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ABSTRACT
 
Accurate characterization of the fruit maturation stage is essential for ensuring quality 
standards, uniformity, and added value in production. In this study, morphological and 
colorimetric characteristics of Euterpe edulis Mart. fruits were analyzed with the objective of 
developing a mathematical model capable of efficiently estimating the physiological 
maturation point. The evaluated variables included dimensional measurements of the fruit and 
seed, fresh weight, seed volume, pulp yield, and color attributes. Correlation analysis revealed 
significant associations among most of the variables, with coefficients ranging from weak to 
strong. Strong correlations were observed between seed size and its fresh weight, while the 
association between morphological and colorimetric characteristics was generally weak. On 
the other hand, the maturation stage showed a strong and significant correlation with color 
parameters, particularly those related to lightness, saturation, and hue. Based on these results, 
a multiple linear regression model was developed using colorimetric attributes as predictor 
variables. The final model demonstrated high predictive capacity and can be applied as a non­
destructive tool to estimate the maturation stage of juçara fruits. This approach contributes to 
standardizing the harvest point, optimizing pulp utilization, and adding value to the species’ 
production chain. Among the various multiple linear models generated using colorimetric 
indices, the best fit was achieved with the following model: Ŷ = 4.93543 – 0.04511L – 
0.11503C + 0.04952b + 0.02832a + 0.00097h.

Keywords: Juçara; Colorimetric indices; Multiple linear models

Scientific Article

https://orcid.org/0000-0002-2691-1270
https://orcid.org/0000-0002-5248-6773
https://orcid.org/0000-0003-0940-8398
https://orcid.org/0000-0002-2889-8428
https://orcid.org/0000-0002-0788-0405
https://orcid.org/0000-0003-1541-6634
https://orcid.org/0000-0002-7000-1725


Morphological and colorimetric modeling for...
Canal et al., 2025

Revista Árvore 2026;50:e500122

MODELAGEM 
MORFOLÓGICA E 

COLORIMÉTRICA PARA 
DETERMINAÇÃO DE 

ESTÁDIOS DE MATURAÇÃO 
DE FRUTOS DE Euterpe edulis

RESUMO  A caracterização precisa do 
estádio de maturação de frutos é essencial 
para garantir padrões de qualidade, 
uniformidade e valor agregado à produção. 
Neste estudo, foram analisadas 
características morfológicas e colorimétricas 
de frutos de Euterpe edulis Mart., com o 
objetivo de desenvolver um modelo 
matemático capaz de estimar, de forma 
eficiente, o ponto fisiológico de maturação. 
As variáveis avaliadas incluíram medidas 
dimensionais do fruto e da semente, massa 
fresca, volume de sementes, rendimento de 
polpa e atributos de cor. A análise de 
correlação indicou associações significativas 
entre a maioria das variáveis analisadas, com 
coeficientes variando de baixos a elevados. 
Correlações fortes foram observadas entre o 
tamanho da semente e seu peso fresco, 
enquanto a associação entre características 
morfológicas e colorimétricas foi, em geral, 
baixa. Por outro lado, o estádio de maturação 
apresentou correlação alta e significativa com 
os parâmetros de cor, especialmente com os 
componentes relacionados à luminosidade, 
saturação e tonalidade. Com base nesses 
resultados, foi possível ajustar um modelo de 
regressão linear múltipla utilizando os 
atributos colorimétricos como variáveis 
preditoras. O modelo final demonstrou 
elevada capacidade de predição e pode ser 
aplicado como ferramenta não destrutiva 
para estimar o estádio de maturação dos 
frutos de juçara. Essa abordagem contribui 
para a padronização do ponto de colheita, 
otimizando o aproveitamento da polpa e 
agregando valor à cadeia produtiva da 
espécie. Dentre os diferentes modelos 
lineares múltiplos gerados com o uso dos 
índices colorimétricos, o que melhor se 
ajustou foi o modelo: Ŷ = 4.93543 ­ 0.04511 
* L ­ 0.11503 * C + 0.04952 * b + 0.02832 * 
a + 0.00097 * h. 
Palavras­Chave: Juçara; Índices 
colorimétricos; Modelos lineares múltiplos

1. INTRODUCTION
With the growing demand from 

consumer markets for higher­quality food 
products (Oliveira et al., 2015), there has 
been increasing interest in fruits exhibiting 
distinctive attributes such as aroma, flavor, 
texture, exotic appearance, and functional 
properties (Schwartz et al., 2010; 
Schreckinger et al., 2010). Among the 
species with emerging commercial potential, 
Euterpe edulis Mart. (juçara) stands out due 
to its high nutritional and functional value, 
being rich in fatty acids, proteins, fibers, 
vitamins, minerals, and anthocyanins (Schulz 
et al., 2016).

Despite its relevance, studies focused on 
the technological utilization of juçara fruits 
remain limited, particularly with regard to the 
determination of the optimal harvest point. In 
ecologically managed systems, harvesting 
typically prioritizes fully ripe fruits (Muller 
et al., 2013), and fruit maturity is generally 
estimated based on visual assessment of 
color (Oliveira et al., 2007). Although color 
is commonly used as a post­harvest indicator 
due to its association with developmental 
stage, this empirical method presents notable 
limitations.

The subjective nature of visual 
assessment, influenced by individual 
variability in perceiving color parameters 
such as hue, shade, and contrast (Lima et al., 
2007), may undermine the reliability of 
maturity determination, thereby affecting the 
uniformity of fruit selection and harvest 
timing.

While it is well established that fruit 
maturation involves a series of 
morphological, biochemical, and 
physiological changes, the ideal harvest point 
for E. edulis has not yet been clearly defined. 
In other species, this stage can be identified 
based on traits such as color, size, odor, 
presence of predators or dispersers, and 
dehiscence (Mamede et al., 2013). However, 
these criteria are not universally applicable. 
Defining the ideal harvest point requires 
consideration of the specific physiological 
and morphophysiological patterns of each 
species (Farias et al., 2011), highlighting the 
need for more objective and standardized 
methods.

In this context, the present study aimed 
to evaluate the morphological and 
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colorimetric characteristics of E. edulis fruits 
to develop a statistical model capable of 
accurately estimating the species' maturation 
stages.

2. MATERIAL AND METHODS
The fruits used in this study were 

collected from mother plants on a private 
rural property with an area of approximately 
24 hectares, located in the municipality of 
Rio Novo do Sul, in the state of Espírito 
Santo, Brazil. After collection, the fruits were 
stored in plastic bags and transported to the 
Plant Sample Preparation Laboratory at 
CCAE­UFES, where they were washed, air­
dried at room temperature, and visually 
classified into five groups according to their 
maturation stage (Figure 1).

A sample of 100 fruits was randomly 
selected for each maturation stage, with each 
fruit considered as a replicate. The equatorial 
(FDE) and longitudinal (FLD) diameters of 
the fruits, as well as the equatorial (SED) and 
longitudinal (SLD) diameters of the seeds, 
were measured using a digital caliper. The 
fresh weight of the fruits (FW) was 
determined in grams by individual weighing 
on an analytical balance. After manually 
removing the pulp with knives, the seeds 
were individually weighed to determine their 
fresh weight (SW). The volume of 25 seeds 
(SV) was calculated using the water 
displacement method, with 200 mL of 
distilled water in a graduated cylinder, 
measuring the change in displaced volume. 
The pulp yield (PY) was calculated using the 
following equation:

(Eq. 1)

The seed moisture content (M) was 
calculated using the following equation:

(Eq. 2)

Where: M = seed moisture content (%), FW 
= fresh weight (g), DW = dry weight (g) 
(Brasil, 2009).

Before pulp removal, the fruit color was 
determined using a colorimeter (Konica 
Minolta®), based on the CIE 1976 L* a* b* 
(CIELab) color space, as established by the 
International Commission on Illumination. 
This system is based on three axes: L* 
(luminosity, ranging from 0 = black to 100 = 
white), a* (green­red axis, with positive 
values indicating redness), and b* (blue­
yellow axis, with positive values indicating 
yellowness). From these values, the 
chromatic indices C* (chroma) and hº (hue 
angle) were calculated using the following 
formulas:

(Eq. 3)

(Eq. 4)

These three parameters (L*, C*, and hº) 
determine the position of the sample’s color 
in the three­dimensional CIELab color space. 
The angle hº is always measured from +a*, in 
a clockwise direction (Figure 2).

The colorimetric parameters (L*, a*, b*, 
C*, and hº) were used as predictor variables 

3

Figure 1. Maturation stages of Euterpe edulis fruits. Stage I: fruits with entirely green coloration; 
Stage II: green fruits with purple spots; Stage III: entirely purple fruits; Stage IV: entirely black fruits; 
Stage V: entirely black fruits with small cracks and easy pericarp removal
Figura 1. Estágios de maturação dos frutos de Euterpe edulis. Estágio I: frutos com coloração 
inteiramente verde; Estágio II: frutos verdes com manchas roxas; Estágio III: frutos inteiramente 
roxos; Estágio IV: frutos inteiramente pretos; Estágio V: frutos inteiramente pretos com pequenas 
rachaduras e fácil remoção do pericarpo
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in a multiple linear regression model, with 
the fruit maturation stage as the response 
variable. The model parameters were 
estimated using the following general 
equation:

(Eq. 5)

Where: Respi is the response vector 
(maturation stage); β₀, β₁, ..., βn are the 
model coefficients; Vc are the colorimetric 
variables; and   is the random error 
associated with the i­th observation.

To identify the most relevant predictor 
variables, the Stepwise selection method with 
bootstrapping (Breaux, 1967) was used. This 
technique is the first model selection 
procedure, which simplifies the choice of the 
model by addressing the issue of multiple 
possible combinations when the number of 
variables (p) is large (Desboulets, 2018). 
This method sequentially adds or removes 
variables from the model based on statistical 
criteria. In this regard, the Akaike 
Information Criterion (AIC) was used as the 
selection metric in the present study. The 
AIC evaluates the trade­off between model 
fit and simplicity, favoring models with 
lower values.

The model validation was performed 
through cross­validation, a technique that 
divides the dataset into subsets for training, 
testing, and validation. The dataset was 
partitioned into k = 15 subsets, with the 
process repeated 10 times to ensure greater 
robustness in the evaluation.

Multicollinearity among the variables 
was assessed using the Variance Inflation 
Factor (VIF), defined by the formula:

(Eq. 6)

Where: p is the number of predictor 
variables and Ri

2 is the multiple correlation 
coefficient of variable i with the others. 
Variables with a VIF greater than 10 were 
excluded from the analysis.

The refined dataset was subjected to 
multivariate analysis. The dissimilarity 
matrix was calculated based on the 
Standardized Euclidean Distance, and 
clustering was performed using the UPGMA 
(Unweighted Pair Group Method with 
Arithmetic Mean) method (Sneath & Sokal, 
1973). All statistical analyses were conducted 
with the R software (R Core Team, 2017).

3. RESULTS
The variables related to fruit and seed 

color and size showed a significant 
association with the maturation stage (RS), 
standing out as good indicators for 
monitoring the harvest point. The 
correlations between RS and the analyzed 
characteristics ranged from 0.14** (low 
association between RS and FLD) to 
­0.92*** (strong negative association 
between RS and C*), as shown in Figure 3.

The highest correlations between the 
maturation stage (RS) and the colorimetric 
parameters were observed between RS and 
L* (­0.90***), RS and b* (­0.89***), and RS 

Figure 2. Cartesian plane in the color space of the CIELab system
Figura 2. Plano cartesiano no espaço de cores do sistema CIELab
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and C* (­0.92***). Among all the variables 
analyzed, the correlation coefficients ranged 
from 0.10* (between b* and hº) to 0.98*** 
(between b* and C*), with associations 

classified from weak to strong magnitude 
(Figure 3).

Significant phenotypic correlations 
observed between physical characteristics 

Figure 3. Phenotypic correlation between the maturation stage (MS), biometric variables (FED, FLD, 
SED, SLD, FW, SW, and PY), and colorimetric parameters (L, a, b*, C*, and hº) of Euterpe edulis 
fruits. The upper diagonal represents the significance and Pearson's correlation values, as follows: 
significant at 5%; significant at 1%; significant at 0.1%. The color gradient presented on the upper 
diagonal reflects the magnitude and sign of the correlations shown in the lower diagonal, which may 
range from ­1 to 1. In this context, darker shades indicate negative correlations, while lighter shades 
represent positive correlations. MS: maturation stage of the fruit; FED: fruit equatorial diameter; 
FLD: fruit longitudinal diameter; SED: seed equatorial diameter; SLD: seed longitudinal diameter; 
FW: fruit fresh weight; SW: seed fresh weight; PY: pulp yield; L: luminosity; a: green­red axis; b: 
blue­yellow axis; C: chroma; hº: hue angle
Figura 3. Correlação fenotípica entre o estádio de maturação (MS), variáveis biométricas (FDE, 
FLD, SED, SLD, FW, FS e PY) e parâmetros colorimétricos (L*, a*, b*, C* e ho) dos frutos de 
Euterpe edulis. A diagonal superior representa a significância e os valores da correlação de Pearson, 
sendo: *significativo a 5%; **significativo a 1%; ***significativo a 0,1%. O gradiente de cor 
apresentado na diagonal superior reflete a magnitude e o sinal das correlações exibidas na diagonal 
inferior, que podem variar de ­1 a 1. Nesse contexto, tonalidades mais escuras indicam correlações 
negativas, enquanto tonalidades mais claras representam correlações positivas. RS: estádio de 
maturação do fruto; FDE: diâmetro equatorial do fruto; FLD: diâmetro longitudinal do fruto; SED: 
diâmetro equatorial da semente; SLD: diâmetro longitudinal da semente; FW: peso fresco do fruto; 
SW: peso fresco da semente; PY: rendimento de polpa; L*: luminosidade; a*: eixo verde­vermelho; 
b*: eixo azul­amarelo, C*: cromaticidade; hº: ângulo de matiz
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(FDE, FLD, SED, SLD, FW, SW, and PY) 
ranged from 0.10* (between PY and FDE) to 
0.82*** (between SED and SW). A 
significant correlation of 0.68*** was also 
identified between FW and SW (Figure 3).

Pulp yield (PY) showed a progressive 
increase as the fruits advanced in maturation 
stages, with a significant difference between 
stages and a positive correlation of 0.61*** 
between RS and PY. The fresh weight of the 
fruits (FW) also increased at more advanced 
stages, as shown in Table 1.

Differences were observed between the 
maturation stages for the biometric variables 
FDE, FLD, SED, and SLD. The fresh seed 
weight (SW) showed a moderate negative 

correlation with pulp yield (PY), with r = 
−0.50***, indicating that fruits with lighter 
seeds had a higher pulp yield. In stage V, the 
fruits exhibited the lowest values of SW and 
seed volume (SV), which were associated 
with the highest pulp yield recorded (Table 
1).

Regarding seed volume (SV), the lowest 
value was also observed in stage V. Although 
seed moisture content (M) did not differ 
statistically between stages, a slight reduction 
in moisture content was observed throughout 
maturation (Table 1).

The changes in fruit coloration during 
maturation, transitioning from green to black 
tones (Figure 1), were accompanied by 

Table 1. Phenotypical means for the biometric characteristics of fruits and seeds in relation to the 
maturation stage of Euterpe edulis fruits
Tabela 1. Médias fenotípicas para as características biométricas de frutos e sementes em relação ao 
estádio de maturação dos frutos de Euterpe edulis

1Means followed by the same letter do not differ from each other at 5% of probability, by Tukey’s test. 
Abbreviations: Maturation stages (MS) of E. edulis. I: fruits with entirely green coloration; Stage II: green fruits 
with purple spots; Stage III: entirely purple spots; Stage IV: entirely black fruits; Stage V: entirely black fruits 
with small cracks and easy pericarp removal; equatorial fruit diameter (FDE, mm); longitudinal fruit diameter 
(FLD, mm); equatorial seed diameter (SED, mm); longitudinal seed diameter (SLD, mm); fruit fresh weight 
(FW, g); seed fresh weight (SW, g); pulp yield (PY, %); volume of 25 seeds (SV, cm3), and seed moisture (M, 
%).
1Médias seguidas pela mesma letra não diferem entre si a 5% de probabilidade, pelo teste de Tukey. 
Abreviações: Estádios de maturação (MS) de E. edulis. I: frutos com coloração inteiramente verde; Estádio II: 
frutos verdes com manchas roxas; Estádio III: manchas inteiramente roxas; Estádio IV: frutos inteiramente 
pretos; Estádio V: frutos inteiramente pretos com pequenas rachaduras e fácil remoção do pericarpo; diâmetro 
equatorial do fruto (FDE, mm); diâmetro longitudinal do fruto (FLD, mm); diâmetro equatorial da semente 
(SED, mm); diâmetro longitudinal da semente (SLD, mm); peso fresco do fruto (FW, g); peso fresco da semente 
(SW, g); rendimento de polpa (PY, %); volume de 25 sementes (SV, cm3) e umidade da semente (M, %).

variations in the colorimetric parameters. The 
variables L*, b*, and C* proved to be more 
effective in detecting these changes (Figure 
3). Among them, L* allowed for 
distinguishing all maturation stages, showing 
higher values at earlier stages and lower 
values at more advanced stages, as the fruits 
darkened (Table 2).

The colorimetric indices b* and C* were 
effective in distinguishing between the fruit 
maturation classes. However, when the fruits 
reached black coloration, both indices failed 

to discriminate between stages IV and V. The 
colorimetric variables a* and hº showed 
lower efficiency in separating the maturation 
stages, with the a* index reaching its 
maximum value at stage III (Table 2).

The maturation of E. edulis fruits in the 
CIELab color space was primarily related to 
the variables L*, b*, and C*, as indicated by 
the separation of groups and the linear 
responses observed (Figure 4).

Among the multiple linear models 
presented in Table 3, model 7 achieved the 
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lowest AIC value (­695.72), indicating higher 
efficiency in estimating the maturation stage 
based on colorimetric indices.

Model 3 was selected as the most 
suitable based on both qualitative and 
quantitative methods, considering criteria 
such as the coefficient of determination (R²), 
Akaike Information Criterion (AIC), 
Pearson’s correlation coefficient (r), and 
structural simplicity. This model presented 

AIC values (­599.62), R² (0.8517), and r 
(0.9228), which were considered high and 
comparable to those of the other models 
tested, demonstrating good agreement 
between the estimated values and the 
observed data (Table 4).

Model 3 stood out due to its lower 
complexity, as it did not include interactions 
between variables, which favored its 
selection. The graphical analysis of the trend 

Table 2. Colorimetric indices in relation to the maturation stage of Euterpe edulis fruits
Tabela 2. Índices colorimétricos em relação ao estágio de maturação em frutos de Euterpe edulis

1Means followed by the same letter do not differ from each other at 5% of probability by Tukey’s test. 
Abbreviations: MS: Maturation stages of fruits of E. edulis. I: fruits with an entirely green coloration; II: green 
fruits with purple spots; III: entirely purple fruits; IV: entirely black fruits; V: entirely black fruits with small 
cracks and easy pericarp removal; L*: total clarity; b*: coordinate of the blue­yellow axis; a*: coordinate of the 
red­green axis; C*: saturation or chroma and hº: hue angle.
1Médias seguidas pela mesma letra não diferem entre si a 5% de probabilidade pelo teste de Tukey. Abreviações: 
MS: Estádios de maturação dos frutos de E. edulis. I: frutos com coloração totalmente verde; II: frutos verdes 
com manchas roxas; III: frutos totalmente roxos; IV: frutos totalmente pretos; V: frutos totalmente pretos com 
pequenas rachaduras e fácil remoção do pericarpo; L: claridade total; b: coordenada do eixo azul­amarelo; a*: 
coordenada do eixo vermelho­verde; C*: saturação ou croma e hº: ângulo de matiz.

Figure 4. Average behavior of the maturation of fruits of Euterpe edulis in the color space of the 
CIELab system. 4.1a: Maturation stages and test of means in the luminosity axis; 4.1b: Behavior of 
the maturation stages in the xyz coordinates of the cartesian plane; 4.1c: Behavior of the maturation 
stage in the tridimensional space of the CIELab system. I: maturation stage I; II: maturation stage II; 
III: maturation stage III; IV: maturation stage IV, and V: maturation stage V
Figura 4. Comportamento médio da maturação de frutos de Euterpe edulis no espaço de cores do 
sistema CIELab. 4.1a: Estágios de maturação e teste de médias no eixo da luminosidade; 4.1b: 
Comportamento dos estádios de maturação nas coordenadas xyz do plano cartesiano; 4.1c: 
Comportamento do estádio de maturação no espaço tridimensional do sistema CIELab. I: estádio de 
maturação I; II: estádio de maturação II; III: estádio de maturação III; IV: estádio de maturação IV e 
V: estádio de maturação V
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curve indicated a good overall 
correspondence between the estimated and 
observed values. However, the model 
showed lower efficiency in estimating 
maturation stage V (Figure 5).

The maturation stages of E. edulis were 
grouped into four classes based on the 
colorimetric parameters (Figure 6). Group II, 
which combined stages IV and V, showed 

low divergence in fruit coloration, limiting 
the differentiation between these stages using 
colorimetric variables. As a result, data from 
stages IV and V were consolidated, and a 
new model was developed to classify the 
fruits into stages I, II, III, and IV.

The new model, presented in Figure 7, 
demonstrated greater efficiency compared to 
Model 3, with a lower AIC value (­696.57) 

Table 3. Predictive models of the fruit maturation stage for Euterpe edulis
Tabela 3. Modelos preditivos do estágio de maturação dos frutos para Euterpe edulis

Abbreviations: Id.: model identification; L*: total clarity; b*: coordinate of the blue­yellow axis; C*: saturation 
or chroma; AIC: Akaike Information Criterion; R2: coefficient of determination of the model; r: Pearson 
correlation coefficient between the estimated values and the real values.
Abreviações: Id.: identificação do modelo; L*: claridade total; b*: coordenada do eixo azul­amarelo; C*: 
saturação ou croma; AIC: Critério de Informação de Akaike; R2: coeficiente de determinação do modelo; r: 
coeficiente de correlação de Pearson entre os valores estimados e os valores reais.

Figure 5. Trend curve of model 3 in relation to the estimated and real values
Figura 5. Curva de tendência do modelo 3 em relação aos valores estimados e reais
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and higher R² (0.86) and r (0.93). This model 
utilized all the measured colorimetric 
variables and proved to be a robust estimator 
for classifying the maturation stages.

For classifying the estimated values, a 
scale based on the quartiles of the maturation 
classes was created, as shown in Table 4.

4. DISCUSSION
The morphophysiological changes in the 

colorimetric variables of the CIELab system 
demonstrate a high potential for determining 

the optimal harvest point for E. edulis fruits. 
The colorimetric characteristics are strongly 
associated with the ripening stage, 
highlighting the efficiency of these 
parameters in detecting color changes 
linearly throughout the ripening process. 
These findings are consistent with previous 
studies, such as those by Li et al. (2015), Lim 
& Eom (2018), and Williams & Benkeblia 
(2018), which also reported relationships 
between changes in fruits and seeds during 
ripening.

Figure 6. Representative dendrogram of the maturation degree among seeds of E. edulis
Figura 6. Dendrograma representativo do grau de maturação entre sementes de E. edulis

Figure 7. Trend curve of the new model in relation to the estimated and real values, for the four 
maturation classes determined
Figura 7. Curva de tendência do novo modelo em relação aos valores estimados e reais, para as 
quatro classes de maturação determinadas



Morphological and colorimetric modeling for...
Canal et al., 2025

Revista Árvore 2026;50:e500110

Although the development of ripening 
indices is still in its early stages for various 
tropical fruits (Williams & Benkeblia, 2018), 
the use of coloration as a criterion is already 
well­established for species such as 
pomegranate (Manera et al., 2013), mango 
(Lalel et al., 2003), and tomato (Camelo and 
Gómez, 2004). The applicability of these 
techniques to E. edulis reinforces the 
potential of using colorimetric characteristics 
to optimize industrial processes and meet 
market demands for high­quality products.

The observed phenotypic correlation 
values were mostly lower than the genetic 
correlations reported in previous studies. 
Marçal et al. (2015) identified higher genetic 
correlations, such as 0.98 between fruit mass 
and fruit equatorial diameter, and 0.93 
between seed mass and seed equatorial 
diameter, attributed to the elimination of 
environmental effects. Similarly, Oliveira et 
al. (2015) reported a correlation of 0.95 
between the mass of 100 fruits and the mass 
of 100 seeds when controlling for 
environmental effects. These results highlight 
the influence of the environment on 
phenotypic associations and suggest that 
genetic analyses can complement fruit 
management and selection.

The progression of the ripening stage is 
directly associated with an increase in pulp 
yield, as evidenced by a positive correlation 
of 0.61***. This positive correlation between 
maturation and pulp yield is consistent with 
observations in other tropical fruits, where 
physiological maturation typically enhances 
pulp deposition (Vianna­Silva et al., 2008, 
Bonnet et al., 2013, Moreno et al., 2020, 
Vieira et al., 2024). Such a trend reinforces 
the importance of harvesting strategies that 
align with the biochemical maturity of the 
species, underscores the importance of 
management practices that prioritize 
harvesting at the optimal ripening point to 
maximize productivity and the economic 
value of the fruits.  Furthermore, the data 

indicates the feasibility of integrating 
phenotypic and genetic analyses to enhance 
management and production strategies.

Although significant differences were 
observed among ripening stages for the 
variables FDE, FLD, SED, and SLD, the 
variations were minor. This pattern suggests 
that the increase in fruit size occurs 
predominantly during the developmental 
stages prior to ripening stage I, with 
physiological changes being more prominent 
in the subsequent stages.

The fruits analyzed at stage V were 
classified as small, with an average of 13.42 
mm, falling within the class defined by Lin 
(1986) for fruits smaller than 13.5 mm. For 
the seeds, the average diameter observed in 
this study (11.65 mm) falls between the 
second and third size classes proposed by 
Martins et al. (2009), whose average values 
range from 10.31 mm to 13.49 mm, and 
above the average diameters of smaller seeds 
reported by Andrade et al. (1996), which 
range from 8.98 mm to 9.79 mm.

The average seed weight (1.19 g) was 
below the 1.51 g recorded by Andrade et al. 
(1996) for large fruits but above the average 
weight of 0.85 g for small fruits, highlighting 
the influence of genetic and environmental 
factors on the physical characteristics of 
fruits and seeds. As a monoecious species 
with cross­pollination (allogamy), E. edulis 
exhibits high genetic variability, contributing 
to the diversity of sizes observed among 
populations and studies (Martins et al., 
2009).

The negative correlation between SW 
and PY (­0.50***) can be attributed to 
physiological and structural changes during 
fruit ripening, such as seed desiccation and 
greater incorporation of the endocarp 
(Chitarra & Chitarra, 2005). These changes 
are typical of fruits at advanced ripening 
stages, such as stage V, which exhibited the 
highest pulp yield.

Table 4. Scale for the maturation classification of Euterpe edulis fruits
Tabela 4. Escala para classificação da maturação dos frutos de Euterpe edulis
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The lowest SV values at ripening stage 
V (23.75 cm³) can be explained by the seed 
desiccation process that occurs during the 
full maturation of the fruits. This process is 
essential for preparing the fruit for 
detachment from the mother plant, as 
described by Firmino et al. (1996). The 
gradual reduction in seed moisture content, 
although not statistically significant, reflects 
physiological maturation and the transition to 
the final stage of development.

The observed colorimetric changes, with 
the reduction of L* as the fruits darken, 
highlight this variable as an effective 
indicator of the progress of ripening. The 
results confirm the practical applicability of 
the variables L*, b*, and C* to detect color 
changes and monitor the optimal harvest 
point, especially for fruits with a final black 
coloration.

The indices “b*” and “C*” proved to be 
useful tools for separating ripening classes in 
the early stages, but showed limitations in the 
final stages (IV and V), when the fruits 
acquire a black coloration. The “a*” index 
showed its highest value at stage III, which 
was expected, considering that this variable 
measures the variation on the green­red axis, 
and fruits at this stage are characterized by 
reddish tones. This characteristic confirms 
the sensitivity of “a*” to changes in tone 
associated with red pigments, but also 
reinforces its limitations in analyzing fruits at 
more advanced stages, where black tones 
predominate.

The lower efficiency of “a*” and “hº” in 
discriminating the different ripening stages 
reinforces the importance of prioritizing 
variables such as L*, b*, and C*, which 
proved to be more consistent in ripening 
analysis.

Although model 7 showed the lowest 
AIC value (­695.72), indicating a superior fit 
according to the Akaike Information 
Criterion (Manera et al., 2013), its 
performance in other selection criteria did 
not position it as the most suitable for 
practical application. This difference 
highlights the complexity in choosing the 
ideal model, a recurring issue in predictive 
analyses, as pointed out by Floriano et al. 
(2006). Considering multiple criteria is 
essential to balance simplicity, accuracy, and 
applicability.

The models presented in Table 3 are 
adapted to classify the ripening stage of the 
fruits, providing flexibility for use in 
different contexts. The application of these 
models helps in defining management and 
marketing strategies for E. edulis fruits, 
adjusting to the specific demands of each 
objective.

Model selection can be carried out using 
qualitative methods, which evaluate the 
interpretation and relationship of the model 
with the real process, and quantitative 
methods, which consider criteria such as fit, 
complexity, and generalization ability 
(Myung et al., 2003). The selection of model 
3 was made using both methods, as 
recommended by Sit & Poulin­Costello 
(1994), considering the balance between 
simplicity, accuracy, and fitting capability.

Model 3 showed good AIC values (­
599.62), R² (0.8517), and r (0.9228), 
comparable to the other models, but stood out 
for its lower complexity, as it did not include 
interactions between variables. This 
characteristic makes it easier to interpret and 
apply in practical analyses, aligning with the 
need for simple and efficient models for 
predictions in E. edulis.

Although the model showed good 
overall efficiency, the graphical analysis of 
the trend curve indicated limitations in 
estimating ripening class V. This difficulty 
can be attributed to the lower variability 
observed in the colorimetric parameters of 
this class, particularly in the L*, C*, and b* 
indices, which showed similar values. This 
limitation suggests the need for adjustments 
or the development of more specific models 
to capture variations in advanced ripening 
stage.

The formation of ripening groups based 
on colorimetric parameters reflects the 
behavior of these indices in relation to 
changes in the fruits during ripening. The 
merging of stages IV and V into group II is 
due to the low tonal divergence, as in these 
advanced stages, the color becomes more 
homogeneous, making it difficult for 
colorimeters to distinguish them, as they are 
more efficient at capturing chromatic 
variations in earlier stages. These results 
highlight the importance of integrating 
additional variables, such as chemical or 
structural characteristics, to improve 
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discrimination between advanced ripening 
stages. 

The grouping into four clusters, as 
shown in Figure 6, provides important 
insights for the practical classification of E. 
edulis fruits. and reinforces the applicability 
of colorimetric parameters for general 
discrimination, especially in the early and 
intermediate stages.

5. CONCLUSION
The ripening stage of Euterpe edulis 

fruits showed strong and consistent 
correlations with colorimetric indices, 
particularly L*, b*, and C*, which proved to 
be reliable predictors of maturation. Among 
the models tested, the selected multiple linear 
regression model demonstrated high 
accuracy (R² = 0.85; r = 0.92) and simplicity, 
making it suitable for practical application in 
fruit classification. This approach offers a 
reproducible and objective alternative to 
visual selection, contributing to improved 
harvest timing, quality control, and 
standardization in the processing of E. edulis 
fruits. Further refinement may be needed to 
enhance discrimination at late ripening 
stages, where chromatic variation is less 
pronounced.
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