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Abstract
Little information is available on vegetative and generative performance of apple cultivars during the early growth of trees 
in orchards. The aim of this five-year study was to evaluate 2 vegetative (trunk cross sectional area (TCSA) and tree height 
(TH)) and 7 generative parameters (tree yield (TY), fruit number per tree (FNT), crop load (CL), fruit diameter (FD), shape 
index (SI), fruit surface color (FSC) and fruit color intensity (FCI)) and their inter-correlations (Pearson correlation, regres-
sion analyses and PCA) for young apple trees, on 9 apple cultivars (‘Jugala’, ‘Galaval’, ‘Gala Venus Fengal’, ‘Gala Decarli-
Fendeca’, ‘Gala Schnitzer (S) Schniga’, ‘Fuji September Wonder’, ‘Crimson Crisp (Co-op 39)’, ‘Jeromine’, and ‘Red Idared’) 
in a slender spindle training system (2597 trees  ha−1) and on 4 apple cultivars (‘Wilton’s Red Jonaprince’, ‘Red Cap Valtod 
(S)’, ‘Early Red One’, and ‘Red Topaz’) in a super spindle training system (5194 trees  ha−1) in Eastern Hungary. The strong-
est vegetative growth was observed in ‘Red Idared’, while the weakest was in ‘Early Red One’. Most ‘Gala’ mutants showed 
high yields in all years, except for ‘Galaval’. On the 6 year-old trees, the lowest tree yield was found in ‘Fuji September 
Wonder’ (8.2 kg  tree−1), while the highest was found in ‘Gala Venus Fengal’ (35.8 kg  tree−1). The lowest fruit number per 
tree (15 fruit  tree−1) was found in ‘Jeromine’, while the highest (222 fruit  tree−1) was in ‘Gala Venus Fengal’. The highest 
crop load was found in ‘Gala Venus Fengal’ (12.72 fruit per  cm2 TCSA), while the lowest was in ‘Jeromine’ (2.13 fruit per 
 cm2 TCSA). The smallest fruit diameter (66.3 mm) was recorded in ‘Gala Schnitzer (S) Schniga’, while highest (93.6 mm) 
was in ‘Red Idared’. The lowest shape index (0.73) was found in ‘Red Topaz’, while the highest (0.92) was in ‘Red Idared’. 
The majority of the cultivars reached very good fruit surface color (80–100%). The lowest fruit surface color (40%) was 
observed in ‘Gala Schnitzer (S) Schniga’, while the highest (100%) was in ‘Jeromine’ and ‘Early Red One’. The highest 
fruit color intensity was observed in most cultivars with the exception of ‘Jeromine’, ‘Gala Schnitzer (S) Schniga’ and’Fuji 
September Wonder’. In addition, correlation and regression analyses revealed strong and significant (p = 0.05) relationships 
between TH vs TCSA, TY vs TCSA, TH vs TY, TY vs FNT, and FCI vs FSC. PCA explained 87% of the total variance and 
PC1, PC2, PC3, and PC4 accounted for 33, 21, 20, and 13% of the variance, respectively, and correlated with TSCA, TH, 
TY and FNT; with FNT, CL and FS; with FSC and FCI; and with TH and SI, respectively. In conclusion, our study provides 
useful tree property data on prospective mutants/cultivars for growers/advisors in order to select the most suitable cultivars 
for establishing new orchards under climate conditions similar to central Europe.
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1 Introduction

Apple is one of the major fruit crops in the temperate zone, 
and its world production is around 87 million tons  year−1 
grown in around 4.7 million ha (FAOSTAT 2019). The prof-
itability of apple production is highly dependent on the cul-
tivar genotype. Cultivars should ensure high annual yields 
with excellent quality and provide resistance to major dis-
eases and pests, and must be attractive to consumers (e.g. 
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Fischer and Fisher 2008; Rozman 2015). Market acceptance 
of a cultivar is highly influenced by the fruit skin color. 
Among cultivar coloration, red skin color is most preferred, 
and a better fruit coloration increases the market value of a 
cultivar (e.g. Anton and Willen 2014). Therefore, breeding 
programs all over the world were aimed to improve the fruit 
skin color of the bicolor cultivars (e.g. Guerra and Sansa-
vini 2012). Some mutants have already reached 100% fruit 
surface color, such as for ‘Gala’ sport; therefore, the total 
coloration combined with larger fruit diameter and earlier 
ripening time become the next priorities in breeding (Guerra 
and Sansavini 2012).

Fruit coloration is dependent on the genetic properties of 
the cultivars, but environmental factors also highly influence 
anthocyanin production (Naumann 1964; Proctor 1974). One 
of the essential factors for red color development is avail-
able light, as more light results in a higher amount of antho-
cyanin and red color in the fruit peel (e.g. Ubi et al. 2006). 
Fruit coloration is also dependent on other factors such as 
day and night differences in temperature (e.g. Blankenship 
1987), altitude (Douglas 1983), training system and plant-
ing density (e.g. Wertheim et al. 1986; Weber 2001) and 
production technology elements including fruit thinning 
(e.g. Gonzalez et al. 2020), irrigation (e.g. Musacchi and 
Serra 2018), nutrition supply (e.g. Awad and Jager 2002) and 
ground cover (e.g. Schuhknecht et al. 2018). Various ecolog-
ical circumstances and production technologies change not 
only fruit coloration of newly bred cultivars but can result 
in diverse vegetative and generative features under differ-
ent climate conditions and production sites (e.g. Anton and 
Willen 2014).

Little information is available on vegetative and genera-
tive performance of apple cultivars during the early growth 
of trees in orchards. Therefore, the aim of this five-year 

study was to evaluate two vegetative (trunk cross sectional 
area (TCSA) and tree height (TH)) and seven generative 
parameters (tree yield (TY), fruit number per tree (FNT), 
crop load (CL), fruit diameter (FD), shape index (SI), fruit 
surface color (FSC) and fruit color intensity (FCI)) of thir-
teen prospective apple cultivars (twelve mutants of popular 
cultivars and one disease-resistant ‘crips’ cultivar) in two 
high-density training systems (slender spindle or super 
spindle) in a young (2–6 years old) apple orchard in East-
ern Hungary. Inter-correlations (correlation, regression and 
principal component analyses) were also performed among 
the nine vegetative and generative parameters in order to 
explore the best relationships of the correlated parameters 
for the investigated cultivars/mutants and training systems.

2  Materials and methods

2.1  Location, weather, plant material and orchard 
management

A five-year study (2013–2017) was carried out in a com-
mercial apple orchard in Eastern Hungary. The orchard was 
located in the city of Nyírbátor (47°50′54′′N, 22°03′09′′E). 
Orchard soil type was sandy soil with a humus content of 
0.6–0.7%.

The main meteorological parameters were recorded by a 
Metos Agrometeorological Station located in the orchard. 
Monthly mean temperature ranged from − 6.6 to 22.5 °C in 
the period of 2013–2017 (Table 1). In 2016, repeated late 
spring frosts in April caused a 100% yield loss; therefore, 
it was not possible to evaluate generative parameters in this 
year (Table 1). The annual mean precipitation ranged from 
335 to 758 mm among the years (Table 1).

Table 1  The mean and minimum temperatures and precipitation (Nyírbátor, Hungary, 2013–2017)

Months Mean temperature (°C) Minimum temperature (°C) Precipitation (mm)

2013 2014 2015 2016 2017 2013 2014 2015 2016 2017 2013 2014 2015 2016 2017

January − 1.0 2.5 0.6 − 2.3 − 6.6 − 10.0 − 5.3 − 18.3 − 16.1 − 10.2 33.3 16.3 54.7 75.7 21.7
February 2.3 3.4 1.1 5.5 1.4 − 8.2 − 15.5 − 11.4 − 3.1 − 1.2 47.0 23.1 23.1 86.2 29.1
March 2.8 8.4 5.8 6.4 8.4 − 17.3 − 5.3 − 7.5 − 5.7 2.5 102.4 10.9 14.7 42.5 25.7
April 11.8 12.0 10.0 12.5 10.1 − 2.1 − 2.0 − 1.7 − 3.7 4.0 38.3 13.1 22.7 11.4 42.2
May 16.4 15.5 15.6 15.7 16.3 6.9 − 1.1 2.1 3.4 9.9 58.1 41.3 38.6 48.9 22.7
June 19.9 19.0 19.6 20.1 20.9 8.5 3.9 6.6 7.1 14.2 78.6 10.3 22.9 134.6 59.8
July 20.6 21.0 22.2 21.1 21.0 7.1 8.2 5.2 9.3 14.0 38.4 99.7 35.5 80.6 59.5
August 20.4 19.6 22.5 19.8 22.1 7.1 7.0 6.8 8.3 14.9 23.0 28.6 65.2 69.1 41.7
September 13.3 16.0 17.3 17.2 15.5 0.3 1.7 3.3 3.6 9.9 25.4 1.2 36.1 65.9 69.9
October 11.1 10.6 9.7 9.1 10.2 − 6.7 − 5.5 − 0.4 − 0.4 4.4 29.2 55.1 92.2 82.4 35.9
November 7.3 5.6 5.3 4.1 5.1 − 9.7 − 5.5 − 3.9 − 4.4 1.7 25.3 12.2 71.1 56.1 54.4
December 0.0 2.2 2.2 − 2.3 2.1 − 11.0 − 15.8 − 10.7 − 9.6 0.1 1.1 23.6 18.8 4.9 92.3
Sum – – – – – – – – – – 500 335 495 758 555
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Thirteen prospective apple cultivars, including twelve 
mutants of popular cultivars and one disease-resistant ‘crips’ 
cultivar, were evaluated in the orchard (Table 2). All cul-
tivars were grafted on M.9 rootstock and were planted in 
the autumn of 2010 or in the spring of 2011 (Table 2). Two 
training systems were used in the experimental orchard: 
slender spindle (3.85 × 1.0 m = 2597 trees  ha−1) for nine 
cultivars and super spindle (3.85 × 0.5 m = 5194 trees  ha−1) 
for four cultivars (Table 2). The cultivars ‘Red Jonaprince’, 
‘Red Cap’, ‘Early Red One’ and ‘Red Topaz’ were planted in 
the more intensive training system (super spindle) according 
to the breeder recommendations.

Orchard management followed the European Integrated 
Fruit Production (IFP) guidelines. Fungicides and pesticides 
approved in IFP were used in the orchards with annual spray 
schedules from 13 to 21 pesticide applications during the 
growing seasons of 2013–2017. Winter pruning was per-
formed each year during the dormant periods. Mechanical 
fruit thinning and summer pruning were performed in 2014, 
2015 and 2017 for all cultivars after petal fall and in June, 
respectively. The orchard was irrigated each year with a 
drop irrigation system. For nutrient supply, an NPK ferti-
lizer (Péti Kevert NPK, Nitrogénművek, GmbH, Pétfürdő, 
Hungary) was applied at mid-March each year at a dosage 
of 130 kg  ha−1 active ingredient with a 10:15:15 N–P–K 
ratio. Grass between rows was cut three times in each year 
(mid-June, mid-July, and mid-August) with an orchard flail 
mower.

2.2  Assessment of vegetative parameters

Two vegetative parameters were assessed: trunk cross sec-
tional area (TCSA) and tree height (TH). For each cultivar, 
5 trees, replicated four times, were selected for assessments 
of both parameters. For trunk cross sectional area, diameter 

of the trunk was measured with a Vernier caliper at the trunk 
halfway between the graft point and the first branches, and 
then this data was used to calculate trunk cross sectional 
area in  cm2. Tree height in cm was recorded as the distance 
between the ground and the top of the tree not including the 
one year old shoots at the tree top. Both parameters were 
assessed each year after leaf fall in November.

2.3  Assessment of generative parameters

Seven generative parameters were assessed: tree yield (TY), 
fruit number per tree (FNT), crop load (CL), fruit diameter 
(FD), fruit shape index (FSI), fruit surface color (FSC) and 
fruit color intensity (FCI). For each cultivar, 5 trees, repli-
cated four times, were selected for assessments of all param-
eters. All generative parameters were assessed at harvest in 
2013–2015 and 2017. Harvest was done at the biological 
maturity stage of the cultivars determined by the starch-
iodine test in 2013–2015 and 2017 (Table 3).

Fruit yield as kg  tree−1 and fruit number per tree were 
recorded for each selected tree. After this, crop load was 
determined as fruit number per tree divided by trunk cross 
sectional area (fruit number per  cm2). Fruit diameter was 
determined as fruit diameter (mm) measured with a Vernier 
caliper. Fruit shape index (as 0–1) was determined as the 
ratio of fruit diameter and fruit height (mm). Fruit surface 
color was determined as 1–100% using an image analyses 
color scale. Fruit color intensity was used to express the 
intensity of red skin color using a scale ranging from 1 to 5.

Table 2  Some characteristics of the evaluated cultivars in the experimental orchard (Nyírbátor, Hungary, 2013–2017)

Cultivar Country of origin Pedigree Year of planting Training system

‘Jugala’ France Mutant of ‘Mondial Gala’ 2011 spring Slender spindle
‘Galaval’ France Mutant of ‘Gala Galaxy’ 2011 spring Slender spindle
‘Gala Venus Fengal’ Italy Mutant of ‘Gala’ 2011 spring Slender spindle
‘Gala Decarli-Fendeca’ Italy Mutant of ‘Gala’ 2011 spring Slender spindle
‘Gala Schnitzer (S) Schniga’ Italy Mutant of ‘Royal Gala’ 2010 autumn Slender spindle
‘Fuji September Wonder’ USA Mutant of ‘Yataka Fuji’ 2011 spring Slender spindle
‘Crimson Crisp’ USA PCWF2-134 × PRI 669–205 2011 spring Slender spindle
‘Jeromine’ France Mutant of ‘Early Red One’ 2010 autumn Slender spindle
‘Red Idared’ USA Mutant of ‘Idared’ 2010 autumn Slender spindle
‘Wilton’s Red Jonaprince’ Holland Mutant of ‘Jonagold’ 2011 spring Super spindle
‘Red Cap’ USA Mutant of’Red Delicious’ 2011 spring Super spindle
‘Early Red One’ USA Mutant of ‘Red King’ 2011 spring Super spindle
‘Red Topaz’ Czech Republic Mutant of ‘Topaz’ 2011 spring Super spindle
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2.4  Data analyses

2.4.1  ANOVA

Data of each parameter were averaged to obtain a single 
value for each cultivar, training system and year. Data were 
subjected to analyses of variance (ANOVA) in order to 
determine the effect of cultivars and years; and their inter-
actions were assessed on the nine parameters, separately for 
slender spindle and super spindle training systems. Then, 
within the two training systems, significant F tests (p = 0.05) 
were followed by a least significant difference (LSD) test for 
each year and cultivar in order to compare the means of all 
vegetative and generative parameters using  LSD0.05 values. 
For the analyses, Genstat Release 9.1 (Lawes Agricultural 
Trust, IACR, Rothamsted, UK) was used.

2.4.2  Correlation and linear regression analyses

Relationships among all vegetative and generative parame-
ters were analysed by Pearson correlation coefficients (r) and 
their associated significance levels (p = 0.05) were separately 
determined for slender spindle and super spindle training 
systems. Then the strongest significantly correlated pairs 
were determined for both training systems. Then the Pearson 
correlation coefficient (r) of these significant pair variables 
was also determined for the thirteen cultivars, separately. 
In addition, the strongest significantly correlated pairs were 
plotted against each other and linear regression functions 
were then fitted for slender spindle and super spindle train-
ing systems. Then a t test was used to determine whether 
the regression slopes were significantly (p = 0.05) differ-
ent from slender spindle to super spindle training systems. 

For the analyses, Genstat Release 9.1 (Lawes Agricultural 
Trust, IACR, Rothamsted, UK) was used. Pearson correla-
tion matrixes were visualized with R package corrplot (Wei 
and Simko 2021).

2.4.3  Principal component analyses

A standardized Principal Component Analysis (PCA) was 
prepared using the correlation matrix with the variables 
of trunk cross sectional area, tree height, tree yield, fruit 
number per tree, crop load, fruit diameter, fruit shape index, 
fruit surface color and fruit color intensity. The values of all 
parameters were transformed to z-scores in order to stand-
ardize the variables. During performing PCA, model fits 
were also tested using the value of Root Mean Square Resid-
ual (RMSR) (Basto and Pereira 2012). Principal Compo-
nents (PCs) were shown in biplot diagrams. R 4.04 (R Core 
Team 2021) with the psych (Revelle 2015), FactoMiner (Lê 
et al. 2008) and factoextra (Kassambara and Mundt 2019) 
packages were used to perform PCA.

3  Results

3.1  ANOVA for vegetative and generative 
parameters

Analysis of variance (ANOVA) on the parameters of trunk 
cross sectional area, tree height, tree yield, fruit number per 
tree, crop load, fruit diameter, fruit shape index, fruit sur-
face color and fruit color intensity showed that there were 
significant (p < 0.05) effects for cultivars and years in the 
two training systems (Table 4). Interactions for the treat-
ment effects were non-significant (Table 4). According to 
ANOVA, the data of all vegetative and generative param-
eters were presented separately for cultivars and years in the 
two training systems.

3.2  Vegetative parameters of apple cultivars

The trunk cross sectional area values ranged from 4.8 to 
41.4  cm2 in the five-year period for the thirteen cultivars and 
two training systems (Table 5). The yearly trunk cross sec-
tional area ranges were between 4.8 and 14.3, 5.9 and 16.3, 
8.5 and 22.1, 12.3 and 33.5, and 14.5 and 41.4  cm2 in 2013, 
2014, 2015, 2016, and 2017, respectively (Table 5). The 
trunk cross sectional area values continuously increased for 
all cultivars with years from the tree age of 2 to 6 years old. 
By the year 2017 (6 year old trees), the lowest trunk cross 
sectional area value (14.5  cm2) was observed in ‘Early Red 
One’ in the super spindle training system, while the highest 
trunk cross sectional area value (41.4  cm2) was found in 
‘Red Idared’ in the slender spindle training system (Table 5).

Table 3  Time of harvest (day  month−1) at the experimental orchard 
according to the starch-iodine test (Nyírbátor, Hungary, 2013–2015, 
and 2017)

Cultivars 2013 2014 2015 2017

‘Jugala’ 3/9 24/8 30/8 20/8
‘Galaval’ 30/8 24/8 30/8 22/8
‘Gala Venus Fengal’ 27/8 26/8 4/9 25/8
‘Gala Decarli-Fendeca’ 27/8 26/8 4/9 25/8
‘Gala Schnitzer (S) Schniga’ 3/9 29/8 11/9 30/8
‘Fuji September Wonder’ 19/9 11/9 21/9 12/9
‘Crimson Crisp’ 12/9 11/9 16/9 19/9
‘Jeromine’ 13/9 17/9 15/9 12/9
‘Red Idared’ 90/9 3/10 13/10 5/10
‘Wilton’s Red Jonaprince’ 13/9 17/9 24/9 20/9
‘Red Cap Valtod (S)’ 15/9 20/9 24/9 22/9
‘Early Red One’ 13/9 17/9 24/9 15/9
‘Red Topaz’ 15/9 28/9 6/10 3/10
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In the five-year period, the tree height values ranged from 
167 to 360 cm for the cultivars/training systems (Table 5). 
The yearly tree height ranged from 167 to 286, 209 to 355, 

218 to 3 68, 228 to 360, and 250 to 360 cm in 2013, 2014, 
2015, 2016, and 2017, respectively (Table 5). By the year 
2017, the lowest tree height was found in’Fuji September 

Table 4  Mean squares from the variance analyses of apple cultivars and years in slender spindle and super spindle training systems (Nyírbátor, 
Hungary, 2013–2017)

S. of variation: Source of variation
TSCA: trunk cross sectional area, TH: tree height, TY: tree yield, FNT: fruit number per tree, CL: crop load, FD: fruit diameter, SI: shape index, 
FSC: fruit surface color and FCI: fruit color intensity; df: degree of freedom; ns: nonsignificant; *: statistically significant at p < 0.05, **: statisti-
cally significant at p < 0.01
TSCA and TH data contained five years (2013–2017); data of all other parameters contained four years (2013–2015, 2017) due to frost damage 
in 2016

Slender spindle training system

S. of variation df TSCA TH df TY FNT CL FD SI FSC FCI

Year (Y) 4 2,815.4 ** 72,621.8** 3 830.1 ** 17,610.1** 60.5** 353.6 * 0.021 ** 182.3 * 1.6 *
Cultivar (C) 8 732.4 * 34,130.7** 8 571.4 * 31,259.5** 66.6** 597.5 ** 0.012 * 4638.9 ** 4.7 **
Y x C 32 57.6 ns 769.1 ns 24 72.3 ns 1,573.8 ns 12.1 ns 23.4 ns 0.001 ns 83.1 ns 0.051 ns
Error 180 14.1 83.4 144 11.7 344.6 1.8 3.2  < 0.001 3.6 0.011

Slender spindle training system

S. of variation df TSCA TH df TY FNT CL FD SI FSC FCI

Year (Y) 4 625.8 ** 31,656.8** 3 241.3 ** 4,585.4 ** 23.1 ** 40.4 * 0.006 * 558.3 * 0.54 *
Cultivar (C) 3 588.1 ** 51,182,2** 3 192.1 * 3,635.8 * 10.8 * 162.2 ** 0.069 ** 2008.9 ** 3.1 **
Y x C 12 33.1 ns 1,021 ns 9 22.2 ns 940.9 ns 1.4 ns 11.9 ns 0.001 ns 45.9 ns 0.16 ns
Error 80 10.3 314.1 64 6.7 23.2 0.89 0.79  < 0.001 2.4 0.031

Table 5  Trunk cross sectional 
area (TSCA  (cm2)) and tree 
height (TH (cm)) of thirteen 
apple cultivars grown in slender 
spindle and super spindle 
training systems (Nyírbátor, 
Hungary, 2013–2017)

Values followed by the same letter are not significantly different according to LSD test (p = 0.05). 
 LSD0.05 = least significant differences at p = 0.05 level. ‘Fengal’: ‘Gala Venus Fengal’, ‘Fendeca’: ‘Gala 
Decarli-Fendeca’, ‘Schniga’: ‘Gala Schnitzer (S) Schniga’, ‘Fuji SW’: ‘Fuji September Wonder’, and ‘Red 
Jonaprince’: ‘Wilton’s Red Jonaprince’

Cultivars Trunk cross sectional area  (cm2) Tree height (cm)

2013 2014 2015 2016 2017 2013 2014 2015 2016 2017

Slender spindle
‘Jugala’ 13.0xd 16.6x 20.2xd 33.1x 35.7xd 216y 282x 322x 328yx 328yx

‘Galaval’ 11.9y 16.1x 19.5yxd 28.0yx 36.3xd 256x 302x 328x 328yx 328yx

‘Fengal’ 11.1yx 16.3x 22.1d 33.5x 38.6d 286d 355d 368d 350xd 350xd

‘Fendeca’ 11.3yx 14.2yx 16.1y 21.8y 23.2zy 243x 276x 296x 326yx 326y

‘Schniga’ 14.3d 16.0y 16.9y 23.6y 27.2y 253x 300x 316x 320y 320zy

‘Fuji SW’ 4.9z 6.5z 9.1z 13.6z 15.6z 167z 212z 218z 262z 300z

‘Crimson Crisp’ 10.0y 13.4y 17.3yx 26.0y 29.6yx 251x 346y 360 360d 360d

‘Jeromine’ 5.9z 7.5z 9.8z 12.7z 15.9z 182z 237zy 246zy 274z 298z

‘Red Idared’ 10.0y 14.4yx 17.8yx 29.3xd 41.4d 187z 236zy 252y 318y 348
LSD0.05 2.3 2.6 3.2 6.2 7.1 23.5 28.4 32.1 24.5 22.7
Super spindle
‘Red Jonaprince’ 8.2y 15.0x 16.6y 28.2y 29.9y 198y 291y 368y 356y 356x

‘Red Cap’ 4.8z 5.9z 8.6z 12.3z 14.8z 183zy 224z 230z 250z 288y

‘Early Red One 4.9z 5.9z 8.5z 12.8z 14.5z 177z 213z 222z 228z 250z

‘Red Topaz’ 6.7zy 9.7y 10.1z 14.9z 19.1z 181zy 209z 220z 234z 260zy

LSD0.05 2.0 2.3 2.9 5.9 6.7 20.3 24.2 30.6 26.5 32.1
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Wonder’, while the highest was in 'Crimson Crisp', both in 
the slender spindle training system (Table 5). Most cultivars 
reached the optimal tree height (3.0–3.5 m) after 4–5 years, 
except for ‘Fuji SW’, ‘Jeromine’, ‘Red Idared’,’Red Cap Val-
tod (S)’, ‘Early Red One’ and ‘Red Topaz’. Cultivars’Red 
Cap Valtod (S)’, ‘Early Red One’ and ‘Red Topaz’ in the 
super spindle canopy were not able to reach the optimal 
height even at 6 years old (Table 5).

3.3  Generative parameters of apple cultivars

In the assessed period, the tree yield ranged between 2.4 and 
35.8 kg  tree−1 corresponding to 6.3 and 93.1 t  ha−1 (Table 6). 
By the year 2017, the lowest tree yield was found in ‘Fuji 
September Wonder’, (8.2 kg  tree−1, i.e. 21.3 t  ha−1) while 
the highest tree yield was in ‘Gala Venus Fengal’ (35.8 kg 
 tree−1, i.e. 93.1 t  ha−1), in both cases in the slender spindle 
training system (Table 6). The sum of the four-year yield 
was the lowest in ‘Fuji September Wonder’ (24.6 kg  tree−1, 
64.0 t  ha−1) and the highest in ‘Gala Venus Fengal’ (95.6 kg 
 tree−1, 248.4 t  ha−1). Trees trained to super spindle produced 
considerable fruit yield in ‘Wilton’s Red Jonaprince’ and 
‘Red Topaz’ (Table 6).

The fruit number per tree ranged between 15 and 222 
fruit  tree−1 in the assessed period (Table 6). The lowest fruit 
number (15 fruit  tree−1) was found in ‘Jeromine’ in 2013 in 

the slender spindle training system while the highest (222 
fruit  tree−1) was in ‘Gala Venus Fengal’ in 2017, also in 
the slender spindle training system (Table 6). By the year 
2017, more than 100 fruit  tree−1 was observed in all ‘Gala’ 
mutants (‘Jugala’, ‘Galaval’, ‘Gala Venus Fengal’, ‘Gala 
Decarli-Fendeca’, and ‘Gala Schnitzer (S) Schniga’) and 
in ‘Fuji September Wonder’ in the slender spindle training 
system (Table 6).

During the assessed period, the highest crop load was 
found in ‘Gala Venus Fengal’ in 2013 on the 3-year-old 
trees (12.72 fruit per  cm2 TCSA), while the lowest was 
in ‘Jeromine’ (2.13 fruit per  cm2 TCSA) in 2017 on the 
6-year-old trees. Generally, cultivars with lower fruit num-
ber per tree (e.g. ‘Fuji September Wonder’, ‘Early Red One’, 
and’Red Cap Valtod (S)’) showed medium or high crop 
loads (Table 6).

Most cultivars presented the smallest fruit diameter in 
2013 (Table 7), when fruit thinning was not applied. During 
the assessed period, the smallest fruit diameter (66.3 mm) 
was found in ‘Gala Schnitzer (S) Schniga’ in 2013, while 
highest (93.6 mm) was in ‘Red Idared’ in 2014 (Table 7). 
Fruit diameter of all cultivars reached the market required 
minimum of 70 mm by 2017.

During the assessed period, the lowest shape index (0.73) 
was found in ‘Red Topaz’ in 2013 and 2014, while the 
highest (0.92) was in’Gala Schnitzer (S) Schniga’ in 2017 

Table 6  Tree yield (TY (kg  tree−1)), fruit number per tree (FNT) and crop load (CL (fruit number per  cm2 TCSA)) of thirteen apple cultivars 
grown in slender spindle and super spindle training systems (Nyírbátor, Hungary, 2013–2017)

Values followed by the same letter are not significantly different according to LSD test (p = 0.05).  LSD0.05 = least significant differences at 
p = 0.05 level. n.d.: no data available; ‘Fengal’: ‘Gala Venus Fengal’, ‘Fendeca’: ‘Gala Decarli-Fendeca’, ‘Schniga’: ‘Gala Schnitzer (S) Schniga’, 
‘Fuji SW’: ‘Fuji September Wonder’, and ‘Red Jonaprince’: ‘Wilton’s Red Jonaprince’

Cultivar Tree yield (kg  tree−1) Fruit number per tree Crop load (fruit number per  cm2)

2013 2014 2015 2017 ∑ 2013 2014 2015 2017 2013 2014 2015 2017

Slender spindle
‘Jugala’ 10.7y 14.9xw 16.7x 21.2x 63.4 81x 83y 111wv 113yx 6.02yx 5.22yx 5.15zy 2.13z

‘Galaval’ 9.9y 11.3y 12.4yx 20.0yx 53.6 86x 70y 85yx 112yx 7.12yx 4.31zy 4.53zy 3.15z

‘Fengal’ 17.7x 15.8xw 26.3w 35.8w 95.6 131w 88y 191u 222v 12.72u 6.00yxw 8.23x 5.92yx

‘Fendeca’ 16.7x 12.6yx 14.2yx 25.8x 69.3 134w 82y 106xwv 153w 11.07vu 6.26xw 6.35yx 7.31x

‘Schniga’ 12.4y 16.3w 16.3x 20.1yx 65.1 122w 127x 124v 124x 9.72wv 9.36v 7.39x 4.94y

‘Fuji SW’ 4.0z 5.9z 6.5z 8.2z 24.6 34zy 33z 44z 104yx 7.4yxw 6.84xw 5.35zy 6.83x

‘Crimson Crisp’ 6.5z 14.6xw 15.1yx 7.1z 43.2 43y 86y 94xw 85y 4.38zy 7.16w 5.30zy 2.93z

‘Jeromine’ 2.4z 6.9z n.d 14.8y 24.2 15z 39z n.w 32z 2.48z 5.33yxw n.d 2.13z

‘Red Idared’ 6.2z 12.9yx 11.8y 24.9x 55.8 37y 46z 65zy 94yx 3.71zy 3.52z 3.96z 2.33z

LSD0.05 2.9 3.2 4.3 6.3 – 21 22 25 33 2.4 1.9 2.0 1.4
Super spindle
‘Red Jonaprince’ 9.0y 12.8x 18.0y 15.0zy 54.9 43y 50z 95y 76y 5.01z 4.2z 6.07z 3.82zy

‘Red Cap’ 4.9z n.d 7.1z 12.9zy 24.8 25z n.d 33z 67zy 5.84zy n.d 4.56z 4.65y

‘Early Red One’ 5.2z 6.5z 6.9z 11.7z 30.3 34zy 41z 36z 66zy 7.43y 6.05y 4.51z 4.97y

‘Red Topaz’ 5.6z 9.4y 15.0y 16.3y 46.3 40y 58z 104y 43z 6.46zy 6.47y 10.40y 2.62z

LSD0.05 2.5 2.8 3.9 4.2 – 12 18 21 24 2.0 1.6 2.1 1.2
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(Table 7). Most cultivars showed a globular shape (shape 
index between 0.85 and 0.90), with the exception of ‘Red 
Topaz’, which displayed flat fruit with a shape index of 
0.73–0.75 (Table 7). Fruit shape of ‘Red Idared’ consid-
erably varied among the years as the shape index ranged 
between 0.75 and 0.86 (Table 7).

During the assessed period, the lowest fruit surface color 
(40%) was found in ‘Gala Schnitzer (S) Schniga’ in 2014, 
while the highest (100%) was in ‘Jeromine’ in 2014 and 
2017 (Table 7). Fruit surface color was below 80% for all 
years in the case of ‘Gala Schnitzer (S) Schniga’ and ‘Fuji 
September Wonder’. During the assessed period, the best 
colored cultivars were ‘Jeromine’ and ‘Early Red One’.

During the assessed period, the lowest fruit color inten-
sity (2.9) was found in ‘Fuji September Wonder’ in 2017, 
while the highest (5) was found in almost all cultivars at least 
in one year, with the exception of ‘Jugala’, ‘Gala Schnitzer 
(S) Schniga’ and ‘Fuji September Wonder’ (Table 7).

3.4  Correlation and regression analyses 
among vegetative and generative parameters

Pearson correlation coefficient (r) was the highest (r = 0.81) 
between FNT and TY in the slender spindle training sys-
tem (Fig. 1AB). The six correlation pairs were significant 
(p = 0.05) for both training systems; 5 parameter pairs 

correlated positively (TH vs TCSA, TY vs TCSA, TH vs 
TY, TY vs FNT, and FSI vs FSC), and one negatively (CL 
vs FS) (Fig. 1AB). These six correlation pairs also showed 
strong and significant (p = 0.05) relationships for most of the 
thirteen cultivars with the best overall correlation values in 
‘Jugala’, ‘Fendeca’, ‘Red Cap’, ‘Early Red One’ and ‘Red 
Topaz’ (Table 8). 

The linear regression analysis showed significant rela-
tionships for all 6 pair-variables with r = 0.732–0.916, 
p = 0.04–0.001 and with r = 0.711–0.899, p = 0.02–0.001 
for the slender spindle and super spindle training systems, 
respectively. The slopes of the 6 pair-variables for the slen-
der spindle training systems were not significantly (P = 0.05) 
different from the slopes for the super spindle training sys-
tems. In the case of TH vs TCSA relationships, a relatively 
high tree height was observed for almost all TCSA val-
ues (Fig. 2A). In the case of TY vs TCSA relationships, 
the majority of TCSA values were directly proportional to 
the increase of tree yield (Fig. 2B). In the case of TY vs 
TH relationships, the speed of the yield increase was not 
directly proportional to the increase of tree height (Fig. 2C). 
In the case of FNT vs TY relationships, the increase of fruit 
number was directly proportional to the increase of tree 
yield (Fig. 2D). In the case of FCI vs FSC relationships, 
the two parameters were directly proportional to each other 
(Fig. 2E). In the case of FS vs CL relationships, increasing 

Table 7  Fruit diameter (FD (mm)), shape index (SI), fruit surface color (FSC (%)) and fruit color intensity (FCI) (1–5) of thirteen apple cultivars 
grown in slender spindle and super spindle training systems (Nyírbátor, Hungary, 2013–2017)

Values followed by the same letter are not significantly different according to LSD test (p = 0.05).  LSD0.05 = least significant differences at 
p = 0.05 level. n.d.: no data; ‘Fengal’: ‘Gala Venus Fengal’, ‘Fendeca’: ‘Gala Decarli-Fendeca’, ‘Schniga’: ‘Gala Schnitzer (S) Schniga’, ‘Fuji 
SW’: ‘Fuji September Wonder’, and ‘Red Jonaprince’:’Wilton’s Red Jonaprince’

Cultivar Fruit diameter (mm) Shape index Fruit surface color (%) Fruit color intensity (1–5)

2013 2014 2015 2017 2013 2014 2015 2017 2013 2014 2015 2017 2013 2014 2015 2017

Slender spindle
‘Jugala’ 68.7zy 74.7x 72.0y 78.2xw 0.84xw 0.87yx 0.84yx 0.88yx 68z 76y 69xw 62y 3.9y 4.9x 4.1z 4.0x

‘Galaval’ 68.6z 74.8x 71.2y 76.8zyx 0.83x 0.86y 0.84yx 0.88yx 86x 90x 82v 89w 5.0w 5.0x 4.4y 4.8v

‘Fengal’ 69.5y 75.2x 71.0zy 73.9z 0.86wv 0.89xw 0.84yx 0.90xw 79y 89x 74w 74x 5.0w 5.0x 4.4y 4.4w

‘Fendeca’ 67.5zy 72.0y 69.8zy 75.0zy 0.87vu 0.90w 0.85x 0.88yx 87x 90x 84vu 91w 5.0w 5.0x 4.6y 4.8v
‘Schniga’ 66.4z 66.3z 67.4z 73.5z 0.89u 0.87yx 0.84y 0.92w 68z 40z 58y 56y 3.5z 3.6z 4.0z 3.5y

‘Fuji SW’ 68.9zy 78.1w 71.7y 74.0z 0.80y 0.82z 0.82zy 0.85z 75zy 45z 50z 41z 4.3x 4.2y 3.9z 2.9z

‘Crimson Crisp’ 73.2x 75.1x 71.6y 76.0zyx 0.84xw 0.86y 0.90w 0.89x 71z 86x 90u 86w 4.7w 5.0x 5.0x 4.9v

‘Jeromine’ 76.6w 80.7v n.d 81.5w 0.82yx 0.85y n.d 0.89x 95w 100w n.d 100v 5.0w 5.0x n.d 5.0v

‘Red Idared’ 85.0v 93.6u 81.5x 87.1v 0.75z 0.82z 0.80z 0.86zy 74zy 85x 60y 76x 3.9y 5.0x 4.4y 4.4w

LSD0.05 3.0 2.3 2.7 2.5 0.02 0.02 0.02 0.02 7.1 6.6 7.7 8.6 0.2 0.3 0.3 0.3
Super spindle
‘Red Jonaprince’ 81.5y 88.2y 80.7y 81.7y 0.83y 0.86x 0.86y 0.87y 79zy 83y 85y 88y 4.5y 5.0z 5.0y 4.4z

‘Red Cap’ 81.0y n.d 81.8y 78.8z 0.86x n.d 0.85y 0.89yx 73z n.d 97x 89y 3.2z n.d 5.0y 4.5zy

‘Early Red One’ 76.7z 78.4z 81.1y 78.3z 0.82y 0.83y 0.84y 0.90x 90x 99x 98x 96y 4.8x 5.0z 5.0y 4.7y

‘Red Topaz’ 73.9z 78.5z 72.1z 80.8zy 0.73z 0.73z 0.75z 0.75z 85yx 74z 59z 67z 5.0x 4.9z 4.1z 4.6zy

LSD0.05 3.0 2.1 2.6 2.1 0.02 0.02 0.02 0.02 6.9 7.0 7.7 8.3 0.2 0.3 0.3 0.3
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Fig. 1  Pearson correlation 
coefficients (r) among two 
vegetative and seven generative 
parameters in slender spindle 
(a) and super spindle (b) train-
ing systems (Nyírbátor, Hun-
gary, 2013–2017). Values of 
Pearson correlation coefficient 
above 0.54 were significant at 
p = 0.05. TSCA: trunk cross 
sectional area, TH: tree height, 
TY: tree yield, FNT: fruit num-
ber per tree, CL: crop load, FD: 
fruit diameter, SI: shape index, 
FSC: fruit surface color and 
FCI: fruit color intensity
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crop load values resulted in slight decreases of fruit diameter 
for both training systems (Fig. 2E).

3.5  Principal component analyses 
among vegetative and generative parameters

PCA explained 87% of the total variance and the PCs had 
been justified. The RMSR was 0.05 indicating good fit. 
PC1 accounted for 33% of the variance and correlated with 
TSCA, TH, TY, and FNT (Table 9). PC2 accounted for 21% 
of the variance and correlated with FNT, CL and FS. PC3 
accounted for 20% of the variance and correlated with FSC 
and FCI. PC4 accounted for 13% of the variance and cor-
related with TH and SI (Table 9).

According to the biplot figure for the training systems, 
PC1 and PC2 axes played considerable roles for both train-
ing systems (slender and super spindle) (Fig. 3A). However, 
the biplot figure showed that the PC2 axis was more domi-
nant for the super spindle training system while both PC1 
and PC2 axes were dominant for the slender spindle training 
system (Fig. 3A).

According to the biplot figure for cultivars, the PC1 and 
PC2 axes played various roles for the thirteen cultivars 
(Fig. 3BC). According to the biplot figure for the nine cul-
tivars in the slender spindle training sytsem, the PC1 axis 
was more dominant for ‘Fuji September Wonder’ and ‘Gala 
Schnitzer (S) Schniga’, and the PC2 axis for ‘Jeromine’ 
(Fig. 3B); while both PC1 and PC2 axes were dominant for 
the remining cultivars (‘Crimson Crisp-Co-op 39’, ‘Gala 
Decarli-Fendeca’, ‘Gala Venus Fengal’, ‘Galaval’, ‘Jugala’, 

and ‘Red Idared’) (Fig. 3B). According to the biplot figure 
for the four cultivars in the super spindle training system, 
both PC1 and PC2 axes were dominant for ‘Red Cap Valtod 
(S)’ and ‘Red Topaz’ while the PC2 axis was more domi-
nant for ‘Early Red One’ and ‘Wilton’s Red Jonaprince’ 
(Fig. 3C).

Long arrows' length and proximity of the variables of 
TSCA, TH, FS, TY, FNT, CL, FSC, and FCI indicated a 
strong decisive role of both PC groups. All these results 
indicated strong associations among tree vegetative and gen-
erative properties (Fig. 3ABC).

4  Discussion

In this study, we evaluated tree vegetative and generative 
properties of thirteen prospective apple cultivars/mutants 
on 2- to 6-year-old trees trained to slender or super spindle 
training systems under natural environmental conditions. 
Data showed clear differences among years and cultivars 
for the two training systems (Tables 5, 6, 7 and 8). Correla-
tion and regression analyses revealed strong and significant 
(p = 0.05) relationships between TH vs TCSA, TY vs TCSA, 
TH vs TY, TY vs FNT, and FCI vs FSC in both training sys-
tems (Tables 9; Figs. 1 and 2). In addition, PCA indicated 
strong associations among tree vegetative and generative 
properties for the cultivars and training systems (Table 9 
and Fig. 3).

In the case of vegetative parameters, most cultivars 
trained to slender spindle reached higher trunk thickness 

Table 8  Pearson correlation coefficients (r) of the five best correlated pairs of measured parameters for the thirteen apple cultivars (Nyírbátor, 
Hungary, 2013–2017). Significant (p = 0.05) relationships are indicated as bold. TCSA: Trunk cross sectional area

‘Fengal’: ‘Gala Venus Fengal’, ‘Fendeca’: ‘Gala Decarli-Fendeca’, ‘Schniga’: ‘Gala Schnitzer (S) Schniga’, ‘Fuji SW’: ‘Fuji September Wonder’, 
and ‘Red Jonaprince’: ‘Wilton’s Red Jonaprince’
Significant (p = 0.05) relationships are indicated as bold

Cultivars/
Correlation pairs

TCSA vs
Tree height

TCSA vs
Tree yield

Tree height vs
Tree yield

Fruit number per tree 
vs Tree yield

Fruit colour intensity vs 
Fruit surface colour

Crop load vs 
Fruit diam-
eter

‘Jugala’ 0.70 0.71 0.69 0.80 0.60 − 0.60
‘Galaval’ 0.46 0.84 0.50 0.78 0.59 − 0.51
‘Fengal’ 0.44 0.85 0.32 0.86 0.60 − 0.63
‘Fendeca’ 0.66 0.61 0.55 0.86 0.67 − 0.58
‘Schniga’ 0.32 0.48 0.55 0.57 0.45 − 0.49
‘Fuji SW’ 0.79 0.40 0.56 0.71 0.45 − 0.48
‘Crimson Crisp’ 0.59 − 0.15 0.48 0.58 0.66 0.45
‘Jeromine’ 0.76 0.80 0.88 0.24 no data − 0.45
‘Red Idared’ 0.91 0.82 0.89 0.86 0.41 − 0.49
‘Red Jonaprince’ 0.65 0.42 0.75 0.70 0.06 − 0.45
‘Red Cap’ 0.79 0.88 0.83 0.92 0.97 − 0.87
‘Early Red One’ 0.73 0.80 0.68 0.95 0.69 − 0.74
‘Red Topaz’ 0.67 0.73 0.72 0.55 0.84 − 0.82
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Fig. 2  Relationship between 
trunk cross sectional area 
(TSCA) and tree height (TH) 
(a), TSCA and tree yield (TY) 
(b), TH and TY (c), TY and 
fruit number per tree (FNT) 
(d), fruit surface colour (FSC) 
and fruit colour intensity (FCI) 
(e), crop load (CL) and fruit 
diameter (FD) (f) of thirteen 
apple cultivars in slender spin-
dle and super spindle training 
systems (Nyírbátor, Hungary, 
2013–2017)
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compared to cultivars trained to super spindle (Table 5) with 
the exception of trees of ‘Wilton’s Red Jonaprince’ trained to 
super spindle. This result was in agreement with the study of 
Ossenbruggen (2012) reporting that this cultivar had strong 
vigour, especially in the younger age of the trees. This indi-
cates that a more vigorous cultivar planted in denser tree 
spacing can reach larger trunk thickness than a less vigor-
ous cultivar grown in a larger planting distance, despite the 
higher root competition in the higher density plantations. In 
such cases, the space utilization of the cultivar may be more 
dominant than the tree spaces provided by training systems.

Our study showed that the trunk of the six-year-old trees 
of ‘Early Red One’ was relatively thin (14.5  cm2), suggesting 
a low vigour, while the studies of Dennis et al. (1996) and 
Farina et al. (2009) ranked this cultivar as medium vigour 
(similar to the standard ‘Red Delicious’). Similar to ‘Early 
Red One’, the six-year-old trees of ‘Red Cap Valtod (S)’ 
also showed similar weak trunk thickness (14.8  cm2) in our 
study; however, a previous study of Guerra et al. (2008) 
reported that this cultivar has medium vigour such as the 
spur-type Red Delicious strains. The possible reasons for 
these different results may be due to that the previous stud-
ies evaluated the above cultivars under different climatic and 
ecological conditions as well as training systems compared 
to this study.

Higher fruit number per tree of the slender spindle sys-
tem canopy was observed in our study in agreement with 
the results of the studies of Weber (2001) and Hampson 
et  al. (2002). However, our examinations also showed 
that the slender spindle canopy with a less vigorous cul-
tivar may also have lower fruit number per tree, which 
was in agreement with the study of Ezzat et al. (2020). 

This indicates that fruit number and TCSA together can 
equalize the differences of cultivars and training systems; 
i.e. the lower fruit number of the super spindle trained 
trees with smaller cropping surface can provide similar or 
higher crop loads compared to the larger cropping surface 
of slender spindle trained trees with higher fruit number.

In this study, ‘Gala Schnitzer (S) Schniga’, ‘Gala 
Decarli-Fendeca’ and ‘Gala Venus Fengal’ reached a crop 
load of 9.7–12.7 fruit per  cm2 TCSA on three-year-old 
trees. A previous study by Stebbins (1989) showed that a 
crop load between 7 and 13 fruit per  cm2 TCSA resulted 
in poor yield for 10 apple cultivars in the following year. 
In addition, Robinson and Watkins (2003) reported that 
a crop load above 10 fruit per  cm2 TCSA considerably 
reduced fruit diameter and fruit coloration. This result was 
in agreement with our results of the negative relationship 
between crop load and fruit diameter, which indicated 
that the increasing crop load results in a decreasing fruit 
diameter for most cultivars (Table 8) and for both training 
systems (Figs. 1 and 2). Robinson and Watkins (2003) also 
reported that the fruit coloration started to decrease at a 
crop load of 6 fruit per  cm2 TCSA. Robinson (2008) rec-
ommended a crop load of 6 fruit per  cm2 TCSA for ‘Gala’ 
(i.e. 30–50 apples for a three-year-old tree of this study). 
However, our study indicated that crop loads between 9 
and 11 fruit per  cm2 TCSA were acceptable for the ‘Gala’ 
mutants, as fruit surface coloration did not decrease con-
siderably. The contradicting results may be due to that the 
above cultivars were grown in different climatic conditions 
in this study compared to the previous ones.

Our study clearly showed that the fruit diameter was 
dependent on the cultivar’s genetic features, which was 
in agreement with the results of Dallabetta et al. (2014). 
For example, ‘Gala Schnitzer (S) Schniga’ is classified as 
a small-fruited cultivar with a fruit size of around 70 mm 
(Yoon et al. 2020), which was similar to the ranges of 
fruit diameter of this cultivar (66.3 and 73.5 mm) in this 
study (Table 7). All cultivars reached the minimum market 
requirement of 70 mm fruit size (Yoon et al. 2020) by the 
tree age of 4 years old (Table 7). Cultivars ‘Wilton’s Red 
Jonaprince’ and ‘Red Idared’ showed a large fruit diameter 
(around 80 mm), and in 2014, ‘Red Idared’ exceeded the 
fruit diameter of 90 mm, which can negatively influence 
harvest packaging and fruit health during storage (Holb 
et al. 2012).

This study revealed that tree yield had strong relation-
ships with TCSA, height and fruit number per tree for most 
cultivars (Table 9) in both training systems (Tables 8 and 
Figs. 1, 2 and 3). Yield values of the investigated cultivars 
showed medium or high levels in this study (Table 6) com-
pared to previous studies (e.g. Robinson 2008; Kviklys 
et al. 2013; Reig et al. 2019). On the other hand, in this 
study, the high yield of ‘Wilton’s Red Jonaprince’ in 2015 

Table 9  Results of Principal Component Analyses prepared for nine 
tree parameters on thirteen apple cultivars under two training systems

PC: principal component with eigenvalues > 1 were evaluated. Val-
ues > 0.350 are considered significant and are highlighted in bold

Items PC1 PC2 PC3 PC4

Eigenvalue 2.98 1.88 1.79 1.15
Proportion of variance (%) 33 21 20 13
Cumulative variance (%) 33 54 74 87
Eigenvectors
Trunk cross sectional area—TSCA 0.84 − 0.30 − 0.13 0.23
Tree height—TH 0.79 − 0.05 0.04 0.40
Tree yield—TY 0.94 0.13 0.02 0.01
Fruit number per tree—FNT 0.81 0.48 − 0.13 0.11
Crop load—CL 0.02 0.91 − 0.04 − 0.14
Fruit diameter—FD − 0.02 − 0.82 0.20 − 0.23
Shape index—SI 0.31 0.07 0.09 0.90
Fruit surface colour—FSC − 0.09 − 0.16 0.90 0.19
Fruit colour intensity—FCI − 0.01 − 0.07 0.94 − 0.08
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(Table 6) was in agreement with the studies of Kviklys 
et al. (2013) and Wójcik (2020) who reported an outstand-
ing productivity of this cultivar.

In agreement with previous studies, most cultivars 
showed a globular shape (the shape index was between 0.85 

and 0.90), with the exception of, for example ‘Red Topaz’, 
which displayed flat fruit (Table 7). In addition, fruit of 
mutants of ‘Red Delicious’ (‘Jeromine’, ‘Red Cap Valtod 
(S)’ and ‘Early Red One’) showed flattened shape in trees 
of 3–4 years old, but later their fruits became globular or 
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slightly elongated (the shape index was between 0.84 and 
0.90). This phenomenon corresponds to the results of Bassi 
et al. (2010) as the fruit shape of the cultivar group of ‘Red 
Delicious’ can be flattened or globular on young trees, but 
later fruits become more elongated.

Most cultivars had good surface coloration and fruit color 
intensity in this study (Table 7). In addition, significant inter-
correlations for the two parameters were also revealed by 
Pearson correlation, regression and principal component 
analysis (Table 9, Figs. 1, 2 and 3). A previous study by 
Guerra and Sansavini (2012) showed that mutants of ‘Gala’ 
reached 100% fruit surface color in the breeding programs; 
however, our studies showed various fruit surface colora-
tions for mutants of ‘Gala’ (82–90, 84–91, 74–89, 62–76, 
and 40–68% for ‘Galaval’, ‘Gala Decarli-Fendeca’, ‘Gala 
Venus Fengal’, ‘Jugala’, and’Gala Schnitzer (S) Schniga’, 
respectively). Several previous studies supported our find-
ings such as (i) Rühmer (2015) who reported 89 and 94% red 
over-coloration for ‘Gala Venus Fengal’ and ‘Gala Decarli-
Fendeca’, respectively; (ii) Montagnon (2014) who found 
94% fruit surface color for ‘Galaval’; (iii) Guerra and San-
savini (2012) who reported relatively low skin red colour 
for ‘Jugala’; and (iv) the study of Bassi et al. (2012) that 
reported low red coloration (50–80%) for ‘Gala Schnitzer 
(S) Schniga’. Therefore, Guerra et al. (2013) suggested that 
harvest of’Gala Schnitzer (S) Schniga’ has to be performed 
in 2–3 picks due to the slow ripening and coloration. In the 
case of ‘Wilton’s Red Jonaprince’, Kviklys et al. (2013) 
found the best red skin coloration of ‘Wilton’s Red Jonap-
rince’ (99%) among different ‘Jonagold’ clones; however, 
this result was partially contradicting with our results as the 
coloration in our study ranged from 79 to 88%. In addition, 
‘Crimson Crisp’ showed 70–91% red skin color in this study, 
while colorations varied (95–100 and 77–87%) in the previ-
ous study of Bassi et al. (2012). Our results on skin colora-
tion of ‘Red Topaz’ showed 59–85% surface color (Table 7) 
while Tupy and Louda (2008) reported 100% and Ilie and 
Stanica (2012) reported 75–100% red skin colorations of this 

cultivar. The different coloration of the cultivars may be due 
to differences in tree age, crop load and climatic conditions 
of our study compared to the previous ones.

5  Conclusions

This study revealed various vegetative and generative prop-
erties of the evaluated cultivars in 2- to 6-year-old trees and 
indicated strong associations among these properties under 
high density training systems under natural environmental 
conditions in Central Europe. Our results were partly con-
tradictory with previous studies, which indicated the impor-
tance of cultivar testing under different climatic conditions, 
as the results of this testing largely influence the cultivar 
choice of the growers for designing new plantations. In this 
study, the overall vegetative and generative performances 
can be considered as best for ‘Galaval’, ‘Gala Decarli-Fen-
deca’, ‘Crimson Crisp’, ‘Wilton’s Red Jonaprince’ and ‘Red 
Idared’ grown under central European climatic conditions. 
These cultivars are advised to growers/advisors for establish-
ing new apple orchards under climatic conditions similar to 
central Europe.
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Fig. 3  Biplot diagram of Principal Component Analyses (PCA) pre-
pared on the measured two vegetative (trunk cross sectional area 
(TCSA) and tree height (TH)) and seven generative parameters 
(tree yield (TY), fruit number per tree (FNT), crop load (CL), fruit 
diameter (FD), shape index (SI), fruit surface color (FSC) and fruit 
color intensity (FCI)) on thirteen apple cultivars (Crims: ‘Crim-
son Crisp (Co-op 39)’, Fende: ‘Gala Decarli-Fendeca’, Fenga: ‘Gala 
Venus Fengal’, FujiS: ‘Fuji September Wonder’, Galav: ‘Galaval’, 
Jerom: ‘Jeromine’, Jugal: ‘Jugala’, RedId: ‘Red Idared’, Schni: ‘Gala 
Schnitzer (S) Schniga’, EarlyR: ‘Early Red One’, RedCa: ‘Red Cap 
Valtod (S)’, RedJo: ‘Wilton’s Red Jonaprince’, and RedTo: ‘Red 
Topaz’) in two training systems (super and slender spindle). A: 95% 
ellipses were separated for the two training systems, B: 95% ellipses 
were separated for nine apple cultivars in the slender spindle training 
system and C: 95% ellipses were separated for four apple cultivars in 
super spindle training system

◂
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need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Anton G, Willen JS (2014) The effect of temperature, region and sea-
son on red colour development in apple peel under constant irra-
diance. Sci Hortic 173:79–85. https:// doi. org/ 10. 1016/j. scien ta. 
2014. 04. 040

Awad MA, Jager A (2002) Relationships between fruit nutrients and 
concentrations of flavonoids and chlorogenic acid in Elstar apple 
skin. Sci Hortic 92:265–276. https:// doi. org/ 10. 1016/ S0304- 
4238(01) 00290-4

Bassi G, Gregori R, Sansavini S, Guerra W, Testolin R, Folini L (2010) 
Liste del melo 2010: molte uscite e pochi ingressi. L’informatore 
Agrario 47:54–57

Bassi G, Gregori R, Sansavini S, Guerra W, Berra L, Folini L (2012) 
Tutte le varietá di melo per i nuovi impianti. L’informatore 
Agrario 46:66–70

Basto M, Pereira JM (2012) An SPSS R-menu for ordinal factor 
analysis. J Stat Software 46:1–29. https:// doi. org/ 10. 18637/ jss. 
v046. i04

Blankenship SM (1987) Night-temperatures effects on rate of apple 
fruit maturation and fruit quality. Sci Hortic 33:205–212. 
https:// doi. org/ 10. 1016/ 0304- 4238(87) 90068-9

Dallabetta N, Costa F, Pasqualini J, Noferini M, Costa G (2014) The 
influence of training system on apple fruit quality. Acta Hortic 
1058:55–62. https:// doi. org/ 10. 17660/ ActaH ortic. 2014. 1058.4

Dennis FG, Masabni JG, Ketchie DO (1996) Evaluating twenty-eight 
strains of `Delicious’ apple in Michigan. J Amer Soc Hortic Sci 
121:988–995. https:// doi. org/ 10. 21273/ JASHS. 121.6. 988

DiV F, DiL M, Sansavini S (2009) Liste 2009 melo e pero: obiettivo 
qualitá raggiunto. L’informatore Agrario 49:37–44

Douglas JB (1983) An evaluation of harvest indices for McIntosh 
apples in two orchards. HortScience 18:216–218

Ezzat A, El-Sherif AR, Elgear D, Szabó S, Holb IJ (2020) A compar-
ison of fruit and leaf parameters of apple in three orchard train-
ing systems. Zemdirbyste-Agriculture 107:373–382. https:// doi. 
org/ 10. 13080/z- a. 2020. 107. 048

FAOSTAT (2019) Faostat: Crops. http:// www. fao. org/ faost at/ en/# 
data/ QC. Accessed 18 Sep 2019

Fischer M, Fisher C (2008) The Pillnitz re-series of apple cultivars – 
Do they hold promise? – 80 years of professional German fruit 
breeding 2008. Erwerbs-Obstbau 50:63–67. https:// doi. org/ 10. 
1007/ s10341- 008- 0061-4

Gonzalez L, Torres E, Àvila G, Bonany J, Alegre S, Carbó J, Mar-
tín B, Recasens I, Asin L (2020) Evaluation of chemical fruit 
thinning efficiency using Brevis® (Metamitron) on apple trees 
(‘Gala’) under Spanish conditions. Sci Hortic 261:1–8. https:// 
doi. org/ 10. 1016/j. scien ta. 2019. 109003

Guerra W, Sansavini S (2012) Gala e le sue mutazioni: una storia 
senza fine. Frutticoltura 11:26–32

Guerra W, Berra L, Carli C, Sansavini S (2008) Melo e pero. Liste 
varietali 2008. L’informatore Agrario 48:39–46

Guerra W, Gregori R, Faedi W, Sansavini S (2013) Lista varietale 
del melo 2013: sono 3 le nuove entrate. L’informatore Agrario 
46:2–7

Hampson C, Quamme H, Brownlee R (2002) Tree density or train-
ing system—what is important in apple orchard design? The 
Compact Fruit Tree 35:48–50. http:// virtu alorc hard. com/ idfta/ 
cft/ 2002/ april/ page48. pdf

Holb IJ, Balla B, Vámos A, Gáll JM (2012) Influence of preharvest 
calcium applications, fruit injury, and storage atmospheres on 

postharvest brown rot of apple. Postharv Biol Technol 67:29–
36. https:// doi. org/ 10. 1016/j. posth arvbio. 2011. 12. 008

Ilie I, Stanica F (2012) Evolution of fruit physical and biochemical 
parameters of scab resistant apple varieties during storage. Sci-
entific Papers: Series B. Horticulture 61:301–308. http:// www. 
horti cultu rejou rnal. usamv. ro/ pdf/ vol12 issue4/ Art53. pdf

Kassambara A, Mundt F (2019) A factoextra: Extract and visual-
ize the results of multivariate data analyses. R package version 
1.0.6. 2019, https:// CRAN.R- proje ct. org/ packa ge= facto extra

Kviklys D, Kvikliene N, Uselis N (2013) Suitability of ‘Jonagold’ 
apple clones for commercial growing in Lithuania. Proc Latvian 
Acad Sci 67:215–218. https:// doi. org/ 10. 2478/ prolas- 2013- 0037

Lê S, Josse J, Husson F (2008) FactoMineR: An R package for mul-
tivariate analysis. J Stat Software 25:30294. https:// www. jstat 
soft. org/ artic le/ view/ v025i 01

Montagnon JM (2014) Les mutants de Gala qui ont marqué l’histoire. 
Reussir F&l 342:38–42

Musacchi S, Serra S (2018) Apple fruit quality: Overview on pre-
harvest factors. Sci Hortic 234:409–430. https:// doi. org/ 10. 
1016/j. scien ta. 2017. 12. 057

Naumann WD (1964) Untersuchungen über den Einfluβ der Tem-
perature auf die Nachreife von Äpfeln der “Jonathan” und 
“Ontario.” Gartenbauwissenschaft 29:523–539

Ossenbruggen VM (2012) Red Jonaprince, meest aangeplante mutant 
van Jonagold. Fruitteelt 13:11

Proctor JTA (1974) Color stimulation in attached apples with sup-
plementary light. Can J Plant Sci 54:499–503

R Core Team (2021) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria, https:// www.R- proje ct. org/. Accessed 10.05.20.

Reig G, Lordan J, Sazo MM, Hoying S, Fargione M, Reginato G, 
Donahue DJ, Francescatto P, Fazio G, Robinson T (2019) Long-
term performance of ‘Gala’, Fuji’and ‘Honeycrisp’apple trees 
grafted on Geneva® rootstocks and trained to four production 
systems under New York State climatic conditions. Sci Hortic 
244:277–293. https:// doi. org/ 10. 1016/j. scien ta. 2018. 09. 025

Revelle W (2015) psych: Procedures for Personality and Psychologi-
cal Research, Northwestern University, Evanston, Illinois, USA. 
http:// CRAN.R- proje ct. org/ packa ge= psych

Robinson TL, Watkins CB (2003) Crop load of Honeycrisp affects 
not only fruit size but also many quality attributes. New York 
Fruit Quarterly 11:7–10. https:// nyshs. org/ wp- conte nt/ uploa ds/ 
2003/ 01/ Cropl oad- of- Honey crisp- Affec ts- Not- Only- Fruit- Size- 
but- Many- Quali ty- Attri butes. pdf

Robinson TL (2008) Crop load management of new high-density 
apple orchards. New York Fruit Quarterly 16: 3–7. http:// dev. 
nyshs. org/ wp- conte nt/ uploa ds/ 2016/ 10/ Crop- Load- Manag 
ement- of- New- High- Densi ty- Apple- Orcha rds. pdf

Rozman C, Hühner M, Kolenko M, Tojnko S, Unuk T, Pažek K 
(2015) Apple variety assessment with analytical hierarchy 
process. Erwerbs-Obstbau 57:97–104. https:// doi. org/ 10. 1007/ 
s10341- 015- 0236-8

Rühmer T (2015) Was die neuen Elstar- und Gala-Mutanten wirklich 
können. Abteilung- Land- Und Forstwirtschaft 1:14–16

Schuhknecht H, Damerow L, Kunz A, Blanke M (2018) Einfluss von 
Biostimulanzien und Lichtreflexionsfolie auf die Fruchtqualität 
und Farbentwicklung bei Apfel. Erwerbs-Obstbau 60:89–103. 
https:// doi. org/ 10. 1007/ s10341- 017- 0353-7

Stebbins B (1989) Maturity of new apple varieties. The Goodfruit 
Grower 40:7–9

Tupy J, Louda O (2008) Apple tree named ‘Red Topaz’. United 
States Plant Patent. Patent No.: US PP18.895 P2.

Ubi BE, Hond C, Bessho H, Kondo S, Wada M, Kobayashi S, Mori-
guchi T (2006) Expression analysis of anthocyanin biosynthetic 
genes in apple skin: Effect of UV-B and temperature. Plant Sci 
170:571–578. https:// doi. org/ 10. 1016/j. plant sci. 2005. 10. 009

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scienta.2014.04.040
https://doi.org/10.1016/j.scienta.2014.04.040
https://doi.org/10.1016/S0304-4238(01)00290-4
https://doi.org/10.1016/S0304-4238(01)00290-4
https://doi.org/10.18637/jss.v046.i04
https://doi.org/10.18637/jss.v046.i04
https://doi.org/10.1016/0304-4238(87)90068-9
https://doi.org/10.17660/ActaHortic.2014.1058.4
https://doi.org/10.21273/JASHS.121.6.988
https://doi.org/10.13080/z-a.2020.107.048
https://doi.org/10.13080/z-a.2020.107.048
http://www.fao.org/faostat/en/#data/QC
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.1007/s10341-008-0061-4
https://doi.org/10.1007/s10341-008-0061-4
https://doi.org/10.1016/j.scienta.2019.109003
https://doi.org/10.1016/j.scienta.2019.109003
http://virtualorchard.com/idfta/cft/2002/april/page48.pdf
http://virtualorchard.com/idfta/cft/2002/april/page48.pdf
https://doi.org/10.1016/j.postharvbio.2011.12.008
http://www.horticulturejournal.usamv.ro/pdf/vol12issue4/Art53.pdf
http://www.horticulturejournal.usamv.ro/pdf/vol12issue4/Art53.pdf
https://CRAN.R-project.org/package=factoextra
https://doi.org/10.2478/prolas-2013-0037
https://www.jstatsoft.org/article/view/v025i01
https://www.jstatsoft.org/article/view/v025i01
https://doi.org/10.1016/j.scienta.2017.12.057
https://doi.org/10.1016/j.scienta.2017.12.057
https://www.R-project.org/
https://doi.org/10.1016/j.scienta.2018.09.025
http://CRAN.R-project.org/package=psych
https://nyshs.org/wp-content/uploads/2003/01/Cropload-of-Honeycrisp-Affects-Not-Only-Fruit-Size-but-Many-Quality-Attributes.pdf
https://nyshs.org/wp-content/uploads/2003/01/Cropload-of-Honeycrisp-Affects-Not-Only-Fruit-Size-but-Many-Quality-Attributes.pdf
https://nyshs.org/wp-content/uploads/2003/01/Cropload-of-Honeycrisp-Affects-Not-Only-Fruit-Size-but-Many-Quality-Attributes.pdf
http://dev.nyshs.org/wp-content/uploads/2016/10/Crop-Load-Management-of-New-High-Density-Apple-Orchards.pdf
http://dev.nyshs.org/wp-content/uploads/2016/10/Crop-Load-Management-of-New-High-Density-Apple-Orchards.pdf
http://dev.nyshs.org/wp-content/uploads/2016/10/Crop-Load-Management-of-New-High-Density-Apple-Orchards.pdf
https://doi.org/10.1007/s10341-015-0236-8
https://doi.org/10.1007/s10341-015-0236-8
https://doi.org/10.1007/s10341-017-0353-7
https://doi.org/10.1016/j.plantsci.2005.10.009


339Horticulture, Environment, and Biotechnology (2022) 63:325–339 

1 3

Weber MS (2001) Optimizing the tree density in apple orchards on 
dwarf rootstocks. Acta Hortic 557:229–234. https:// doi. org/ 10. 
17660/ ActaH ortic. 2001. 557. 29

Wei T, Simko V (2021) R package “corrplot”: visualization of a 
correlation matrix (Version 0.88). Available from https:// github. 
com/ taiyun/ corrp lot

Wertheim SJ, de Jager A, Duyzens MJJP (1986) Comparison of sin-
gle-row and multi-row planting systems with apples, with regard 
to productivity, fruit size and colour. Acta Hortic 160:243–258. 
https:// doi. org/ 10. 17660/ ActaH ortic. 1986. 160. 25

Wójcik P (2020) Effects of molybdenum sprays on the growth, yield 
and fruit quality of ‘Red Jonaprince’ apple trees. Sci Hortic 
271:109422. https:// doi. org/ 10. 1016/j. scien ta. 2020. 109422

Yoon H-K, Kleiber T, Zydlik Z, Rutkowski K, Woźniak A, 
Świerczyński S, Bednarski W, Kęsy J, Marczak Ł, Seo J-H, 
Choi T-Y, Kang K-J, Kafkas NE, Bocianowski J, Jeandet P, 
Morkunas I (2020) A comparison of selected biochemical and 
physical characteristics and yielding of fruits in apple cultivars 
(Malus domestica Borkh.). Agronomy 10:458. https:// doi. org/ 
10. 3390/ agron omy10 040458

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Ádám Csihon1 · István Gonda1 · Szilárd Szabó2 · Imre J. Holb1,3 

1 Institute of Horticulture, University of Debrecen, 
Debrecen 4032, Hungary

2 Department of Physical Geography and Geoinformatics, 
University of Debrecen, Debrecen 4032, Hungary

3 Plant Protection Institute, Centre for Agricultural Research, 
Eötvös Loránd Research Network, ELKH, Budapest 1022, 
Hungary

https://doi.org/10.17660/ActaHortic.2001.557.29
https://doi.org/10.17660/ActaHortic.2001.557.29
https://github.com/taiyun/corrplot
https://github.com/taiyun/corrplot
https://doi.org/10.17660/ActaHortic.1986.160.25
https://doi.org/10.1016/j.scienta.2020.109422
https://doi.org/10.3390/agronomy10040458
https://doi.org/10.3390/agronomy10040458
http://orcid.org/0000-0002-6368-4660

	Tree vegetative and generative properties and their inter-correlations for prospective apple cultivars under two training systems for young trees
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Location, weather, plant material and orchard management
	2.2 Assessment of vegetative parameters
	2.3 Assessment of generative parameters
	2.4 Data analyses
	2.4.1 ANOVA
	2.4.2 Correlation and linear regression analyses
	2.4.3 Principal component analyses


	3 Results
	3.1 ANOVA for vegetative and generative parameters
	3.2 Vegetative parameters of apple cultivars
	3.3 Generative parameters of apple cultivars
	3.4 Correlation and regression analyses among vegetative and generative parameters
	3.5 Principal component analyses among vegetative and generative parameters

	4 Discussion
	5 Conclusions
	Acknowledgements 
	References




