linear LW  0.8909 0.9444 0.9706 971.54 30.22 24.56 CA=66.57 +0.1293 * LW
Linear (0.0) LW  0.8156 0.9444 0.9706 1120.84 30.22 24.56 CA=0.1734 *LW
Power L 0.9333 0.9661 0.9826 923.56 23.78 18.07 CA =2.696 * L1111
Power w 0.9296 0.9642 0.9814 928.66 24.39 18.66 CA =11.445 * Wi
Power LW  0.9680 0.9838 0.9917 849.82 16.44 12.40 CA =5.577 * LW

To estimate FM, the power model was also best adjusted when W was used (FM = 8.50 * W' %) registering
the best coefficient of determination (R%: 0.8354) and Pearson’s linear correlation (r: 0.9140), the highest
Willmott agreement index (d: 0.9543) and the lowest Akaike information criterion (AIC: 1045.85), root mean
squared error (RMSE: 43.82) and mean absolute error (MAE: 30.05) (Table 3).

Table 3. Regression models, coefficient of determination (R?), Pearson's correlation (r), Willmott's agreement index (d), Akaike's
criterion (AIC), root mean squared error (RMSE) and mean absolute error (MAE), for linear dimensions (L, W and LW) of red pitaya
(Selenicereus undatus) cladodes in the fresh mass estimate.

Model x! R? R d AIC RMSE MAE Equation
Linear L 0.6761 0.8242 0.8981 1112.39 61.13 44.89 FM = -13.52 +4.63 * L
Linear w 0.8285 0.9111 0.9522 1048.83 44.48 30.54 FM =-17.46 + 13.92 * W
Linear LW  0.7736 0.8808 0.9336 1076.57 51.10 37.80 FM=61.84+0.14 * LW
Linear (0.0) LW  0.7900 0.8808 0.9336 1147.26 51.10 37.80 FM =0.1825 * LW
Power L 0.6980 0.8354 0.9089 1107.57 59.67 42.82 FM = 1.95 * L120
Power w 0.8354 0.9140 0.9543 1045.85 43.82 30.05 FM = 8.50 * W'138
Power LW 0.7960 0.9822 0.9422 1067.55 48.85 33.81 FM = 4.04 * LW*>!

For the DM estimate, the best-adjusted model was the linear model using W (MD = 3.03 + 1.74*W), where
the equation obtained presented the best coefficient of determination (R2: 0.7904), Pearson’s linear
correlation coefficient (r: 0.8902) and Willmott’s agreement index (d: 0.9399) and the lowest Akaike’s
information criterion (AIC: 658.44), root of the mean squared error (RMSE: 6.31) and mean absolute error
(MAE: 4.86) (Table 4).

Table 4. Regression models, coefficient of determination (R?), Pearson's correlation (r), Willmott agreement index (d), Akaike's
criterion (AIC), root mean squared error (RMSE) and mean absolute error (MAE), for linear dimensions (L, W and LW) of red pitaya
(Selenicereus undatus) cladodes in the dry mass estimate.

Model x! R? r d AIC RMSE  MAE Equation
Linear L 0.5998 0.7770 0.8660 723.10 8.72 6.50 DM=4.11+0.56 * L
Linear w 0.7904 0.8902 0.9399 658.44 6.31 4.86 DM=3.03+1.74*W
Linear LW 0.7316 0.8568 0.9187 683.17 7.14 5.21 DM =13.01 +0.017 * LW
Linear (0.0) Lw 0.7069 0.8568 0.9187 804.15 7.14 5.21 DM =0.0263 * LW
Power L 0.5914 0.7690 0.8674 727.28 8.91 6.66 DM = 1.05 * 088
Power w 0.7856 0.8863 0.9395 662.64 6.45 5.04 DM = 2.49 * W01
Power LW 0.7188 0.8478 0.9171 689.73 7.38 5.61 DM = 1.50 * LW®46

The equations fit the models, as there was little dispersion of the data (Figure 4), indicating that they
satisfactorily estimated the cladode area and weight of pitaya. However, for the estimated and observed plant
weight (Figure 5), the coefficients of determination (R?) indicated less precision than that observed for CA.
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Figure 4. Relationship between the observed cladode area and the product of length and width (A), between fresh mass and width (B),
and dry mass and width (C) of red pitaya (Selenicereus undatus) cladodes in the power and linear models.
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Figure 5. Relationship and comparison of the observed cladode area (A), fresh mass (B), and dry mass (C) with the estimated cladode area,
fresh mass and dry mass, using the power and linear models from the length and width of red pitaya (Selenicereus undatus) cladodes.

Discussion

The significant variability found in the allometric measurements of pitaya (Table 1) is necessary to have
greater sample representativeness. According to Ribeiro et al. (2023a), this variability allows for better
construction of accurate allometric equations, which can be used to predict the CA and FM of cladodes in
different phenological phases of the crop life cycle in a non-destructive way. Thus, it is possible to predict
that the number of cladodes used in this study (101 cladodes) was adequate for constructing models to predict
the area and leaf weight of dragon fruit (Ribeiro et al., 2023b).

The distribution of dispersion between the variables analysed, demonstrating linear and nonlinear
relationships, has commonly been observed by other studies in the area, with fruit crops, such as umbu
(Spondias tuberosa) (Amorim et al., 2024a) and sapotizeiro (Manilkara zapota L.) (Ribeiro et al., 2023c), and
even ornamental species, such as Thunbergia grandiflora Roxb) (Mela et al., 2022). However, studies regarding
cacti still need to be made available.

According to the coefficient of determination (R?) of the obtained equations, at least 79% of the variation
observed in the leaf area and plant weight of the pitaya cladodes were explained by the models built from the linear
dimensions of the cladodes (Ribeiro et al., 2023d). According to Sala et al. (2023), determining leaf area through
non-destructive methods based on mathematical models requires high speed and precision derived from statistical
parameters (R, RMSE, r). However, other studies have already shown lower R values than those obtained for the
prediction of leaf area, thus corroborating the present study (Huaccha-Castillo et al., 2023).

The prediction of cladode weight was also possible from linear and nonlinear regression models. It has
been indicated as a simpler and more useful method for the study of the physiology and agronomic behaviour
of the crop (Salazar et al., 2018). In a study with Nopaleae cochenillifera (forage palm), Leite et al. (2020) also
determined the cladode weight from linear dimensions, such as L. and W, through a power model. Lucena et al.
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(2021) found that the model that best represented the weight of the forage palm was gamma. According to
Sabouri and Hassanpour (2015), linear dimensions, based on simple function models, can estimate the FM
and DM of crops. Compared with traditional methods that require expensive and destructive equipment, these
allometric models offer non-invasive and cost-effective alternatives. They provide sufficient accuracy while
reducing the need for specialised resources, making them suitable for research and field applications.

Further studies should focus on comparing these allometric models across various environmental and
agronomic conditions, which would provide valuable information about their broader applicability and refine
their accuracy.

Conclusion

Leaf area and cladode weight can be accurately estimated through allometric equations using the linear
dimensions of the cladodes. For the leaf area of the cladode, the equation that best fit was CA = 5.577 * LW054
from the L and W of the cladode. For vegetable weight, the best-adjusted equations were FM = 8.50 * W18
and MD = 3.03 + 1.74 * W for FM and DM, respectively, based on cladode W. Thus, these equations can be used
as a non-destructive method for predicting the area, FM, and DM of dragon fruit cladodes, benefiting
producers and researchers who do not have expensive equipment. However, future studies must validate and
improve these models under different growing conditions.

Data availability
Not applicable.
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