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Abstract

The objective of this study was to identify the factors that most strongly influence the
postharvest quality of ‘Gala Schniga® SchniCo Red(s)” apples under conditions of simu-
lated transport and simulated trading at elevated temperature following long-term stor-
age. The study was conducted over two storage seasons (2022/2023 and 2023/2024) on fruit
originating from the experimental orchard of the Warsaw University of Life Sciences
(SGGW-WULS) in Warsaw. The effects of harvest date (optimal —OHD and delayed by
14 days—DH), four variants of 1-MCP (1-methylcyclopropene) application: (control,
Harvista™ —preharvest, SmartFresh™ —postharvest, and Harvista™ + SmartFresh™),
controlled-atmosphere storage technology (ULO 1: 1.2% CO:z and 1.2% Oz ULO 2: 0.6%
CO: and 0.6% Oz), storage period (5, 7, and 9 months), duration of simulated transport (4
or 6 weeks at 1 °C in normal atmosphere), and shelf life (0, 7, and 14 days at 25 °C) were
analyzed. Five quality parameters were evaluated: firmness (F), soluble solids content
(SSC), titratable acidity (TA), SSC/TA ratio, and 1-aminocyclopropane-1-carboxylic acid
(ACC) content. Stepwise regression with backward elimination was applied to identify
significant predictors, and partial eta squared (1)2) was calculated to compare the relative
strength of effects. Postharvest 1-MCP application had the greatest impact on maintaining
firmness and TA (F: 12 = 75.8%; TA: n? = 56.3%), whereas shelf life was the key factor in
the deterioration of quality parameters after removal from storage (F: 12 =55.5%; TA: 12 =
30.1) and in increasing the SSC/TA ratio (12 = 29.6%). Harvest date strongly differentiated
firmness (n? = 51.3) and significantly affected TA (12 = 14.4), while storage period had the
greatest effect on ACC content (n? = 14.2) and TA decline (2 = 15.6). Preharvest 1-MCP
application had a smaller effect on F and TA but significantly reduced SSC (n? = 24.9),
highlighting the importance of the timing of ethylene inhibitor application. The effects of
simulated transport and preharvest weather indicators were statistically significant but
relatively small compared with the effects of postharvest technological decisions and ex-
posure time under retail conditions. The results indicate that maintaining target quality
parameters throughout an extended supply chain requires precise determination of the
harvest date, prioritizing postharvest 1-MCP application, and limiting shelf life under el-
evated-temperature conditions.
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1. Introduction

Apples are among the most important fruits of the temperate climate and constitute
a significant segment of the global fresh fruit market, both in terms of production volume
and economic importance. Global apple production exceeds 90 million tons annually, and
a substantial proportion is intended for long-term storage and international trade, which
imposes high requirements on maintaining postharvest quality [1,2]. Therefore, a key
challenge remains maintaining stable fruit quality throughout an extended storage and
distribution chain, including storage, transport, and shelf life [3,4].

The postharvest quality of apples results from a complex interaction of pre- and post-
harvest factors. Among the preharvest factors, meteorological conditions during the
growing season, water availability, air temperature, and the degree of fruit maturity at
harvest are of major importance [5-7]. Weather conditions affect the rate of sugar accu-
mulation, the metabolism of organic acids, and the synthesis of ethylene precursors,
thereby determining the storage potential of apples at harvest [8].

One of the key regulators of apple ripening and senescence processes is ethylene—a
phytohormone responsible for initiating and regulating a range of metabolic processes,
including cell wall degradation [9], starch hydrolysis [10-12], changes in the profile of
organic acids [13,14], and the synthesis of aroma compounds [15]. In response, 1-methyl-
cyclopropene (1-MCP), an ethylene receptor inhibitor, is widely used in storage practices,
effectively slowing flesh softening, limiting decreases in acidity, and delaying metabolic
changes during storage [7,8]. At the same time, it has been demonstrated that the effec-
tiveness of 1-MCP depends not only on the applied dose but also on the timing of appli-
cation—preharvest or postharvest—and on interactions with harvest maturity and stor-
age conditions [3,16].

At the same time, storage technology plays an important role in maintaining apple
quality. Storage under controlled atmosphere (CA), ultra-low oxygen (ULO), and dy-
namic controlled atmosphere (DCA) conditions allows limiting respiration rate and se-
nescence by reducing oxygen concentration and increasing carbon dioxide content [17,18].
However, the effectiveness of these technologies varies widely depending on cultivar,
harvest maturity, and the use of additional ethylene-regulating tools, such as 1-MCP [18].
It has been reported that when 1-MCP is applied simultaneously, differences between
ULO and DCA in basic quality parameters may be reduced, becoming more apparent in
the profiles of volatile aroma compounds and sensory quality [19]. This highlights the
need for a comprehensive evaluation of storage technologies, not only in terms of physi-
cochemical parameters but also in terms of their potential impact on consumer acceptance.

Increasing attention is also being paid to the final stages of the supply chain, such as
transport and shelf life, which may significantly affect the quality of fruit delivered to
consumers. Studies indicate that even under optimal storage conditions, exposure of fruit
to higher temperatures and lower relative humidity during distribution results in acceler-
ated firmness loss, decreased acidity, and an increase in the SSC/TA ratio [4,20]. In the
present study, fruit were subjected to a shelf-life temperature of 25 °C, which exceeds the
standard temperature range typically applied in shelf-life assessments (18-20 °C). This
experimental condition was selected to simulate a more challenging postharvest scenario,
representative of prolonged transportation, and commercialization in distant markets
characterized by elevated ambient temperatures. Accordingly, the obtained results should
be interpreted as an evaluation of the fruit’s ability to preserve quality under increased
thermal stress throughout the postharvest supply chain, rather than as a prediction of
quality changes occurring under optimally controlled retail storage and distribution con-
ditions.
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Despite numerous studies on the effects of individual factors on apple quality, there
remains a lack of comprehensive analyses that simultaneously account for preharvest
weather conditions, harvest date, pre- and postharvest 1-MCP applications, storage tech-
nology, and simulated transport and shelf-life conditions. In particular, it is essential to
determine the relative strength of these factors in shaping key quality parameters, such as
flesh firmness, titratable acidity (TA), soluble solids content (5S5C), SSC/TA ratio, and the
content of 1-aminocyclopropane-1-carboxylic acid (ACC) as an ethylene precursor.

The aim of this study was to provide a comprehensive assessment of the impact of
selected pre- and postharvest factors on the quality of ‘Gala Schniga® SchniCo Red(s)” ap-
ples under simulated retail conditions at elevated temperature (25 °C), following long-
term simulated transport and varying storage period.

The study presented in this paper extends and complements the authors’ previous
work [21], which focused on the quality assessment of apples intended for local markets
characterized by short distribution chains. In the previously published study, the shelf-
life period was defined as 7 days at 20 °C and was applied immediately after cold storage,
thereby reflecting conditions typical of short supply chains in markets located in close
proximity to the production area. That study investigated the effects of harvest date, 1-
MCP treatment, storage technology, storage duration, shelf-life period, and selected me-
teorological factors over two consecutive storage seasons; however, it did not include an
extended postharvest stress scenario representative of export conditions to distant mar-
kets.

A novel aspect of the present study is the explicit incorporation of long-distance lo-
gistics into the experimental design. After 5, 7, or 9 months of cold storage, fruit were
subjected to 4- or 6-week simulated transport at 1 °C, followed by a shelf-life period of 0,
7, or 14 days at 25 °C. This experimental design enables the assessment of the relative
importance of harvest date, timing of 1-MCP application, storage regime, transport dura-
tion, and shelf-life conditions under elevated temperature, corresponding to supply
chains directed toward distant and warmer export markets. In particular, the present
study allows for the identification of the key factors determining the maintenance of fruit
quality and marketable life throughout the entire period encompassing storage, transport,
and shelf life, an aspect not addressed in the previous publication.

2. Materials and Methods
2.1. Plant Material

The study was conducted over two consecutive storage seasons (2022/2023 and
2023/2024) on fruit of the apple (Malus domestica Borkh.) cultivar ‘Gala Schniga® SchniCo
Red(s)’. The apples originated from the experimental orchard of the Warsaw University
of Life Sciences (SGGW-WULS) in Warsaw (52°14' N, 21°01’ E). Trees grafted on M.9 root-
stock were planted in 2014 at a spacing of 3.0 x 1.0 m and were managed according to the
principles of integrated fruit production.

In both seasons, the fruit were uniform in size (140-150 g) and originated from trees
of similar vigor. Only fruit free from mechanical damage and disease symptoms were se-
lected for analysis.

2.2. Harvest Date and 1-MCP Treatments

In each season, fruit were harvested at two maturity stages determined by the Streif
index, which combines firmness, soluble solids content, and the starch degradation index.
The first harvest corresponded to the optimal harvest date (OHD), whereas the second
was performed 14 days later and was defined as a delayed harvest (DH).
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In the 2022/2023 season, fruit at OHD was harvested on 13 September 2022, corre-
sponding to 122 days after full bloom (DAFB), while the delayed harvest was conducted
on 27 September 2022 (136 DAFB). In the 2023/2024 season, the respective harvest dates
were 12 September 2023 for OHD (121 DAFB) and 26 September 2023 for DH (135 DAFB).

The experiment included three active 1-MCP treatments and one untreated control.
The active treatments were: preharvest 1-MCP application (Harvista™), postharvest 1-
MCP treatment (SmartFresh™), and combined Harvista™ + SmartFresh™ treatment. Un-
treated fruit served as the control and received no 1-MCP exposure.

The preharvest treatment was applied 7 days before the optimal harvest date (OHD)
to 100 trees using Harvista™ (AgroFresh Solutions Inc., Philadelphia, PA, USA), at a dose
equivalent to 150 g-ha™! of 1-MCP as the active ingredient, in accordance with the manu-
facturer’s recommendations. The product was applied as a foliar spray using an orchard
sprayer equipped with a dedicated dosing system and a Harvista™ application unit. Dur-
ing application, the sprayer tank contained only water, while the product concentrate was
metered separately and mixed with water immediately prior to spraying. The treatment
was performed under dry field conditions, with no rainfall during application and under
weather conditions conducive to uniform coverage of fruit and foliage.

For the postharvest treatment, fruit harvested at the OHD were stored in air at 1 °C
for 7 days prior to exposure to SmartFresh™ ProTabs (AgroFresh Solutions Inc., Philadel-
phia, PA, USA), delivering 1-MCP at a concentration of 0.65 pL-L™ active ingredient. This
7-day interval was introduced to standardize postharvest handling and to reflect a prac-
tical short-term cold storage period prior to treatment. The application was conducted for
24 h in sealed chambers at 1 °C, without prior warming of the fruit, in order to minimize
temperature-induced changes in quality before the initiation of long-term storage.

2.3. Storage Conditions and Simulated Trading

After harvest, the fruit were stored at 1 °C and approximately 95% relative humidity
under two controlled-atmosphere storage technologies:

e ULO1 (Ultra-Low Oxygen): 1.2% COz and 1.2% O,
e ULO2:0.6% CO:2and 0.6% Oo.

The storage period was 5, 7, or 9 months. After storage, the fruit were subjected to
simulated transport lasting 4 or 6 weeks under conditions corresponding to long-distance
refrigerated transport (temperature 1 °C, normal atmosphere: 78% N2; 21% O2; 0.05% CO).

Subsequently, the fruit were held at 25 °C under normal atmosphere conditions to
simulate elevated-temperature handling in a warm target market. Quality assessments
were performed at three time points: directly after the end of transport (0 days), after 7
days, and after 14 days at 25 °C. The 25 °C condition was selected as a deliberately severe
shelf-life scenario, allowing comparison of fruit resistance to post-storage temperature el-
evation across different treatments.

The inclusion of three assessment time points at 25 °C resulted in 288 experimental
groups in each season, yielding a total of 576 independent analytical combinations over
the two-year experimental cycle.

2.4. Determination of Fruit Quality Parameters

All analyses were carried out in four replicates per experimental combination, with
10 fruits in each replicate.

Flesh firmness was measured using a universal testing machine (Instron 5542, In-
stron, Norwood, MA, USA) equipped with an 11 mm-diameter cylindrical puncture
probe. Measurements were performed after peel removal. Two measurements were taken
on opposite sides of each fruit, and the results were expressed in newtons (N).
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Soluble solids content (SS5C) was determined refractometrically (Atago, Palette PR-
32, Atago Co., Ltd., Tokyo, Japan) in fresh fruit juice, and the results were expressed in
degrees Brix (°Bx).

Titratable acidity (TA) was measured with an automatic titrator (TitroLine 5000, Xy-
lem Analytics Germany GmbH, Weilheim, Germany) by neutralizing the juice sample to
pH 8.1 with 0.1 M NaOH. The results were expressed as a percentage of malic acid. The
SSC/TA ratio was calculated as the quotient of soluble solids content and titratable acidity.

The content of 1-aminocyclopropane-1-carboxylic acid (ACC) was determined by gas
chromatography (HP 5890, Hewlett Packard, Palo Alto, CA, USA) using procedures
adapted from previously published methodologies [22-24]. The methodological modifi-
cations included the collection of gas samples for ethylene analysis 2 min after conversion,
as well as the inclusion of ACC-spiked samples at concentrations of 0.1 and 0.2 mM in the
calculations. This approach was implemented to standardize the analytical response
across samples differing in ripening stage and postharvest treatment, thereby improving
the comparability of ethylene measurements.

Ethylene production was determined for individual fruits during a 14-day storage
period at 25 °C. The fruit were weighed and placed in hermetically sealed containers with
a capacity of 1500 mL. After 1 h, a 1 mL air sample was collected from the headspace and
analyzed by gas chromatography (HP 5890, Hewlett Packard, Palo Alto, CA, USA). Meas-
urements were performed on five fruits per experimental combination, and the results
were expressed in puL-kg™-h™. A detailed description of the analytical procedure is pro-
vided in previous studies [3,20]. The results illustrating these parameters are presented in
the Supplementary Materials.

Respiration rate was determined on fruit placed in hermetically sealed 1500 mL jars
at 25 °C over a 14-day storage period. After 1 h, the CO:2 concentration was measured
using an F-950 Three Gas Analyzer (Felix Instruments, Camas, WA, USA). Measurements
were performed on the same five individual fruits from each experimental combination
that had previously been used to determine ethylene production. The results were ex-
pressed as mL CO2kg™-hl. The results illustrating these parameters are presented in the
Supplementary Materials.

The F-950 analyzer was selected for gas analysis due to its ability to provide rapid
and simple measurements. The instrument is equipped with a sampling and gas-transfer
system fitted with a needle, allowing air to be drawn from inside the container. The deter-
mination of carbon dioxide concentration is based on an electrochemical cell.

2.5. Independent Variables and Their Coding

For statistical analysis, nine independent variables (Xi—Xo) were defined, encompass-
ing weather conditions, technological treatments, harvest parameters, storage conditions,
and simulated commercial turnover.

Weather-related variables included the number of days with an average air temper-
ature below 15 °C within the last 30 (or 44) days before harvest (X1) and the number of
days with cumulative precipitation above 6 mm (X2). The application of 1-MCP before
harvest (Xs) and after harvest (Xs), as well as the date of harvest (X4), were coded as binary
variables.

Storage technology (X¢) was coded as a binary variable (ULO 1=0, ULO 2=1), storage
period (X7) as an ordinal variable (5, 7, or 9 months), length of simulated transport (Xs) as
a numerical variable (4 or 6 weeks), whereas shelf life (Xo) was coded as an ordinal varia-
ble, where 0 corresponded to no simulated shelf life, 1 to 7 days, and 2 to 14 days of hold-
ing at 25 °C under conditions representative of warmer-climate markets.

This approach to variable coding allowed for the simultaneous inclusion of factors of
different types (continuous, binary, and categorical) in stepwise regression analysis, ena-
bling the assessment of both their statistical significance and their relative influence on the
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analyzed quality parameters of ‘Gala Schniga® SchniCo Red(s)” apples. A detailed descrip-
tion of the variables and their numerical coding is provided in Table 1.

Table 1. List of independent variables included in the models, their categorical levels, and the nu-
merical codes assigned for the purposes of regression modeling and partial eta squared (?) calcu-
lations.

Independent Variables Category Code
Number of days with an average air optimal harvest date 13
L 2022/2023
temperature below 15 °C within the delayed harvest 25
last 30 (or 44) days before h t i
ast 30 (or 44) ays* efore harves 2023/2024 optimal harvest date 1
(X1) delayed harvest
2002/2023 optimal harvest date 22
Number of days when cumulated delayed harvest 22
precipitation was above 6 mm (X2) * 2023/2024 optimal harvest date 15
delayed harvest 17
ithout treat t 0
1-MCP treatment before harvest (Xs) Wi . out freatmen
with treatment 1
optimal harvest date 0
Date of h X
ate of harvest (Xs) delayed harvest 1
1-MCP treatment after harvest (Xs) w1thout treatment 0
with treatment 1
ULO 1 (Ultra-Low Oxygen) 0
Storage technology (Xe) ULO 2 1
5 months 5
Storage period (X7) 7 months 7
9 months 9
. 4 weeks 4
Length of simulated transport (Xs) 6 weeks 6
0 days (no simulated shelf life) 0
Shelf life (Xo) 7 days 1
14 days 2

* Code explanation: The values represent the number of days in the final 30- or 44-day period before
harvest during which the specified condition was recorded. For example, for OHD the count was
13 in 2022/23 and 1 in 2023/24, whereas for DH it was 25 and 3, respectively. In the case of “days
with cumulated precipitation > 6 mm,” the counts for OHD and DH were the same (for instance,
both were 22 in 2022/23), indicating that no such days were noted in the interval between OHD and
DH.

2.6. Statistical Analysis

To identify factors significantly affecting apple quality parameters, a multiple-step-
wise regression analysis with backward elimination was applied. The initial model in-
cluded all defined independent variables (Xi—Xo).

In subsequent steps, predictors with the lowest p-values were removed from the
model until the final model included only variables significant at the o = 0.05 level. The
analysis was performed separately for five dependent variables: firmness, SSC, TA,
SSC/TA ratio, and ACC content.

Both unstandardized and standardized regression coefficients ([3) were reported, to-
gether with their corresponding p-values. In addition, partial eta squared (1) values were
calculated as a measure of effect size, indicating the proportion of variance in the depend-
ent variable explained by a given independent variable while controlling for the remain-
ing predictors. Partial )2 values are not additive because each value expresses the effect of
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a given factor after accounting for the other factors included in the model; consequently,
the values should not be summed to 100%.

All statistical analyses were conducted using Statistica 13.3 (StatSoft Inc., Tulsa, OK,
USA) and IBM SPSS Statistics version 31 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Meteorological Conditions During the Growing Periods (2022-2023)

Monthly mean air temperatures and monthly sums of atmospheric precipitation rec-
orded at the Wilanéw meteorological station in Warsaw (52°9'36.1" N, 21°5'58.2" E) from
April to September in 2022 and 2023 were analyzed using climatodiagrams developed
according to the Walter and Lieth method [25]. This approach allows temperature and
precipitation to be presented simultaneously on a scale where 1 °C corresponds to 4.5 mm
of precipitation. It also allows distinguishing wet periods, when precipitation exceeds
temperature, from dry periods, when temperature exceeds precipitation.

In 2022, air temperature increased gradually from approximately 7 °C in April to
around 21 °C in August, and then declined to about 13 °C in September. The highest pre-
cipitation total, exceeding 120 mm, was recorded in June, indicating a temporary moisture
surplus. From July to September, dry conditions predominated.

In 2023, the temperature pattern was similar; however, September remained dis-
tinctly warmer than in the previous year. The distribution of precipitation was less favor-
able: precipitation exceeded temperature only in April, while dry conditions persisted
from May to September, potentially exacerbating plant water stress.

A comparison of the two years indicates that the 2023 growing season was generally
warmer and drier than that of 2022, particularly in the second half of the analyzed period.
These differences may have affected plant growth, fruit ripening dynamics, and fruit qual-
ity and storage potential. A detailed characterization of the weather conditions was pre-
sented by Malachowska and Tomala [21].

Table 2 presents the descriptive statistics of the quality parameters of apples analyzed
in the 2022/2023 and 2023/2024 storage seasons. A total of 2304 observations ensured high
representativeness of the sample and the reliability of the results. Firmness exhibited a
wide range of variability —from 28.6 to 81.4 N—with a mean of 53.3 N and a standard
deviation of 12.1 N. The high values of the coefficient of determination (R?=0.93; adjusted
R2=0.86) indicate a very good fit of the model describing the trait’s variability, suggesting
its strong dependence on the analyzed factors.

Titratable acidity ranged from 0.10 to 0.41% malic acid, with a mean value of 0.21%
and relatively low variability (SD = 0.04). The values of the coefficient of determination
(R2=0.82) and adjusted R? (0.68) indicate a good, although clearly weaker than in the case
of firmness, level of explanation of the observed variability.

Soluble solids content (SSC) ranged from 10.4 to 15.7 °Bx, with a mean of 12.9 °Bx.
The low standard deviation (0.8 °Bx) indicates a relatively homogeneous level of this trait
in the studied population. Compared with flesh firmness, the values of the coefficient of
determination (R?=0.70) and adjusted R? (0.49) were lower, suggesting a limited effective-
ness of the model in explaining the variability of this parameter.

The SSC/TA ratio exhibited a very wide range (33-118), reflected in a high standard
deviation (12.4). The mean value of this parameter was 62.6. The relatively high values of
the coefficient of determination (R2 = 0.78) and adjusted R? (0.61) indicate that the varia-
bility of this index was explained to a large extent by the applied model.

ACC content showed the greatest relative variability, with values ranging from 0.001
to 4.22 nmol'kg™, a mean of 0.29 nmol-kg™!, and a standard deviation of 0.32. The low
values of the coefficient of determination (R2? = 0.57) and the adjusted R2? (0.33) indicate a
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relatively poor model fit, suggesting substantial influence from random factors or nonlin-
ear physiological processes associated with fruit ripening and storage.

Table 2. Summary statistics for analytical results of ‘Gala Schniga® SchniCo Red(s) apples across
the 2022/2023 and 2023/2024 storage seasons.

Indicator n Min. Max. Average SD * R? Corrected R?
Firmness (N) 28.6 81.4 53.3 12.1 0.93 0.86
Titratable acidity (% malic acid) 0.10 0.41 0.21 0.04 0.82 0.68
Soluble solids content (°Bx) 2304 10.4 15.7 12.9 0.8 0.70 0.49
SSC/TA 33.0 118 62.6 124 0.78 0.61
ACC (nmol-kg™) 0.001 4.22 0.29 0.32 0.57 0.33

* SD —standard deviation.

3.2. Firmness (F)

Based on the results of stepwise multiple regression analysis (Table 3), firmness of
‘Gala Schniga® SchniCo Red(s)” apples was found to be significantly influenced by both
preharvest weather conditions and technological factors related to harvest as well as stor-
age period and conditions (p < 0.001 for all variables included in the model).

The strongest positive effect on firmness was observed with postharvest 1-MCP ap-
plication (3 = 0.656), confirming its key role in delaying fruit ripening and senescence. A
significant, although markedly weaker, positive effect was also observed for the number
of days with precipitation exceeding 6 mm ({3 = 0.208) and the number of days with an
average air temperature below 15 °C in the preharvest period (3 = 0.186), indicating a
beneficial influence of cooler and wetter conditions on maintaining flesh firmness.

The date of harvest proved to be one of the main factors reducing firmness ( =
-0.442), highlighting the importance of precise harvest timing for maintaining postharvest
quality. Similarly, shelf life had a strong negative effect on firmness (3 = -0.414), reflecting
the progressive degradation of fruit tissue during the final stages of the distribution chain.

Variables with a smaller yet statistically significant effect included storage period (
= -0.058) and length of simulated transport (3 = -0.050), both of which contributed to a
gradual decline in firmness. Preharvest 1-MCP application showed a positive but rela-
tively minor effect (3 = 0.069).

The final regression Equation (1) indicates that, among all factors considered, post-
harvest treatments — particularly the application of 1-MCP —together with the date of har-
vest and shelf life, played the most important roles in maintaining high apple firmness under
commercial conditions. In contrast, preharvest weather conditions played a supportive role,
shaping the fruit’s initial quality.

The resulting regression equation is as follows:

F=(0.24 x X1) + (0.81 x X2) + (1.68 x X3) + (-10.68 x X4) + (15.86 x X5) + (—0.43 x X7) + (-0.61 x Xs) + (-6.13 x Xo) + 54.7 (1)

where Xi—number of days with an average air temperature below 15 °C within the last 30 (or
44) days before harvest; Xa—number of days when cumulative precipitation was above 6 mm;
X3—1-MCP treatment before harvest; Xs—date of harvest; Xs—1-MCP treatment after harvest;
Xr—storage period; Xs—length of simulated transport; Xo—shelf life.
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Table 3. Stepwise multiple regression results for the firmness of ‘Gala Schniga® SchniCo Red(s)’
apples derived from a model including the number of days with an average air temperature below
15 °C, within the last 30 (or 44) days before harvest, the number of days when cumulated precipita-
tion was above 6 mm, 1-MCP treatment before harvest, the date of harvest, 1-MCP treatment after
harvest, storage technology, storage period, length of simulated transport and shelf life. (n = 2304).

Unstandardized Coefficients Standardized
B SE * Coefficients P
Constant 54.726 <0.001

Number of days with an average air
temperature below 15 °C within the 0.24 0.024 0.186 <0.001
last 30 (or 44) days before harvest

Number of days when cumulated

- 0.81 0.071 0.208 <0.001
precipitation was above 6 mm

1-MCP treatment before harvest 1.68 0.187 0.069 <0.001

Date of harvest -10.68 0.217 -0.442 <0.001

1-MCP treatment after harvest 15.86 0.187 0.656 <0.001

Storage period -0.43 0.057 -0.058 <0.001

Length of simulated transport -0.61 0.094 -0.050 <0.001

Shelf life -6.13 0.115 -0.414 <0.001

* SE —standard error.

The results of the eta squared (1?) analysis, presented in Table 4, provide a quantita-
tive assessment of the contribution of individual factors to the explained variability in
flesh firmness of ‘Gala Schniga® SchniCo Red(s)’ apples. All analyzed variables had a sta-
tistically significant effect on this trait (p < 0.001), although their relative importance dif-
fered markedly.

The greatest proportion of variance in apple firmness was explained by postharvest
1-MCP application, with n? reaching 75.8%. This result confirms the dominant role of post-
harvest application of this compound in maintaining flesh structure during storage. A
similarly high contribution to firmness variability was observed for shelf life (2 = 55.5%)
and date of harvest (12 = 51.3%), indicating that both harvest timing and the final stage of
the distribution chain are of key importance for preserving firmness in ‘Gala Schniga®
SchniCo Red(s)” apples.

Preharvest weather conditions showed a moderate but statistically significant effect
on fruit firmness. The number of days with precipitation exceeding 6 mm accounted for
5.49% of the variability in this trait, while the number of days with an average air temper-
ature below 15 °C explained 3.99%. A comparable level of variability was observed for
preharvest 1-MCP treatment (n? = 3.39%), suggesting that it shapes the fruit’s initial qual-
ity.

The smallest contribution to the explained variability in flesh firmness was associated
with variables related to the duration of individual logistical stages. Storage period ac-
counted for 2.40% of the variability, whereas length of simulated transport accounted for
1.79%, indicating that their effects, although statistically significant, were relatively small
compared with the key factors discussed above.

These results are consistent with those from the multiple regression analysis and con-
firm that flesh firmness of ‘Gala Schniga® SchniCo Red(s)” apples was primarily deter-
mined by date of harvest and postharvest 1-MCP treatment, whereas preharvest weather
conditions, storage period, and commercial turnover-related factors played complemen-
tary roles.

https://doi.org/10.3390/agriculture16131397


https://doi.org/10.3390/agriculture16131397

Agriculture 2026, 16, 1397

10 of 24

Table 4. Partial eta squared (n?) values for the firmness of ‘Gala Schniga® SchniCo Red(s)" apples
estimated using a model comprising the following variables: the number of days with an average
air temperature below 15 °C within the last 30 (or 44) days before harvest, the number of days when
cumulated precipitation was above 6 mm, 1-MCP treatment before harvest, the date of harvest, 1-

MCP treatment after harvest, storage period, length of simulated transport, and shelf life.

Independent Variables n? (%) p

Number of days with an average air temperature below 15 °C within the last 30 (or 44)

days before harvest 399 <0.001

Number of days when cumulated precipitation was above 6 mm 5.49 <0.001
1-MCP treatment before harvest 3.39 <0.001

Date of harvest 51.3 <0.001

1-MCP treatment after harvest 75.8 <0.001

Storage period 2.40 <0.001

Length of simulated transport 1.79 <0.001

Shelf life 55.5 <0.001

TA = (0.001 x X2) + (0.006 x Xs) + (~0.020 x Xa) + (0.056 x Xs) + (0.005 x Xg) + (~0.006 x X7) + (-0.003 x Xs) +

Note: partial n)? values are not additive, because each value represents the variance explained by a

given factor after controlling for the remaining factors in the model.

3.3. Titratable Acidity (TA)

The results of stepwise multiple regression analysis (Table 5) indicate that the titrat-
able acidity of apples was significantly affected by both preharvest and postharvest fac-
tors, although the pattern of their influence differed from that observed for flesh firmness.
All variables included in the regression equation were significant (p <0.001); however, the
standardized {3 coefficients were generally of moderate magnitude, confirming the more
distributed nature of the regulation of this trait.

The strongest positive effect on titratable acidity was associated with postharvest 1-
MCP application (3 = 0.643), clearly demonstrating the high effectiveness of this treatment
in limiting the decline of this parameter during apple storage. A significant, although
much weaker, positive effect was also found for storage technology (8 =0.063), preharvest
1-MCP treatment (3 = 0.065), and the number of days with precipitation before harvest (3
=0.067), indicating their supportive role in maintaining the fruit’s initial acidity.

The factor with the strongest negative effect on titratable acidity was date of harvest
(p=-0.235), indicating progressive depletion of organic acids with advancing harvest ma-
turity. A comparable negative effect was observed for storage period (3 =-0.244), whereas
shelf life was associated with an even stronger decline in acidity (3 =—0.372). The length
of simulated transport also had a significant effect, though its impact was clearly weaker
(p=-0.071).

The final regression Equation (2) demonstrates that changes in TA in apples occurred
gradually and resulted from the combined influence of multiple factors rather than from
the dominance of a single variable.

The resulting regression equation is as follows:

(-0.020 x Xo) + 0.274 @)
where X2 —number of days when cumulative precipitation was above 6 mm; Xs—1-MCP
treatment before harvest; Xa—date of harvest; Xs—1-MCP treatment after harvest; X¢—
storage technology; X7—storage period; Xs—length of simulated transport; Xo—shelf life.

https://doi.org/10.3390/agriculture16131397


https://doi.org/10.3390/agriculture16131397

Agriculture 2026, 16, 1397

11 of 24

Table 5. Stepwise multiple regression results for the titratable acidity (TA) of ‘Gala Schniga®
SchniCo Red(s)” apples derived from a model including the number of days with an average air
temperature below 15 °C within the last 30 (or 44) days before harvest, the number of days when
cumulated precipitation was above 6 mm, 1-MCP treatment before harvest, the date of harvest, 1-
MCP treatment after harvest, storage technology, storage period, length of simulated transport, and
shelf life (n = 2304).

Standardized

Unstandardized Coefficients Coefficients B p
B SE *
Constant 0.274 <0.001
Number 'of (.iays when cumulated precip- 0.001 0.000 0.067 <0.001
itation was above 6 mm
1-MCP treatment before harvest 0.006 0.001 0.065 <0.001
Date of harvest -0.020 0.001 -0.235 <0.001
1-MCP treatment after harvest 0.056 0.001 0.643 <0.001
Storage technology 0.005 0.001 0.063 <0.001
Storage period -0.006 0.000 -0.244 <0.001
Length of simulated transport -0.003 0.001 -0.071 <0.001
Shelf life -0.020 0.001 -0.372 <0.001
* SE—standard error.

The eta squared (1)?) analysis presented in Table 6 clearly identifies the factors with
the greatest contribution to the explained variability in titratable acidity. The strongest
effect was observed for postharvest 1-MCP application (> = 56.3%), highlighting the key
role of postharvest inhibition of apple ripening processes and the associated changes in
organic acids. A substantial share of the variability in TA was also explained by shelf life
(n?=30.1%) and storage period (1)>=15.6%), confirming the strong dependence of this trait
on the duration of postharvest processes. The effect of date of harvest was clearly smaller
(n?=14.4%), yet still significant, underlining the importance of fruit maturity at the begin-
ning of the postharvest chain.

The remaining factors evaluated in the experiment, such as the number of days with
precipitation exceeding 6 mm (12 =1.34%), preharvest 1-MCP treatment (n?=1.31%), stor-
age technology (12 =1.20%), and length of simulated transport (> = 1.54%), showed only
a small, although statistically significant, contribution to the variability in TA. These re-
sults indicate that the titratable acidity of ‘Gala Schniga® SchniCo Red(s)’ apples was de-
termined primarily by postharvest factors regulating ripening rate and by the duration of
successive stages of the logistics chain, whereas the effects of weather conditions and the
applied technological solutions remained relatively limited, influencing mainly the dy-
namics of the ongoing processes rather than their overall direction.

Table 6. Partial eta squared (n?) values for the titratable acidity (TA) of ‘Gala Schniga® SchniCo
Red(s)” apples estimated using a model comprising the following variables: the number of days
when cumulated precipitation was above 6 mm, 1-MCP treatment before harvest, the date of har-
vest, 1-MCP treatment after harvest, storage technology, storage period, length of simulated
transport, and shelf life (n = 2304).
Independent Variables n? (%) p
Number of days when cumulated precipitation 134 <0.001
was above 6 mm
1-MCP treatment before harvest 1.31 <0.001
Date of harvest 14.4 <0.001
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1-MCP treatment after harvest 56.3 <0.001
Storage technology 1.20 <0.001
Storage period 15.6 <0.001
Length of simulated transport 1.54 <0.001
Shelf life 30.1 <0.001

SSC = (0.012 x X1) + (0.051 x Xz) + (<0.623 x Xa) + (<0.225 x Xa) + (0.636 x X5) + (0.051 x Xs) + (-0.093 x X) +

Note: partial )2 values are not additive, because each value represents the variance explained by a

given factor after controlling for the remaining factors in the model.

3.4. Soluble Solids Content (SSC)

Stepwise multiple regression analysis revealed significant effects of selected weather
factors, preharvest and postharvest 1-MCP applications, and storage conditions on solu-
ble solids content in “Gala Schniga® SchniCo Red(s) apples (n = 2304). The final form of
the regression model is presented in Equation (4), whereas detailed values of the regres-
sion coefficients, their standard errors, standardized 3 coefficients, and significance levels
are shown in Table 7.

The strongest positive effect on SSC was observed for postharvest 1-MCP application
(B =0.417; p <0.001), indicating that this treatment favored the maintenance and, in some
cases, even an increase in soluble solids content in apples during storage and shelf life. In
contrast, preharvest 1-MCP treatment significantly reduced SSC (3 = -0.409; p < 0.001),
underscoring the importance of the timing of ethylene inhibitor application.

Among the weather-related factors, significant positive effects on SSC were observed
for the number of days with an average air temperature below 15 °C before harvest (3 =
0.146; p < 0.001) and the number of days with precipitation exceeding 6 mm (3 = 0.205; p <
0.001). These results indicate that cooler days and more rainy days in September promoted
sugar accumulation in apples.

Date of harvest showed a significant negative relationship with SSC (3 =-0.148; p <
0.001), indicating that delayed harvest was associated with lower SSC in the fruit. A sim-
ilar relationship was observed for storage period, which also significantly reduced SSC ([3
=—0.199; p < 0.001), confirming the progressive consumption of sugars by apples during
prolonged storage.

The remaining variables evaluated in the experiment—storage technology (3 =0.033;
p = 0.025) and shelf life ($ = 0.039; p = 0.008) —also had a statistically significant effect on
SSC, although their impact was relatively small. The intercept of the model was 12.745 (p
<0.001), corresponding to the baseline SSC value at zero values of all independent varia-
bles, as shown in Equation (3).

The resulting regression equation is as follows:

(0.037 x Xo) +12.7 ®)
where Xi—number of days with an average air temperature below 15 °C within the last
30 (or 44) days before harvest; X:—number of days when cumulative precipitation was
above 6 mm; Xs—1-MCP treatment before harvest; Xs—date of harvest; Xs—1-MCP treat-
ment after harvest; Xe—storage technology; Xr—storage period; Xo—shelf life.
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Table 7. Stepwise multiple regression results for the soluble solids content (55C) of ‘Gala Schniga®
SchniCo Red(s)” apples derived from a model including the number of days with an average air
temperature below 15 °C within the last 30 (or 44) days before harvest, the number of days when
cumulated precipitation was above 6 mm, 1-MCP treatment before harvest, the date of harvest, 1-
MCP treatment after harvest, storage technology, storage period, length of simulated transport, and
shelf life (n = 2304).

Unstandardized Coefficients Standardized
B SE * Coefficients B P
Constant 12.745 <0.001

Number of days with an average air
temperature below 15 °C within the 0.012 0.003 0.146 <0.001
last 30 (or 44) days before harvest

Number of days when cumulated

- 0.051 0.009 0.205 <0.001
precipitation was above 6 mm

1-MCP treatment before harvest -0.623 0.023 -0.409 <0.001

Date of harvest -0.225 0.026 -0.148 <0.001

1-MCP treatment after harvest 0.636 0.023 0.417 <0.001

Storage technology 0.051 0.023 0.033 0.025

Storage period -0.093 0.007 -0.199 <0.001

Shelf life 0.037 0.014 0.039 0.008

* SE—standard error.

The eta squared (1?) analysis made it possible to assess the relative contribution of
individual independent variables to the explained variability in soluble solids content
(SSC) of ‘Gala Schniga® SchniCo Red(s)’ apples (Table 8). All included factors showed a
statistically significant effect on SSC (p < 0.05), although their influence varied.

The largest share of SSC variability was attributed to treatments with 1-MCP, an eth-
ylene regulator. Postharvest 1-MCP application showed the highest 12 value (25.7%; p <
0.001), underlining the key role of this treatment in shaping soluble solids content. A com-
parably high effect was also observed for preharvest 1-MCP application (12 = 24.9%; p <
0.001), confirming the dominant importance of this ethylene inhibitor in regulating the
metabolic processes determining this apple quality parameter.

Atmospheric factors showed a relatively small, although statistically significant, ef-
fect on SSC. The number of days with an average air temperature below 15 °C before har-
vest explained only 0.69% of the variability of this trait (p <0.001), whereas the number of
days in which cumulative precipitation exceeded 6 mm accounted for 1.52% of the varia-
bility (p < 0.001). storage technology (n? = 0.22%; p = 0.026) and shelf life (2 = 0.31%; p =
0.008) were also characterized by a marginal contribution to explaining the variability of
soluble solids content.

In summary, soluble solids content in ‘Gala Schniga® SchniCo Red(s)’ apples was de-
termined mainly by factors related to the regulation of ripening processes, in particular
by the application of 1-MCP before and after harvest, both of which showed a high con-
tribution to the explained variability of this trait. This conclusion is fully consistent with
the results of the multiple regression analysis presented in Equation (3) and Table 7.
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Table 8. Partial eta squared (n?) values for the soluble solids content (SSC) of ‘Gala Schniga® SchniCo
Red(s)” apples estimated using a model comprising the following variables: the number of days with
an average air temperature below 15 °C within the last 30 (or 44) days before harvest, the number
of days when cumulated precipitation was above 6 mm, 1-MCP treatment before harvest, the date
of harvest, 1-MCP treatment after harvest, storage technology, storage period, and shelf life.

Independent Variables n? (%) p

Number of days with an average air temperature below 15 °C within

the last 30 (or 44) days before harvest 069 <0.001

Number of days when cumulated precipitation was above 6 mm 1.52 <0.001
1-MCP treatment before harvest 249 <0.001

Date of harvest 3.10 <0.001

1-MCP treatment after harvest 25.7 <0.001

Storage technology 0.22 0.026

Storage period 7.26 <0.001

Shelf life 0.31 0.008

SSC/TA = (-5.317 x Xa) + (5.047 x Xa) + (~13.855 x Xs) + (~1.806 x Xe) + (1.304 x X7) + (0.834 x Xs) + (6.148 x

Note: partial n)? values are not additive, because each value represents the variance explained by a

given factor after controlling for the remaining factors in the model.

3.5. SSC/TA Ratio

The results of stepwise multiple regression analysis indicate that, among the varia-
bles considered in the modeling procedure—covering weather conditions as well as pre-
harvest, postharvest, and logistical factors—only the predictors included in the final
model had a statistically significant effect on the SSC/TA ratio (p < 0.001). The resulting
regression equation allows for the determination of both the direction and the relative
strength of the influence of individual factors on the variability of the analyzed parameter
(Table 9).

The strongest negative effect on the SSC/TA ratio was observed with postharvest 1-
MCP application (p = -0.561), indicating that blocking ethylene receptors significantly re-
duced this parameter. It should be noted that preharvest 1-MCP application also exerted
a significant negative effect (3 = —0.215), confirming the role of ethylene in regulating the
complex ripening processes determining fruit quality. A negative, although clearly
weaker, effect was also recorded for storage technology (p =-0.073).

The strongest positive effect on the SSC/TA ratio was associated with shelf life (§ =
0.406), indicating that extending the distribution period after storage increased this ratio.
A significant positive effect was also found for date of harvest (3 = 0.204) and storage
period (3 =0.172), clearly confirming the key role of time-related factors in the progression
of physiological and biochemical processes reflected by this parameter. Although a simi-
lar direction of change was observed for length of simulated transport, the effect of this
factor was relatively small (3 = 0.067), indicating its limited importance compared with
the other predictors (4).

The resulting regression equation is as follows:

Xo) +46.03 @)
where X3—1-MCP treatment before harvest; Xs—date of harvest; Xs—1-MCP treatment
after harvest; Xe—storage technology; Xr—storage period; Xs—length of simulated
transport; Xo—shelf life.
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Table 9. Stepwise multiple regression results for the SSC/TA ratio of ‘Gala Schniga® SchniCo Red(s)’
apples derived from a model including the number of days with an average air temperature below
15 °C within the last 30 (or 44) days before harvest, the number of days when cumulated precipita-
tion was above 6 mm, 1-MCP treatment before harvest, the date of harvest, 1-MCP treatment after

harvest, storage technology, storage period, length of simulated transport, and shelf life (n = 2304).

Unstandardized Coefficients Standardized

B SE * Coefficients P
Constant 46.027 <0.001
1-MCP treatment before harvest -5.317 0.324 -0.215 <0.001
Date of harvest 5.047 0.324 0.204 <0.001
1-MCP treatment after harvest -13.855 0.324 -0.561 <0.001
Storage technology -1.806 0.324 -0.073 <0.001
Storage period 1.304 0.099 0.172 <0.001
Length of simulated transport 0.834 0.162 0.067 <0.001
Shelf life 6.148 0.198 0.406 <0.001

* SE —standard error.

The importance of individual factors in shaping the SSC/TA ratio was confirmed by
the effect size analysis presented in Table 10. The greatest contribution to the explained
variability of this parameter was associated with postharvest 1-MCP application, which
accounted for 44.4% of the total variance.

The second most important factor was shelf life, which explained 29.6% of the varia-
bility in the analyzed parameter. Other important contributors to the SSC/TA ratio were
factors related to harvest timing and storage conditions. Preharvest 1-MCP application (12
=10.5%) and date of harvest (N2 =9.59%) showed comparable effect sizes, whereas storage
period accounted for 7.02% of the total variance. The remaining predictors were charac-
terized by a clearly smaller effect size—storage technology and length of simulated
transport explained 1.33% and 1.14% of the variability in the SSC/TA ratio, respectively,
indicating their marginal importance compared with the other factors.

This distribution of n? values indicates that the variability of the analyzed parameter
was determined mainly by postharvest 1-MCP application and the duration of commer-
cial turnover of apples, whereas weather-related factors—although considered at the
modeling stage—did not show a statistically significant effect and were therefore not in-
cluded in the final model.

Table 10. Partial eta squared (n?) values for the SSC/TA ratio of ‘Gala Schniga® SchniCo Red(s)’
apples estimated using a model comprising the following variables: 1-MCP treatment before har-
vest, the date of harvest, 1-MCP treatment after harvest, storage technology, storage period, length

of simulated transport, and shelf life.

Independent Variables 1?2 (%) p
1-MCP treatment before harvest 10.5 <0.001
Date of harvest 9.59 <0.001
1-MCP treatment after harvest 444 <0.001
Storage technology 1.33 <0.001
Storage period 7.02 <0.001
Length of simulated transport 1.14 <0.001
Shelf life 29.6 <0.001

Note: partial n)? values are not additive, because each value represents the variance explained by a

given factor after controlling for the remaining factors in the model.
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ACC = (-0.015 x X2) + (~0.045 x Xs) + (0.038 x Xa) + (—0.203 x X5) + (0.090 x Xs) + (0.066 x X7) + (0.021 x Xs) +

3.6. 1-Aminocyclopropane-1-carboxylic Acid (ACC)

Stepwise multiple regression analysis showed that, among the variables considered
in the modeling procedure, only the predictors included in the final model exerted a sta-
tistically significant effect on the content of 1-aminocyclopropane-1-carboxylic acid (ACC)
in ‘Gala Schniga® SchniCo Red(s)’ apples (p <0.001). The final form of the regression equa-
tion is presented in Equation (5), whereas detailed coefficient values are given in Table 11.

The strongest positive effect on ACC content was associated with storage period (=
0.334), indicating a gradual increase in the pool of the ethylene precursor with prolonged
fruit storage. A significant positive effect was also observed for shelf life ( = 0.261), sug-
gesting a further increase in the ethylene precursor pool, which may intensify metabolic
processes during the commercial distribution stage. A positive, although clearly weaker,
effect was also found for storage technology (3 = 0.138) and date of harvest (f = 0.059).

The strongest negative effect was observed for postharvest 1-MCP application (3 =
-0.313), confirming its effectiveness in limiting ACC accumulation and, consequently,
suppressing ethylene-dependent processes. A negative, although distinctly weaker, effect
was also recorded for preharvest 1-MCP application (3 =-0.075). A negative relationship
was also found for the number of days with heavy precipitation (> 6 mm) (f = -0.144),
suggesting a possible indirect effect of weather conditions on physiological processes re-
lated to ACC synthesis.

The length of simulated transport showed a positive effect, although its magnitude
was relatively small (3 = 0.065), indicating the limited importance of this stage of apple
handling compared with the storage period and shelf life. The intercept of the model was
not statistically significant (p = 0.217), suggesting that ACC variability was largely ex-
plained by the predictors included in the regression model presented in the following
equation.

The resulting regression equation is as follows:

(0.104 x X9) — 0.065 ©)
where X2—number of days when cumulative precipitation was above 6 mm; Xs—1-MCP
treatment before harvest; Xa—date of harvest; Xs—1-MCP treatment after harvest; Xe¢—
storage technology; X7—storage period; Xs—length of simulated transport; Xo—shelf life.

Table 11. Stepwise multiple regression results for the 1-aminocyclopropane-1-carboxylic acid
(ACC) content of ‘Gala Schniga® SchniCo Red(s)’ apples derived from a model including the num-
ber of days with an average air temperature below 15 °C within the last 30 (or 44) days before har-
vest, the number of days when cumulated precipitation was above 6 mm, 1-MCP treatment before
harvest, the date of harvest, 1-MCP treatment after harvest, storage technology, storage period,
length of simulated transport, and shelf life (n = 2304).

Unstandardized Coefficients Stanc!a.rdlzed 4
Coefficients
B SE *
Constant -0.065 0.217
Numbér .of c.lays when cumulated pre- 0.015 0.002 0144 <0.001
cipitation was above 6 mm
1-MCP treatment before harvest -0.045 0.011 -0.075 <0.001
Date of harvest 0.038 0.011 0.059 <0.001
1-MCP treatment after harvest -0.203 0.011 -0.313 <0.001
Storage technology 0.090 0.011 0.138 <0.001
Storage period 0.066 0.003 0.334 <0.001
Length of simulated transport 0.021 0.006 0.063 <0.001
Shelf life 0.104 0.007 0.261 <0.001

* SE—standard error.
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The importance of individual factors in shaping the variability of ACC content was
confirmed by the eta squared (1)?) analysis presented in Table 12. The largest share of the
explained variance was attributed to the storage period, accounting for 14.2% of the total
variability in ACC, underscoring the key role of this factor in the accumulation of this
ethylene precursor.

The second most important factor was postharvest 1-MCP application (12 = 12.7%),
confirming its crucial role in regulating ripening during the postharvest period. A sub-
stantial contribution to ACC variability was also observed for shelf life (2 = 9.22%), indi-
cating a further intensification of metabolic changes after the end of cold storage.

Storage technology showed a moderate effect size (n? = 2.77%), whereas preharvest
1-MCP application (1?2 = 0.83%) and date of harvest (n?> = 0.61%) had clearly smaller, alt-
hough statistically significant, effects. The weakest predictors of ACC variability were
length of simulated transport (> = 0.59%) and the number of days with cumulative pre-
cipitation exceeding 6 mm (2= 0.21%).

The distribution of 12 values indicates that ACC content in apples was determined
primarily by storage period and postharvest treatments, whereas weather-related and lo-
gistical factors played a secondary role. The observed distribution of effect sizes was fully
consistent with the results of the multiple regression analysis (Table 11; Equation 5), un-
derscoring the decisive importance of processes regulating ethylene biosynthesis during
the postharvest period.

Table 12. Partial eta squared (1?) values for the 1-aminocyclopropane-1-carboxylic acid (ACC) con-
tent of ‘Gala Schniga® SchniCo Red(s) apples estimated using a model comprising the following
variables: the number of days when cumulated precipitation was above 6 mm, 1-MCP treatment
before harvest, the date of harvest, 1-MCP treatment after harvest, storage technology, storage pe-

riod, length of simulated transport, and shelf life.

Independent Variables 1?2 (%) p
Number of days when cumulated precipitation was above 6 mm 0.21 0.030
1-MCP treatment before harvest 0.83 <0.001
Date of harvest 0.61 <0.001
1-MCP treatment after harvest 12.7 <0.001
Storage technology 2.77 <0.001
Storage period 14.2 <0.001
Length of simulated transport 0.59 <0.001
Shelf life 9.22 <0.001

Note: partial )2 values are not additive, because each value represents the variance explained by a

given factor after controlling for the remaining factors in the model.

3.7. Dynamics of Ethylene Production and Respiration Rate

Additionally, the Supplementary Materials (Figures S1-S24) present detailed pat-
terns of changes in ethylene production and respiration rate of ‘Gala Schniga® SchniCo
Red(s)” apples during 14 days of holding at 25 °C following 6 weeks of simulated
transport, preceded by 5, 7, or 9 months of storage under ULO 1 and ULO 2 conditions, in
both analyzed storage seasons. The presented graphs indicate a clear increase in the in-
tensity of physiological processes during holding at 25 °C, reflecting the stress-like char-
acter of the elevated-temperature shelf-life treatment.

Only the results obtained after 6 weeks of simulated transport are included, as this
variant represents the most demanding and relevant scenario for long-distance distribu-
tion. Preliminary analysis indicated that the patterns observed after 4 weeks of transport
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were qualitatively similar, although less pronounced, and did not provide additional in-
terpretative value.

In most variants, a tendency toward a faster increase in ethylene production and res-
piration rate was observed in fruit harvested at the delayed date (DH), confirming their
more advanced ripening stage. At the same time, extending the storage period (from 5 to
9 months) intensified these processes, particularly during the final days of storage under
simulated commercial conditions.

Differences between ULO 1 and ULO 2 technologies were relatively small, consistent
with the statistical analyses and suggesting the dominant role of postharvest factors, such
as 1-MCP application and storage duration. The graphs also confirm that the key stage
determining the dynamics of physiological changes is the simulated commercial handling
(shelf life) period at 25 °C.

4. Discussion

The results clearly indicate that the final quality of ‘Gala Schniga® SchniCo Red(s)’
apples was primarily determined by postharvest technological decisions and factors in
the final stages of the supply chain, whereas atmospheric conditions during the prehar-
vest period mainly modulated fruit quality at harvest. This pattern is consistent with cur-
rent research trends in postharvest physiology management, in which key importance is
placed on regulating ethylene action, precisely determining harvest maturity, and con-
trolling temperature and storage and distribution conditions [26-29].

The importance of these factors is further emphasized by increasing market pressure
associated with export expansion and higher consumer expectations for maintaining high
firmness, juiciness, and stable quality of apples throughout the year [30-32]. In this con-
text, postharvest management represents a key component of quality strategies, clearly
outweighing the influence of environmental variables during the growing season.

The comparison between the 2022 and 2023 seasons showed that 2023 featured higher
temperatures and a significant precipitation deficit during a key phase of the growing
season. The literature indicates that water stress may affect the metabolism of sugars and
organic acids, as well as the ripening process, thereby directly influencing SSC and TA
and indirectly affecting the postharvest storage potential of fruit [33]. These relationships
are linked to mechanisms regulating plant water balance, which in turn affect carbohy-
drate metabolism and responses to environmental stress [6]. At the same time, the results
of the multifactorial analyses indicate that, despite noticeable weather-related differences,
postharvest factors played the dominant role in shaping final quality, highlighting the
overriding importance of storage technology and distribution conditions [34].

Regarding maintaining apple firmness, the strongest effect was observed with post-
harvest 1-MCP application, whereas preharvest treatments had a significant but clearly
weaker impact. This finding is consistent with numerous studies demonstrating that 1-
MCP effectively inhibits ethylene action and slows down fruit softening during long-term
storage [8,35-37]. At the same time, the significant negative effects of date of harvest and
shelf life on firmness confirm that the duration of postharvest exposure is a key factor
accelerating structural degradation of fruit tissue [28].

It should be emphasized that the importance of individual factors may vary across
cultivars. In the case of ‘Granny Smith’, date of harvest and storage period were the dom-
inant factors, while the effect of the distribution stage was moderate [38]. Cultivar-de-
pendent variability in quality traits, including firmness, consumer evaluation, and bioac-
tive compound content, has also been confirmed in studies on new apple hybrids [39]. In
comparison with these findings, the results obtained for ‘Gala Schniga® SchniCo Red(s)’
indicate a greater sensitivity of this cultivar to prolonged “time in warm conditions” after
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removal from cold storage. In practice, this implies strict management of the distribution
stage and prioritizing postharvest 1-MCP application.

Variability in TA was most strongly associated with factors regulating ripening rate,
including storage period and shelf life. Postharvest 1-MCP application maintained higher
TA levels, suggesting a slowdown in organic acid metabolism [8,26]. This mechanism is
consistent with the observation that organic acids are gradually consumed during respi-
ration, and that reducing respiratory intensity slows their degradation [8]. In contrast to
firmness, TA showed a more complex pattern of regulation, dependent on the interaction
of multiple factors [40,41].

In the case of SSC and the SSC/TA ratio, both 1-MCP treatments and distribution-
related factors were key. Extending the storage period and exposure under market condi-
tions led to higher SSC/TA values, mainly because TA declined faster than SSC [8,26]. This
phenomenon has important sensory and market implications —although it may be per-
ceived as an increase in sweetness, it also indicates a progressive loss of freshness and a
reduction in the fruit’s commercial shelf life [4]. The observed decrease in soluble solids
content following preharvest 1-MCP treatment may be interpreted as a potential trade-off
associated with ethylene inhibition. Although lower SSC values may negatively affect per-
ceived sweetness and, consequently, sensory quality, this response should be considered
alongside the beneficial effects of 1-MCP on firmness preservation and acidity retention.
These attributes are critical for maintaining overall fruit quality and marketability, partic-
ularly within supply chains involving prolonged storage and long-distance transporta-
tion.

ACC analysis revealed a strong association with storage period and shelf life, reflect-
ing increasing activity of the ethylene biosynthesis pathway over time. At the same time,
the clear inhibitory effect of 1-MCP application confirms its effectiveness in limiting eth-
ylene synthesis at the biochemical level [7,28,42-46].

Simulated transport conditions showed a relatively small effect on the analyzed qual-
ity parameters, suggesting that transport itself is not a decisive factor [47]. Instead, the
cumulative duration of exposure to post-storage conditions, particularly shelf life, ap-
pears to be critical [4,48]. This indicates that the key factor is the combined effect of pro-
cesses accelerating senescence, rather than individual stages of the logistics chain.

The relatively small effect of storage technology (ULO 1 vs. ULO 2) can be interpreted
in two ways. First, effective use of 1-MCP may reduce the importance of more advanced
storage regimes by inhibiting ethylene action [49-51]. Second, the literature suggests that
the effectiveness of DCA relative to ULO depends on cultivar and harvest/storage condi-
tions, and in some cases may be comparable to CA combined with 1-MCP [19,52]. In the
case of ‘Gala Schniga® SchniCo Red(s)” apples, this suggests that maintaining high post-
harvest quality primarily depends on precise determination of harvest date, the applica-
tion of 1-MCP, and limiting the duration under commercial handling conditions.

It should also be recognized that intensive suppression of ripening, achieved through
either CA/ULO storage or 1-MCP application, may be associated with potential sensory
trade-offs, including reduced aroma production and lower aroma intensity, which are
particularly important quality attributes in premium fruit markets [53,54]. Consequently,
decisions regarding postharvest management strategies should consider not only instru-
mental indicators of fruit quality but also the overall sensory profile, which ultimately
influences consumer acceptance and market value.

One limitation of the present study is the absence of a systematic assessment of phys-
iological storage disorders, such as internal browning and CO: injury. Although symp-
toms of these disorders were recorded during fruit evaluation, their occurrence was infre-
quent and largely confined to the most severe postharvest scenario, combining delayed
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harvest, the longest storage period, extended transport simulation, and shelf-life exposure
at 25 °C.

Because these disorders may substantially affect the commercial acceptability of
‘Gala’ apples after prolonged low-oxygen storage, and because their development is in-
fluenced by factors including fruit maturity, storage atmosphere, storage duration, and 1-
MCP treatment strategy [55], caution should be exercised when extrapolating the present
results to overall marketability. Therefore, the current study primarily addresses changes
in physicochemical quality and ethylene-related physiology. Future investigations should
incorporate quantitative assessments of storage disorder incidence and severity to enable
a more comprehensive evaluation of fruit performance during extended storage and ex-
port-oriented distribution.

In summary, under conditions of an extended distribution chain, the most effective
strategy for maintaining high quality of ‘Gala Schniga® SchniCo Red(s)’ apples involves
precise control of date of harvest, application of postharvest 1-MCP, and limitation of shelf
life [4,28,56]. Transport should be treated primarily as a means of stabilizing environmen-
tal conditions rather than as a key determinant of fruit quality.

Future research should adopt a more integrative approach by combining instrumen-
tal quality assessments with sensory analysis, aroma volatile profiling, measurements of
weight loss, and systematic evaluation of physiological storage disorders. Such parame-
ters would provide a more comprehensive understanding of the relationships between
postharvest logistics, fruit physiology, and market quality. Sensory assessment, in partic-
ular, would help determine whether the beneficial effects of 1-MCP on firmness retention
are accompanied by undesirable changes in aroma expression, sweetness perception, or
overall consumer acceptance.

In addition, further investigation of the interactions among preharvest weather con-
ditions, fruit physiological maturity at harvest, and 1-MCP treatment strategies is war-
ranted. A better understanding of these interactions could improve the prediction of post-
harvest behavior and help optimize management practices aimed at balancing fruit qual-
ity retention with the regulation of ripening and senescence processes during extended
storage and long-distance distribution [6,33].

5. Conclusions

Firmness retention in ‘Gala Schniga® SchniCo Red(s)’ apples throughout long-term
storage, simulated transport, and subsequent shelf-life exposure was influenced predom-
inantly by postharvest management factors. Of all variables examined, postharvest 1-
MCP treatment exerted the strongest positive effect on firmness preservation, clearly sur-
passing the contributions of harvest-related factors, storage regime, and transport dura-
tion. This finding confirms that postharvest ethylene inhibition constitutes a key techno-
logical intervention for maintaining the structural quality and marketability of apples in-
tended for long-distance export supply chains.

Firmness was also strongly influenced by harvest date and shelf-life duration. De-
layed harvest significantly reduced firmness, while prolonged shelf life at elevated tem-
peratures caused the greatest deterioration after fruit were removed from storage. In con-
trast, the effect of simulated transport duration was statistically significant but relatively
small, indicating that firmness loss at the target market was driven more by the time spent
under retail conditions than by transport itself.

Preharvest 1-MCP treatment had only a supportive effect on firmness retention,
whereas postharvest 1-MCP treatment decisively improved the fruit’s storage potential
and limited the intensity of softening throughout the extended supply chain. At the same
time, storage technology (ULO 1 vs. ULO 2) played a comparatively minor role in firmness
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preservation, suggesting that under effective ethylene inhibition, the precise static CA re-
gime is of secondary importance for this trait.

Collectively, the results indicate that the combination of harvest at the optimal ma-
turity stage, postharvest 1-MCP treatment, and minimization of shelf-life duration after
transport represents the most effective strategy for maintaining firmness in ‘Gala Schniga®
SchniCo Red(s)” apples destined for distant markets. These findings have direct practical
implications for the optimization of postharvest management systems designed to pre-
serve fruit quality during long-term storage and export-oriented distribution. Given that
the present study was limited to instrumental assessments of fruit quality, future investi-
gations should incorporate sensory analyses and quantitative evaluations of physiological
storage disorders to verify whether the observed benefits in firmness retention translate
into improved overall quality and consumer acceptance.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture16131397/s1. Figures S1-S24 present changes in
ethylene production and respiration rate of ‘Gala Schniga® SchniCo Red(s)" apples during 14 days
at 25 °C following 6 weeks of simulated transport after 5, 7, or 9 months of storage under ULO 1 or
ULO 2 conditions in the 2022/2023 and 2023/2024 storage seasons.
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