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Abstract 
Late spring frosts, whose frequency and intensity have increased in the context of climate change, represent 
a major risk factor for fruit tree production. Such a climatic event (minimum temperature of −5.2°C) was 
recorded at the beginning of April 2025, causing significant damage in orchards located in the hilly area of 
Bistrița. The aim of this study was to evaluate the sensitivity of apple cultivars to late spring frost and to identify 
genotypes with high frost tolerance potential. The research was carried out within a comparative apple orchard 
established in 2021 at the Fruit Research and Development Station (FRDS) Bistrița, comprising 33 cultivars 
and two hybrids, all grafted onto the MM106 rootstock. Frost injury was assessed by determining the 
percentage of affected flower buds and by monitoring fruit set and fruit production. For each cultivar, 100 flower 
buds were examined, and the degree of damage was expressed as a percentage. The recorded values ranged 
between 32.2% (hybrid Ifo 1/6) and 93.7% (cultivar ‘Dacian’), highlighting a high variability in cultivar response 
to frost stress. The observed differences among cultivars emphasize the variability in frost response and 
underline the importance of selecting plant material adapted to local climatic conditions. These results provide 
valuable information for cultivar micro-zoning and offer useful support for breeding programs aimed at 
developing apple cultivars with enhanced tolerance to late spring frosts. 
 
Keywords: apple cultivars, breeding programs, bud survival, late spring frost, phenological response, stress 
tolerance 
 

Introduction 
Late spring frost represents one of the most critical climatic hazards affecting fruit production 

worldwide, particularly in temperate regions where apple cultivation is widely practiced. Malus domestica 
Borkh.  is among the most important fruit crops globally, and its productivity is strongly influenced by 
environmental conditions during key phenological stages, especially budburst, flowering, and fruit set [7]. Apple 
production represents a major economic sector in Romania’s horticultural industry, playing an important role 
in rural livelihoods and national fruit supply. According to FAOSTAT, Romania produced approximately 500–
550 thousand tons of apples annually in recent years, placing it among the significant apple-producing 
countries in Europe [2]. 

Among abiotic stress factors, frost events occurring after dormancy, commonly referred to as late 
spring frost, are considered especially damaging, often leading to severe yield losses and economic impacts 
[7]. Similar negative effects of late spring frost have also been reported for other fruit tree species, including 
plum [11] and sweet cherries [4], where frost events during flowering significantly reduced fruit set and yield. 
The vulnerability of apple trees to frost injury is closely related to their phenological development. Increasing 
temperatures during early spring accelerate physiological processes, leading to earlier budburst and flowering. 
However, this advancement increases the exposure of sensitive tissues to negative temperatures, typically 
ranging between −4 and 0°C, which can cause irreversible damage to flower buds and young fruits [3].  
The susceptibility of generative organs varies throughout development, with frost tolerance decreasing 
progressively from dormancy to full bloom [9]. Consequently, even short-term frost events during flowering can 
significantly reduce fruit set and overall yield.  

In recent decades, climate change has intensified the complexity of frost risk. Although global warming 
trends suggest milder winters, they are often accompanied by earlier phenological stages, thereby extending 
the period during which crops are exposed to late frost events [5, 10]. This paradox has been observed in 
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several apple-growing regions, where the frequency or intensity of damaging frost episodes remains significant 
or even increases [1]. As a result, understanding the interaction between cultivar characteristics and local 
climatic conditions has become a priority in modern horticultural research.  

The degree of frost damage also varies considerably among apple cultivars, depending on genetic 
traits such as flowering time, frost hardiness, and recovery capacity [8]. Early-flowering cultivars are generally 
more susceptible, whereas late-flowering ones may partially escape frost injury [9]. Additionally, local factors 
such as topography, altitude, and microclimate play a crucial role in determining frost occurrence and severity. 
Hilly regions, in particular, often exhibit complex air circulation patterns that can either mitigate or exacerbate 
frost risk. In the context of northeastern part of the Transylvanian Plateau, including the Bistrița area, late 
spring frost events have been reported to cause substantial damage to apple orchards, with studies indicating 
that over 90% of floral buds can be affected under extreme conditions similar to those in Bistrița [6]. Such 
findings highlight the necessity of region-specific evaluations of cultivar performance under frost stress 
conditions. Therefore, the comparative evaluation of apple cultivars under late spring frost conditions is 
essential for identifying genotypes with improved resilience and for supporting sustainable orchard 
management strategies. However, limited information is available regarding cultivar behavior under late spring 
frost conditions in the hilly areas of Northern Transylvania. Therefore, this study aims to assess the response 
of different apple cultivars to late spring frost in the hilly area of Bistrița, contributing to the optimization of 
cultivar selection and the mitigation of climate-related risks in fruit production. 
 

Material and Method 
Biological material and experimental design 
The study was carried out in a comparative apple orchard at Fruit Research and Development Station 

(FRDS) Bistrița, established in 2021. Trees were grafted onto MM 106 rootstock, with eight plants for each 
cultivar. The experimental plot includes 33 cultivars and two hybrids.  

The biological material consisted of both foreign cultivars (‘Idared’, ‘Golden Delicious clone B’, 
‘Choupette’, ‘Goldrush’, ‘Sirius’, ‘Orion’, ‘Florina’, ‘Luna’, ‘Opal’, ‘Red Topaz’, ‘Ariwa’, ‘Crimson Crisp’, ‘Gala 
Ferplus’, ‘Gala Venus Fengal’, ‘Gala Decarli Fendeca’) and local cultivars developed at FRDS Bistrița (‘Auriu 
de Bistrița’, ‘Salva’, ‘Starkprim’, ‘Ionaprim’, ‘Bistrițean’, ‘Goldprim’, ‘Dany’, ‘Doina’, ‘Alex’), as well as cultivars 
obtained at other research institutes in the country (‘Cezar’, ‘Valery’, ‘Inedit’, ‘Dacian’, ‘Generos’, ‘Rustic’, 
‘Redix’, ‘Luca’, ‘Rebra’), along with two hybrids (BN 1/1-98, Ifo 1/6). 

Sampling method and measurements 
The effect of frost was evaluated by analysing buds collected seven days after the frost event. For 

each cultivar, 100 buds were randomly sampled from four trees, and the percentage of affected buds was 
determined. 
Fruit yield was assessed at harvest time and expressed as kg per tree, based on the average obtained from 
the eight trees corresponding to each cultivar. 

Monitoring of climatic conditions 
Climatic conditions were continuously monitored, considering the main risk factors for apple cultivation, 

such as frost, low temperatures, precipitation, wind, hail, temperature fluctuations, and drought. 
At FRDS Bistrița, meteorological data were recorded using an automatic station (Adcon Telemetry), equipped 
with AGROEXPERT software, which allowed the collection and analysis of parameters such as air 
temperature, relative humidity, wind speed, and precipitation. 
The study focused on late frost events occurring during the spring of 2025, between April 6 and 11. During this 
period, the apple cultivars were in different phenological stages (BBCH 53–56), ranging from bud swelling to 
the appearance of flower buds. These stage differences are important, as frost sensitivity varies depending on 
the level of development. This climatic episode allowed the comparison of cultivar behaviour under real field 
conditions in terms of frost resistance. 

Statistical analyses 
K-means clustering was performed to classify the data into distinct clusters based on similarity in extent 

of floral organ damage, by comparing the within-class variances and average distance to centroid. The analysis 
was conducted with the following parameters: clustering criterion determinant (W), stop conditions iterations = 
500, and convergence = 0.00001. 

Principal component analysis (PCA) biplot was performed using BBCH scale for pome trees during 
frost event, fruit production, and bud damage by frost as variables, in correlation with 33 apple cultivars and 
two hybrids classified with k-means. The k-means clustering and PCA analysis were conducted using the 
XLSTAT by Addinsoft software (version 2019.3.2) which utilizes the MS Office Excel Professional Plus 2019 
platform. 
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Results and Discussion 
 During the frost event period (table 1), several episodes were observed, with minimum air 
temperatures varying from –5.2˚C (April 7) to –0.7˚C (April 10), extended over six consecutive days. Mean 
daily temperatures dropped below 0°C on three days (April 7, 8, and 11), indicating extremely unfavourable 
conditions for the normal phenological development of fruit trees during the spring of 2025. Relative humidity 
values ranged from 54.9% to 83.9%, reaching elevated levels on two days. In combination with light 
precipitation, these conditions favoured the formation of ice on floral buds and open flowers. Precipitation was 
recorded on most days, with amounts between 0.8 and 2.2 mm, further increasing the likelihood of frost 
damage, particularly under repeated freeze–thaw cycles. 
 
Table 1. Weather data recorded during the frost period at FRDS Bistrița (2025) 

 Date 

April 6th April 7th April 8th April 9th April 10th April 11th 

T. min. (℃) -1.2 -5.2 -4.8 -2.4 -0.7 -1.9 

T. max. (℃) 4.3 1.1 2.0 7.9 4.4 0.4 

T.avrg. (℃) 1.1 -1.4 -0.9 2.8 2.0 -0.5 

Avg. RH (%) 69.4 54.9 78.8 62.3 59.5 83.9 

Prec. (mm) 1.6 0.0 0.8 0.0 2.2 1.2 

 
 

 
Figure 1. Hourly air temperature during the frost period, April 6–11, 2025 

 
 The occurrence of negative temperatures over six consecutive nights, lasting between 2 and 12 hours 
(figure 1) during April 6–11, 2025, in some cases associated with elevated humidity and intermittent 
precipitation, underscores the intensity of this frost event and its potential to induce substantial damage to the 
sensitive reproductive organs of apple cultivars at FRDS Bistrița. 
 The response of apple cultivars to late spring frost events  
 Following the interpretation of the obtained results and their statistical processing, it becomes evident 
that the apple cultivars studied in this research indicate different responses to the frost event that occurred in 
the Bistrița area at the beginning of April 2025. 
 The k-means clustering analysis, based on bud damage induced by frost, allowed the classification of 
the 33 genotypes and two hybrids into four distinct class/clusters (table 2). The first cluster included 8 cultivars, 
within-class variance was 52.1, and the average distance to centroid was 6.4, indicating considerable 
dispersion. Second cluster included the largest number of cultivars, respectively 13, and was characterized by 
lower within-class variance (8.8) and moderate average distance to centroid (2.3), suggesting mild 
heterogenity. The third cluster included 9 cultivars and exhibited the lowest within-class variance (3.1) together 
with the lowest average distance to centroid (1.4), suggesting a high degree of homogenity. The last one 
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cluster exhibited high within-class variance (50.8) and high average distance to centroid (4.9), despite lowest 
number of genotypes, respectively 5. 
 
Table 2. K-means clustering analysis based on bud damage by frost degree 

Class/Cluster 1 2 3 4 

Objects 8 13 9 5 

Within-class variance 52.1 8.8 3.1 50.8 

Minimum distance to centroid 2.6 0.2 0.4 0.1 

Average distance to centroid 6.4 2.3 1.4 4.9 

Maximum distance to centroid 9.0 6.3 3.0 12.0 

 
1. Very frost sensitive cultivars  

 In the first cluster which included eight very frost sensitive cultivars, that suffered severe damaged with 
significant losses of generative organs (Table 3), the following genotypes were identified: ‘Dacian’, ‘Opal’, 
Bistritean, ‘Redix’, ‘Alex’, BN 1/1-98, ‘Rustic’, and ‘Cezar’. The negative effects of frost were reflected in the 
very high percentage of damaged buds, ranking from 78% to 93.7%. These results confirm the high 
susceptibility of these cultivars to late spring frosts under the studied conditions. 
Fruit yield decreased as the percentage of frost-damaged buds increased (for example, ‘Dacian’ and ‘Opal’ 
with over 93% damage produced only 0.5–0.6 kg/tree). However, this relationship is not strictly proportional, 
as some cultivars such as ‘Alex’ (81.1% damaged buds, with a yield of 3.8 kg/tree) and ‘Cezar’ (78.0% 
damaged buds, with a yield of 3.0 kg/tree) show a compensatory capacity, highlighting the importance of the 
cultivar’s genetic characteristics. 
 
Table. 3 Very frost sensitive cultivars 

Cultivar BBCH scale for pome fruit 
Bud damaged by frost 

(%) 
Average fruit yield 

(kg/tree) 

‘Dacian’ 54 93.7 0.6 

‘Opal’ 54 93.1 0.5 

‘Bistrițean’ 56 93.1 1.4 

‘Redix’ 55 82,1 2.3 

‘Alex’ 54 81.1 3.8 

BN 1/1-98 55 78.7 0.3 

‘Rustic’ 54 78.2 0.7 

‘Cezar’ 54 78.0 3.0 

 
2. Frost-sensitive cultivars 

 In the second cluster were included 13 frost-sensitive cultivars (Table 4), which showed severe 
damage of buds with low to moderate values of yield (‘Orion’, ‘Valery’, Goldsrush, ‘Choupette’, ‘Ariwa’, ‘Gala 
Ferplus’, ‘Starkprim’, ‘Rebra’, ‘Crimson Crisp’, ‘Red Topaz’, ‘Gala Venus Fengal’, ‘Salva’, ‘Inedit’). The data 
analysis shows that the percentage of frost-damaged buds ranges between 64.6% (‘Inedit’) and 75.0% (‘Orion’) 
across all studied cultivars. Given that, they were in similar phenological stages (BBCH 53–56), this suggests 
that differences in sensitivity are mainly determined by the genetic characteristics of each cultivar rather than 
by the phenological stage. Thus, no direct correlation is observed between BBCH progression and the degree 
of damage; however, significant variations are evident among cultivars at the same developmental stage, 
indicating differentiated frost resistance. 
 Cultivars with the highest percentage of frost-damaged buds, such as ‘Orion’ (75.0%) and ‘Valery’ 
(72.9%), also recorded the lowest yields 0.1 kg/tree and 0.3 kg/tree respectively, confirming the direct impact 
of frost on production. However, this relationship is not consistent across all cultivars. For instance, ‘Goldrush’, 
despite a high level of bud damage (71.3%), achieved the highest yield (4.1 kg/tree), while ‘Ariwa’ (69.2%) 
also recorded a relatively high production (3.4 kg/tree). On the other hand, cultivars with lower levels of 
damage, such as ‘Inedit’ (64.6%) and ‘Red Topaz’ (66.7%), did not show correspondingly higher yields (0.6 
kg/tree and 0.2 kg/tree, respectively). 
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Table 4. Frost sensitive cultivars 

Cultivar 
BBCH scale for 

pome fruit 
Bud damaged by frost 

(%) 
Average fruit yield (kg/tree) 

Orion 54 75.0 0.1 

Valery 54 72.9 0.3 

Goldrush 54 71.3 4.1 

Choupette 54 70.3 1.1 

Ariwa 53 69.2 3.4 

Gala Ferplus 53 68.5 0.6 

Starkprim 56 67.7 0.7 

Rebra 54 67.4 0.8 

Crimson Crisp 53 67.4 1.6 

Red Topaz 55 66.7 0.2 

Gala Venus Fengal 54 66.5 1.1 

Salva 54 65.8 1.2 

Inedit 55 64.6 0.6 

 
3. Moderately frost tolerant cultivars 

 In the third cluster were included nine moderately frost tolerant cultivars that maintained a relatively 
acceptable fruiting potential: ‘Ionaprim’, ‘Dany’, ‘Generos’, ‘Luna’, ‘Goldprim’, ‘Gala Decarli Fendeca’, ‘Florina’, 
‘Sirius’ and ‘Luca’. From Table 5, a slight trend can be observed showing an increase in the percentage of 
frost-damaged buds with advancing BBCH stages. Thus, cultivars at BBCH 55 (‘Dany’ – 60.0%; ‘Luna’ – 
59.3%) tend to be more affected than those at BBCH 53 (‘Goldprim’ – 58.9%; ‘Florina’ – 58.0%), while 
intermediate values at BBCH 54 (‘Ionaprim’ – 60.9%) suggest a moderate relationship between a more 
advanced phenological stage and higher frost sensitivity. The highest yields were recorded in the cultivars 
‘Dany’ (7.3 kg/tree) and ‘Sirius’ (5.4 kg/tree), while the lowest values were observed in ‘Gala Decarli Fendeca’ 
and ‘Florina’ (0.4 kg/tree).  
 The remaining cultivars showed intermediate production levels, ranging from approximately 1.1 to 2.6 
kg/tree. When relating these results to the percentage of frost-damaged buds, all cultivars exhibited a relatively 
high level of damage (approximately 55–61%), which generally explains the reduced yields. For instance, 
‘Ionaprim’ (60.9%), ‘Dany’ (60.0%), and ‘Generos’ (59.8%) showed high levels of bud damage, yet their yield 
response differed considerably, with ‘Dany’ still achieving a high production level. In contrast, cultivars such 
as ‘Florina’ and ‘Gala Decarli Fendeca’, with around 58% bud damage, recorded very low yields, suggesting 
a higher sensitivity to bud loss and a lower capacity for compensation. 
 Although cultivars from this cluster retained approximately 40–45% viable buds, a level generally 
considered sufficient to ensure relatively satisfactory yields, this was not reflected in their production 
performance. This suggests that factors other than frost injury, such as unfavourable pollination conditions, 
deficient fruit set, or cultivar-specific physiological limitations, may also have contributed significantly to the 
reduced productivity 

 
Table 5. Moderately frost- tolerant cultivars 

Cultivar 
BBCH scale for pome 

fruit 
Bud damaged by frost 

(%) 
Average fruit yield (kg/tree) 

Ionaprim 54 60.9 1.3 

Dany 55 60.0 7.3 

Generos 53 59.8 2.6 

Luna 55 59.3 1.1 

Goldprim 53 58.9 1.3 
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Gala Decarli 
Fendeca 

53 58.0 0.4 

Florina 53 58.0 0.4 

Sirius 54 56.4 5.4 

Luca 55 55.5 1.6 

 
4. Highly frost tolerant cultivars 
The fourth cluster grouped five highly frost tolerant genotypes, which exhibited relatively low injury and 

preserved a satisfactory capacity for fruit development, such as Golden delicious clona B, ‘Doina’, ‘Idared’, 
‘Auriu de Bistrița’, Ifo 1/6 (Table 6). The data confirm that these cultivars, considered highly frost-tolerant, still 
recorded relatively low bud losses, with values ranging from 32.2% (Ifo 1/6) to 50.7% (Golden delicious clone 
B). The cultivars ‘Doina’ (47.6%) and ‘Idared’ (46.5%) showed intermediate levels of damage, while ‘Auriu de 
Bistrița’ exhibits a lower percentage (44.1%). Hybrid Ifo 1/6 stands out as having the highest level of frost 
tolerance, with the lowest proportion of affected buds. All cultivars were at similar phenological stages, between 
BBCH 53 and 55, indicating that differences in damage are mainly determined by genetic frost tolerance rather 
than developmental stage. Although the percentage of damaged buds is not negligible, the relatively lower 
values observed in some cultivars support their classification as highly frost tolerant. 

 
Table 6. Highly frost tolerant cultivars 

Cultivar 
BBCH scale for 

pome fruit 
Bud damaged by 

frost (%) 
Average fruit yield 

(kg/tree) 

Golden delicious 
clone B 

54 50.7 0.6 

Doina 55 47.6 6.6 

Idared 54 46.5 1.9 

Auriu de Bistrița 53 44.1 0.6 

Ifo 1/6 53 32.2 2.9 

 
The yields shown in the table vary considerably among cultivars, even under relatively similar levels 

of frost-damaged buds. The highest production was recorded in ‘Doina’ – 6.6 kg/tree, followed by Ifo 1/6 – 2.9 
kg/tree and ‘Idared’ – 1.9 kg/tree. At the opposite end, Golden Delicious clone B and ‘Auriu de Bistrița’ showed 
the lowest yields, both with 0.6 kg/tree. When related to the percentage of frost-damaged buds, ‘Doina’, despite 
a relatively high level of damage (47.6%), achieved the highest yield, indicating a strong compensatory 
capacity. In contrast, Golden Delicious clone B, which recorded the highest bud damage (50.7%), had a very 
low production (0.6 kg/tree). Similarly, Ifo 1/6, with the lowest damage level (32.2%), achieved a relatively good 
yield (2.9 kg/tree), confirming its higher frost tolerance. 

Principal Component Analysis (PCA) biplot shows the relationships between variables – fruit 
production, BBCH scale and bud damage by frost degree and observations - cultivars (Fig. 2), revealed a total 
variability of 81.06%, explained by the two components (F1 44.63% and F2 36.43%) of the total variance.  

The distribution of genotypes along F1 indicates a clear gradient primarily associated with frost-related 
traits: genotypes positioned on the positive side of F1 are strongly associated with higher levels of bud damage 
caused by frost and advanced phenological stages (BBCH scale) (‘Bistrițean’, ‘Starkprim’, ‘Redix’), suggesting 
increased frost sensitivity. Certain cultivars like ‘Dacian’, ‘Opal’, BN1/1-98, ‘Rustic’, ‘Alex’, and ‘Cezar’ showed 
the highest susceptibility to frost damage (frost-highly sensitive) independent to phenological stage.  

In contrast, cultivars positioned on the left side, such as ‘Auriu de Bistrița’, Golden delicious clona B, 
and Ifo1/6, are associated with the lowest frost damage (highly frost tolerant), and Gala de Carli Fendeca, 
‘Generos’, ‘Goldprim’, ‘Florina’, and ‘Ionaprim’ are associated with lower frost damage (moderately frost 
tolerant), all cultivars present relatively delayed phenology, indicating better avoidance of frost events. 
Conversely, cultivars such as ‘Ariwa’, ‘Gala Ferplus’, and ‘Crimson Crisp’ are located in the lower-left quadrant, 
indicating early phenological stage correlated with frost sensitivity.  

The second axis (F2) is mainly associated with fruit production, separating high-yielding cultivars in 
the upper part of the plot from lower-yielding ones in the lower part. For instance, ‘Dany’, ‘Doina’, and ‘Sirius’ 
are positioned in the upper-left quadrant, showing a positive association with fruit production and being 
moderately frost tolerance or even highly frost-tolerant. 
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Figure 2. Principal Component Analysis (PCA) of 33 cultivars and two hybrids and fruit 

production, BBCH scale and bud damage by frost degree 
 
Conclusions 
The results highlighted significant differences among the 33 apple cultivars and two hybrids regarding 

their response to the late spring frost event recorded in April 2025. Both k-means clustering and PCA analyses 
indicated that frost tolerance was mainly associated with the genetic background of the cultivars, while the 
phenological stage had a relatively limited influence on the extent of frost injury.  

Cultivars such as ‘Doina’, Ifo 1/6, ‘Dany’, and ‘Sirius’ showed better adaptation to frost conditions, 
maintaining satisfactory yields despite floral bud damage, whereas ‘Dacian’, ‘Opal’, and ‘Bistrițean’ exhibited 
highly sensitivity to frost stress.  

These findings underline the importance of selecting cultivars with increased frost tolerance and good 
recovery capacity in order to support sustainable apple production in regions frequently affected by late spring 
frosts.  
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