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Abstract

Optimizing crop load through chemical thinning is essential for yield stability and fruit
quality in intensive apple production, yet the relationships between tree growth, yield com-
ponents, and fruit quality remain insufficiently characterized. This three-year study (2022-
2024) evaluated four thinning strategies (control, ammonium thiosulfate [ATS]+ethephon,
benzyladenine [BA]+ethephon, and ATS+BA+ethephon) across parameters of the apple cv.
‘Gala Schniga Schnitzer”: trunk cross-sectional area (TCSA), fruit yield (Y), fruit number
per tree (FNT), crop load-number (CLnm), crop load-kg (CLkg), fruit size (FS), fruit weight
(FW), water-soluble solids content (SSC), and fruit firmness (FF). Chemical thinning and
year significantly but differentially affected yield components and fruit quality traits. In
the ATS+BA+ethephon treatment, FS in 2023, FW in 2023 and 2024, and Y in 2024 signifi-
cantly exceeded the control treatment in the respective years. Correlation analysis revealed
strong positive relationships between FNT-Y, CLnm—CLkg, and FW-FS, with the strongest
association observed between FW and FS (r = 0.98 in 2022 and 2023). Regression analyses
confirmed significant linear relationships between FW-FS, FNT-Y, and CLnm-CLkg across
thinning treatments. PCA explained 66.93, 54.89, and 50.91% of total variance by PC1 and
PC2 in 2022-2024, respectively, with FS and FW showing the longest vectors in all years.
The PCA structure varied among years, reflecting differences in the relative contributions of
yield, crop load, tree growth, and fruit quality traits. Overall, chemical thinning should be
considered not merely for reducing fruit number, but for regulating crop load and balancing
productivity and fruit development, with effects varying by trait and year.

Keywords: chemical thinning; correlation; crop load regulation; PCA; regression analysis;
trait relationships; yield stability

1. Introduction

Excessive fruit set can disrupt the balance between source capacity and reproductive
sinks, increasing competition among developing fruits for assimilates. Consequently, ex-
cessive crop loads often result in reduced fruit size, lower accumulation of flavor-related
compounds, poor coloration, delayed maturation, and impaired return bloom in the follow-
ing season [1-10]. Therefore, timely thinning of surplus fruitlets is essential for maintaining
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balanced yield performance and fruit quality. Early thinning has been shown to improve
fruit size and quality by increasing flesh firmness and sugar content, while also promoting
fruit coloration and advancing ripening [11-17].

Fruit thinning can be achieved through mechanical or chemical approaches, with
chemical thinning being widely used in intensive apple production due to its effectiveness
and flexibility. The timing and efficacy of chemical thinning are strongly influenced by
cultivar characteristics, phenological stage, environmental conditions, and the applied
compound. Properly timed thinning interventions can improve fruit size, enhance firmness
and soluble solids content, promote better fruit coloration, and contribute to more balanced
yield performance [12-17].

For chemical thinning, various substances may be used, such as ammonium thiosulfate
(ATS), 6-benzyladenine (BA), ethylene, or metamitrone in apple production. Each of them
should be applied under determined fruit size and weather conditions [18,19]. ATS is
applied as an aqueous solution at different concentrations and has a burning effect through
the reduction of water within the pollen tube until it is well developed enough to fertilize
the ovule. In the case of unopened or already fertilized flowers, ATS has no effect. The
thinning response and the risk of phytotoxic effects, particularly injury to spur leaves, are
strongly influenced by cultivar sensitivity, application timing, concentration, and weather
conditions [6,20-22]. Depending on flowering conditions, ATS may be applied once or
twice during bloom, and its effect can be supplemented by subsequent applications of
ethylene or other thinning agents during the growing season. Properly applied ATS reduces
the fruit number per cluster, promotes optimal fruit size, improves flesh firmness and other
quality attributes, enhances coloration, and contributes to more balanced yield performance
in subsequent seasons.

The application of BA is based on its ability to temporarily reduce photosynthetic
activity for approximately seven days after treatment, thereby limiting assimilate avail-
ability for developing fruitlets during a critical period of fruit development. At the same
time, BA promotes the growth of the most advanced fruitlets, which subsequently in-
crease auxin production and further restrict the development of weaker fruitlets within
the cluster. This enhanced developmental differentiation stimulates ethylene production
in smaller fruitlets, ultimately promoting their abscission during the June fruit drop pe-
riod [17,23-26]. Consequently, a greater difference in developmental status among fruitlets
within a cluster generally results in more effective thinning responses. The efficacy of BA
application is strongly influenced by environmental conditions, with optimal responses
typically achieved at temperatures between 18 and 25 °C and under dry leaf surface con-
ditions. At the recommended fruitlet size of 8-12 mm, BA applications may reduce fruit
number by up to approximately 20% [27-30].

Combined applications of ATS and BA may provide more consistent crop load regula-
tion than single-agent treatments by targeting different stages of fruit development. While
ATS primarily reduces fruit set during bloom, BA regulates fruitlet competition after bloom,
enabling a more precise adjustment of final fruit number. Such complementary effects may
improve fruit size, quality attributes, and return bloom, while reducing variability caused
by unfavorable application conditions [6,26,31-37].

Although the physiological consequences of chemical thinning in apple production
have been extensively investigated, studies that simultaneously integrate vegetative growth
responses, yield formation, and fruit quality attributes using multivariate approaches
remain scarce, particularly under intensive orchard management conditions. Such ap-
proaches are essential for revealing complex trait interactions that cannot be captured by
single-trait analyses. Accordingly, this study addresses two main research questions: (i)
how do ATS+ethephon, BA+ethephon, and their combined application affect vegetative
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growth, crop load, yield, and fruit quality across contrasting growing seasons? (ii) Do these
yearly thinning strategies modify the relationships among these traits, resulting in distinct
integrated response patterns? We hypothesized that thinning treatments would modify
the balance between vegetative growth, crop load, yield, and fruit quality, with responses
varying among traits and growing seasons. We further hypothesized that these yearly
thinning strategies would modify the relationships among these traits, resulting in distinct
integrated response patterns.

Therefore, this three-year study was designed to assess the effects of four thinning
strategies (control, ATS+ethephon, BA+ethephon, and ATS+BA+ethephon) on nine key tree
and fruit performance indicators, including trunk cross-sectional area, fruit yield, fruit num-
ber per tree, crop load expressed as fruit number per unit trunk cross-sectional area, crop
load expressed as yield per unit trunk cross-sectional area, fruit size, fruit weight, water-
soluble solids content, and fruit firmness. Furthermore, multivariate analyses were applied
to elucidate relationships among these traits and to identify integrated patterns associated
with thinning treatments and their year-dependent responses on orchard performance. The
findings provide insights into the optimization of chemical thinning practices for intensive
apple production using the commercially important cultivar (cv.) ‘Gala Schniga Schnitzer’.

2. Materials and Methods
2.1. Location, Planting Material, Orchard Management, and Meteorological Conditions

A three-year study (2022-2024) was performed in a commercial apple orchard of
Gardenova Ltd., in eastern Hungary, near the village of Nyirtass (48°06'50.4" N, 22°01'30.0"”
E). The main soil parameters of the experimental site are included in Table 1. The soil was
classified as a moderately compacted clay loam, with plasticity indices of 36 and 38 in
the 0-30 cm and 30-60 cm soil layers, respectively. Soil pH ranged from slightly acidic to
nearly neutral, with values of 6.48 and 6.94 in the upper and lower layers, respectively.
The humus content was approximately 2.7% in both layers, which is considered below
the optimal level. The nitrate- and nitrite-nitrogen (NO3 ™~ + NO; ™)-N) content was low,
reaching 3.32 and 4.85 mg kg ! in the 0-30 cm and 30-60 cm layers, respectively. The soil
exhibited high phosphorus and magnesium availability, with P,Os concentrations of 344
and 346 mg kg ! and Mg concentrations of 327 and 330 mg kg ! in the respective layers.
Potassium availability ranged from moderate to good, with concentrations of 142 mg kg~!
in the upper layer and 199 mg kg~ ! in the lower layer.

Table 1. Main soil characteristics of the experimental orchard site at Nyirtass, Hungary, in 2024, with
reference optimal ranges for moderately compacted clay loam according to the Agricultural Technical
Guidelines [38].

Soil Parameters 0-30 cm 30-60 cm Optimal Value
pH (KC]) 6.48 6.94 6.0-6.8
Plasticity index (KA) 36 38 43-50
Humus content (%) 2.72 2.67 3-5
(NO3+NO,)-N (mg kg—1) (KC) 3.32 4.85 7-30
P,0s5 (mg kg~!) (AL) 344 346 80-120
K>O (mg kg~1) (AL) 142 199 180-250
Mg (mg kg~!) (KCI) 327 330 150-250

The concentrations of AL-extractable phosphorus (P), potassium (K), and magnesium (Mg) in the
soil were quantified using the procedure described by Egnér et al. [39]. The soil nitrate- and nitrite-
nitrogen NO3~ + NO, "N levels were determined according to the Skalar analytical method [40].

The experimental orchard was established in spring 2014. Trees were grafted onto M.9
T337 rootstock and trained using a slender spindle training system, with an in-row and
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between-row spacing of 4.0 x 0.8 m. At the initiation of the experiment in 2022, the trees
were eight years old and had an average canopy height of approximately 3.5 m. This study
was conducted on a single apple cultivar, ‘Gala Schniga Schnitzer’, an Italian-selected bud
mutation of ‘Royal Gala’ [41].

Orchard management followed the guidelines of the European Integrated Fruit Pro-
duction (IFP) system [42]. Crop protection practices were based on IFP-approved fungicides
and insecticides, with the number of annual spray treatments ranging from 14 to 19 during
the 2022-2024 growing seasons, depending on the prevailing pest and disease incidence.
Winter pruning was carried out annually during the dormant season to regulate tree form
and maintain an appropriate canopy structure. Irrigation was provided throughout the
experimental period using a drip irrigation system. Orchard nutrient management con-
sisted of separate applications of nitrogen, phosphorus, potassium, and calcium fertilizers.
In March each year, 300 kg ha~! Pétis6 (27-0-0 N-P,05-K,O; Nitrogénmtivek Zrt., Pétfiirds,
Hungary) was applied, providing 81 kg N ha~!. In December, 200 kg ha~! potassium
chloride (0-0-60 N-P,05-K,0) was applied, providing 120 kg K,O ha~!, together with
200 kg ha~! superphosphate (0-28-0 N-P,Os5-K,0), providing 56 kg P,Os ha~!. During
flowering, 100 kg ha~! calcium nitrate (15.3-0-0 N-P,05-K,0; 14.2% nitrate-N and 26.5%
CaO) was supplied through drip irrigation. The orchard floor vegetation was managed by
mowing the grass-covered alleyways four to six times per year using a flail mower.

Meteorological parameters, including daily mean temperature, minimum temper-
ature, and precipitation, were obtained from a Metos agrometeorological station (Pessl
Instruments GmbH, Weiz, Austria) located in close proximity to the experimental orchard.
Weather observations were collected continuously from January 2022 to December 2024.

2.2. Fruit-Thinning Treatments

In our experiment, four fruit-thinning treatments were evaluated (control, ATS+ethephon,
BA+ethephon, and ATS+BA+ethephon) in an intensive apple orchard between 2022 and 2024
(Table 2). No manual or chemical fruit thinning was performed on the control trees during
any of the experimental years. For the ATS+ethephon treatment, ATS Agro Flo (UPL Hungary
Ltd., Budapest, Hungary.), containing 53% ammonium thiosulfate, was used in 2022 and
2024, whereas ATS Kristall (UPL Hungary Ltd., Budapest, Hungary), containing 96-98%
ammonium thiosulfate, was used in 2023. For the BA+ethephon treatment, Globaryll 100
(UPL Hungary Ltd., Budapest, Hungary), containing 100 g L~! 6-benzyladenine, was used. In
each year, the ATS+ethephon, BA+ethephon, and ATS+BA+ethephon treatments were applied
with Ethrel (Bayer Hungaria Ltd., Budapest, Hungary), containing 480 g L~! ethephon. Thus,
ethephon was included in all three chemical thinning treatments. No ethephon-only treatment
was included in the experimental design. No manual fruit thinning or other corrective crop
load adjustment was performed after the chemical thinning treatments in any experimental
year. Consequently, the final fruit number and yield reflected the effects of the chemical
thinning treatments under the respective year-specific orchard conditions.

In 2022, ATS+ethephon was applied one day after the opening of the king flowers,
on 3 May. In the BA+ethephon treatment, benzyladenine was applied at a fruit diameter
of 8-10 mm, on 15 May. In the ATS+BA+ethephon treatment, both thinning agents were
applied together with ethephon (Table 2).

In 2023, due to abundant and prolonged flowering, ATS+ethephon was applied twice,
on 28 April and 2 May, with ethephon included in both applications. The BA+ethephon
treatment was applied on 10 May at a fruit diameter of 8~10 mm. In the ATS+BA+ethephon
treatment, both thinning agents were applied together with ethephon (Table 2).
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Table 2. Description of thinning treatments and application rates applied to apple cv. ‘Gala Schniga
Schnitzer” in the experimental orchard at Nyirtass, Hungary (2022-2024).

Treatment/ Active Applied Product Name Date of Thinning and
Characteristics Ingredients Dose (Manufacturer) Phenological Phase
2022
Control - - - -
53% ammonium ATS Agro Flo (UPL
(" -1 .
ATS+ethephon thiosulphate 34Lha 9 Hul;lgalry Ltd.) 3 May: cent}‘al flower
+480 g L-! etefon +3dL ha + Ethrel (Bayer opening
Hungaria Ltd.)
100 g/L 151 ha-1 Globaryll 100 (UPL 15 May:
BA+ethephon benzyladenine . 2 dL ; 1 Hungary Ltd.) 8-10 mm fruit
+480 g L~! etefon a + Ethrel (see above) diameter
ATS+BA+ethephon same as single ATS and single BA treatments, including ethephon
2023
Control - - - -
o . ATS Kiristall (UPL 28 April: central
96-987 ammonium 225 kg ha™! Hungary Ltd.) flower openin
ATS+ethephon thiosulphate 58 a_l gary -td. ) pening
+480 g L-! etefon +3dL ha + Ethrel (Bayer 2 May: 4 days after
Hungaria Ltd.) central flower opening
-1
100 gL~ 1.5Lha! Globaryll 100 (UPL 4 \p v 810 mum fruit
BA+ethephon benzyladenine +2dL ha-1 Hungary Ltd.) diameter
+480¢g L~! etefon + Ethrel (see above)
ATS+BA+ethephon same as single ATS and single BA treatments, including ethephon
2024
Control - - - -
53% ammonium ATS Agro Flo (UPL
o 1 .. .
ATS+ethephon thiosulphate 35Lha 71 Hungary Ltd.) 8 April: beginning of
+480 g L~! etefon +3dL ha + Ethrel (Bayer petal fall
Hungaria Ltd.)
-1
100gL . 1.5Lha™! Globaryll 100 (UPL 28 April: 12-14 mm
BA+ethephon benzyladenine +2dLha-1 Hungary Ltd.) fruit diameter
+480 g L ! etefon + Ethrel (see above)
ATS+BA+ethephon same as single ATS and single BA treatments, including ethephon

In 2024, the growing season started exceptionally early, approximately 3 weeks ahead
of the usual phenological schedule. Due to the high risk of spring frost and the lower
flower density, ATS+ethephon was applied at the beginning of the petal fall of the king
flowers, on 8 April. BA+ethephon was also applied later than usual, on 28 April, at a fruit
diameter of 12-14 mm. In the ATS+BA+ethephon treatment, both thinning agents were
applied together with ethephon (Table 2).

All treatments were applied using a Kertitox Bora 2000 air-assisted orchard sprayer
(Farmgép Ltd., Debrecen, Hungary), operated at a forward speed of 8.5 km h~! and a spray
pressure of 9 bar. The spray volume was determined based on the grower’s practical expe-
rience with the orchard. It was 700 L ha~! in 2022 and was increased to 1000 L ha~! in 2023
and 2024; the same volume was used for all treatments within each year. The sprayer was
equipped with ceramic-insert ATR 80 hollow-cone nozzles. The ATS+ethephon treatments
were applied during daytime (12:00-14:00), whereas the BA+ethephon treatments were
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applied in the early morning (06:00-08:00). Applications were performed without rainfall
during spraying.

2.3. Assessment of Nine Parameters

Nine fruit production and quality-related traits were assessed, including trunk cross-
sectional area (TCSA), yield per tree (Y), fruit number per tree (FNT), crop load expressed
as fruit number per unit trunk cross-sectional area (CLnm), crop load expressed as yield per
unit trunk cross-sectional area (CLkg), fruit size (FS), fruit weight (FW), water-soluble solids
content (S5C), and fruit firmness (FF). For each treatment, seven trees were designated
within each plot, with four independent replicate plots established per treatment in each
year. The experiment was arranged as a completely randomized design, with treatments
independently and randomly assigned to plots within each year; therefore, treatment
assignment was not retained at the same plot positions across the three experimental years.
No blocking factor was used. The plot was considered the experimental unit, with four
independent plot-level replicates per treatment in each year. The treatment plots were
spatially separated by approximately 30 m within orchard rows and by approximately 16 m
between the experimental rows. The measured trees were located in the central part of
the respective treatment plots, with border trees separating them from adjacent treatment
areas to minimize potential spray drift and treatment interference. The five central trees
within each plot were used for data collection, whereas the outer trees (first and seventh
trees) served as border plants and were excluded from measurements to minimize edge
effects. The plot was considered the experimental unit, with four independent plot-level
replicates per treatment in each year. From each tree, 20 fruit samples were collected;
altogether, 5 x 20 = 100 fruits were collected per plot, and across the four independent
replications, 4 x 100 = 400 fruits per treatment/year/measured variable were evaluated
for fruit-related measurements.

Trunk diameter was recorded annually following leaf abscission (24 November 2022,
20 November 2023, and 17 November 2024) using a Vernier caliper. These measurements
were subsequently converted into trunk cross-sectional area (TCSA, cm?). At commercial
harvest maturity (31 August 2022, 4 September 2023, and 23 August 2024), fruits from each
experimental tree were harvested separately, and the total fruit number and yield per tree
were determined. Crop load was calculated using two approaches: (i) the ratio of fruit
number to trunk cross-sectional area (fruit number cm~2 TCSA) and (ii) the ratio of yield
to trunk cross-sectional area (kg cm ™2 TCSA).

Fruit size was determined on a subsample of 20 fruits per tree using a Vernier caliper.
Fruit size was measured at the maximum equatorial diameter of each fruit. The measure-
ments were performed on 20 fruits from each of the five measured trees within each plot,
resulting in 100 evaluated fruits per plot and 400 fruits per treatment per year across the
four independent replicate plots. For statistical analysis, measurements obtained from the
five trees within each plot were averaged to provide one plot-level observation.

Fruit firmness was assessed on a representative subsample of 12 fruits selected from
the 100 fruits collected from each experimental plot. The 12 fruits were divided into four
groups of three fruits. Firmness was measured using a PCE-PTR 200 N digital penetrometer
(Eurochrom Ltd., Szombathely, Hungary) equipped with an 11 mm diameter probe. Before
measurement, the skin was removed at the measurement sites. Three measurements were
performed on each fruit at three equally spaced points along the fruit’s maximum diameter
to account for local variation in firmness and obtain a representative fruit-level value. The
probe was inserted to a depth of 0.6 cm. All measurements were performed by the same
operator using a consistent penetration procedure and comparable force throughout the
measurements. The penetrometer was factory-calibrated, and no additional calibration
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was performed before the measurements. Firmness values were recorded directly from the
instrument in kg cm 2, and this unit was retained in the statistical analyses and text. The
measurements were averaged to obtain one plot-level firmness value for each experimental
plot. Thus, four independent plot-level observations were obtained per treatment for
statistical analysis.

Water-soluble solids content was determined from the same fruits per treatment as for
fruit firmness using a digital refractometer (PAL-1, ATAGO Co., Ltd., Tokyo, Japan). The
fruits were processed individually using a juice extractor to obtain separate juice samples
per treatment. For each juice sample, five refractometer readings were taken and averaged
before statistical analysis. Fruit firmness and water-soluble solids content were measured
one day after harvest in each experimental year.

2.4. Data Analyses
2.4.1. Analysis of Variance

For each combination of year and thinning treatment, the values of the nine measured
variables (TCSA, Y, FNT, CLnm, CLkg, FD, FW, SSC, and FF) were obtained for each of the
four independent replicate plots. The resulting dataset was subjected to analysis of variance
separately for each year to determine the effects of thinning treatment on the measured
variables. Thus, four independent plot-level observations were available for each thinning
treatment in each year. Whenever significant differences were detected (p < 0.05), treatment
means for each measured variable were compared using the least significant difference
(LSD) test at the 5% significance level among thinning treatments within each year. All
statistical analyses were performed using Genstat Release 9.1 (Lawes Agricultural Trust,
IACR, Rothamsted, UK).

2.4.2. Correlation and Linear Regression Analyses

Relationships among the measured variables were examined using Pearson’s correla-
tion analysis, with statistical significance evaluated at the 5% probability level (p < 0.05).
Correlation coefficients (r) were calculated separately for each year (2022, 2023, and
2024) by combining four replicates and four thinning treatments (control, ATS+ethephon,
BA-+ethephon, and ATS+BA+ethephon), n =4 x 4 = 16, for each parameter. Parameter pairs
exhibiting strong positive or negative associations (|7 | > 0.5) were identified within each
year. The strongest correlated variable pairs were subsequently visualized using scatter-
plots, and simple linear regression models were fitted separately for each year. Differences
between regression slopes were evaluated using t-tests to determine whether the fitted
relationships differed significantly (p < 0.05) among the three years. All statistical analyses
were performed using Genstat Release 9.1 (Lawes Agricultural Trust, IACR, Rothamsted,
UK). Correlation coefficients were visualized as heatmaps, whereas the linear regression
models were generated in R version 4.5.2 [43] using the packages ggplot2 version 3.5.1 [44],
reshape?2 version 1.4.4 [45], and dplyr version 1.1.4 [46].

2.4.3. Principal Component Analysis

Principal component analysis (PCA) was applied to investigate the multivariate rela-
tionships among the nine measured variables, with fruit firmness excluded in 2022 because
these data were not available for that year. Prior to analysis, all variables were standardized
to a mean of zero and a standard deviation of one to eliminate differences in measurement
scales. The percentage of total variance explained by each principal component was cal-
culated separately for each year, and the first two principal components (PC1 and PC2)
were used to visualize the multivariate structure of the dataset for the three years (2022,
2023, and 2024). Eigenvectors were obtained from the PCA rotation matrix. For biplot
visualization, the PC1 and PC2 eigenvector coordinates were multiplied by a constant factor
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of 5 solely to improve the visual representation of the variable vectors. Because the signs of
principal component axes are arbitrary, their direction may be reversed without affecting
the interpretation of the PCA. Principal component analysis and biplot visualization were
carried out in R version 4.5.2 [43] using the packages ggplot2 version 3.5.1 [44], dplyr
version 1.1.4 [46], and ggrepel version 0.9.6 [47]. Data import and export procedures were
performed using the readxl version 1.4.5 [48] and openxlsx version 4.2.8 [49] packages,
respectively.

3. Results
3.1. Analysis of Variance

Analysis of variance revealed that trunk cross-sectional area (TCSA), fruit yield (Y),
fruit number per tree (FNT), crop load-number (CLnm), crop load-kg (CLkg), fruit size
(FS), fruit weight (FW), water-soluble solids content (SSC), and fruit firmness (FF) were
significantly affected (p < 0.05) by year and thinning treatment, except for TCSA, for which
the effect of thinning treatment was not significant (Table 3).

Table 3. Analysis of variance for the effects of thinning treatments (control, ATS+ethephon,
BA+ethephon, and ATS+BA-+ethephon) separately for the years 2022, 2023, and 2024 on trunk
cross-sectional area (TCSA), fruit yield (Y), fruit number per tree (FNT), crop load-number (CLnm),
crop load-kg (CLkg), fruit size (FS), fruit weight (FW), water-soluble solids content (SSC), and fruit
firmness (FF). SoV: source of variation; df: degrees of freedom; MS: mean squares; p: the probability
values associated with the F-tests. For FF, data were not available in 2022.

TCSA Y FNT CLnm CLkg
SoV df MS p df MS P df MS P Df MS P df MS P
2022
Thinning 3 9.02 068 3 252 0045 3 1039 0.166 3 133 0.049 3 0.029  0.049
Residuals 12 17.9 12 8.2 12 5171 12 0.91 12 0.019
2023
Thinning 3 194 0533 3 60.1 0049 3 2396  0.047 3 145  0.043 3 0.025 0.042
Residuals 12 252 12 249 12 1195 12 0.47 12 0.013
2024
Thinning 3 815 0798 3 379 0048 3 186.5 0.812 3 0.581 0.291 3 0.006  0.458
Residuals 12 24.1 12 26.9 12 586.3 12 0.68 12 0.024
FS FW SSC FF
SoV df MS p df MS P df MS p df MS P
2022
Thinning 3 429 0127 3 1742 0039 3 133 <0.001 - - -
Residuals 12 1.85 12 64.9 12 0.09 - -
2023
Thinning 3 16.1 0001 3 1138  <0.001 3 0.55  0.002 3 0.88  0.001
Residuals 12 1.02 12 53.3 12 0.03 12 0.08
2024
Thinning 3 356 0249 3 139.8 0.049 3 0.05 0.386 3 0.02 0.785
Residuals 12 227 12 107.9 12 0.37 12 0.08
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3.2. Meteorological Parameters

During the experimental period, no major weather-related events causing visible
damage to tree productivity were observed in the orchard. Throughout the 2022-2024
study period, monthly mean air temperatures ranged from —0.4 to 24.4 °C (Table S1),
indicating pronounced seasonal and interannual variability in thermal conditions. Mini-
mum temperatures ranged from —9.9 to 15.1 °C (Table S1), with no recorded winter injury
or late spring frost damage. The long-term average annual precipitation in the region is
580-620 mm; however, all three experimental years were characterized by below-average
precipitation, with annual totals ranging from 310 to 512 mm. Monthly precipitation varied
considerably (1.0-109.8 mm; Table S1), reflecting differences in water availability during
the growing seasons.

3.3. Vegetative Growth Parameter: Trunk-Cross Sectional Area—TCSA

The TCSA values continuously increased during the experimental period (Figure 1).
In the first experimental year (2022), the trunk cross-sectional area of the examined trees
ranged from 29.2 to 32.5 cm?, whereas in the third experimental year (2024), values increased
to 38.5-41.7 cm?. No significant differences were observed among treatments within
individual years.

O Control

45 4 B ATS+ethephon
. B BA-+ethephon
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Figure 1. Trunk cross-sectional area (TCSA, cm?) of the apple cv. ‘Gala Schniga Schnitzer’ under four
thinning treatments (control, ATS+ethephon, BA+ethephon, and ATS+BA+ethephon) in Nyirtass,
Hungary, during 2022-2024. Differences among treatments were evaluated using the LSD g5 test at
the 5% significance level. The same lowercase letter “a” above all columns indicates that there were
no significant differences among thinning treatments within each year (p > 0.05).

3.4. Yield-Related Parameters
3.4.1. Fruit Number per Tree—FNT

Over the three-year study period, the number of fruits per tree ranged from 65 to
189 fruits tree ! (Figure 2A). The lowest fruit number (65 fruits tree 1) was recorded in
ATS+ethephon-treated trees in 2023, whereas the highest value (189 fruits tree™!) was
observed in BA+ethephon-treated trees in 2024. The thinning treatments within years
significantly affected FNT only in 2023, when BA-treated trees showed significantly higher
FNT values compared with the ATS+ethephon-treated trees.
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Figure 2. Fruit number per tree (FNT, panel (A)) and yield (Y, kg tree 1, panel (B)) of the apple cv.
‘Gala Schniga Schnitzer” under four thinning treatments (control, ATS+ethephon, BA+ethephon, and
ATS+BA+ethephon) in Nyirtass, Hungary, during 2022-2024. Differences among treatments were
evaluated using the LSDy g5 test at the 5% significance level. Means followed by different lowercase
letters (a,b) indicate significant differences among treatments within each year (p = 0.05).

3.4.2. Fruit Yield (Kg) per Tree—Y

During the assessment period, fruit yield ranged from 12.0 to 35.3 kg tree™!
(Figure 2B). The highest yield was recorded in the ATS+BA+ethephon treatment in 2024
(35.3 kg tree 1), whereas the lowest yield was observed in the BA+ethephon treatment
in 2023 (12.0 kg tree™!). Significant differences in fruit yield among the four thinning
treatments were detected in all years. In 2022, the BA+ethephon treatment resulted in a sig-
nificantly higher fruit yield (27.5 kg tree ') compared with the control trees (21.9 kg tree ™ !).
In 2023, fruit yield in the ATS+ethephon treatment (21.5 kg tree ') was significantly
higher than that in the BA+ethephon treatment (12.0 kg tree!). In 2024, fruit yield in
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the ATS+BA+ethephon treatment (35.3 kg tree™!) was significantly higher than that in the
control treatment (28.4 kg tree ™ 1).

3.4.3. Crop Load: Fruit Number per cm>—CLnm

During the trial period, crop load values ranged from 1.87 to 6.11 fruits cm™2

(Figure 3A). The highest crop load was recorded in the BA+ethephon treatment in 2022
(6.11 fruits cm~2), whereas the lowest value was observed in the ATS+ethephon treat-
ment in 2023 (1.87 fruits cm~2). Significant differences in CLnm were detected in 2022
and 2023. In 2022, BA+ethephon treatment resulted in a significantly higher CLnm value
(6.11 fruits cm—2) compared with the control and ATS+BA+ethephon treatments (4.99 and
5.10 fruits cm~2, respectively). In 2023, ATS+ethephon treatment resulted in a signifi-
cantly lower CLnm value (1.87 fruits cm~2) compared with the control and BA+ethephon
treatments (3.08 and 3.16 fruits cm 2, respectively).
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Figure 3. Crop load (number cm~2, CLnm, panel (A)) and crop load (kg cm~—2, CLkg, panel (B)) of the
apple cv. ‘Gala Schniga Schnitzer” under four thinning treatments (control, ATS+ethephon, BA+ethephon,
and ATS+BA+ethephon) in Nyirtass, Hungary, during 2022-2024. Differences among treatments were
evaluated using the LSDy o5 test at the 5% significance level. Means followed by different lowercase
letters (a,b,c) indicate significant differences among treatments within each year (p = 0.05).
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3.4.4. Crop Load: Fruit (kg) per cm?

Crop load, expressed as yield per unit trunk cross-sectional area (CLkg), ranged from
0.38 to 0.94 kg cm 2 during the experimental period (Figure 3B). The maximum CLkg
value was observed in the BA+ethephon treatment in 2022 (0.94 kg cm~2), whereas the
minimum value occurred in the same treatment in 2023 (0.38 kg cm~2). In 2022, the
BA+ethephon treatment showed a higher CLkg value (0.94 kg cm~2) compared with the
control treatment (0.73 kg cm~2). In 2023, the ATS+ethephon treatment showed a higher
CLkg value (0.57 kg cm~2) compared with the BA+ethephon treatment (0.38 kg cm™~2).

3.5. Physicochemical Fruit Quality Parameters
3.5.1. Fruit Size—FS

During the experimental period, fruit size reached the required 70 mm each year,
except for the control and ATS+ethephon treatments in 2022 (Figure 4A). Over the three-
year trial, fruit size ranged from 69.1 to 75.5 mm.
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Figure 4. Fruit size (FS, mm, panel (A)) and fruit weight (FW, g, panel (B)) of the apple cv. ‘Gala
Schniga Schnitzer” under four thinning treatments (control, ATS+ethephon, BA+ethephon, and
ATS+BA+ethephon) in Nyirtass, Hungary, during 2022-2024. Differences among treatments were
evaluated using the LSD g5 test at the 5% significance level. Means followed by different lowercase
letters (a,b) indicate significant differences among treatments within each year (p = 0.05).
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The smallest fruit size (69.1 mm) was measured in 2022 in the ATS+ethephon treatment,
while the largest fruits (75.5 mm) were harvested from the ATS+BA+ethephon treatment in
2023. Regarding the thinning treatment effects, the ATS+BA+ethephon treatment signifi-
cantly increased fruit size compared with the control only in 2023.

3.5.2. Fruit Weight—FW

Over the three-year trial, fruit weight ranged from 142 to 194 g (Figure 4B). The highest
fruit weight (194 g) was recorded in the ATS+BA+ethephon treatment in 2023, whereas
the lowest value (142 g) was observed in the ATS+ethephon treatment in 2022. Treatment
effects revealed that fruit weight was significantly higher in all thinning treatments than in
the control treatment in 2023. Furthermore, the ATS+BA-+ethephon treatment resulted in
significantly higher fruit weight than the ATS+ethephon and control treatments in 2022
and 2024.

3.5.3. Water-Soluble Solids Content—SSC

Water-soluble solids content ranged from 9.77 to 12.23 °Brix (Figure 5A). The lowest
value (9.77 °Brix) was observed in the control treatment in 2023, whereas the highest value
(12.23 °Brix) was recorded in the same treatment in 2022. A significant treatment effect was
detected in 2022 and 2023. The BA+ethephon treatment showed significantly lower values
(10.83 °Brix) than the control and ATS+BA+ethephon treatments (12.23 and 11.07 °Brix) in
2022. In contrast, in 2023, BA+ethephon treatment resulted in significantly higher values
(10.67 °Brix) compared with the control treatment (9.77 °Brix).

3.5.4. Fruit Firmness—FF

During the assessment period (2023-2024), fruit firmness ranged from 5.62 kg cm~2 in
the ATS+BA +ethephon treatment in 2023 to 7.15 kg cm 2 in the same treatment in 2024
(Figure 5B). Regarding treatment effects, significant differences were detected in 2023, when
fruit firmness in the ATS+BA+ethephon treatment was significantly lower (5.65 kg cm~2)
than in the other three treatments (6.45-6.66 kg cm~?2). In 2024, no significant differences
between treatments were observed (Table 3).
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Figure 5. Cont.
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Figure 5. Water-soluble solids content (SSC, panel (A), 2022-2024) and fruit firmness (kg cm 2, panel
(B), 2023-2024) of the apple cv. ‘Gala Schniga Schnitzer” under four thinning treatments (control,
ATS+ethephon, BA+ethephon, and ATS+BA+ethephon) in Nyirtass, Hungary. Differences among treat-
ments were evaluated using the LSDy o5 test at the 5% significance level. Means followed by different
lowercase letters (a,b) indicate significant differences among treatments within each year (p = 0.05).

3.6. Correlation Between Parameters

The highest Pearson correlation coefficient (r = 0.98) was observed between FW and
FS in 2022 and 2023 (Figure 6A,B). In the 2022 dataset, the correlation coefficients were
significant for eight parameter pairs, of which five were positive (Y vs. FNT, CLnm vs. FNT,
CLkg vs. ENT, CLkg vs. CLnm, and FW vs. FS) and three were negative (55C vs. FNT, SSC
vs. CLnm, and SSC vs. CLkg) (Figure 6A). In the 2023 dataset, the correlation coefficients
were significant for six parameter pairs, of which four were positive (FNT vs. TCSA, Y vs.
FNT, CLkg vs. CLnm, and FW vs. FS) and two were negative (FF vs. FS and FF vs. FW)
(Figure 6B). The r values for the 2024 dataset were significant for three parameter pairs, and
all three were positive (Y vs. FNT, CLkg vs. CLnm, and FW vs. FS) (Figure 6C).
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Figure 6. Pearson’s correlation coefficients (r) among nine measured parameters for 2022 (A), 2023
(B), and 2024 (C) at Nyirtass for the apple cv. ‘Gala Schniga Schnitzer’. The nine parameters were:
trunk cross-sectional area (TCSA), fruit number per tree (FNT), fruit yield (Y), crop load-number
(CLnm), crop load-kg (CLkg), fruit size (FS), fruit weight (FW), water-soluble solids content (SSC),
and fruit firmness (FF). *, **, and *** indicate significance at p = 0.05, 0.01, and 0.001, respectively.

3.7. Linear Regression Among Selected Parameters

Among the evaluated trait relationships, FW vs. FS, ENT vs. Y, and CLnm vs. CLkg
showed the most pronounced and consistent correlations across the overall dataset and
individual thinning treatments. Therefore, these associations were selected for further
evaluation using regression models (Figure 7). Significant linear relationships were obtained
for all three variable combinations, with correlation coefficients ranging from r = 0.784 to
0.942 and corresponding p-values of 0.038-0.001 among the three years.
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Figure 7. Relationships between three variable pairs: FW vs. FS (A), ENT vs. Y (B), and CLnm vs.
CLkg (C) for the three years (2022, 2023, and 2024) in an experimental apple orchard at Nyirtass,
Hungary, on the apple cv. ‘Gala Schniga Schnitzer” (n = 48; four thinning treatments x three years x
four replications).

For the FW vs. FS relationship, increasing fruit weight was generally associated
with a slight increase in fruit size across all thinning treatments (Figure 7A). The FNT vs.
Y relationship showed that most fruit number per tree values increased proportionally
with increasing yield, regardless of thinning treatments (Figure 7B). Finally, the CLnm
vs. CLkg relationship indicated that increasing crop load, expressed in number per cm?

7
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was associated with an increasing crop load, expressed in kg per m~, across all thinning

treatments (Figure 7C).

3.8. Principal Component Analyses

The first five principal components (PCs) together explained 95.62, 93.47, and 88.49%
of the total variance in 2022, 2023, and 2024, respectively, and were therefore retained for
further interpretation based on the cumulative variance criterion (Table 4). In 2022, PC1
accounted for 39.35% of the total variance and was mainly associated with FNT, CLnm,
CLkg, and SSC (Table 4). PC2 explained 27.58% of the variance and was linked to FS and
FW. PC3 contributed 16.63% of the variance and was primarily related to TCSA, Y, CLkg,
and FS. PC4 explained 7.24% of the variance and was associated with TCSA and Y, while
PC5 accounted for 4.82% of the variance and was mainly related to CLnm and SSC (Table 4).
In 2023, PC1 accounted for 32.64% of the total variance and was mainly associated with FS,
FW, and FF (Table 4). PC2 explained 22.25% of the variance and was linked to TCSA, Y,
FNT, CLkg, and SSC. PC3 contributed 18.50% of the variance and was primarily related
to TCSA, Y, and CLnm. PC4 explained 12.51% of the variance and was associated with
FNT, CLnm, CLkg, SSC, and FF, while PC5 accounted for 7.57% of the variance and was
mainly related to CLkg and SSC (Table 4). In 2024, PC1 accounted for 28.62% of the total
variance and was mainly associated with Y, FNT, CLnm, CLkg, and FW (Table 4). PC2
explained 22.29% of the variance and was linked to Y, FS, and FW. PC3 contributed 15.18%
of the variance and was primarily related to TCSA and SSC. PC4 explained 12.91% of the
variance and was associated with CLnm, CLkg, and SSC, while PC5 accounted for 9.49% of
the variance and was mainly related to SSC and FF (Table 4).

Table 4. Eigenvalues, explained variance, and eigenvectors from the principal component analysis
(PCA) of nine measured variables under four thinning treatments (control, ATS, BA, and ATS+BA)
separately for 2022, 2023, and 2024, in an apple orchard experiment at Nyirtass, Hungary, with the cv.

‘Gala Schniga Schnitzer’.

Items PC1 PC2 PC3 PC4 PC5
2022
Eigenvalue 3.148 2.207 1.330 0.579 0.386
Proportion of variance (%) 39.35 27.58 16.63 7.243 4.819
Cumulative variance (%) 39.35 66.93 83.56 90.80 95.62
Eigenvectors
Trunk cross-sectional area—TCSA 0.155 —0.328 0.625 0.428 —0.151
Fruit yield—Y —-0.317 0.196 —0.416 0.790 0.085
Fruit number per tree—FNT —0.436 —0.203 —0.268 —0.247 0.282
Crop load number—CLnm —0.446 -0.219 0.283 —0.200 0.412
Crop load kg—CLkg —0.479 —0.104 0.369 0.225 0.074
Fruit size—FS —0.136 0.607 0.289 —0.041 0.040
Fruit weight—FW —0.158 0.610 0.243 —0.128 —0.059
Water-soluble solids content—SSC 0.462 0.120 0.076 0.150 0.843

PC1 PC2 PC3 PC4 PC5

2023
Eigenvalue 2.938 2.003 1.665 1.125 0.681
Proportion of variance (%) 32.64 22.25 18.50 12.51 7.571
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Items PC1 PC2 PC3 PC4 PC5
Cumulative variance (%) 32.64 54.89 73.39 85.89 93.47
Eigenvectors
Trunk cross-sectional area—TCSA —0.015 —0.359 0.580 0.111 —0.349
Fruit yield—Y —0.039 0.363 0.589 0.047 0.285
Fruit number per tree—FNT 0.025 —0.509 0.319 0.364 0.349
Crop load number—CLnm 0.224 —0.309 —0.356 0.528 —0.303
Crop load kg—CLkg 0.058 0.495 0.216 0.374 —0.598
Fruit size—FS —0.562 0.045 —0.126 0.095 —0.065
Fruit weight—FW —0.565 0.054 —0.082 0.090 —0.034
Water-soluble solids content—SSC —0.263 —0.365 0.140 —0.530 —0.445
Fruit firmness—FF 0.490 0.044 0.022 —0.368 —0.150

PC1 PC2 PC3 PC4 PC5

2024
Eigenvalue 2.576 2.006 1.366 1.162 0.854
Proportion of variance (%) 28.62 22.29 15.18 1291 9.494
Cumulative variance (%) 28.62 50.91 66.09 78.99 88.49
Eigenvectors
Trunk cross-sectional area—TCSA —0.056 —0.102 —0.723 0.020 —0.164
Fruit yield—Y 0.395 —0.418 —0.057 0.244 —0.031
Fruit number per tree—FNT 0.391 —0.319 —0.304 0.310 —0.237
Crop load number—CLnm 0.423 0.135 0.032 —0.545 —0.243
Crop load kg—CLkg 0.450 —0.166 0.269 —0.384 —0.157
Fruit size—FS —0.313 —0.565 0.043 —0.272 —0.079
Fruit weight—FW —0.371 —0.526 0.145 —0.201 —0.094
Water-soluble solids content—SSC —0.092 0.056 0.442 0.456 —0.685
Fruit firmness—FF —0.248 0.261 —0.300 —0.277 —0.590

In the biplots, fruit size (FS) and fruit weight (FW) exhibited the longest variable
vectors in all years. Both variables pointed toward the negative side of PC1 and the positive
side of PC2 in 2022 (Figure 8A), toward the negative side of PC1 with near-zero coordinates
on PC2 in 2023 (Figure 8B), and toward the negative sides of both PC1 and PC2 in 2024
(Figure 8C). In 2022, the CLkg, CLnm, and FNT vectors pointed toward the negative sides
of both PC1 and PC2, whereas the SSC vector pointed toward the positive sides of both
axes (Figure 8A). In 2023, the CLkg and FF vectors pointed toward the positive sides
of both PC1 and PC2, whereas the FNT vector had a near-zero coordinate on PC1 and
pointed toward the negative side of PC2 (Figure 8B). In 2024, the Y, FNT, and CLkg vectors
pointed toward the positive side of PC1 and the negative side of PC2, whereas the CLnm
vector pointed toward the positive sides of both PC1 and PC2 (Figure 8C). The remaining
variables exhibited shorter vectors with varying orientations along PC1 and PC2 across the
three years.
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Figure 8. Biplot of principal component analysis (PCA) separately for 2022 (A), 2023 (B), and 2024
(C) based on nine measured variables: trunk cross-sectional area (TCSA), fruit yield (Y), fruit number
per tree (FNT), crop load number (CLnm), crop load kg (CLKkg), fruit size (FS), fruit weight (FW),
water-soluble solids content (SSC), and fruit firmness (FF). An experimental apple orchard at Nyirtass,
Hungary, using the apple cv. ‘Gala Schniga Schnitzer’.
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4. Discussion

The present study demonstrated that chemical thinning strategies affected selected
components of reproductive performance and fruit quality in cv. ‘Gala Schniga Schnitzer’
apple trees, although treatment responses varied among traits and seasons. The absence
of major frost damage or severe weather-related disturbances allowed the evaluation of
thinning effects under representative intensive orchard conditions, while still capturing the
influence of annual environmental variation on tree responses. This year-to-year variation
was particularly evident in the magnitude and significance of treatment effects on fruit
number, crop load indices, fruit size, and fruit quality, whereas trunk cross-sectional area
was not significantly affected by thinning in any year.

4.1. Trunk Cross-Sectional Area

Trunk cross-sectional area (TCSA) is an important indicator of tree vegetative capac-
ity in intensive apple orchards and provides the basis for expressing crop load relative
to tree size [50]. In the present study, TCSA increased consistently from 2022 to 2024,
but no differences were detected among the control, ATS+ethephon, BA+ethephon, and
ATS+BA+ethephon treatments (Figure 1). This pattern is consistent with the ANOVA
results, which showed no significant thinning treatment effect on TCSA in any of the three
years (p = 0.533-0.798) (Table 3). This indicates that the observed differences in reproductive
load, yield formation, and fruit quality occurred without detectable differences in trunk
size among thinning treatments, suggesting that the short-term effects of thinning were
expressed primarily in reproductive and fruit quality traits rather than in measurable trunk
growth. Similar findings indicate that crop load manipulation may alter source—sink rela-
tionships and assimilate partitioning without causing measurable changes in trunk growth
over relatively short experimental periods [51]. The continuous increase in TCSA across
all treatments further suggests that ATS+ethephon- and BA+ethephon-based thinning
strategies did not adversely affect the continued vegetative growth of the trees under the
conditions of the present experiment.

4.2. Fruit Yield Components: Yield, Number, Size, and Weight

Fruit yield in intensive apple production depends on the balance between fruit reten-
tion and individual fruit growth, which determines productivity and fruit quality. Chemical
thinning regulates this balance and must therefore be optimized to maintain yield while
improving fruit size and weight [52,53].

In slender spindle orchard systems, target yields generally range between 20-25 kg tree !,
with approximately 90110 fruits tree ! [52,53]. Previous studies have characterized ‘Gala
Schniga Schnitzer” as a productive and regularly bearing cultivar under intensive orchard
conditions [54]. In the present study, fruit number ranged from 65 to 189 fruits tree !, and
yield ranged from 12.0 to 35.3 kg tree ! across the three experimental years (Figure 2A,B).
Analysis of variance showed significant effects of thinning treatment on fruit number and
yield, although the significance of the treatment effect varied among years. The treatment
effect was significant for fruit number only in 2023, whereas yield was significantly affected
by thinning treatment in all three years (Table 3). Such annual variation is consistent with
previous findings showing that temperature, radiation, precipitation, and tree carbohydrate
status influence flowering intensity, fruit retention, and thinning effectiveness [10,33,55].

Treatment effects on fruit number and yield varied among years. In 2023, ATS+ethephon-
treated trees had fewer fruits than BA-+ethephon-treated trees, whereas BA+ethephon pro-
duced the highest fruit number in 2024 (189 fruits tree~!). This response was particu-
larly evident in 2023, when ATS+ethephon-treated trees produced the lowest fruit number
(65 fruits tree™!) but maintained a relatively high yield (21.5 kg tree™!) due to increased
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fruit size. Similarly, in 2024, ATS+BA+ethephon produced the highest yield of the experi-
ment (35.3 kg tree ) without increasing fruit numbers compared with the other treatments,
indicating that enhanced individual fruit growth contributed substantially to yield improve-
ment (Figures 2A,B and 4A,B). Thus, the yield response cannot be characterized simply as a
consequence of reduced fruit number, but rather reflects treatment- and season-dependent
changes in the balance between fruit retention and individual fruit growth. These re-
sponses agree with previous findings showing that ATS+ethephon and BA+ethephon
applications can reduce fruit number while maintaining or improving fruit size, although
the magnitude of the response depends on cultivar, application timing, and environmental
conditions [3,26,27,34,37].

The observed relationship between reproductive load and yield reflects source-sink
regulation in apple trees, where reduced fruit number decreases competition among repro-
ductive sinks and increases assimilate availability for the remaining fruits [56]. Previous
studies have demonstrated that reduced crop load can maintain yield efficiency through
increased individual fruit growth rather than higher fruit number [50,53]. In the present
experiment, the strong positive relationships between fruit number and yield, and between
fruit weight and fruit size (Figures 6 and 7A,B), were consistent with the close contribution
of fruit number to total yield and the close association between fruit weight and fruit size.
Therefore, thinning responses should be interpreted through the integrated relationships
among reproductive load, yield formation, fruit growth, and quality development rather
than through individual parameters alone.

The ATS+ethephon treatment provided a clear example of the fruit treatment-
dependent response in 2023, when ATS+ethephon resulted in the lowest fruit number
(65 fruits tree~!) but maintained a yield of 21.5 kg tree !, indicating that the lower fruit
number was accompanied by greater individual fruit development. ATS acts primarily as
a blossom thinner by reducing initial fruit set and thereby modifying early reproductive
demand [57,58]. Similar responses have been reported in ‘Gala” and other apple culti-
vars, where ATS reduced fruit number while maintaining commercially acceptable yields
through improved fruit growth [21,57,59]. Basak [27] similarly demonstrated that ATS and
BA applications reduced fruit number while improving fruit size and reducing biennial
bearing tendency in several apple cultivars, including ‘Gala’.

Fruit size and fruit weight are among the most important determinants of apple
market value, with fruits exceeding approximately 70 mm in diameter generally preferred
for premium markets [53,60]. Previous studies on ‘Gala’ clones have shown that inadequate
crop regulation may restrict fruit size development, whereas effective thinning promotes
commercially desirable fruit characteristics [61,62]. In the present study, fruit size ranged
from 69.1 to 75.5 mm across treatments and years. The 70 mm threshold was reached
in all treatment combinations except the control and ATS+ethephon treatments in 2022.
A significant thinning treatment effect on fruit size was detected only in 2023, when
ATS+BA+ethephon produced larger fruit than the control (Figure 4A). The larger fruit
observed with ATS+BA+ethephon in 2023 may be consistent with complementary effects
of blossom and fruitlet thinning, although the present data do not allow the relative
contribution of the two active ingredients to be separated mechanistically [63,64]. BA
alone had variable effects on fruit number, yield, and fruit growth depending on year
(Figures 2A and 4A,B). Notably, fruit weight was more responsive to thinning than fruit
size in several treatment-year combinations: in 2023, all thinning treatments produced
significantly heavier fruit than the control, while ATS+BA-+ethephon also produced higher
fruit weight than ATS+ethephon and the control in 2022 and 2024. Similar advantages
of combined ATS and BA applications have been reported previously, demonstrating
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improved fruit size and productivity characteristics compared with single-component
thinning strategies [21,32,65].

4.3. Fruit Yield Components: Crop Load Measures

In apple production, the generally accepted optimal crop load is 6-8 fruits cm 2 [66].
According to Robinson and Watkins [50], fruit coloration begins to decline at a crop load of

~2, marketable fruit coloration can no longer be achieved.

6 fruits cm 2, while at 10 fruits cm
Robinson [67] also suggested that, for the cv. ‘Gala’, crop load should be maintained
at approximately 6 fruits cm 2. Similar conclusions were reported by Ding [56], who
found that a crop load of 6 fruits cm~2 already increases the tendency toward biennial
bearing. Bound [53] reported that the cv. ‘Gala’ is capable of sustaining crop loads of up
to 8 fruits cm 2 without negatively affecting return bloom; however, fruit quality may be
compromised under such conditions. In some ‘Gala’ clones, fruits can achieve the required
quality parameters even at crop loads of 9.7-12.7 fruits cm 2 [62]. In the present study,
crop load values ranged from 1.87 to 6.11 fruits cm~2 (Figure 3A), and therefore generally
did not exceed the threshold of 6 fruits cm 2 that is most commonly recommended in
previous studies.

Regarding treatment effects, the ATS+ethephon treatment resulted in a significantly
lower crop load in 2023 (1.87 fruits cm~2) compared with the control and BA+ethephon
treatments (3.08-3.16 fruits cm~2) (Figure 3A). However, no similar effect was observed in
2022 or 2024. The same pattern was observed for crop load expressed as yield per unit TCSA
(CLkg): in 2023, ATS+ethephon resulted in a significantly higher CLkg (0.57 kg cm~2) than
BA-+ethephon (0.38 kg cm~2), whereas in 2022, BA+ethephon showed a significantly higher
CLkg (0.94 kg cm~2) than the control (0.73 kg cm~2). No significant treatment differences
were detected in 2024. Due to the high risk of spring frost and the lower flower density,
ammonium thiosulfate application in 2024 was postponed until the onset of petal fall in
king flowers, which may have contributed to the lower efficiency of the ATS+ethephon
treatment. Cline et al. [59] also reported inconsistent results regarding the effectiveness
of ATS+ethephon in a four-year study conducted on the ‘Gala” and ‘Honeycrisp” apple
cultivars. However, other studies have demonstrated that ATS+ethephon is an effective
blossom-thinning agent [21,32].

In our study, BA+ethephon treatment did not result in a significant reduction in crop
load in the ‘Gala Schniga Schnitzer” apple cultivar in any of the evaluated years compared
with the control treatment (Figure 3). Several previous studies have demonstrated that
responses to benzyladenine are not always consistent. Bound et al. [68] emphasized that
the effectiveness of BA is strongly influenced by trees’” physiological conditions and year-
specific characteristics. According to Lakso et al. [69], BA thinning efficacy is closely related
to tree carbohydrate status, which is largely determined by environmental conditions. Con-
sequently, the same treatment may produce different responses in different years. Similarly,
Botton et al. [64] reported that the effect of BA is highly dependent on environmental
conditions and tree developmental stage.

The strong positive relationship between CLnm and CLkg (Figures 6 and 7C) demon-
strates that increasing reproductive density was consistently associated with increased
yield per unit tree capacity. This relationship was significant across the evaluated datasets,
with the regression analysis showing a positive linear association between CLnm and
CLkg (Figure 7C). The absence of differences among the regression slopes of control,
ATS+ethephon, BA+ethephon, and ATS+BA+ethephon treatments indicates that thin-
ning strategies modified absolute crop load levels without changing the fundamental
relationship between reproductive density and yield accumulation. This suggests that the
relationship between the number of fruits relative to tree size and the corresponding fruit
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mass relative to tree size was not substantially altered by the thinning treatments. Thus,
CLnm and CLkg represent complementary indicators of reproductive balance, where CLnm
reflects sink number, and CLkg integrates fruit retention and individual fruit growth. Simi-
lar relationships between crop load, yield efficiency, and tree capacity have been reported
in intensive apple systems, supporting the use of tree-size-related crop load measures
for evaluating reproductive pressure [16,50,70]. The combined interpretation of CLnm
and CLkg therefore provides a more complete assessment of thinning effects than either
parameter alone, consistent with the role of crop load regulation in assimilate allocation
and fruit development [51,56].

4.4. Physicochemical Fruit Quality Parameters: Firmness and Water-Soluble Solids Content

Fruit firmness was reduced in the ATS+BA+ethephon treatment in 2023 (5.62 kg cm™?)
compared with the other treatments (6.45-6.66 kg cm™2), which was associated with
the larger fruit size and weight observed in this treatment (Figure 5B). In contrast, the
correlation analysis showed significant negative relationships between fruit firmness and
both fruit size and fruit weight in 2023 (Figure 6B), indicating that larger and heavier
fruits tended to have lower firmness in that year. This relationship is consistent with the
possibility that greater fruit enlargement was associated with reduced firmness, although
the observational nature of the correlations does not allow a direct causal relationship to be
established [53,69,71,72]. No significant correlations between the crop load measures and
fruit firmness were reported in the present dataset; therefore, the relationship between crop
load and firmness remains uncertain under the conditions of this experiment.

Water-soluble solids content, reflecting soluble sugar accumulation and consumer-
perceived quality, was significantly affected by year, thinning treatment, and their inter-
action (Table 3; Figure 5A), indicating a strong seasonal dependency of soluble solids
accumulation [73,74]. Within individual years, significant thinning treatment effects were
detected in 2022 and 2023, but not in 2024. In 2022, BA+ethephon resulted in lower SSC
(10.83 °Brix) than the control (12.23 °Brix) and ATS+BA+ethephon (11.07 °Brix), whereas in
2023, BA+ethephon produced higher SSC (10.67 °Brix) than the control (9.77 °Brix). Thus,
the effect of thinning on SSC was not uniform across treatments or years. In particular,
the higher SSC observed with BA+ethephon in 2023 occurred together with greater fruit
weight relative to the control, suggesting that the relationship between fruit enlargement
and the soluble solids concentration was not simply determined by a dilution effect. Simi-
lar relationships between crop load regulation, assimilate partitioning, and fruit quality
improvement have been reported in apple [3,53,56].

However, the overall correlation analysis revealed year-dependent associations be-
tween SSC and the other measured traits (Figure 6), demonstrating that the relationship
between soluble-solids concentration and fruit growth was not consistent across years.
In 2022, SSC was negatively correlated with FNT, CLnm, and CLkg, indicating that a
higher reproductive load was associated with a lower soluble solids concentration. Larger
fruits may contain a greater proportion of water, reducing the soluble solids concentration
despite increased carbohydrate accumulation [55,75]. Differences in temperature, radiation,
precipitation, and tree water status may modify carbohydrate accumulation and fruit water
balance, explaining the variable responses observed among years [55,76].

Previous studies have also demonstrated the variable effects of ATS+ethephon and
BA+ethephon thinning on soluble solids accumulation, with positive responses depending
on cultivar, environmental conditions, and crop load status [21,26,33,34,37]. Therefore,
the effects of chemical thinning on SSC should be interpreted as the result of complex
interactions among crop load regulation, assimilate partitioning, fruit growth dynamics,
and seasonal variability.
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4.5. Multivariate Insight

The multivariate insight afforded by PCA revealed the main patterns of variation
among the measured tree, yield, crop load, and fruit quality traits (Figure 8), with the
relative contribution of individual traits to the principal components varying among years
(Table 4; Figure 8). In 2022, PC1 was mainly associated with FNT, CLnm, CLkg, and SSC,
whereas PC2 was primarily associated with FS and FW. In 2023, PC1 was mainly associated
with FS, FW, and FF, while PC2 was primarily associated with TCSA, Y, FNT, CLkg, and
SSC. In 2024, PC1 was mainly associated with Y, FNT, CLnm, CLkg, and FW, whereas PC2
was primarily associated with Y, FS, and FW. This separation indicates that yield, crop load,
tree growth, and fruit development traits contributed differently to the overall variation
among years [51,56].

The close association of yield and crop load variables in the relevant principal compo-
nent dimensions is consistent with the significant relationships observed in the correlation
and regression analyses. The strong and recurrent contribution of FS and FW to the PCA
structure, together with their strong positive correlation, further highlights the close rela-
tionship between fruit size and fruit weight. These findings support previous evidence
that excessive crop load increases competition for assimilates and may reduce fruit growth
and quality, whereas appropriate thinning improves source—sink balance and promotes
the development of retained fruits [16,56]. Therefore, crop load expressed relative to tree
capacity provides a more biologically meaningful assessment of reproductive pressure than
fruit number alone because it integrates tree size, yield potential, and resource availabil-
ity [16,50,70], emphasizing that optimal thinning should target reproductive balance rather
than maximum crop reduction.

The distinct multivariate position of the thinning treatments in the PCA biplot provides
a multivariate representation of their relationships with the measured traits (Figure 8).
However, these relationships varied among years, and the treatment effects should therefore
be interpreted together with the year-specific univariate results rather than as a single
consistent treatment response across the three seasons. Similar complementary effects of
ATS and BA have been reported, with blossom thinning reducing excessive fruit retention
and BA supporting fruit growth under suitable physiological conditions [21,30,65].

The PCA-based discrimination of treatments highlights the value of multivariate
approaches for evaluating thinning efficiency, as crop load management influences multiple
interacting traits rather than individual parameters. Similar approaches have successfully
integrated physical and biochemical attributes to characterize apple quality differences
beyond single measurements [55,75]. Thus, thinning strategies should be evaluated by their
ability to optimize the balance among crop load, yield efficiency, and fruit quality, which is
essential for stable production in high-density apple systems. The year-dependent PCA
structure further indicates that the relationships among these traits cannot be represented
by a single invariant combination of variables, supporting the use of multivariate analysis
alongside individual trait-based assessments when evaluating chemical thinning responses.

A limitation of the present study is that baseline flowering density, initial fruit set,
post-treatment fruit set, and return-to-flowering measurements were not available for
the experimental plots. Therefore, differences in final fruit number and yield cannot be
attributed exclusively to differences in chemical thinning response, particularly under years
with contrasting flowering conditions. The results should consequently be interpreted
as comparisons of harvest outcomes under year-specific chemical thinning programs
rather than as a definitive assessment of thinning effectiveness based solely on final fruit
number. Importantly, no manual fruit thinning or other corrective crop load adjustment
was performed after the chemical treatments, so subsequent crop load interventions did
not influence the final treatment comparisons.
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5. Conclusions

Our study demonstrated that chemical thinning with ammonium thiosulfate+ethephon,
benzyladenine+ethephon, and their combination affected selected reproductive and fruit
quality traits in the intensive ‘Gala Schniga Schnitzer” apple production system. The mag-
nitude of treatment effects varied among years, highlighting the importance of seasonal
environmental conditions in determining thinning responses; overall, the results indicate
that thinning responses were trait- and year-dependent, suggesting that the effects of chem-
ical thinning should be evaluated in relation to both the specific production objective and
the prevailing growing conditions.

ATS and BA with ethephon, applied individually or in combination, influenced fruit
development and crop load regulation differently, indicating that the choice of thinning
program can modify the balance among fruit retention, crop load, and fruit development.
The greater fruit development (e.g., FS and FW) response observed with the combined
ATS+BA+ethephon treatment suggests that integrating complementary thinning agents
may provide advantages beyond simple fruit number reduction, particularly when the
objective is to maintain an appropriate crop load while supporting fruit development.
However, the magnitude of these benefits varied among growing seasons, emphasizing
that thinning strategies should be adapted to seasonal conditions rather than applied
uniformly across years.

The multivariate analysis further confirmed that thinning responses cannot be ade-
quately described by single production traits, as crop load, yield efficiency, fruit size, and
quality attributes formed an interconnected response system. The strong association be-
tween crop load indicators and yield components emphasized the importance of evaluating
reproductive pressure relative to tree capacity rather than fruit number alone. Furthermore,
the year-dependent PCA structure showed that the relative contribution of yield, crop load,
tree growth, and fruit quality traits to overall variation differed among seasons. The strong
association between fruit size and fruit weight further highlighted the close relationship
between these two fruit-development traits.

Overall, these findings demonstrate that effective chemical thinning should not be
considered solely as a method for reducing fruit number, but rather as a strategy for
regulating crop load and the balance between productivity and fruit development. Under
intensive orchard conditions, the integrated application of ATS and BA may be a useful
approach for combining crop load regulation with enhanced fruit development, although
its effectiveness should be evaluated according to the specific production trait and growing
season in ‘Gala Schniga Schnitzer” apple production.
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