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ABSTRACT

This study aimed to evaluate the effects of different storage conditions on the physicochemical quality of selected non-climacteric fruits, namely lemon (Citrus
limon), starfruit (Averrhoa carambola), strawberry (Fragaria x ananassa), and orange (Citrus sinensis). A total of six storage treatments combining temperature
(room, refrigeration, freezing) and packaging (with or without plastic wrap) were applied for a six-day period. Key quality indicators, including color parameters
(L*, a*, b*) and weight loss, were monitored on days 0, 2, 4, and 6. Storage duration proved to have a more significant impact on fruit quality than temperature or
packaging, particularly concerning color degradation and mass loss. The L* and b* values of most fruits peaked on day 2, indicating optimal visual appearance,
before declining due to pigment degradation and senescence. Strawberry showed the highest sensitivity to storage conditions, with weight loss reaching over 77%
under room temperature without packaging. In contrast, citrus fruits like lemon and orange maintained relatively stable mass and color, likely due to their thick
cuticles and lower respiration rates. Plastic wrapping significantly reduced weight loss across all fruit types by maintaining a high-humidity microenvironment.
These findings suggest that a combination of short-term cold storage and moisture-retentive packaging is the most effective strategy for preserving the postharvest
quality of non-climacteric fruits. The study provides practical insights for small-scale distributors and consumers in tropical climates to extend shelf life and reduce
postharvest losses.
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Introduction

Postharvest losses in fresh fruit commodities continue to pose significant challenges to the global food supply chain, particularly for highly perishable
horticultural products. Non-climacteric fruits—such as lemon (Citrus limon), starfruit (Averrhoa carambola), strawberry (Fragaria x ananassa), and
orange (Citrus sinensis)—are characterized by their inability to continue ripening after harvest due to minimal ethylene production and low respiration
activity (Perotti et al., 2023). Their postharvest quality is highly dependent on storage conditions, which influence visual appearance, nutritional content,
and shelf life. Without proper handling, these fruits are prone to rapid quality degradation manifested through discoloration, wilting, or microbial spoilage
(Hossain et al., 2020)

Cold storage has long been recognized as an effective method to reduce postharvest metabolic activity and delay senescence in fruits. For example, Mao
et al., (2022) reported that low-temperature storage could significantly preserve the anthocyanin stability in strawberries. In terms of color retention,
storage temperature and relative humidity play a critical role in modulating pigment degradation, such as the oxidation of carotenoids and anthocyanins,
which can be quantitatively monitored using CIELAB color parameters (L*, a*, b*) (Lombardelli et al., 2021). The protective effect of packaging has
also been studied, with findings showing that polyethylene wrapping can reduce moisture loss and preserve firmness in strawberries and oranges (Begum
et al., 2023). In addition to visual attributes, weight loss is a vital indicator of postharvest quality deterioration, as it reflects the extent of moisture
evaporation and metabolic activity. Research by H. Abd El-Aziz, (2020) revealed that fruits like bananas and guavas stored at ambient temperatures
experienced rapid weight reduction due to high transpiration rates, whereas cold storage significantly mitigated this loss.

Although several studies have addressed the individual effects of temperature or packaging on postharvest fruit quality, comparative evaluations across
different non-climacteric fruits under unified storage treatments remain scarce. Furthermore, interactions between storage duration and fruit-specific
responses, especially those affecting color parameters, are not yet fully understood. Previous studies often focused on a single fruit species or microbial
decay, whereas few have assessed the visual quality changes over time as a function of storage temperature and packaging across multiple fruit types
(Goémez et al., 2020; Muley et al., 2022). These knowledge gaps underscore the need for integrative research considering postharvest quality retention's
temporal and environmental dimensions.

The present study investigates the influence of storage conditions—specifically ambient, refrigerated, and frozen environments, with and without plastic
packaging—on the physicochemical characteristics of four commercially significant non-climacteric fruits. Color parameters (L*, a*, b*), fruit weight
change, and weight loss are employed as objective indicators of physical quality over a six-day storage period. This research aims to provide a comparative
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analysis of storage-induced physical changes to identify optimal storage strategies for extending shelf life while preserving the aesthetic and market value
of non-climacteric fruits. The findings are expected to improve postharvest handling protocols, particularly for small- to medium-scale supply chains in
tropical and subtropical regions.

Materials and Methods

Sample Selection and Preparation

Four types of non-climacteric fruits—lemon (Citrus limon), starfruit (Averrhoa carambola), strawberry (Fragaria x ananassa), and sweet orange (Citrus
sinensis)—were selected for uniformity in size, maturity stage, and absence of mechanical or microbial damage. All fruits were sourced from a local fresh
market in Semarang, Indonesia, and were processed on the same day as procurement. Prior to treatment, the fruits were rinsed with distilled water and
air-dried at ambient temperature (25 + 2°C) to eliminate surface moisture.

Experimental Design

A completely randomized design (CRD) was applied to assess the effects of storage conditions. Six storage treatments were assigned to each fruit type,
namely:

A: Room temperature (25 + 2°C) without packaging
B: Room temperature with plastic wrapping

C: Refrigeration (4 + 1°C) without packaging

D: Refrigeration with plastic wrapping

E: Freezing (-18 + 2°C) without packaging

F: Freezing with plastic wrapping

Fruits were stored for six days, and data collection was conducted at four time intervals: day O (initial), day 2, day 4, and day 6. Each treatment group
included three biological replicates (n = 3).

Weight Loss Measurement

The weight loss of each fruit was determined using a digital analytical balance (accuracy +0.01 g). Fruits were individually weighed at the start of the
experiment (initial weight, Wo) and at each storage interval (final weight, Wt). Weight loss was calculated using the following formula:

Weight Loss (%) = (Wo-Wt)/Wo x100

This value represents the mass lost due to water evaporation and physiological degradation during storage. All measurements were conducted under
aseptic conditions to prevent external contamination.

Color Measurement

Surface color was evaluated using a portable colorimeter, following the CIE Lab* color space. L* denotes brightness (light-dark), a* indicates the red-
green axis, and b* represents the yellow-blue axis. Each fruit was measured at three equidistant points around the equator, and the average value was
used for analysis.

Statistical Analysis

All data were subjected to one-way ANOVA to evaluate the effects of storage temperature, packaging condition, and storage duration on weight loss and
color parameters (L*, a*, b*). Differences among means were analyzed using Tukey’s HSD test at a significance level of p < 0.05. Statistical analysis
was performed using IBM SPSS Statistics version 2.1.

Results and Discussion

Change of CIE L*a*b* Color Parameters

Table 1 presents orange peels' color parameter changes (L*, a*, b*) under various storage conditions over six days. These values reflect the visual
attributes of brightness, red-green hue, and yellow intensity, which are commonly used to evaluate postharvest color stability in fruits.

Table 1. Changes in CIE L*a*b* Color Parameters of Orange Peel Under Different Storage Conditions and Durations

L* a* b*
Storage Temperature

Day 0
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A (Room) 34.28 £ 8.91* -3.60+£0.17¢  17.02 +8.74%
B (Room and wrapped in plastic) 30.18 + 1.33° -3.73+0.18* 13.35+4.14%
C (Refrigerator) 34.68+5.26° -463+0.13* 17.25+3.86*
D (Refrigerator and wrapped in plastic) 32.51+5.56* -4.78£0.82* 18.10 + 3.03"
E (Freezer) 36.74+1.92°  -413+0.35* 19.13 +3.66°
F (Freezer and wrapped in plastic) 30.26 £6.45*  -440+226*° 13.36+7.07°
Day 2
A (Room) 63.03+4.14>  -528+0.40" 24.60+10.27°
B (Room and wrapped in plastic) 64.90+433° -6.08+1.61° 26.06+6.96°
C (Refrigerator) 63.88+ 0.59° -8.10+0.28° 26.38 +1.95°
D (Refrigerator and wrapped in plastic) 61.71£6.77°  -6.99+1.03° 27.13 +10.48"
E (Freezer) 56.68 + 1.98° -5.28+0.28° 20.36 + 1.75°
F (Freezer and wrapped in plastic) 56.62 +0.62°  -6.69+1.65° 19.12+2.12°
Orange Day 4
A (Room) 29.21 £ 2.25¢ -1.30+£1.41° 14.31+5.81°
B (Room and wrapped in plastic) 30.91+3.75¢ -2.76 +1.41° 11.84+3.51°
C (Refrigerator) 36.70 £2.12°  -530+0.48° 20.83+7.25°
D (Refrigerator and wrapped in plastic) 28.99 + 11.67¢ -3.84+1.44° 12.29 +0.30°
E (Freezer) 32.33+1.40° -359+0.83° 20.81+10.28°
F (Freezer and wrapped in plastic) 2413+791° -413+293° 15.27+13.62°
Day 6
A (Room) 39.61 +8.78¢ -0.16 £3.20°  22.21 +10.25°¢
B (Room and wrapped in plastic) 36.70 £0.06° -3.56+0.51° 21.92+0.23°
C (Refrigerator) 29.04 £ 0.08° -3.72+£0.79°  13.17 £0.38°
D (Refrigerator and wrapped in plastic)  32.74 + 0.08° -3.77+£0.07° 15.97 £0.18°
E (Freezer) 35.97+0.30° -0.80+1.07° 26.30+0.68°
F (Freezer and wrapped in plastic) 28.56 £0.62°  -2.87+1.80° 20.51+15.12¢

*Data are presented as mean + standard deviation (n = 3). Different superscripts in the same column and row indicate significant differences (p < 0.05).

The results show that neither storage temperature nor packaging type had a statistically significant impact on the color attributes of orange peel. In
contrast, storage duration significantly affected the L* (lightness), a* (red-green axis), and b* (yellow-blue axis) values, with a significance threshold of
p < 0.05. Notably, L* and b* values increased markedly up to the second day of storage, signifying the peak of visual ripeness, after which both values
began to decline. Meanwhile, the a* value remained relatively consistent throughout the storage period, suggesting that the red-orange pigmentation of
the peel experienced minimal variation. Further examination revealed that the most pronounced changes in color parameters occurred between day 0 and
day 2, and again between day 2 and day 4. These findings highlight the predominance of storage duration over temperature in influencing the visual
appearance of orange peel. Accordingly, short-term storage of up to two days may preserve or even improve the fruit's external coloration, whereas
extended storage leads to quality deterioration.

From a physiological standpoint, the lack of significant influence from temperature and packaging can be attributed to the stable metabolic activity of
oranges stored under moderate thermal conditions, such as ambient or slightly chilled environments (Owoyemi et al., 2022). This metabolic stability
limits the enzymatic degradation of color pigments (Y. Chen et al., 2023). Moreover, the orange peel's naturally thick and waxy cuticle provides a physical
barrier that minimizes pigment alterations caused by environmental exposure over short storage periods (Lewandowska et al., 2020).
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The early increase in L* and b* values up to day two is likely associated with the biosynthesis and accumulation of carotenoid pigments, including beta-
cryptoxanthin, lutein, and B-carotene, which contribute to the peel’s bright yellow-orange coloration. B-carotene is responsible for the bright yellow-
orange color of the orange peel (Otani et al., 2020). Peak accumulation of these pigments reflects the optimal visual maturity of the fruit. However, the
decrease in the L* and b* values after day 2 suggests the onset of pigment degradation due to aging and oxidative stress. This mechanism may involve
enzymatic activities, particularly polyphenol oxidase (PPO) and peroxidase, which initiate the browning process in the skin (Derardja et al., 2022). The
stability of a* values during storage is attributed to the lack of dominance of red pigments such as lycopene or anthocyanins in the sweet orange species
used. Therefore, the red-green discoloration spectrum (a*) did not exhibit significant fluctuations within the observed storage period (Yan et al., 2023).

Table 2. Changes in CIE L*a*b* Color Parameters of Strawberry Under Different Storage Conditions and Durations

L* a* b*
Storage Temperature

Day 0
A (Room) 2573+471  16.47+519* 7.67x3.72
B (Room and wrapped in plastic) 21.77+3.21 1554 £3.22% 8,96+ 1.78
C (Refrigerator) 20.12+3.85 13.31+£1.32% 587+0.16

D (Refrigerator and wrapped in plastic)  19.98 + 1.67 12.29 +4.40% 533+2.96

E (Freezer) 16.94+274  6.71+2.62® 3.40+2.43

F (Freezer and wrapped in plastic) 20.63 +2.50 14.31+1.06° 6.52+0.62
Day 2

A (Room) 15.88+0.71 523 +1.85° 2.66 £0.65

B (Room and wrapped in plastic) 19.06 +2.18 9.79 + 1.09% 3.95+0.61

C (Refrigerator) 2272 +6.14 13.87 £4.71®  7.12+263

D (Refrigerator and wrapped in plastic)  20.77 +9.72 14.47 +847®  6.14+554

E (Freezer) 18.63 +5.05 14.85£3.63 599 +3.27

F (Freezer and wrapped in plastic) 21.62+3.03 16.38 £3.51°  7.68+0.48
Strawberry Day 4

A (Room) 19.92+2.06 7.80+0.25 2.22+0.25

B (Room and wrapped in plastic) 20.86+091  9.46+0.71%® 432+153

C (Refrigerator) 21.68+0.68 14.84 +1.41®  6.23+0.33

D (Refrigerator and wrapped in plastic) 22.68 + 5.40 13.46 £2.09% 497 +2.22

E (Freezer) 19.29 +0.27 1418 +3.14® 468+1.19

F (Freezer and wrapped in plastic) 26.29 £8.22 17.94 +3.79° 6.93+2.25
Day 6

A (Room) 15.33+2.14 3.23 £ 3.52° 0.20+1.10

B (Room and wrapped in plastic) 19.15+6.49  2.93+0.75® 141 +£2.39

C (Refrigerator) 30.67+11.41 1576+2.15® 6.47+0.18

D (Refrigerator and wrapped in plastic) 27.39 + 3.78 1430 £3.42% 589+1.99

E (Freezer) 19.84 +0.17 7.84 +2.86% 201+1.46

F (Freezer and wrapped in plastic) 30.37+18.48 18.26+12.73° 6.04 +4.89

*Data are presented as mean * standard deviation (n = 3). Different superscripts in the same column and row indicate significant differences (p < 0.05).

The color alteration of strawberries during storage (Table 2) is predominantly influenced by the duration of storage rather than by the temperature or
packaging method. Observations indicated that the second day of storage represents the apex of the fruit's visual quality, as evidenced by the highest L*
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(brightness), a* (red intensity), and b* (yellow component) values. The vibrant red hue and fresh appearance at this juncture suggest the stability of
anthocyanins, the primary pigments responsible for the red coloration of strawberries. However, subsequent to this peak, the fruits begin to exhibit signs
of withering and a reduction in color intensity, primarily due to pigment degradation, which is largely attributed to enzymatic activities, such as polyphenol
oxidase (PPO) and oxidative stress during storage (Serra et al., 2021).

Statistical analysis revealed that L* and b* values were not significantly different between temperature treatments or storage durations (p > 0.05). This
suggests that the brightness and yellow component of strawberries remain relatively stable during storage, possibly because supporting pigments, such
as flavonols or minor carotenoids, are not readily degraded over a short storage period. Conversely, the a* value, indicative of red color intensity, showed
significant differences between storage temperatures (p < 0.05), although it was unaffected by storage duration. Strawberries stored at room temperature
(A) exhibited the highest a* values, indicating that warm temperatures could stimulate anthocyanin biosynthesis to a certain extent (Teo et al., 2022). In
contrast, storage at freezing temperatures, particularly with plastic wrapping (F), resulted in a significant decrease in a* value. This is likely due to damage
to the cell structure caused by freezing as well as denaturation of anthocyanins, which are known to be highly sensitive to extremely low temperatures
(Y. Chen et al., 2023).

Table 3. Changes in CIE L*a*b* Color Parameters of Starfruit Under Different Storage Conditions and Durations

L* a* b*
Storage Temperature

Day 0
A (Room) 2251+7.14 -1.05+1.00 12.71+3.44
B (Room and wrapped in plastic) 20.09+561 -0.15+0.49 10.52+1.90
C (Refrigerator) 23.69+528 -0.11+154 15.75+5.13

D (Refrigerator and wrapped in plastic) 29.49+1.97 -1.86+0.06 13.85+2.02

E (Freezer) 2259+123 050+226 11.78+5.03

F (Freezer and wrapped in plastic) 34.16+1335 122+283 14.84+6.45
Day 2

A (Room) 4436 £30.77 7.34+288  27.16+18.53

B (Room and wrapped in plastic) 3856+2529 310+314 19.72+12.47

C (Refrigerator) 4757+2564 296+1.78 27.90+15.44

D (Refrigerator and wrapped in plastic) 39.71+24.93 158+3.73 21.80+13.63

E (Freezer) 40.14 £35.33 4.99+0.78 18.80 + 18.07

F (Freezer and wrapped in plastic) 36.78+21.98 3.09+049 17.25+9.83
Starfruit Day 4

A (Room) 2558+0.99 562+190 1244+173

B (Room and wrapped in plastic) 2575+4.03 232+062 11.99+2.84

C (Refrigerator) 2286+730 0.73+0.83 9.36 £8.03

D (Refrigerator and wrapped in plastic) 32.05+11.47 -0.08+1.36 10.55+0.92

E (Freezer) 14.85+5.30 1.31+1.00 149+219

F (Freezer and wrapped in plastic) 2457+1888 126+054 2.80+3.87
Day 6

A (Room) 19.21 +1.65 7.14+0.96 1242 +1.10

B (Room and wrapped in plastic) 18.16 +4.81 3.83+£035 10.41+553

C (Refrigerator) 19.91+0.30 233+151 10.63+1.74

D (Refrigerator and wrapped in plastic) 22.03 £5.11 048+139 13.82+354

E (Freezer) 16.23 +8.92 184+0.74 484+580
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F (Freezer and wrapped in plastic) 16.82 +5.57 251+182 7.00+6.36

*Data are presented as mean =+ standard deviation (n = 3). Different superscripts in the same column and row indicate significant differences (p < 0.05).

The color of starfruit (Table 3) exhibits significant changes throughout the storage period, with the second day marking the highest intensity and brightness
of its yellow-reddish tones. This point reflects the fruit’s peak visual ripeness, vital for consumer acceptance due to its influence on external appearance.
Following this stage, the fruit's coloration begins to fade due to aging processes and the breakdown of pigments, leading to a decline in visual quality
(Kapoor et al., 2022). This degradation is closely linked to elevated activity of oxidative enzymes, particularly peroxidase and polyphenol oxidase (PPO),
which catalyze the deterioration of color-related compounds (Serra et al., 2021).

Statistical analysis revealed that the storage temperature did not significantly affect the color parameters L*, a*, and b* (p > 0.05). However, storage
duration significantly affected all three parameters (p < 0.05), confirming that time exerted a more decisive influence on visual quality changes than
temperature. The L* value increased significantly on day 2 compared to days 0, 4, and 6, indicating a temporary increase in brightness due to pigment
accumulation during early storage (Somogyi et al., 2021). Thereafter, it declined as senescence and skin browning occurred. The a* value exhibited
significant variation across days 0, 2, and 6, indicating increased red pigmentation, likely resulting from ripening-related color transition. The b* value
also increased on day 2, demonstrating an enhanced yellow color intensity, typically associated with carotenoid accumulation (e.g., lutein and beta-
carotene).

Table 4. Changes in CIE L*a*b* Color Parameters of Lemon Under Different Storage Conditions and Durations

L* a* b*
Storage Temperature
Day 0
A (Room) 68.79 + 18.99% 5.86 £ 7.67° 19.68 + 39.34°
B (Room and wrapped in plastic) 71.16 £30.68*  3.35+9.47° 18.63 + 34.47%
C (Refrigerator) 81.70 £ 35.02% 7.05 +8.33° 29.80 + 28.09%
D (Refrigerator and wrapped in plastic) 98.03 + 62.35%  5.44 +10.58% 30.32 £ 27.21*
E (Freezer) 96.88 + 56.37° 8.36 £ 2.63° 38.02 £ 16.12%
F (Freezer and wrapped in plastic) 55.10 + 2.38% 10.81 +3.19° 49.21 +7.09%
Day 2
A (Room) 42.76 + 15.78° 9.67 +2.76® 39.27 + 10.39%
B (Room and wrapped in plastic) 47.28 +16.94°  8.34+127® 41.13 +£12.74%®
C (Refrigerator) 4144 +27.18°  8.43+2.59% 37.13£22.13®
D (Refrigerator and wrapped in plastic)  28.04 + 14.96°  5.19 +0.61% 24.30 + 12.05%®
E (Freezer) 37.56 £ 23.19° 7.82 +4.50% 34.79 + 21.00%®
F (Freezer and wrapped in plastic) 32.71+19.73°  6.04 £3.34® 28.45 + 16.84%
Lemon Day 4
A (Room) 61.41 +12.57° 13.39 +£1.03° 56.26 + 8.06"
B (Room and wrapped in plastic) 65.41 + 2.96 12.74 £ 2.49° 57.17 £ 2.76"
C (Refrigerator) 59.62 + 2.40° 12.31+4.03° 53.42 +3.03"
D (Refrigerator and wrapped in plastic) ~ 59.21 + 0.44° 10.76 + 4.55° 50.96 + 0.23°
E (Freezer) 53.04 +1.73" 9.11+0.27° 47.48 +1.10°
F (Freezer and wrapped in plastic) 53.90 + 8.94° 7.90 +£0.57° 44.42 + 6.90°
Day 6
A (Room) 43.70 £ 12.25° 10.60 * 2.06® 39.51 + 10.65%
B (Room and wrapped in plastic) 44,36 + 3.62° 14.49 £9.07®  37.60 + 3.56®
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C (Refrigerator) 53.74 £ 7.01° 1258 +5.71%  47.17 +6.52%

D (Refrigerator and wrapped in plastic)  48.68 + 6.14¢ 8.53 +2.22% 40.13 + 491

E (Freezer) 46.44 +9.08° 750 +1.36% 41.45 +5.98%

F (Freezer and wrapped in plastic) 46.63 +9.72° 6.48 + 0.54%® 38.42 + 6.56%

*Data are presented as mean + standard deviation (n = 3). Different superscripts in the same column and row indicate significant differences (p < 0.05).

During storage, the color of lemons (Table 4) undergoes significant changes that are more influenced by storage duration than by storage temperature.
Color parameters such as L* (brightness), a* (green-red component), and b* (blue-yellow component) showed fluctuations reflecting postharvest
physiological and biochemical processes such as pigment degradation, color transition, and changes in fruit skin texture.

The b* value, which represents the intensity of the yellow color, peaked on day 4, indicating the best visual phase of the lemon fruit before it started to
degrade. The a* value increased over time, indicating a color transition from green to reddish, a standard indicator of the ripening process in lemons.
Statistical analysis showed that storage duration had a significant effect on all three color parameters (L*, a*, and b*) (p < 0.05), whereas storage
temperature showed no significant effect (p > 0.05). This means that the time factor is an essential determinant of the deterioration of the visual quality
of lemons during storage, most likely due to pigment degradation (mainly chlorophyll and carotenoids) caused by senescence processes and enzymatic
activity, metabolic changes such as increased reactive oxygen species (ROS), which trigger pigment oxidation, and changes in skin surface texture, which
can affect light reflectance and color perception (A. Chen et al., 2021; Pott et al., 2020).

The four non-climacteric fruits—oranges, strawberries, starfruit, and lemons—exhibit different trends in color change. This is also influenced by their
fruit classification, namely tropical and subtropical fruits. For oranges and starfruit, the highest L-value was observed on the second day, while for lemons,
it was on the fourth day. Meanwhile, strawberries showed a declining trend in their L-value from day 2 to day 4, except when stored in refrigerator
temperatures. Regarding the a and b values: for oranges, the a-value generally decreased from the first to the last day of observation, while the b-value
tended to fluctuate. For strawberries, both a and b values fluctuated. Starfruit showed a general increase in its a-value and a fluctuating b-value.
Meanwhile, lemons had optimal a and b values on the fourth day.

Change of Fruit Weight

The variation in fruit mass (Fig.1-4) observed across different storage conditions and durations reflects the physiological responses of each fruit type to
environmental factors such as temperature and packaging. Weight loss in fresh produce is primarily driven by transpiration and respiration processes,
which result in moisture evaporation and carbon substrate utilisation. These losses are strongly affected by the fruit's surface morphology, skin
permeability, metabolic rate, and ambient humidity (Khanal et al., 2021; Strano et al., 2022)

Oranges exhibited relatively stable fruit mass throughout the storage period, particularly under plastic-wrapped treatments (B and D), where weight loss
was negligible. This is consistent with previous studies showing that citrus fruits have a natural advantage in water retention due to their thick, waxy
cuticle and relatively low surface permeability (Jiang et al., 2022; Khanal et al., 2021)In contrast, treatment A (room temperature without packaging) led
to a more pronounced decrease in mass by day 6, indicating higher transpiration rates in the absence of humidity control. Plastic wrapping's effectiveness
in reducing weight loss is attributed to its ability to create a high-humidity microenvironment that lowers the vapor pressure deficit between the fruit
surface and surrounding air (Mulyawanti et al., 2022).

Due to their soft epidermis, high respiration rate, and lack of a protective wax layer, strawberries experienced the most significant mass reduction, up to
nearly 60% in treatment A. These observations align with Hurtado et al., (2021) who reported that strawberries are highly sensitive to water loss when
stored under ambient conditions. Refrigerated storage combined with plastic wrapping (treatment D) was the most effective in minimizing moisture loss,
reducing weight loss to under 10% by day 6. This is in agreement with Hou et al., (2021), which emphasized that maintaining high relative humidity and
low temperature significantly curtails transpiration in soft-skinned fruits. Conversely, while treatments E and F (freezing) preserved mass during storage,
they pose a risk of structural damage from ice crystal formation, which may lead to drip loss upon thawing (Fadiji et al., 2021).

Starfruit showed moderate weight loss across treatments, with a particularly noticeable decrease under treatment A, highlighting its vulnerability to
dehydration in ambient air. The shape and surface area of starfruit, combined with relatively thin skin, likely facilitate higher transpiration rates. Treatment
C (refrigeration without plastic) displayed large variation in mass, which may be due to differences in individual fruit surface area or cuticle integrity.
The benefit of plastic packaging in reducing mass loss was evident in treatments D and F, in line with previous reports that enclosed packaging mitigates
moisture loss by maintaining a saturated atmosphere around the fruit (Lufu et al., 2021). Nonetheless, the risk of condensation and microbial spoilage
within sealed packaging must be managed through optimized ventilation.

Similar to oranges, Lemons maintained fruit mass relatively well across all treatments, particularly under refrigerated and plastic-wrapped conditions.
The thick and oil-rich rind of lemons provides an effective barrier against moisture diffusion (Jiang et al., 2022). Treatments B and D showed minimal
weight loss, underscoring the efficacy of combined low temperature and plastic wrapping. Weight stability was preserved under freezing conditions (E
and F), although the long-term sensory quality and texture may still be compromised. These results confirm that citrus fruits, due to their physiological
structure, are less prone to rapid water loss compared to other non-climacteric fruits (Strano et al., 2022).
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Fig. 1-4. Mass Change of Selected Non-Climacteric Fruit Under Different Storage Conditions and Durations

In summary, the data demonstrate that cold storage combined with plastic packaging consistently offers the most effective strategy for minimizing
postharvest weight loss across all fruit types. This combination reduces the rate of transpiration and respiration by lowering temperature and maintaining
high relative humidity, thereby preserving cellular water and delaying senescence. These findings align with prior studies that advocate for integrated
storage management to extend shelf life and maintain postharvest quality (Anusha et al., 2024)

Weight Loss

Table 5 summarizes the percentage of weight loss for four non-climacteric fruits—orange, strawberry, starfruit, and lemon—under six different storage
treatments. The data are presented as mean + standard deviation (n = 3), with different superscript letters indicating statistically significant differences (p
< 0.05) within and across fruit types.

Table 5. Weight Loss of Selected Non-Climacteric Fruit Under Different Storage Conditions and Durations

Storage Treatment Non-Climacteric Fruit
Orange Strawberry Starfruit Lemon

A 14.346+1.63%® 77.741+13.56% 24.947+1.03® 13.250+5.79%
B 0.712+0.04% 36.404+39.14% 1.309+1.41% 0.635+0.21"8
C 4,017+0.93%8 44,855+8,55" 9.129+1.03% 3.642+2.87°8
D 0.716+0.63" 7.774£2.47% 15.972+21.94% 0.209+0.08"®
E 1.509+0.38"8 35.747+8.81° 1.575+0.24"® 0.543+0.36"8
F 0.358+0.03°8 32.135+19.71% -0.072+0.35" -0.442+0.31%8

*Data are presented as mean + standard deviation (n = 3). Different superscripts in the same column and row indicate significant differences (p < 0.05).

The weight loss of oranges varied significantly across storage treatments, with the highest value observed in treatment A (14.35 £ 1.63%), which was
statistically different from most other treatments (superscript A). This result confirms that room temperature without packaging accelerates water loss
due to high transpiration rates, even in fruits with protective thick rinds. Treatments B, D, and F—representing storage with plastic packaging under
ambient, refrigerated, and frozen conditions, respectively—showed minimal weight losses (0.71%, 0.72%, and 0.36%), all bearing superscript B,
indicating no significant differences among them. This supports the role of plastic wrapping in maintaining a high-humidity microenvironment that
reduces vapor pressure deficit and slows down moisture loss. The intermediate loss in treatment C (refrigeration without packaging, 4.02%) and E (freezer
without packaging, 1.51%) indicates that while temperature reduction slows respiration, the absence of packaging still permits considerable water
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evaporation. These findings are consistent with previous reports suggesting that low temperatures combined with packaging significantly reduce
postharvest water loss in citrus fruits (Strano et al., 2022)

Among all fruits analyzed, strawberries experienced the most severe weight loss, particularly in treatment A (77.74 + 13.56%), which was significantly
higher than all other treatments (superscript A). This extreme sensitivity to dehydration can be attributed to the fruit’s soft, unprotected epidermis, high
surface-area-to-volume ratio, and active stomata that facilitate rapid moisture loss. Treatment D (refrigerated with plastic) resulted in the lowest weight
loss (7.77 £4.63%), statistically grouped under superscript B, and proven to be the most effective condition for minimizing desiccation. Intermediate
weight loss values were observed in treatments B, C, E, and F (ranging from 32.13% to 44.86%), many of which were statistically similar (superscripts
BA and B). These results confirm that strawberries benefit significantly from cold and humid environments, especially when combined with moisture-
retentive packaging (lkegaya et al., 2020). However, while freezing treatments showed some reduction in weight loss, tissue damage due to ice crystal
formation may still compromise fruit quality after thawing (Sun et al., 2023)

Starfruit displayed moderate but variable weight loss depending on storage conditions. The highest loss occurred under treatment A (24.95 +1.03%),
statistically different from all other treatments (superscript A), illustrating the fruit’s susceptibility to ambient dehydration. In contrast, the lowest weight
change was recorded under treatment F (—0.07 + 0.35%), statistically grouped under superscript B, suggesting either moisture gain from condensation or
negligible water loss. Treatments B, C, D, and E showed minor to moderate weight losses (1.3% to 15.97%), with overlapping superscripts indicating no
statistically significant differences. The large standard deviation in treatment D (15.97 £21.94%) implies variability in fruit surface structure or
packaging-induced condensation. Starfruit’s semi-thin skin and rigid structure may facilitate uneven transpiration, but results confirm that storage with
plastic wrapping and reduced temperature (especially freezing) effectively minimizes mass loss (Lameira et al., 2020). These outcomes support earlier
findings that suggest moisture retention in tropical fruits can be improved through modified-atmosphere storage (Olveira-Bouzas et al., 2023).

Lemons showed weight loss trends similar to oranges, with the highest reduction in treatment A (13.25+5.79%) and the lowest in treatment F
(—0.44 +£0.31%). Although the negative value in treatment F suggests a slight gain in weight, possibly due to moisture condensation within the plastic
packaging during freezing, it was not significantly different from other low-loss treatments (superscript B). Treatments B, D, and E (ranging from 0.20%
t0 0.63%) also resulted in low weight loss, statistically grouped, confirming the effectiveness of both refrigeration and packaging in preserving fruit mass.
Treatment C (refrigeration without packaging) exhibited moderate loss (3.64%), indicating that packaging provides additional protection against water
vapor exchange (Ji et al., 2022). The lemon’s thick, oil-rich cuticle contributes to its natural resistance to transpiration; however, the findings suggest that
even such resilient fruits benefit from plastic wrapping under controlled temperatures. These observations reinforce that packaging and temperature
control are crucial even for fruits with inherently protective anatomical features (Yildiz et al., 2024).

From the table, it can also be observed that: Treatment A (room temperature, without packaging) caused the highest weight loss (e.g., 14.35 + 1.63% for
oranges), this confirms that room temperature with high transpiration rates and thin-skinned fruits leads to rapid water loss. Treatments B, D, and F
(Refrigerated/Frozen Storage, and Refrigerated with Plastic Packaging) showed minimal weight loss (0.71%, 0.72%, and 0.36%), this indicates that low-
temperature storage (refrigerated/frozen) and/or with plastic packaging are very effective in reducing water loss and maintaining humidity. Treatment C
(Refrigerated, without packaging) resulted in intermediate weight loss (4.02% for oranges), this suggests that refrigeration alone (without packaging) is
better than room temperature without packaging, but less effective compared to frozen storage or storage with plastic packaging. Treatment E (Frozen,
without packaging) showed lower weight loss (1.04% for oranges) compared to room temperature, but slightly higher than treatments B, D, and F, this
indicates that freezing is effective, but packaging still helps.

Conclusion

The results of this study demonstrate that storage duration plays a more decisive role than storage temperature or packaging in determining the
physicochemical quality of non-climacteric fruits. Among the four fruits tested, strawberries were the most susceptible to weight loss and color
degradation, especially under ambient conditions without packaging. Oranges and lemons, due to their protective peels and slower metabolism, exhibited
better resilience and retained their mass and appearance across most treatments. Starfruit showed moderate variability depending on storage conditions,
but responded positively to refrigerated or frozen storage with plastic wrap. Across all fruit types, plastic wrapping significantly reduced weight loss,
indicating the importance of maintaining a humid microenvironment during storage. Although cold and frozen conditions effectively slowed degradation,
the peak visual and color quality was generally observed on day two, suggesting that short-term storage is optimal for appearance-based marketability.
The study underscores the need to integrate storage time, temperature, and packaging to maintain postharvest fruit quality. These findings are particularly
relevant for small-scale producers and retailers in tropical and subtropical regions seeking affordable, effective postharvest handling strategies to reduce
losses and improve product presentation. Future studies should consider including sensory analysis and nutritional profiling to comprehensively evaluate
storage impacts on fruit quality.
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