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Abstract 
Controlling postharvest ripening in bananas remains a major challenge for re-
ducing food losses and improving storage strategies. This study evaluated 
three illumination levels (low, medium, and high) using a full-spectrum LED 
source during 14 days of storage. Fifteen banana fruits, with five fruits moni-
tored within each illumination condition, were monitored through an inte-
grated, non-destructive approach combining spectral reflectance, pigment-re-
lated spectral indices, digital colorimetry (RGB and CIELAB), mass variation, 
and correlation analysis. Results showed coherent temporal patterns across 
spectral, pigment-related, and colorimetric variables, consistent with the pro-
gression of ripening and associated changes in the optical properties of the 
fruit peel. The temporal dynamics of ripening-related optical responses dif-
fered among illumination conditions and depended on the parameter and rip-
ening stage. Early spectral reflectance changes were more pronounced under 
low luminance, whereas some pigment-related spectral indices and yellowing-
related color parameters exhibited distinct trajectories under medium and 
high luminance at intermediate stages. Despite these differences, the conver-
gence of most parameters at later stages indicated that the observed differences 
among illumination conditions were mainly related to the timing and ampli-
tude of ripening-related changes rather than to the overall final ripening tra-
jectory. Weight loss reached approximately 34% - 37% after 14 days across 
conditions, with no significant luminance × time interaction. Moderate to 
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strong correlations among spectral indices, pigment-related variables, and col-
orimetric parameters highlighted coherent relationships among the measured 
optical characteristics during ripening. The integration of spectral indices with 
colorimetric and physiological measurements provides a useful non-destruc-
tive framework for monitoring banana maturity and ripening progression. 
Controlled light exposure may represent a potential approach for modulating 
ripening-related optical responses, although further studies combining differ-
ent spectral compositions, replicated experimental units, and direct biochem-
ical measurements are required to validate the underlying physiological mech-
anisms. 
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1. Introduction 

Postharvest ripening of bananas (Musa spp.) is a climacteric process and remains 
a major constraint for effective storage, quality maintenance, and loss reduction 
in tropical supply chains. This fruit plays a central nutritional and economic role 
in many tropical regions, yet it is highly perishable due to a sharp rise in respira-
tion and ethylene production after harvest [1] [2]. Postharvest losses of bananas 
can be substantial along the supply chain, with reported losses during transporta-
tion and marketing ranging from 25% to 50%, particularly as a consequence of 
physiological deterioration, softening, mechanical damage, and inadequate post-
harvest handling and storage conditions [3]. 

During ripening, profound biochemical transformations occur, notably the 
progressive degradation of chlorophylls and the accumulation of carotenoids, 
which together drive the visible color transition from green to yellow that defines 
market maturity [4] [5]. Chlorophyll catabolism is a tightly regulated physiologi-
cal process involving coordinated enzymatic pathways and hormonal signalling 
[6] [7], whereas carotenoid biosynthesis is controlled by complex metabolic net-
works that respond to developmental and environmental cues [8] [9]. Because 
these pigment changes directly affect the optical properties of the fruit peel, they 
provide a valuable basis for monitoring ripening progression. 

Effective ripening management therefore depends not only on controlling en-
vironmental conditions but also on accurately tracking these physiological changes. 
However, conventional assessment methods such as destructive chemical analyses 
or mechanical testing are labor-intensive, time-consuming, and unsuitable for 
continuous monitoring. This limitation highlights the need for rapid, nondestruc-
tive approaches capable of providing rapid and repeated insights into fruit matu-
ration. 

Spectral reflectance techniques provide a non-destructive approach for assessing 
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biochemical and structural characteristics of plant tissues [10] [11]. Vegetation in-
dices such as TCARI, NDVI, SIPI, and CRI have been widely investigated as spec-
tral indicators associated with chlorophyll- and carotenoid-related variation be-
cause they exploit wavelength regions sensitive to pigment-related optical variation 
[12]-[14]. These optical metrics can be complemented by digital image-derived 
color parameters, including RGB and CIELAB coordinates, which provide quanti-
tative descriptors of visual changes occurring during fruit ripening [15] [16]. To-
gether, these approaches provide a complementary framework for monitoring and 
characterizing fruit maturation through non-destructive measurements. 

Environmental factors strongly influence these postharvest processes. Temper-
ature and humidity are well-known regulators of ripening kinetics and quality at-
tributes [17] [18]. More recently, light has emerged as an important external signal 
that can modulate pigment metabolism, antioxidant systems, and gene expression 
involved in fruit maturation [19] [20]. In particular, light-emitting diodes (LEDs) 
have gained increasing attention in horticultural research because they provide 
precise control of spectral composition, intensity, and exposure duration, ena-
bling targeted manipulation of physiological responses [21] [22]. Experimental 
studies have demonstrated that light treatments can influence carotenoid biosyn-
thesis pathways, enhance the accumulation of nutritional compounds, and regu-
late ripening-related metabolism in fruits and vegetables [23] [24]. Specifically in 
bananas, visible light has been shown to affect ripening behavior and metabolic 
activity, suggesting that irradiance may act as a regulatory factor rather than 
merely a passive environmental condition [25] [26]. In this context, particular at-
tention should be given to light luminance as a controllable factor. The present 
study therefore focuses specifically on the differences in ripening-related optical 
responses observed under different luminance levels while keeping the spectral 
composition of the light source constant. 

Despite these advances, the combined relationships between controlled light 
luminance, spectral reflectance, pigment-related spectral indices, and visual at-
tributes during banana postharvest ripening remain insufficiently documented. 
Most previous studies have focused either on biochemical measurements or on 
individual optical indicators, leaving gaps in our understanding of how different 
luminance levels may be associated with differences in the temporal evolution of 
pigment-related spectral responses and tissue optical properties during ripening. 

In this context, the present study aims to characterize the postharvest ripening 
dynamics of dessert bananas under three luminance levels (low, medium, and 
high) using an integrative approach combining spectral reflectance, pigment-re-
lated spectral indices, digital colorimetry, and weight-loss analysis. By examining 
the relationships among these non-destructive measurements and their temporal 
evolution during storage, this work seeks to characterize whether different lumi-
nance levels are associated with differences in ripening-related optical responses 
and to assess the usefulness of spectral and colorimetric measurements as rapid, 
non-destructive indicators of banana maturity and quality. 
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2. Materials and Methods 
2.1. Biological Material and Experimental Setup 

A total of fifteen dessert banana fruits (Musa spp.) were used in this study, with 
five fruits monitored within each of three illumination conditions. The fruits were 
commercially sourced from Brazil and purchased from a retail market in 
Măgurele, Romania. The commercial packaging indicated Brazil as the country of 
origin; however, the specific cultivar could not be independently verified from the 
available product information and was therefore not assigned in this study. 

The fruits were selected at the mature-green stage based on comparable external 
appearance and ripening stage. Fruits exhibiting visible mechanical damage, le-
sions, or signs of advanced ripening were excluded. Such selection criteria are 
commonly applied in postharvest studies to reduce variability associated with the 
initial physiological and physical condition of the fruit [27]. Prior to the experi-
ment, all fruits were rinsed with potable water, air-dried at room temperature, 
individually identified, photographed, and weighed. Individual initial weights 
were recorded on Day 0 to document baseline variability among fruits and to pro-
vide reference values for subsequent calculations of weight changes and weight 
loss during storage (Table 1). 
 
Table 1. Initial weight of individual banana fruits assigned to the three luminance treat-
ments at Day 0. 

Fruit Treatment Initial weight (g) 

B01 High 221.701 

B02 High 181.865 

B03 High 212.434 

B04 Low 188.328 

B05 Medium 224.295 

B06 Medium 254.755 

B07 Low 216.544 

B08 High 242.001 

B09 Low 258.812 

B10 Low 238.391 

B11 Medium 220.545 

B12 Medium 224.503 

B13 Medium 191.693 

B14 Low 201.679 

B15 High 175.290 
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Baseline optical measurements were also performed on Day 0 (0 d). Reflectance 
spectra were obtained from radiance measurements acquired at the fruit surface, 
together with simultaneous measurements of the incident illumination. These in-
itial measurements served as reference values for monitoring temporal changes in 
the optical, colorimetric, and physiological characteristics of the fruits throughout 
ripening. Reflectance spectroscopy and other non-destructive optical techniques 
have been used to monitor banana maturity and ripening without requiring de-
structive sampling [28] [29]. 

The experiment was conducted in three transparent plexiglass cubic chambers 
(Box 1, Box 2, and Box 3), each measuring 100 × 100 × 100 cm (length × width × 
height). Each chamber was assigned to a single luminance condition, such that 
each luminance level was implemented in one independent chamber. Illumination 
was provided by full-spectrum white light-emitting diodes (LEDs; SF2000 Pro, Spi-
der Farmer, China), mounted on the ceiling of each chamber at approximately 60-
70 cm above the fruit surface. The spectral emission of the LED light source was 
experimentally characterized using a VIS-NIR spectrometer (QE65000, Ocean Op-
tics, USA), and the corresponding emission spectrum is presented in Figure 1. 
 

 
Figure 1. Experimentally measured spectral emission of the LED-based light source, ob-
tained using a QE65000 spectrometer. 
 

Three luminance levels were established by adjusting the dimming settings of 
the LED lamps and subsequently characterized by direct photometric measure-
ments at fruit height using an L203 Photometer (Irradian Ltd., UK). Five meas-
urements were performed at evenly distributed positions within the fruit sampling 
area of each chamber, and the mean value was used to characterize the photomet-
ric light level under each illumination condition. The measured values were 
374.48, 662.26, and 1894.68 cd·m−2 for the low-, medium-, and high-luminance 
conditions, respectively. These photometric measurements were used to charac-
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terize the light level at fruit height and were distinct from the radiometric meas-
urements subsequently used for spectral reflectance determination. 

Storage temperature was maintained at approximately 22˚C using a controlled 
climate and ventilation system providing continuous air circulation. Mean tem-
peratures recorded in the three chambers were 22.01˚C ± 0.04˚C in Box 1, 22.03˚C 
± 0.05˚C in Box 2, and 22.05˚C ± 0.04˚C in Box 3, respectively. Temperature is an 
important environmental factor affecting banana ripening and postharvest phys-
iological processes. Storage temperatures around 20˚C have been reported for 
postharvest handling of bananas, while controlled temperatures between approx-
imately 20˚C and 22˚C have also been used in studies investigating light-induced 
responses during banana ripening [27] [30]. The same environmental conditions 
were maintained across the three chambers to minimize temperature-related var-
iation among the light treatments. Relative humidity was also monitored in each 
chamber using an ENS160 sensor coupled with an AHT2x module; however, con-
tinuous measurements over the entire 14-day experimental period were not avail-
able because of an interruption in the data-acquisition system. 

Each illumination condition was applied continuously for 24 h per day over 14 
days. The same individual fruits within each chamber were followed longitudi-
nally throughout the storage period. Measurements were performed at regular in-
tervals on Days 0, 4, 6, 8, 10, 12, and 14. At each measurement time, spectral and 
colorimetric characteristics, pigment-related spectral indices, and physiological 
parameters were recorded to characterize the temporal evolution of the fruits dur-
ing ripening. Repeated non-destructive measurements of the same fruit can pro-
vide complementary information on ripening dynamics while avoiding the loss of 
the experimental unit associated with destructive sampling [28] [29]. 

2.2. Optical Measurements and Data Processing 

To obtain reflectance spectra throughout the treatment period, both the irradi-
ance of the light source and the radiance from each banana sample were measured 
using a spectrometer system comprising a QE65000 spectrometer (Ocean Optics, 
USA) coupled to a Piccolo Doppio optical fibre system (NERC, UK). This system 
enables sequential measurements of radiance and irradiance over the spectral 
range 200 nm - 900 nm, with spectral resolution better than 1 nm. Prior to spectral 
acquisition, the system underwent spectral and radiometric calibration in accord-
ance with the internal protocols of the Optical Metrology Laboratory (CETAL, 
INFLPR, Romania). Spectral calibration was performed using four gas-discharge 
lamps following the protocol described by Mihai et al. (2018) [31], and the cor-
rected wavelengths scale was applied to all raw data. The resulting datasets were 
exported and processed using MATLAB. For each measurement session and sam-
ple, 10 individual scans were acquired and averaged. The recorded signals were 
corrected for dark noise, normalised to the integration time, and converted into 
physical units using the instrument-specific radiometric calibration coefficients. 
Radiometric calibration of each fore-optics configuration was performed using 

https://doi.org/10.4236/ojapps.2026.1611239


A. K. Fanny et al. 
 

 

DOI: 10.4236/ojapps.2026.1611239 4400 Open Journal of Applied Sciences 
 

laboratory radiance and irradiance standards, traceable to NIST. 
Spectral reflectance was calculated as the ratio of upwelling radiance to down-

welling irradiance: 
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where ( )lgS λ  is mean light signal recorded by the spectrometer at wavelength 
λ  (digital numbers, DN); ( )dkS λ  is mean dark signal measured with the de-
tector closed, accounting for electronic offset and sensor noise; intt  is integration 
time (ms); ( )EC λ  and ( )LC λ  are the irradiance and radiance calibration co-
efficient, respectively. ( )SIE λ  represents the calibrated spectral irradiance inci-
dent on the fruit surface, and ( )SIL λ  represents the calibrated spectral radiance 
reflected by the fruit surface. ( )R λ  corresponds to the hemispherical-direc-
tional reflectance factor of the fruit surface at wavelength λ . 

Image acquisition was performed using a smartphone camera (Xiaomi Note 14 
Pro, Xiaomi, China). Photographs were captured at the same sampling times as 
spectral reflectance measurements to ensure direct temporal correspondence be-
tween the spectroscopic and colorimetric datasets. All images were acquired un-
der controlled and uniform lighting conditions, while maintaining a constant dis-
tance between the camera and the fruit surface and a fixed acquisition angle to 
ensure measurements reproducibility. Multiple images were recorded for each 
fruit to obtain representative surface color information. 

Image processing was performed in MATLAB. For each image, a central region 
of interest (ROI) was selected to avoid border effects, reflections, and shadows. 
Mean pixel intensities of the red (R), green (G), and blue (B) channels were ex-
tracted from the ROI. From these primary values, normalized RGB components 
and colorimetric parameters in the CIELAB space (L*, a*, b*), as well as the total 
color difference (ΔE), were calculated. The mathematical definitions, physical in-
terpretations, and references for all color indices are summarized in Table 2. 

2.3. Weight Loss Measurement 

To assess the evolution of fruit weight loss throughout the experiment, the mass 
of each sample was measured at regular intervals. Measurements were performed 
using an LPWG-723i precision electronic balance (VWR International, Italy) with 
a readability of ±0.001 g. Weighing was conducted prior to the start of the exper-
iment and subsequently every two days. Fruits were weighed individually, and the 
resulting values were used to calculate relative weight loss with respect to the ini-
tial mass of each fruit, according to the following equation [35]: 
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( ) 0

0

% 100tW WW
W
−

= ×                      (4) 

where: 

0W  is initial fruit mass (g), tW  is fruit mass at time t (g), ( )%W  represents 
weight loss expressed as percentage. 
 

Table 2. Definition of RGB-derived and CIELAB color indices used for color analysis. 

Category Index Formula/Definition Physical Meaning Reference 

 r r = R/(R + G + B) Relative red intensity [32] 

Normalized RGB g g = G/(R + G + B) Relative green intensity [32] 

 b b = B/(R + G + B) Relative blue intensity [32] 

 L* Lightness component Luminosity of surface [33] 

CIELab Parameters a* Green-red axis Chlorophyll degradation/reddening [33] 

 b* Blue-yellow axis Carotenoid accumulation [33] 

 ΔE ( ) ( ) ( )2 2 2* * *L a b∆ + ∆ + ∆  Global color change [34] 

2.4. Calculation of Spectral Reflectance Indices 

Spectral reflectance measurements were used to derive several pigment-related 
indices associated with the dynamics of chlorophyll and carotenoid. Reflectance 
values at specific wavelengths (R(λ)) were extracted from calibrated spectra and 
used to calculate a set of established spectral indices sensitive to chlorophyll and 
carotenoid content. Chlorophyll-related indices included TCARI, Chlorophyll In-
dex (Chl I), NDVI, PSSRa, and PSSRb. Carotenoid-related indices comprised SIPI, 
CRI1-like, and CRI2-like, while anthocyanin-related indices included ARI1 and 
ARI2. These indices were selected for their sensitivity to pigment concentration, 
relative independence from structural noise, and extensive validation in prior op-
tical and physiological studies. 

The mathematical expressions, physiological interpretations, and bibliographic 
references for all reflectance indices used in this study are summarized in Table 3. 

2.5. Statistical Analysis 

All statistical analyses were performed using R version 4.5.0. Because measure-
ments were repeatedly collected from the same fruits throughout the 14-day storage 
period, the data were analyzed using linear mixed-effects models (LMMs) to ac-
count for the non-independence of repeated observations. For each response varia-
ble, luminance level (low, medium, and high), storage time (0, 4, 6, 8, 10, 12, and 14 
days), and their interaction (luminance × storage time) were included as fixed ef-
fects, while fruit identity was included as a random effect. Because each luminance 
level was implemented in a single chamber, luminance was not independently rep-
licated at the chamber level; therefore, between-luminance comparisons were inter-
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preted cautiously and primarily as descriptive differences in temporal trajectories. 
 

Table 3. Definition of pigment-related indices with corresponding bibliography. 

Index Formula Used for Reference 

TCARI 
(Transformed Chlorophyll Absorption 
in Reflectance Index) 

( ) ( ) 700
700 670 700 500

670

3 0.2 RR R R R
R

⋅ − − ⋅ − ⋅  Chlorophyll content 
(canopy sensitive) 

[12] 

SIPI 
(Structural Insensitive Pigment Index) 

800 455

800 680

R R
R R

−
−

 Carotenoid: Chlorophyll 
ratio 

[14] 

CRI1-like 
(Carotenoid Reflectance Index 1) 510 550

1 1
R R

−  Carotenoid content [13] 

CRI2-like 
(Carotenoid Reflectance Index 2) 510 700

1 1
R R

−  Carotenoid content (less 
chlorophyll influence) 

[13] 

Chl I 
(Chlorophyll Index) 

750 705

750 705

R R
R R

−
−

 Chlorophyll content [36] [37] 

NDVI 
(Normalised Difference Vegetation 
Index) 

NIR RED

NIR RED

R R
R R

−
−

 chlorophyll content and 
photosynthetic activity 

[38] 

PSSRa 
(Pigment Specific Simple Ratio for 
Chlorophyll a) 

800

680

R
R

 Chlorophyll a content [39] 

PSSRb 
(Pigment Specific Simple Ratio for 
Chlorophyll b) 

800

635

R
R

 Chlorophyll b content [39] 

ARI 1 
(Anthocyanin Reflectance Index 1) 550 700

1 1
R R

−  estimation of anthocyanin 
accumulation 

[40] 

ARI 2 
(Anthocyanin Reflectance Index 2) 550 700

800 800
R R

−  estimation of anthocyanin 
accumulation 

[41] 

 

The significance of the fixed effects was assessed from the fitted mixed-effects 
models. Particular attention was given to the luminance × storage time interac-
tion, which was used to characterize whether the temporal evolution of the meas-
ured parameters differed among the applied luminance conditions. When signif-
icant effects or interactions were detected, estimated marginal means (EMMs) 
[42] were calculated and pairwise comparisons among luminance conditions were 
performed separately for each storage day using the emmeans procedure, with 
appropriate multiplicity adjustment. Because each luminance condition was rep-
resented by a single chamber, these between-condition comparisons were inter-
preted cautiously and were not considered evidence of a generalized treatment 
effect beyond the experimental chambers. 
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Model assumptions were evaluated by examining the distribution of residuals 
and their variance structure. Residual normality was assessed using the Shapiro-
Wilk test [43], while the homogeneity of residual variance was examined using 
graphical diagnostics and, where appropriate, the Levene test [44]. When the as-
sumptions of the linear mixed-effects model were not adequately satisfied, an ap-
propriate alternative model or transformation was considered. 

Statistical significance was defined at P < 0.05, while values of 0.05 ≤ P < 0.10 
were considered indicative of marginal trends. For pairwise comparisons per-
formed within each storage day, different lowercase letters were used to indicate 
statistically significant differences among luminance treatments (P < 0.05). Esti-
mated marginal means are reported as mean ± standard error (SE). 

3. Results and Discussions 
3.1. Spectral Reflectance Dynamics during Storage 

The absolute spectral reflectance of bananas was measured over the 350-900 nm 
wavelength range following the methodology described in Section 2.2 and is 
presented in Figures 2(A)-(C). Spectral regions below 400 nm and above 800 
nm were excluded from the plots due to increased instrument noise. Relative  

reflectance differences (%) defined as 0

0

100d xd

d

R R
R
−

× , where 0dR  represents  

the initial reflectance and xdR  corresponds to reflectance at the subsequent 
measurement days (4 - 14 d). These relative differences are shown in Figures 
2(D)-(F) to highlight temporal changes in spectral features. Higher percentage 
values indicate greater reductions in reflectance relative to day 0.  

Across all three boxes, the spectra underwent pronounced changes during stor-
age, particularly in the visible region. The reflectance response around 650 - 680 nm 
changed markedly during storage, with a decrease in reflectance from Day 0 to later 
stages of ripening. This spectral evolution reflects changes in the optical properties 
of the fruit peel during ripening and may be associated with pigment-related and 
tissue structural changes. Similar spectral changes have been reported during fruit 
ripening, and Seifert et al. (2014) [45] demonstrated that changes in the chlorophyll 
absorption region can provide non-destructive information on fruit ripeness. These 
observations therefore support the use of the measured reflectance profiles as indi-
cators of ripening-associated optical changes. However, because pigment concen-
trations were not directly quantified in the present experiment, the spectral response 
should not be interpreted as a direct measurement of chlorophyll degradation. 

Changes were also observed in the 420-500 nm region, together with progressive 
modifications of the visible reflectance profile. Such changes are compatible with al-
terations in pigment-related optical properties during ripening. In banana, Galal et 
al. (2022) [29] demonstrated that visible, NIR and combined spectral reflectance in-
dices could be associated with chlorophyll, carotenoids and other biochemical quality 
parameters when calibrated against reference measurements. Thus, the changes ob-
served here provide evidence of a modification of pigment-related spectral responses, 
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but do not by themselves establish a quantitative change in pigment concentration. 
The evolution toward the red-edge/NIR region (approximately 700 nm - 800 

nm) also differed with storage time. These changes are likely to reflect modifica-
tions in the optical properties of the fruit surface during ripening, in addition to 
pigment-related effects. The present results are therefore consistent with the abil-
ity of Vis-NIR measurements to capture multiple aspects of fruit maturation ra-
ther than a single biochemical component. This is important when interpreting 
the subsequent spectral indices, since their response can integrate pigment-related 
and structural optical effects. 

The relative reflectance profiles revealed a distinct temporal response to the 
three luminance levels. Box 1 (low luminance) showed the largest early changes, 
reaching approximately 48% in the 400 - 550 nm region and about 25% above 550 
nm at the early stages, with differences increasing to approximately 86% after 14 
days. Box 3 (high luminance) exhibited a weaker initial response, with differences 
of approximately 8% - 28% at day 4, but reached a similar magnitude of change 
above 550 nm by day 14. Box 2 (medium luminance) showed intermediate 
changes, ranging from approximately 24% - 43% during the intermediate stages 
and reaching approximately 82% at day 14. Thus, the three treatments followed a 
similar overall spectral trajectory but differed in the timing and magnitude of their 
early changes. The relative reflectance profiles revealed distinct temporal patterns 
among the three luminance conditions. Box 1 (low luminance) showed the largest 
early changes, reaching approximately 48% in the 400 - 550 nm region and about 
25% above 550 nm at the early stages, with differences increasing to approximately 
86% after 14 days. Box 3 (high luminance) exhibited a weaker initial response, with 
differences of approximately 8% - 28% at Day 4, but reached a similar magnitude of 
change above 550 nm by Day 14. Box 2 (medium luminance) showed intermediate 
changes, ranging from approximately 24% - 43% during the intermediate stages 
and reaching approximately 82% at Day 14. Thus, the three luminance conditions 
followed a similar overall spectral trajectory but differed in the timing and mag-
nitude of their early changes. Given the experimental design, these differences are 
interpreted as descriptive differences in temporal spectral trajectories rather than 
as evidence of a generalized causal effect of luminance on ripening kinetics. 

This treatment-dependent temporal response is consistent with previous work 
showing that postharvest illumination can modify banana ripening. Huang et al. 
(2018) [46] reported effects of LED irradiation on postharvest banana ripening 
and nutritional quality, while Zhou et al. (2023) [26], using direct measurements 
of chlorophyll and carotenoids, showed that red LED illumination altered the pro-
gression of banana ripening. However, those studies used specific LED treatments 
and, in the case of Zhou et al. (2023) [26] direct biochemical measurements. Our 
results therefore extend the optical perspective by showing that different lumi-
nance conditions were associated with distinct temporal spectral trajectories un-
der controlled postharvest conditions. 

Representative images of three of the five bananas monitored in each chamber 
are shown in Figure 2(G). Fruits from Box 2 appeared to undergo a comparatively 
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slower visible color transition. This observation is qualitatively consistent with the 
intermediate spectral evolution observed under medium luminance; however, the 
photographs are presented as representative observations and were not consid-
ered an independent statistical endpoint. 

 

   
(A)                                                (D) 

   
(B)                                                (E) 

   
(C)                                                (F) 
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(G) 

Figure 2. (A)-(C) Changes of banana reflectance spectra (350 - 900 nm) in time, and the (D)-(F) emphasis of reflectance difference 
in percentages from the 0d (0d-xd)/0d under three light luminance levels (a-low, b-medium and c-high). (G) The visual evolution 
of the fruit from Day 0 to Day 14, three sample examples from each box (Ex.1, Ex.2, Ex.3). 

 
Overall, the spectral measurements revealed a common ripening-related trajec-

tory across luminance conditions, accompanied by differences in the timing and 
magnitude of spectral changes. Given the experimental design, these differences 
are interpreted primarily as treatment-associated temporal patterns rather than as 
evidence of a generalized causal effect of luminance on ripening. Importantly, the 
present spectral data support associations with pigment-related and structural 
changes but do not establish direct biochemical changes; such relationships would 
require complementary chemical measurements. 

3.2. Evolution of Pigment Related Spectral Indices 
3.2.1. Chlorophyll-Related Indices 
Chlorophyll-related spectral indices showed marked temporal changes during ba-
nana storage, with distinct responses among the luminance treatments (Figure 3). 
TCARI decreased sharply during the first stages of storage in all treatments, from 
approximately 0.09 - 0.11 at day 0 to values below 0.05 by day 6, followed by a 
more gradual decline toward day 14. The reduction was approximately 65%, 62%, 
and 72% under low, medium, and high luminance, respectively, between day 0 
and day 6. The mixed-effects analysis indicated a significant luminance × time 
interaction (P < 0.001; Table 4), indicating that the temporal trajectory of TCARI 
differed among the applied luminance conditions. However, the treatment differ-
ences were limited to specific sampling times: at day 0, the high-luminance treat-
ment showed a significantly higher TCARI than the medium-luminance treat-
ment, whereas no significant differences were detected among treatments at the 
subsequent sampling days. Thus, the temporal pattern of TCARI differed among 
the applied luminance conditions without producing a persistent separation 
among treatments. 

The Chlorophyll Index (Chl I) followed a different trajectory, increasing from 
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day 0 to approximately day 10 and subsequently declining toward day 14. The 
interaction between luminance and storage time was significant (P < 0.001; Table 
4). Treatment differences were detected at days 4, 6, and 12, but not at days 0, 8, 
10, or 14. At day 6, the medium-luminance treatment showed the highest Chl I 
value, whereas at day 12 it showed the lowest value. The transient increase in Chl 
I should therefore not be interpreted as an increase in chlorophyll concentration. 
Reflectance-based indices can be influenced by pigment absorption as well as by 
changes in tissue optical properties, including scattering. This is particularly rele-
vant for banana, for which spectral reflectance indices have been shown to provide 
indirect estimates of chlorophyll and other biochemical parameters when cali-
brated against reference measurements [29].  

PSSRa and PSSRb exhibited broadly similar temporal trajectories, increasing 
during the first part of storage and reaching their highest values between days 10 
and 12 before declining toward day 14 (Figure 3). For both indices, the luminance 
× time interaction was significant (P < 0.001; Table 4). Medium luminance pro-
duced significantly higher values than high luminance at day 6 for both PSSRa 
and PSSRb and remained higher than low luminance at days 8 and 10. However, 
this response was not maintained throughout storage: at day 12, the medium-lu-
minance treatment showed significantly lower values than the low- and high-lu-
minance treatments, while no differences remained at day 14. The response there-
fore suggests a transient treatment-dependent modulation rather than a con-
sistent enhancement of chlorophyll-related spectral indices under medium lumi-
nance. 

NDVI also exhibited a non-linear temporal pattern, with a slight change during 
the early storage period followed by an increase toward days 10 - 12 and a subse-
quent decline by day 14. The luminance × time interaction was significant (P < 
0.001; Table 4), with significant treatment differences detected at days 6 and 12. 
At day 6, the medium-luminance treatment showed the highest NDVI, whereas 
at day 12 it showed the lowest value. No significant differences were observed at 
days 0, 4, 8, 10, or 14. Similar work has demonstrated that NDVI-type measure-
ments can provide information related to chlorophyll status and fruit maturity, 
although their response reflects optical properties rather than chlorophyll concen-
tration alone [47].  

Taken together, the four chlorophyll-related indices did not exhibit identical 
responses to luminance. TCARI showed a rapid decline, whereas Chl I, PSSRa, 
PSSRb, and NDVI displayed transient increases followed by declines. These con-
trasting trajectories are not contradictory because the indices are based on differ-
ent spectral formulations and therefore respond differently to changes in reflec-
tance. The common feature was the significant luminance × time interaction for 
all indices, indicating that the temporal evolution of the spectral responses dif-
fered among the applied luminance conditions rather than showing a uniform 
pattern throughout storage. 

The early decline in TCARI is compatible with the progressive modification of 
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chlorophyll-related optical features during banana ripening. However, spectral in-
dices should be interpreted as indirect indicators of pigment-related changes, par-
ticularly in the absence of direct pigment quantification. Galal et al. (2022) [29] 
similarly demonstrated the potential of spectral reflectance indices to estimate 
chlorophyll-related biochemical parameters in banana, but their approach was val-
idated using chemical measurements of chlorophyll a and b. In contrast, direct 
measurements reported by Zhou et al. (2023) [26] showed that red LED illumina-
tion could modify chlorophyll degradation and carotenoid accumulation during 
postharvest banana ripening. The present results therefore indicate that the spec-
tral expression of ripening differed among the applied luminance conditions, but 
they do not by themselves demonstrate changes in chlorophyll concentration or 
degradation rates. 

Overall, the results indicate that the timing and magnitude of chlorophyll-re-
lated spectral responses differed among the applied luminance conditions, with 
the strongest treatment differences occurring at intermediate stages of storage and 
largely disappearing by day 14. This convergence suggests that the observed treat-
ment-associated differences were predominantly transient, superimposed on a 
common ripening trajectory. The results therefore support the use of these indices 
for non-destructive monitoring of ripening dynamics, while direct biochemical 
measurements would be required to establish their quantitative relationship with 
chlorophyll content. 
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Figure 3. Evolution of chlorophyll pigments during the experimental period under different levels of light: TCARI (A), Chlorophyll 
Index (B), PSSRa (C), PSSRb (D), chlorophyll b/total chlorophyll ratio (E). The curves represent pigment variations over 14 days 
under the light treatments (Low, Medium, High), with standard deviations indicated. 
 
Table 4. Estimated marginal means of chlorophyll-related spectral indices during banana ripening under different light luminance 
levels. Values are estimated marginal means ± standard errors (EMM ± SE). Different lowercase letters within the same storage day 
indicate significant differences among luminance treatments based on multiplicity-adjusted pairwise comparisons (P < 0.05). The 
P and F-values correspond to the luminance × storage time interaction from the linear mixed-effects model. P < 0.05 was considered 
statistically significant, whereas 0.05 ≤ P < 0.10 indicated a marginal trend. 

Index Day Low Medium High P Luminance × Time 
F-value_Luminance 

× Time 

Chl I 

0 0.0290 ± 0.0056a 0.0224 ± 0.0056a 0.0145 ± 0.0056a <0.001 5.2221 

4 0.0458 ± 0.0056b 0.0419 ± 0.0056ab 0.0232 ± 0.0056a   

6 0.0458 ± 0.0056a 0.0716 ± 0.0056b 0.0473 ± 0.0056a   

8 0.0936 ± 0.0056a 0.1121 ± 0.0056a 0.1013 ± 0.0056a   

10 0.1029 ± 0.0056a 0.1177 ± 0.0059a 0.1035 ± 0.0056a   

12 0.1050 ± 0.0056a 0.0818 ± 0.0056b 0.1047 ± 0.0056a   

14 0.0771 ± 0.0056a 0.0700 ± 0.0056a 0.0843 ± 0.0056a   

PSSRa 

0 1.2698 ± 0.0399a 1.1763 ± 0.0399a 1.2484 ± 0.0399a <0.001 6.6209 

4 1.2369 ± 0.0399a 1.2413 ± 0.0399a 1.1450 ± 0.0399a   

6 1.3024 ± 0.0399ab 1.4369 ± 0.0399b 1.2549 ± 0.0399a   

8 1.4271 ± 0.0399a 1.5883 ± 0.0399b 1.4698 ± 0.0399ab   

10 1.5599 ± 0.0399a 1.7229 ± 0.0423b 1.6496 ± 0.0399ab   

12 1.6678 ± 0.0399a 1.4460 ± 0.0399b 1.6434 ± 0.0399a   

14 1.4372 ± 0.0399a 1.4320 ± 0.0399a 1.5005 ± 0.0399a   
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Continued 

PSSRb 

0 1.2583 ± 0.0582a 1.2107 ± 0.0582a 1.2298 ± 0.0582a <0.001 6.4458 

4 1.3998 ± 0.0582a 1.4251 ± 0.0582a 1.2669 ± 0.0582a   

6 1.5320 ± 0.0582a 1.7690 ± 0.0582b 1.4556 ± 0.0582a   

8 1.7529 ± 0.0582a 1.9853 ± 0.0582b 1.8287 ± 0.0582ab   

10 1.8996 ± 0.0582a 2.1762 ± 0.0628b 2.0713 ± 0.0582ab   

12 1.9872 ± 0.0582a 1.6166 ± 0.0582b 1.9501 ± 0.0582a   

14 1.6221 ± 0.0582a 1.5508 ± 0.0582a 1.6619 ± 0.0582a   

NDVI 

0 0.1371 ± 0.0149a 0.1063 ± 0.0149a 0.1431 ± 0.0149a <0.001 6.0888 

4 0.1449 ± 0.0149a 0.1519 ± 0.0149a 0.1144 ± 0.0149a   

6 0.1771 ± 0.0149ab 0.2272 ± 0.0149b 0.1570 ± 0.0149a   

8 0.2332 ± 0.0149a 0.2914 ± 0.0149a 0.2519 ± 0.0149a   

10 0.2552 ± 0.0149a 0.3058 ± 0.0158a 0.3000 ± 0.0149a   

12 0.2956 ± 0.0149a 0.2178 ± 0.0149b 0.2890 ± 0.0149a   

14 0.2131 ± 0.0149a 0.2131 ± 0.0149a 0.2463 ± 0.0149a   

3.2.2. Carotenoid-Related Indices 
Carotenoid-related spectral indices exhibited distinct temporal patterns during 
banana storage, with differences in the magnitude and timing of responses among 
luminance treatments (Figure 4). Because these indices were derived from spec-
tral reflectance rather than from direct biochemical quantification, the observed 
variations are interpreted as carotenoid-related spectral responses rather than di-
rect evidence of changes in carotenoid concentration or biosynthesis. This dis-
tinction is particularly important because reflectance in the visible region is influ-
enced by overlapping absorption by chlorophylls and carotenoids, as well as by 
tissue optical properties [13].  

SIPI (Figure 4(A)) showed an overall decline during storage, although its tem-
poral trajectory differed among luminance treatments. Under high luminance, 
SIPI increased from day 0 to day 4, reaching the highest value among treatments 
at this stage, before decreasing progressively toward day 14. SIPI was originally 
developed as a structure-insensitive pigment index and has been related to the 
carotenoid-to-chlorophyll a ratio through spectral reflectance measurements [14]. 
However, its interpretation remains indirect because the index integrates the spec-
tral effects of multiple pigments and tissue optical properties [48].  

The significant luminance × storage-time interaction for SIPI (P < 0.001; Table 
5) indicates that its temporal evolution differed among the applied luminance 
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conditions. Pairwise comparisons showed a significant treatment effect at day 4, 
when the high-luminance treatment exhibited a higher SIPI value than the low- 
and medium-luminance treatments. No significant differences were detected 
among treatments at the other storage dates. The subsequent convergence of SIPI 
values therefore suggests a reduction in treatment-dependent spectral differences 
as ripening progressed rather than sustained differences in pigment composition. 

CRI1 (Figure 4(B)) increased from day 0 to the intermediate stages of storage 
and subsequently declined toward day 14. The maximum response occurred 
around day 6 under medium luminance, whereas the high-luminance treatment 
reached its maximum around day 8. CRI1 is based on reciprocal reflectance in the 
510-550 nm region, where reflectance is sensitive to carotenoid-related absorption 
but is also affected by chlorophylls [13]. Consequently, changes in CRI1 can pro-
vide information on carotenoid-related spectral variation, but should not be in-
terpreted as a direct measurement of carotenoid concentration in the absence of 
biochemical validation.  

The luminance × storage-time interaction for CRI1 was marginal (P = 0.0938; 
Table 5), indicating a tendency toward treatment-dependent temporal variation 
but not a statistically significant interaction at the 5% level. Moreover, no signifi-
cant pairwise differences among luminance treatments were detected at individual 
storage dates. The differences observed in the timing and magnitude of the CRI1 
response should therefore be considered descriptive trends rather than evidence 
of statistically confirmed differences in carotenoid content. 

A similar temporal evolution was observed for CRI2 (Figure 4(C)), with values 
increasing during the first part of storage, reaching maximum values between days 
8 and 10, and subsequently declining toward day 14. The medium-luminance 
treatment exhibited the highest response around days 6 - 10, whereas the high-
luminance treatment also showed a pronounced response during the intermediate 
stages. CRI2, like CRI1, uses reciprocal reflectance around 510 nm combined with 
a reference wavelength less sensitive to carotenoid absorption, and was developed 
for nondestructive assessment of carotenoid-related spectral variation [49].  

The significant luminance × storage-time interaction for CRI2 (P = 0.0093; Ta-
ble 5) confirms that the temporal evolution of this index differed among treat-
ments. At day 6, the medium-luminance treatment exhibited a significantly higher 
value than the high-luminance treatment, whereas the low-luminance treatment 
was intermediate. No significant differences among treatments were detected at 
the remaining storage dates. Thus, the effect of luminance on CRI2 was transient 
and concentrated during the intermediate phase of storage, rather than being 
maintained throughout ripening. 

The temporal evolution observed for these indices is consistent with previous 
spectroscopic observations of banana ripening. Ringer and Blanke (2021) [28] re-
ported pronounced changes in banana reflectance during ripening, particularly 
around the chlorophyll-associated absorption feature near 679 nm and a second 
feature around 494 nm, with progressive flattening of the reflectance spectra as 
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ripening advanced. These observations support the use of spectral measurements 
for monitoring nondestructive changes during banana maturation.  

Overall, SIPI, CRI1 and CRI2 revealed substantial temporal changes during ba-
nana storage, particularly during the intermediate stages of ripening. The signifi-
cant luminance × time interactions observed for SIPI and CRI2 indicate that the 
timing and magnitude of carotenoid-related spectral responses differed among 
the applied luminance conditions, whereas the marginal interaction observed for 
CRI1 suggests a weaker treatment effect. Importantly, these spectral responses 
should not be equated directly with carotenoid accumulation or biosynthesis be-
cause no complementary biochemical determination of carotenoid concentration 
was performed. Instead, the results indicate that the optical signatures associated 
with pigment evolution differed among the luminance conditions. The progres-
sive convergence of the indices toward the end of storage further suggests that 
treatment-dependent differences became less pronounced as ripening advanced. 
These findings support the potential of hyperspectral measurements and spectral 
indices for non-destructive monitoring of pigment-related changes, while high-
lighting the need for pigment extraction and chromatographic or spectrophoto-
metric analyses to establish direct biochemical relationships. 

 

   

 
Figure 4. Evolution of carotenoid-related indices during maturation under different levels of light luminance: (A) SIPI (Structure 
Insensitive Pigment Index); (B) CRI1 (Carotenoid Reflectance Index 1); (C) CRI2 (Carotenoid Reflectance Index 2). The curves 
illustrate the progressive accumulation of carotenoid pigments over 14 days under the light treatments (Low, Medium, High), with 
standard deviations indicated. 
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Table 5. Estimated marginal means of carotenoid-related spectral indices during banana ripening under different light luminance 
levels. Values are estimated marginal means ± standard errors (EMM ± SE). Different lowercase letters within the same storage day 
indicate significant differences among luminance treatments based on multiplicity-adjusted pairwise comparisons (P < 0.05). The 
P and F-values correspond to the luminance × storage time interaction from the linear mixed-effects model. P < 0.05 was considered 
statistically significant, whereas 0.05 ≤ P < 0.10 indicated a marginal trend. 

Index Day Low Medium High P (L × T) F (L × T) 

SIPI 

0 5.1698 ± 0.4915a 6.2271 ± 0.4915a 4.7479 ± 0.4915a <0.001 3.6915 

4 4.8769 ± 0.4915a 4.8451 ± 0.4915a 7.2252 ± 0.4915b   

6 4.2674 ± 0.4915a 3.0389 ± 0.4915a 4.5065 ± 0.4915a   

8 2.9859 ± 0.4915a 2.3586 ± 0.4915a 2.8383 ± 0.4915a   

10 2.3594 ± 0.4915a 2.0412 ± 0.5135a 2.1397 ± 0.4915a   

12 2.0036 ± 0.4915a 2.3326 ± 0.4915a 2.0414 ± 0.4915a   

14 2.3068 ± 0.4915a 2.2902 ± 0.4915a 2.1705 ± 0.4915a   

CRI1 

0 5.7184 ± 0.7797a 4.8615 ± 0.7797a 5.9186 ± 0.7797a 0.0938 1.6638 

4 8.1028 ± 0.7797a 8.6353 ± 0.7797a 7.9919 ± 0.7797a   

6 9.5982 ± 0.7797a 11.3228 ± 0.7797a 8.9794 ± 0.7797a   

8 8.9024 ± 0.7797a 8.4065 ± 0.7797a 10.8464 ± 0.7797a   

10 7.9000 ± 0.7797a 7.7588 ± 0.8664a 7.2199 ± 0.7797a   

12 6.2977 ± 0.7797a 4.4641 ± 0.7797a 6.1719 ± 0.7797a   

14 3.6722 ± 0.7797a 5.1048 ± 0.7797a 5.1941 ± 0.7797a   

CRI2 

0 7.2417 ± 1.6180a 6.2179 ± 1.6180a 7.4031 ± 1.6180a 0.0093 2.4689 

4 11.8129 ± 1.6180a 12.6827 ± 1.6180a 10.5729 ± 1.6180a   

6 14.9054 ± 1.6180ab 20.3711 ± 1.6180a 13.6523 ± 1.6180b   

8 17.5492 ± 1.6180a 20.5491 ± 1.6180a 21.0089 ± 1.6180a   

10 17.8585 ± 1.6180a 22.2764 ± 1.7943a 20.0304 ± 1.6180a   

12 18.7031 ± 1.6180a 12.8029 ± 1.6180a 18.8410 ± 1.6180a   

14 10.9938 ± 1.6180a 13.5226 ± 1.6180a 14.8880 ± 1.6180a   

3.2.3. Anthocyanin-Related Spectral Indices 
Anthocyanin-related spectral indices (ARI1 and ARI2) exhibited marked tem-
poral changes during banana storage, although their trajectories differed among 
luminance treatments (Figure 5). Both indices increased progressively during the 
first part of storage, reached maximum values around days 8 - 10, and subse-
quently declined toward day 14. This general temporal pattern indicates substan-
tial changes in the spectral response of the fruit peel during ripening. 

ARI1 increased from approximately 1.4 - 1.5 at day 0 to maximum values be-
tween 12 and 15 around days 8 - 10, depending on the treatment. The medium-
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luminance treatment showed the highest value at day 10 (14.54 ± 1.08), whereas 
low and high luminance reached 9.96 ± 0.98 and 12.81 ± 0.98, respectively. Sig-
nificant differences among treatments were detected at days 6, 10 and 12 (Table 
6). At day 6, the medium-luminance treatment exhibited a higher ARI1 value than 
the low- and high-luminance treatments, while at day 10 it remained significantly 
higher than the low treatment. At day 12, the medium-luminance treatment 
showed a significantly lower value than both low and high luminance. By day 14, 
the differences were no longer significant. 

ARI2 followed a broadly similar trajectory, increasing from approximately 0.5 
at day 0 to maximum values between 1.8 and 2.0 around days 8-10 before declin-
ing markedly at the end of storage. Significant treatment differences were ob-
served at days 6, 8 and 12. At day 6, the medium-luminance treatment displayed 
a higher value than both low and high luminance. At day 8, both medium and 
high luminance produced higher ARI2 values than low luminance, whereas at day 
12 the medium treatment showed a significantly lower value than the low- and 
high-luminance treatments. No significant differences were detected at days 0, 4, 
10 or 14. 

The ARI was originally developed from visible reflectance measurements to 
provide a nondestructive indication of anthocyanin-related variation, exploiting 
the strong influence of anthocyanins around the green spectral region and using 
longer wavelengths to reduce the contribution of chlorophyll and other optical 
effects [50]. Subsequent work has emphasized that such indices are indirect opti-
cal proxies whose response can also be affected by pigment interactions, tissue 
structure and scattering properties. Consequently, the increases observed here 
should be interpreted as changes in anthocyanin-related spectral response rather 
than direct evidence of anthocyanin accumulation [51]. 

This distinction is particularly important for banana peel. Anthocyanins have 
been chemically identified in some banana cultivars, particularly red-peeled ba-
nanas, whereas the yellow coloration characteristic of most cultivated bananas is 
primarily associated with carotenoid accumulation rather than anthocyanins. 
Nevertheless, recent chemical analyses of banana fruit have reported changes in 
anthocyanin concentrations during ripening, including increases in both peel and 
pulp, demonstrating that anthocyanin metabolism can contribute to ripening-re-
lated pigment changes even when it is not the dominant determinant of peel col-
our.  

In the present experiment, the transient increase in ARI1 and ARI2 therefore 
suggests a ripening-associated modification of the spectral region sensitive to 
anthocyanin-related pigments, with the magnitude and timing of this response 
being influenced by luminance. The stronger intermediate responses observed 
under medium luminance, particularly for ARI1 at day 10 and ARI2 at days 6-
8, may indicate that this treatment modified the timing of pigment-related spec-
tral changes. However, because anthocyanin concentrations were not deter-
mined chemically, these differences cannot be attributed exclusively to changes 
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in anthocyanin content. Changes in chlorophyll, carotenoids, epidermal struc-
ture, tissue scattering and other optical properties may also contribute to the 
observed indices. This caution is consistent with the broader use of spectral in-
dices as nondestructive indicators of fruit maturity, which generally requires bi-
ochemical validation when specific pigment concentrations are to be inferred 
[52] [53].  

The decline in both indices after days 10 - 12 further indicates that the spectral 
response associated with these wavelengths did not continue to increase through-
out ripening. Rather than interpreting this decrease as a direct loss of anthocya-
nins, it is more appropriate to consider it as evidence of a transition in the optical 
properties of the peel during the late stages of ripening. Such a transition occurs 
concomitantly with the well-established degradation of chlorophyll and changes 
in carotenoid composition during banana ripening [28].  

 

   
Figure 5. Evolution of anthocyanin-related indices during maturation under different levels of light luminance: (A) ARI1 (Antho-
cyanin Reflectance Index 1); (B) ARI2 (Anthocyanin Reflectance Index 2). The curves illustrate the trends over 14 days according 
to the light treatments applied (low, medium, high), with indication of standard deviations. 
 
Table 6. Estimated marginal means of anthocyanin-related indices during banana ripening under different light luminance levels. 
Values are estimated marginal means ± standard errors (EMM ± SE). Different lowercase letters within the same storage day indicate 
significant differences among luminance treatments based on multiplicity-adjusted pairwise comparisons (P < 0.05). The P and F-
values correspond to the luminance × storage time interaction from the linear mixed-effects model. P < 0.05 was considered statis-
tically significant, whereas 0.05 ≤ P < 0.10 indicated a marginal trend. 

Index Day Low Medium High P (L × T) F (L × T) 

ARI1 

0 1.5233 ± 0.9847a 1.3564 ± 0.9847a 1.4845 ± 0.9847a <0.001 3.5549 

4 3.7101 ± 0.9847a 4.0474 ± 0.9847a 2.5810 ± 0.9847a   

6 5.3072 ± 0.9847b 9.0483 ± 0.9847a 4.6730 ± 0.9847b   

8 8.6468 ± 0.9847a 12.1426 ± 0.9847a 10.1625 ± 0.9847a   

10 9.9585 ± 0.9847a 14.5379 ± 1.0832b 12.8106 ± 0.9847ab   

12 12.4055 ± 0.9847b 8.3389 ± 0.9847a 12.6691 ± 0.9847b   

14 7.3216 ± 0.9847a 8.4178 ± 0.9847a 9.6939 ± 0.9847a   
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Continued 

ARI2 

0 0.5180 ± 0.1311a 0.4793 ± 0.1311a 0.5138 ± 0.1311a <0.001 4.0325 

4 0.8804 ± 0.1311a 1.0003 ± 0.1311a 0.7388 ± 0.1311a   

6 1.0710 ± 0.1311b 1.6045 ± 0.1311a 1.0600 ± 0.1311b   

8 1.3773 ± 0.1311a 1.9556 ± 0.1311b 1.9074 ± 0.1311b   

10 1.4725 ± 0.1311a 1.8733 ± 0.1455a 1.7599 ± 0.1311a   

12 1.2916 ± 0.1311b 0.6642 ± 0.1311a 1.2474 ± 0.1311b   

14 0.6100 ± 0.1311a 0.5308 ± 0.1311a 0.6826 ± 0.1311a   

 
Overall, ARI1 and ARI2 revealed distinct temporal changes in the banana peel 

spectral response, with the strongest responses occurring during intermediate rip-
ening stages and treatment-dependent differences being most evident during this 
period. These indices therefore provide useful nondestructive markers of ripen-
ing-related pigment and optical changes, but their interpretation as quantitative 
indicators of anthocyanin accumulation should remain cautious in the absence of 
direct biochemical measurements. 

3.2.4. Evolution of Colorimetric Parameters 
The RGB and CIELAB parameters showed marked temporal changes during stor-
age, whereas the magnitude and timing of these changes varied according to the 
luminance treatment (Figure 6, Table 7). These colorimetric responses are con-
sistent with the progressive transition of banana peel during ripening, which in-
volves chlorophyll degradation, the emergence of yellow-brown coloration, and 
associated changes in surface optical properties. Such color changes are widely 
recognized as practical indicators of banana ripening and quality, while previous 
studies have also demonstrated that light treatments can modulate pigment deg-
radation and peel coloration [26] [46] [54]. 

The R component decreased markedly from day 0 to day 14 under all luminance 
treatments, with the greatest reduction occurring during the first 8 days. Mean 
values decreased from 158.9, 164.2, and 164.3 at day 0 to 96.5, 94.0, and 95.3 at 
day 14 under low, medium, and high luminance, respectively. Although the lumi-
nance × time interaction was significant (P = 0.0029; F = 2.86), no significant dif-
ferences among treatments were detected at any individual storage day. This in-
dicates that luminance modified the temporal response without producing a con-
sistent separation among treatments at specific sampling dates. The progressive 
decrease in R is compatible with the general loss of the initial green coloration and 
the transition toward yellow and brown tones during banana ripening, reflecting 
the combined effects of chlorophyll degradation and changes in the optical prop-
erties of the peel [46]. 

A similar temporal pattern was observed for the G component, which declined 
substantially throughout storage. Values decreased from approximately 134 - 138 
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at day 0 to about 82 at day 14. The luminance × time interaction was highly sig-
nificant (P < 0.001; F = 3.47), although treatment differences were detected only 
at day 8, when the medium-luminance treatment showed a higher G value than 
the low-luminance treatment. The absence of systematic differences at the other 
sampling dates suggests that luminance affected the kinetics of the color transition 
rather than establishing a persistent treatment-specific color response. The paral-
lel decreases in R and G are consistent with the progressive alteration of the green 
component of banana peel during ripening and agree with previous observations 
of light-associated modulation of banana coloration [26] [46]. 

The B component differed from R and G by exhibiting a non-monotonic re-
sponse. It decreased from approximately 61 - 66 at day 0 to 47 - 51 by days 6 - 8, 
followed by a marked increase toward days 10 - 14, reaching approximately 72 - 
74 at the end of storage. The luminance × time interaction was significant (P = 
0.0057; F = 2.64), but significant differences among luminance treatments were 
observed only at day 8, when the medium-luminance treatment presented a 
higher value than the low-luminance treatment. The increase in B during the later 
stages should not be interpreted as the formation of blue pigments. Rather, it likely 
reflects changes in the surface and internal optical properties of the peel associated 
with ripening, including modifications in tissue structure, texture, scattering, and 
reflection. The distinct trajectory of B compared with R and G therefore indicates 
that RGB responses are influenced not only by pigment composition but also by 
structural changes occurring during ripening. 

The CIELAB lightness parameter (L*) followed a pattern broadly similar to the 
RGB components, decreasing strongly from day 0 to day 14. Mean L* values de-
clined from 143 - 148 initially to approximately 90 at the end of storage. The lu-
minance × time interaction was significant (P < 0.001; F = 3.40), with a significant 
treatment difference at day 8, when medium luminance resulted in a higher L* 
value than low luminance. The decrease in L* indicates a progressive reduction in 
perceived lightness as ripening advanced, consistent with the development of 
darker and more heterogeneous peel coloration. Importantly, the similarity be-
tween the L* and RGB trajectories suggests that the overall loss of initial peel 
brightness was largely associated with the temporal progression of ripening rather 
than with a sustained effect of luminance intensity. 

In contrast, a* and b* exhibited relatively limited treatment-related variation. 
The luminance × time interaction was not significant for either parameter (a*: P 
= 0.4647, F = 0.99; b*: P = 0.1197, F = 1.57). Although both parameters varied 
during storage, no significant differences among luminance treatments were de-
tected at any sampling date. The absence of a significant interaction indicates that 
luminance did not substantially modify the temporal trajectories of these two 
CIELAB coordinates. This result is important because it demonstrates that not all 
colorimetric dimensions were equally sensitive to the imposed light conditions, 
despite the pronounced changes observed in RGB values and L*. 

The total color difference (ΔE) showed the clearest overall deterioration of color 
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similarity relative to the initial state. ΔE increased sharply from approximately 6-
8 at day 0 to 18 - 25 at day 4 and 29 - 41 at day 6, followed by further increases 
and stabilization at high values toward the end of storage. The luminance × time 
interaction was significant (P = 0.0016; F = 3.06). Treatment differences were ob-
served at days 6 and 8: at day 6, the medium-luminance treatment exhibited a 
higher ΔE than the high-luminance treatment, whereas at day 8 the low-lumi-
nance treatment showed a higher value than the medium-luminance treatment. 
No significant differences were detected at days 10, 12, or 14. Thus, luminance 
influenced the magnitude of color divergence mainly during intermediate ripen-
ing stages, while the treatments converged toward similarly large color differences 
at the end of storage. 

The evolution of ΔE integrates the changes occurring across the different color 
dimensions and therefore provides a complementary measure of the overall visual 
transformation of the peel. Its strong increase coincided with the progressive 
changes in R, G, B, and L*, particularly during the transition from the early to 
intermediate stages of ripening. The late increase in B, together with the continued 
changes in the other color components, may have contributed to the high ΔE val-
ues observed at the final stages. This relationship highlights that ΔE should be 
interpreted as a global optical response rather than as a direct indicator of a single 
pigment. Similar approaches have been used to characterize fruit ripening and 
color deterioration, while studies on banana under controlled light conditions 
have shown that illumination can modify the kinetics of peel color development 
[26] [46] [54]. 

Overall, the colorimetric results reveal a strong temporal component in banana 
peel color evolution, whereas the effect of luminance was more limited and stage-
dependent. The significant luminance × time interactions observed for R, G, B, 
L*, and ΔE indicate that light intensity influenced the kinetics of color change, but 
the absence of persistent treatment differences at most sampling dates indicates 
that luminance did not override the intrinsic progression of ripening. Conversely, 
the lack of significant interactions for a* and b* suggests that these parameters 
were comparatively insensitive to the imposed luminance conditions. This pattern 
is consistent with the spectral-index results presented above, where treatment ef-
fects were also most apparent during intermediate stages before diminishing as 
ripening progressed. 

From an applied perspective, the combination of RGB and CIELAB parameters 
provides a relatively simple and nondestructive approach for monitoring banana 
ripening. In particular, ΔE and L*, together with selected RGB parameters, cap-
tured substantial changes in peel appearance without requiring the more complex 
instrumentation associated with spectroscopic measurements. These measure-
ments could therefore serve as complementary low-cost indicators for monitoring 
postharvest quality, while spectral indices provide more specific information on 
pigment-related changes. The combined use of both approaches may be particu-
larly valuable for developing practical monitoring systems in which detailed spec-
troscopic characterization is complemented by rapid image-based assessment. 
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Figure 6. Evolution of colorimetric parameters during the experimental period under different levels of light: Red component (A), 
Green component (B), Blue component (C), Brightness L (D), a (E), b (F), and ΔE (G). The curves represent variations over 14 days 
under the light treatments (Low, Medium, High), with standard deviations indicated. 
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Table 7. Estimated marginal means of colorimetric parameters during banana ripening under different light luminance levels. Val-
ues are estimated marginal means ± standard errors (EMM ± SE). Different lowercase letters within the same storage day indicate 
significant differences among luminance treatments based on multiplicity-adjusted pairwise comparisons (P < 0.05). The P and F-
values correspond to the luminance × storage time interaction from the linear mixed-effects model. P < 0.05 was considered statis-
tically significant, whereas 0.05 ≤ P < 0.10 indicated a marginal trend. 

Parameter Day Low Medium High P (L × T) F (L × T) 

R 

0 158.9311 ± 3.9853a 164.2342 ± 3.9853a 164.3391 ± 3.9853a 0.0029 2.8603 

4 143.1563 ± 3.9853a 140.7074 ± 3.9853a 150.4590 ± 3.9853a   

6 132.9057 ± 3.9853a 128.5954 ± 3.9853a 140.8076 ± 3.9853a   

8 105.2622 ± 3.9853a 118.9075 ± 3.9853a 107.5941 ± 3.9853a   

10 115.0939 ± 3.9853a 104.2460 ± 4.3379a 104.2817 ± 3.9853a   

12 102.4977 ± 3.9853a 98.2902 ± 3.9853a 94.7438 ± 3.9853a   

14 96.4507 ± 3.9853a 94.0210 ± 3.9853a 95.2712 ± 3.9853a   

G 

0 134.1039 ± 3.0865a 138.4655 ± 3.0865a 137.5079 ± 3.0865a <0.001 3.4666 

4 110.8831 ± 3.0865a 111.7492 ± 3.0865a 117.4015 ± 3.0865a   

6 100.3013 ± 3.0865a 93.6868 ± 3.0865a 105.7924 ± 3.0865a   

8 78.7135 ± 3.0865a 91.9854 ± 3.0865b 82.9067 ± 3.0865ab   

10 90.2513 ± 3.0865a 83.7610 ± 3.3618a 83.3229 ± 3.0865a   

12 84.7686 ± 3.0865a 80.7529 ± 3.0865a 76.5466 ± 3.0865a   

14 81.9824 ± 3.0865a 81.9463 ± 3.0865a 82.7838 ± 3.0865a   

B 

0 63.4427 ± 2.4846a 66.0628 ± 2.4846a 60.7649 ± 2.4846a 0.0057 2.6359 

4 52.1229 ± 2.4846a 59.2361 ± 2.4846a 54.0674 ± 2.4846a   

6 51.4484 ± 2.4846a 47.4592 ± 2.4846a 47.7002 ± 2.4846a   

8 51.1529 ± 2.4846a 67.6358 ± 2.4846b 58.4976 ± 2.4846a   

10 68.3301 ± 2.4846a 68.8713 ± 2.7689a 66.8012 ± 2.4846a   

12 72.4176 ± 2.4846a 68.8259 ± 2.4846a 64.1331 ± 2.4846a   

14 71.7096 ± 2.4846a 72.0241 ± 2.4846a 73.6252 ± 2.4846a   

L* 

0 143.3595 ± 3.3138a 147.5437 ± 3.3138a 146.6716 ± 3.3138a <0.001 3.3958 

4 122.1967 ± 3.3138a 122.4839 ± 3.3138a 128.4591 ± 3.3138a   

6 112.2329 ± 3.3138a 106.7075 ± 3.3138a 118.2869 ± 3.3138a   

8 89.3173 ± 3.3138a 104.3563 ± 3.3138b 93.9339 ± 3.3138ab   

10 101.7992 ± 3.3138a 93.9221 ± 3.6106a 93.6511 ± 3.3138a   

12 94.4332 ± 3.3138a 90.3904 ± 3.3138a 85.9209 ± 3.3138a   

14 90.8304 ± 3.3138a 89.9478 ± 3.3138a 90.7888 ± 3.3138a   
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Continued 

a* 

0 164.4566 ± 1.4120a 165.8070 ± 1.4120a 167.4537 ± 1.4120a 0.4647 0.9926 

4 161.3187 ± 1.4120a 158.0549 ± 1.4120a 163.2166 ± 1.4120a   

6 157.4612 ± 1.4120a 157.0165 ± 1.4120a 162.0552 ± 1.4120a   

8 147.1147 ± 1.4120a 145.7662 ± 1.4120a 145.4650 ± 1.4120a   

10 144.0523 ± 1.4120a 140.1852 ± 1.5630a 140.8795 ± 1.4120a   

12 137.9725 ± 1.4120a 137.7613 ± 1.4120a 138.2817 ± 1.4120a   

14 136.3158 ± 1.4120a 135.7146 ± 1.4120a 135.2457 ± 1.4120a   

b* 

0 132.4625 ± 0.5339a 132.4509 ± 0.5339a 132.8003 ± 0.5339a 0.1197 1.5723 

4 136.7865 ± 0.5339a 135.6586 ± 0.5339a 136.6071 ± 0.5339a   

6 137.7218 ± 0.5339a 139.0254 ± 0.5339a 138.0283 ± 0.5339a   

8 136.9299 ± 0.5339a 136.8964 ± 0.5339a 136.1930 ± 0.5339a   

10 136.2168 ± 0.5339a 135.0262 ± 0.5963a 135.0957 ± 0.5339a   

12 134.0683 ± 0.5339a 134.0396 ± 0.5339a 134.3975 ± 0.5339a   

14 132.9140 ± 0.5339a 131.8951 ± 0.5339a 132.1091 ± 0.5339a   

ΔE 

0 6.2955 ± 3.1078a 7.8984 ± 3.1078a 6.3330 ± 3.1078a 0.0016 3.0626 

4 24.8088 ± 3.1078a 25.1177 ± 3.1078a 18.1835 ± 3.1078a   

6 35.2686 ± 3.1078ab 41.0464 ± 3.1078a 28.6443 ± 3.1078b   

8 59.7937 ± 3.1078a 46.3641 ± 3.1078b 56.0669 ± 3.1078ab   

10 49.3602 ± 3.1078a 57.7147 ± 3.4256a 58.0779 ± 3.1078a   

12 58.5962 ± 3.1078a 62.2292 ± 3.1078a 66.0304 ± 3.1078a   

14 62.5300 ± 3.1078a 63.5487 ± 3.1078a 63.0796 ± 3.1078a   

3.3. Changes in Fruit Weight and Weight Loss during Storage 

Fruit weight decreased progressively throughout the 14-day storage period under 
all three luminance levels (Table 8, Figures 7(A)-(C)). At day 0, the estimated mar-
ginal mean fruit mass was 220.75 ± 9.87 g under low luminance, 223.16 ± 9.87 g 
under medium luminance, and 206.66 ± 9.87 g under high luminance. By day 14, 
these values had decreased to 140.69 ± 9.87 g, 146.57 ± 9.87 g, and 130.75 ± 9.87 g, 
respectively. Despite these numerical differences, the luminance × storage-time in-
teraction was not significant (P = 0.9975, F = 0.2112), and no significant differences 
among luminance treatments were detected at any storage day. Thus, the progres-
sive decline in fruit weight occurred similarly under the three luminance conditions. 

A comparable pattern was observed for absolute weight loss, which increased 
progressively throughout storage. At day 14, cumulative weight loss reached 80.06 
± 3.17 g under low luminance, 76.58 ± 3.17 g under medium luminance, and 75.91 
± 3.17 g under high luminance. As expected from its direct mathematical relation-
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ship with fruit weight, absolute weight loss showed the same luminance × storage-
time statistics (P = 0.9975, F = 0.2112). This absence of a significant interaction 
indicates that luminance intensity did not significantly modify the temporal pat-
tern of absolute weight loss. 

 

   

 
Figure 7. Evolution of weight and weight loss of bananas during ripening under different levels of light luminance: gross weight 
(A), absolute weight loss (B), relative weight loss (%) (C). The curves illustrate the trends over 14 days according to the light treat-
ments applied (low, medium, high), with indication of standard deviations. 
 
Table 8. Estimated marginal means of Weight parameters during banana ripening under different light luminance levels. Values 
are estimated marginal means ± standard errors (EMM ± SE). Different lowercase letters within the same storage day indicate 
significant differences among luminance treatments based on multiplicity-adjusted pairwise comparisons (P < 0.05). The P and F-
values correspond to the luminance × storage time interaction from the linear mixed-effects model. P < 0.05 was considered statis-
tically significant, whereas 0.05 ≤ P < 0.10 indicated a marginal trend. 

Parameter Day Low Medium High P (L × T) F (L × T) 

Weight (g) 

0 220.7508 ± 9.8705a 223.1582 ± 9.8705a 206.6582 ± 9.8705a 0.9975 0.2112 

4 196.9564 ± 9.8705a 199.5728 ± 9.8705a 183.0724 ± 9.8705a   

6 184.7920 ± 9.8705a 188.1998 ± 9.8705a 171.3876 ± 9.8705a   

8 173.7370 ± 9.8705a 177.5678 ± 9.8705a 161.0572 ± 9.8705a   

10 162.5370 ± 9.8705a 166.7159 ± 9.9193a 150.6676 ± 9.8705a   

12 151.8518 ± 9.8705a 156.7144 ± 9.8705a 141.0548 ± 9.8705a   

14 140.6894 ± 9.8705a 146.5734 ± 9.8705a 130.7466 ± 9.8705a   
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Continued 

Weight loss (g) 

0 0.0000 ± 3.1746a 0.0000 ± 3.1746a 0.0000 ± 3.1746a 0.9975 0.2112 

4 23.7944 ± 3.1746a 23.5854 ± 3.1746a 23.5858 ± 3.1746a   

6 35.9588 ± 3.1746a 34.9584 ± 3.1746a 35.2706 ± 3.1746a   

8 47.0138 ± 3.1746a 45.5904 ± 3.1746a 45.6010 ± 3.1746a   

10 58.2138 ± 3.1746a 56.4468 ± 3.3216a 55.9906 ± 3.1746a   

12 68.8990 ± 3.1746a 66.4438 ± 3.1746a 65.6034 ± 3.1746a   

14 80.0614 ± 3.1746a 76.5848 ± 3.1746a 75.9116 ± 3.1746a   

Weight loss (%) 

0 0.0000 ± 0.9112a 0.0000 ± 0.9112a 0.0000 ± 0.9112a 0.8477 0.5844 

4 10.7381 ± 0.9112a 10.6039 ± 0.9112a 11.4543 ± 0.9112a   

6 16.2228 ± 0.9112a 15.7050 ± 0.9112a 17.1415 ± 0.9112a   

8 21.2093 ± 0.9112a 20.4814 ± 0.9112a 22.1750 ± 0.9112a   

10 26.2443 ± 0.9112a 25.3771 ± 0.9635a 27.2517 ± 0.9112a   

12 31.0394 ± 0.9112a 29.8568 ± 0.9112a 31.9573 ± 0.9112a   

14 36.0454 ± 0.9112a 34.3995 ± 0.9112a 37.0025 ± 0.9112a   

 
When expressed relative to initial fruit weight, cumulative weight loss reached 

36.05 ± 0.91%, 34.40 ± 0.91%, and 37.00 ± 0.91% under low, medium, and high 
luminance, respectively, after 14 days. Although the high-luminance treatment 
exhibited the numerically greatest relative weight loss, followed by low and me-
dium luminance, the luminance × storage-time interaction remained non-signif-
icant (P = 0.8477, F = 0.5844). Therefore, these numerical differences should not 
be interpreted as evidence that high luminance accelerated mass loss. 

The progressive loss of weight observed across all treatments is consistent with 
the physiological processes associated with postharvest storage, particularly water 
loss through transpiration and continued metabolic activity. However, the mag-
nitude of weight loss observed in the present experiment was relatively high com-
pared with values reported under other banana storage conditions. Elbagoury et 
al. (2022) [55] reported cumulative weight losses of approximately 19.37% - 
20.03% after 20 days in “Grand Nain” bananas stored under controlled conditions, 
whereas Aruwajoye et al. (2024) [56] reported a maximum weight loss of 17.95% 
after 12 days at 25˚C in untreated bananas. In the present study, relative weight 
loss reached 34.40% - 37.00% after only 14 days. This greater magnitude may re-
flect differences in experimental conditions, including moisture availability, envi-
ronmental exposure, cultivar characteristics, and the absence of protective post-
harvest coatings or packaging in the present experimental system. 

Overall, the absence of a significant luminance × storage-time interaction, to-
gether with the similar temporal trends observed among treatments, indicates that 
weight loss was predominantly governed by intrinsic postharvest physiological 
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processes rather than by luminance intensity. The relatively high cumulative loss 
compared with values reported under coated or more humidity-controlled condi-
tions also highlights the importance of water-vapor management in maintaining 
banana quality during storage. These findings suggest that, under the conditions 
tested, modifying luminance intensity alone was insufficient to substantially alter 
the water-loss dynamics of the fruit. 

3.4. Relationships between Spectral Indices, Pigments and Color 
Parameters 

Correlation matrices calculated separately for each luminance level are presented 
in Figures 8(A)-(C). Overall, the correlation structures showed similar patterns 
across the three luminance treatments, although differences in correlation 
strength were observed for some variable pairs. Such clustering of spectral indices 
is expected because indices derived from similar spectral features tend to respond 
to common biochemical and optical changes during postharvest ripening [29]. 

Under low luminance (Figure 8(A)), fruit weight showed strong negative cor-
relations with both absolute and relative weight loss, while the two weight-loss 
parameters were strongly positively correlated. This pattern is expected because 
the progressive loss of water and dry matter is directly reflected in the decrease in 
fruit weight. Among the pigment-related variables, carotenoid-related indices, in-
cluding CRI1, CRI2, ARI1, ARI2, and SIPI, generally exhibited moderate to strong 
positive correlations with one another, indicating a similar response to changes in 
carotenoid-related optical properties during ripening. Likewise, chlorophyll-re-
lated indices, including TCARI, Chl-a, Chl-b, and the Chl-Index, formed a distinct 
group characterized by strong positive correlations. In contrast, chlorophyll-re-
lated indices generally showed negative associations with several carotenoid-re-
lated indices, reflecting the opposite trends commonly associated with chlorophyll 
degradation and carotenoid accumulation during banana ripening [57]. The color 
parameters also showed relationships with several pigment indices, indicating that 
changes in surface color occurred concurrently with changes in pigment-related 
spectral responses. 

Under medium luminance (Figure 8(B)), the overall correlation structure re-
mained comparable to that observed under low luminance. Strong associations 
persisted among weight-related variables, while chlorophyll- and carotenoid-re-
lated indices continued to form relatively distinct correlation clusters. Some rela-
tionships between pigment indices and color parameters (R, G, B, L*, a*, and b*) 
appeared stronger under medium luminance than under low luminance. This 
closer association may indicate a greater correspondence between pigment-re-
lated spectral responses and visible color changes under moderate illumination. 
However, these correlations should be interpreted as associations between varia-
bles evolving simultaneously during ripening rather than as evidence of a direct 
causal effect of luminance on pigment accumulation or degradation. The observed 
relationships are therefore more appropriately considered as reflecting the con-
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current evolution of biochemical and optical properties during postharvest matu-
ration. 

 

   

 
Figure 8. Correlation matrices showing the relationships between spectral, pigment-related, colorimetric, and physiological varia-
bles measured during banana ripening under three LED luminance levels: (A) low, (B) medium, and (C) high. Pearson correlation 
coefficients illustrate the relationships between spectral indices, chlorophyll parameters (Chl a, Chl b, Chl tot), carotenoids (α, β, γ, 
total), colorimetric components (L*, a*, b*, R, G, B), fruit mass, and overall colorimetric variation (ΔE). Colors indicate the strength 
and direction of correlations (positive correlations in red and negative correlations in blue). 

 
Under high luminance (Figure 8(C)), the global correlation structure was also 

preserved. Fruit weight remained strongly and negatively associated with both 
weight-loss parameters, whereas the carotenoid- and chlorophyll-related indices 
maintained their respective correlation clusters. Moderate to strong associations 
were also observed between several pigment indices and colorimetric parameters, 
indicating the concurrent evolution of biochemical and visual characteristics dur-
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ing ripening. Nevertheless, the similarity of the overall correlation patterns across 
luminance treatments suggests that the main relationships among weight, pig-
ment indices, and color parameters were relatively stable despite differences in 
luminance level. 

Overall, the correlation analysis revealed three main functional groups of vari-
ables: weight and weight-loss parameters, pigment-related spectral indices, and 
colorimetric parameters. The strong associations within the chlorophyll- and ca-
rotenoid-related indices confirm that indices targeting similar pigment character-
istics provide coherent information on pigment dynamics. Meanwhile, the rela-
tionships between pigment indices and RGB/CIELAB parameters demonstrate 
that spectral and colorimetric measurements capture complementary aspects of 
the ripening process. Importantly, the consistency of the correlation structure 
across luminance treatments suggests that these relationships primarily reflect the 
underlying physiological progression of ripening rather than a treatment-specific 
effect of luminance. From an applied perspective, the observed associations also 
support the potential use of simple RGB/CIELAB measurements as complemen-
tary, low-cost indicators for monitoring postharvest changes alongside spectro-
scopic measurements. 

The correlation patterns observed under higher luminance levels were compa-
rable to those observed under lower luminance levels, suggesting that luminance 
primarily modulates the strength rather than the nature of these associations. Sim-
ilar observations have been reported in studies investigating light-induced modu-
lation of pigment dynamics and color development [46] [56]. 

Overall, the correlation analysis confirms that spectral indices cluster according 
to their biochemical pathways, with carotenoid-related indices strongly intercor-
related and chlorophyll indices forming a distinct, tightly linked group. Negative 
associations between chlorophyll and carotenoid indices reflect the coordinated 
biochemical transition occurring during ripening. While luminance intensity 
slightly influences the strength of correlations particularly between pigment indi-
ces and colorimetric parameters the overall structure remains stable across treat-
ments. These findings highlight the robustness of spectral indices as reliable, non-
destructive indicators of postharvest ripening dynamics. 

3.5. Strengths, Limitations and Perspectives 

A major strength of this study lies in the integration of spectral, colorimetric, 
physiological, and statistical analyses to provide a multidimensional assessment 
of banana ripening under different luminance levels. In particular, the consistent 
relationships observed between pigment-related spectral indices and conven-
tional RGB/CIELAB color parameters provide an internal cross-validation of 
the optical measurements and support the reliability of the observed ripening 
patterns. The combination of complementary indicators therefore provides a 
more comprehensive interpretation of postharvest changes than would be pos-
sible from a single measurement approach. This multidimensional framework 
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is consistent with recent developments in postharvest monitoring, where the in-
tegration of spectral and visual measurements can improve the assessment of 
fruit maturity and quality [29]. 

Despite these strengths, several limitations should be acknowledged. First, the 
experiment investigated luminance intensity while maintaining a single spectral 
composition of the LED source. Consequently, the present results cannot distin-
guish the effects of luminance from those associated with wavelength distribution. 
Light quality is known to influence pigment metabolism and gene expression [24] 
[58], and previous studies have shown that different LED spectra, including red, 
blue, and combined light, can differentially affect pigment metabolism, ripening 
kinetics, and fruit quality [44] [57]. Second, the pigment-related spectral indices 
used in this study provide indirect estimates of pigment dynamics and were not 
complemented by direct biochemical quantification of chlorophyll and carotenoid 
concentrations. Biochemical measurements would therefore be valuable for fur-
ther validating the relationships observed between spectral indices and pigment 
evolution. Third, the experiment was conducted using a single banana type, which 
limits the extent to which the findings can be generalized to other cultivars or 
banana genotypes with different physiological and pigment characteristics. Fi-
nally, environmental conditions, particularly relative humidity, were not inde-
pendently controlled as experimental factors. This may be relevant because hu-
midity, together with temperature and fruit physiological activity, can influence 
water loss and therefore weight loss during storage. 

These limitations do not undermine the main findings but rather define the 
scope within which they should be interpreted. In particular, the results demon-
strate the response of banana fruit to different luminance intensities under the 
specific spectral and environmental conditions used in this experiment. The ob-
served correlations should therefore be interpreted as associations between sim-
ultaneously evolving variables rather than as evidence of direct causal effects of 
luminance on pigment accumulation, degradation, or weight loss. 

Building on the strengths and limitations identified above, future research should 
investigate the combined effects of spectral composition and luminance intensity, 
including monochromatic and mixed LED spectra. Direct biochemical measure-
ments of chlorophyll and carotenoids should also be incorporated to validate the 
spectral indices and strengthen their physiological interpretation. Further experi-
ments should include different banana cultivars and a larger range of environmen-
tal conditions, particularly controlled temperature and relative humidity, to deter-
mine whether the response to light is consistent across genotypes and storage envi-
ronments. Such a combined approach could contribute to the development of opti-
mized, fruit-specific postharvest lighting protocols designed to maintain quality, 
extend shelf life, and reduce postharvest losses in tropical fruit supply chains. 

4. Conclusions 

This study aimed to evaluate whether different light luminance levels could mod-
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ulate the postharvest ripening dynamics of banana fruit using spectral, colorimet-
ric, and physiological measurements. The results demonstrate that light lumi-
nance can influence the temporal dynamics of ripening-related optical changes, 
while the overall progression of ripening remained largely governed by the intrin-
sic physiology of the fruit. Across all treatments, spectral reflectance, pigment-
related spectral indices, colorimetric parameters, and fruit weight exhibited tem-
poral patterns consistent with climacteric ripening. The coordinated changes in 
chlorophyll- and carotenoid-related indices further indicate that spectral meas-
urements can effectively track optical changes associated with pigment transitions 
during ripening, although these indices should be considered indirect proxies ra-
ther than direct measurements of pigment concentration. 

The influence of luminance was most apparent during the intermediate stages 
of storage. Higher luminance was generally associated with earlier changes in pig-
ment-related spectral responses and color parameters, whereas lower luminance 
tended to maintain green-related optical characteristics for longer. However, the 
convergence of most parameters at later stages indicates that luminance primarily 
affected the timing of ripening-related optical changes rather than the final ripen-
ing trajectory. These findings therefore support the interpretation of luminance 
as a potential modulator of ripening kinetics rather than as a factor determining 
the final developmental outcome. 

In contrast, fruit weight declined progressively under all treatments, with rela-
tive weight loss reaching approximately 34% - 37% after 14 days, but without a 
significant luminance × time interaction. This indicates that, under the experi-
mental conditions, luminance alone did not measurably modify the temporal pro-
gression of fruit weight loss. Correlation analysis further revealed coherent asso-
ciations among spectral indices, pigment-related variables, and colorimetric pa-
rameters, supporting their complementary use for non-destructive monitoring of 
ripening. These correlations should nevertheless be interpreted as associations be-
tween simultaneously evolving variables rather than as evidence of direct causal 
relationships between luminance and pigment accumulation or degradation. 

Overall, the integration of spectral indices, colorimetric parameters, and phys-
iological measurements provides a useful non-destructive framework for moni-
toring banana maturity and quality during storage. The observed effects of lumi-
nance were transient and parameter-dependent, highlighting the importance of 
considering both light intensity and storage time when evaluating light-based 
postharvest strategies. The present findings should be interpreted within the ex-
perimental scope of the study, particularly the use of a single spectral composition 
and banana type and the absence of direct biochemical validation of pigment-re-
lated indices. Future studies should therefore investigate wavelength-specific and 
combined spectral effects, dynamic lighting regimes, and interactions with tem-
perature and relative humidity, together with direct biochemical measurements, 
to develop more precise light-based strategies for postharvest management of 
tropical fruits. 
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Highlights 

• Integrated spectral, colorimetric, and physiological data enable non-destructive 
monitoring of banana ripening 

• Pigment-related spectral indices capture changes associated with chlorophyll 
and carotenoid dynamics 

• Light luminance modulates ripening kinetics without substantially altering the 
final ripening trajectory 

• Weight loss reached approximately 34% - 37% after 14 days across luminance 
treatments 

• Moderate to strong correlations link spectral indices, pigment-related varia-
bles, and colorimetric parameters. 
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