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Abstract
This study aimed to investigate the influence of rootstock on intra-clonal varia­
tion in spring leaf phenology of pedunculate oak (Quercus robur L.) clones. In the 
context of clonal seed orchards, phenological synchrony is critical for successful 
pollination and seed production. While leaf phenology is largely under genetic 
control, increasing evidence suggests that rootstocks can influence scion phe­
nology.

The experiment was conducted at the Brestje nursery using 43 pedunculate oak 
clones, each represented by three grafted ramets on genetically diverse seedling 
rootstocks. Phenological monitoring was carried out from 2010 to 2014, and in­
tra-clonal differences in budburst timing (phenophase 3) were analyzed using 
bootstrap analysis. Additionally, the impact of a late spring frost in 2012 was as­
sessed by comparing the timing of phenophase 4 between frost-damaged and 
frost-surviving ramets.

Results showed that, despite genetic uniformity, there was significant intra-clon­
al variability in budburst timing. In 2010, as many as 79.1% of clones exhibited 
a budburst range of ≥3 days between ramets, which can be considered a bio­
logically meaningful threshold. The highest level of phenological synchrony was 
recorded in 2013. Notably, ramets that flushed later were less susceptible to frost 
damage, with the greatest observed difference between damaged and undam­
aged ramets being 21 days.

These findings highlight the critical role of rootstock in shaping scion phenology, 
particularly in the context of optimizing seed production and weather adaptabil­
ity in clonal seed orchards.
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INTRODUCTION
Pedunculate oak (Quercus robur L.) forest stands’ regenera­
tion can be achieved naturally through shelterwood cutting. 
However, in many situations—particularly where natural re­
generation proves insufficient—artificial methods such as 
seed sowing or seedling planting become necessary. To en­
sure effective forest regeneration in cases requiring artificial 
methods, it is advisable to rely on high-quality reproductive 
material that meets genetic and ecological standards.

To enhance the genetic quality of forest reproductive ma­
terial and increase the frequency and abundance of seed 
production, clonal seed orchards have been established in 
Croatia (Vidaković 1996). These orchards are established 
through heterovegetative propagation (grafting) of “plus 
trees”—phenotypically superior individuals selected from 
natural forest stands.

A critical goal in clonal seed orchards’ management is to 
ensure a sufficient number of genotypically distinct clones 
for seed production, i.e. to maximize effective population 
size (Kramer et al. 2008). To facilitate successful pollination 
among these clones, phenological synchrony, the uniform­
ity of developmental timing across clones, is of vital impor­
tance (Franjić et al. 2011).

It is well known that budburst is under strong genetic con­
trol and exhibits high heritability. This has been confirmed 
in various tree species, including pedunculate oak (Scot­
ti-Saintagne et al. 2004), poplar (Populus spp.) (Frewen et al. 
2000), and birch (Betula spp.) (Billington and Pelham 1991). 
Although it is strongly influenced by the genome, the pri­
mary environmental triggers for leaf phenological events 
are temperature and photoperiod. These factors determine 
the narrow time window during which environmental con­
ditions are optimal for plant development (Robson et al. 
2013, Basler and Korner 2014, Zohner and Renner 2015).

The timing and progression of spring leaf phenology, in­
cluding the phases from budburst to full leaf expansion, 
significantly influence the length of the growing season and 
act as major drivers of ecological processes in temperate for­
ests (Polgar and Primack 2011). Trees that set buds too early 
in the fall or flush too late in the spring may experience a 
shortened growing season, reducing both competitive abil­
ity and growth potential (Frewen et al. 2000).

Optimal phenological timing allows trees to avoid late 
spring frosts that can damage sensitive tissues and to ex­
tend the photosynthetically active period, thereby enhanc­
ing biomass production (Lockhart 1983, Leinonen and Hän­
ninen 2002, Gömöry and Paule 2011). While temperature 
and photoperiod are considered the primary drivers of phe­
nological development, a range of additional abiotic and 
biotic factors—known in the literature as atypical—can also 
exert significant influence on phenological traits (Bačurin et 
al. 2023). These include drought stress (Vander Mijnsbrugge 
et al. 2016, Bačurin et al. 2025), nutrient availability (Bačurin 
et al. 2023), and, in cases of severe insect infestation, phe­
nological shifts in spring leaf development (Haukioja et al. 
1988, Kaitaniemi et al. 1997).

In addition to the previously mentioned atypical factors, 
several studies have indicated that grafting can also lead to 

rootstock-induced effects on the scion phenology (Young 
and Houser 1980, Durner and Goffreda 1992, Camisón et al. 
2021). In forestry and horticulture, rootstocks are used to im­
prove graft compatibility, regulate scion vigor, and enhance 
reproductive success (Jayawickrama et al. 1991). Studies 
in fruit species have shown that rootstocks can affect veg­
etative growth, fruit yield, as well as the phenological and 
physiological traits of the scion, including leaf and flower 
development (Wang et al. 1994; Jiménez et al. 2004, 2011; 
Tworkoski and Miller 2007; Neilsen et al. 2016). It has also 
been established that the use of specific rootstocks can im­
prove drought tolerance (Tworkoski et al. 2016).

Although the influence of rootstocks on phenological traits 
is well known in fruit crops, their effects on scion phenolo­
gy in forest tree species, such as pedunculate oak, remains 
insufficiently studied. Given the ecological and silvicultural 
importance of this species, understanding rootstock-scion 
interactions is particularly relevant in the context of estab­
lishing clonal seed orchards, since grafting is the standard 
methodology used for their establishment. This study aimed 
to assess whether different rootstock genotypes influence 
intra-clonal variability in budburst timing among peduncu­
late oak clones. Such knowledge is critical to ensuring phe­
nological synchrony among ramets and to maximizing seed 
production in clonal seed orchards.

MATERIAL AND METHODS
Experimental Design and Plant Material
The data used in this study were collected from an exper­
imental trial established at the Brestje nursery (45.84°N, 
16.10°E), managed by Croatian Forests Ltd. The trial was set 
up using heterovegetatively propagated (grafted) pedun­
culate oak clones, originating from Kosovac (45°36’09.8”N 
17°58’03.3”E), Petkovac (45°08’49.2”N 18°51’36.5”E), and 
Pleščice I (45°44’52.2”N 16°35’14.7”E) clonal seed orchards. 
Planting began on 13 March 2008, following a randomized 
complete block design with three replications. Each of the 
150 clones was represented by one ramet per block, result­
ing in a total of 450 ramets.

Scion material for heterovegetative propagation and trial 
establishment was collected in the spring of 2007 from the 
previously mentioned clonal seed orchards and was imme­
diately grafted onto previously prepared rootstocks. These 
rootstocks had been grown from acorns one year earlier, in 
the spring of 2006. The acorns were sampled from natural 
oak populations, and their genetic background is unknown. 
However, it is assumed that rootstocks are genetically di­
verse.

Phenological observations of budburst were conducted 
twice a week until complete leaf development was record­
ed for all clones. A 1–7 ordinal scale, as described by Fran­
jić et al. (2011), was used to assess phenological phases. All 
observations were performed by an experienced observer, 
and the recorded phenological scores were used as input for 
subsequent statistical analyses.

Data Processing and Statistical Analysis
Although the experimental trial was established in 2008, 
phenological monitoring data used in this study were an­
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alyzed starting from 2010, in order to avoid potential trans­
plant shock effects that may have influenced early plant de­
velopment. The dataset spans from 2010 to the end of the 
monitoring period in 2014. It is important to note that data 
from the year 2012 were excluded from this part of the anal­
ysis, which focuses on phenological synchronization, due to 
the occurrence of a late spring frost that year. This climatic 
event may have negatively affected plant development and 
compromised the reliability of the results.

Data were filtered to include only those clones for which all 
three ramets were consistently represented across all obser­
vation years included in the study. In the end, the analysis was 
conducted on 43 clones, each represented by three ramets.

Data processing and visualization were performed using R 
statistical software (version 4.4.3; R Development Core Team 
2024). Data cleaning, transformation, and preparation were 
carried out using the packages tidyverse (version 2.0.0), 
dplyr (version 1.1.4), tidyr (version 1.3.1), zoo (version 1.8-
13), rstatix (version 0.7.2), and lubridate (version 1.9.4).

Data visualization was conducted using ggplot2 (version 
3.5.1), ggstatsplot (version 0.12.3), ggalt (version 0.4.0), and 
gridExtra (version 2.3). In addition, summary results were 
formatted and presented in tabular form using the gt (ver­
sion 1.0.0) and formattable (version 0.2.1) packages.

For further analysis, the exact date when a plant entered a 
specific phenological phase was extracted. In cases where 
the entry into a phenophase was not directly observed, 
i.e., when the transition occurred between two monito­
ring dates, interpolation was used to determine the date of 
phase onset. These interpolated values were subsequently 
used in statistical analyses.

The Shapiro–Wilk test indicated that the phenological data 
were not normally distributed. To assess differences in phe­
nological timing among ra­
mets within individual clones, 
a bootstrap analysis was per­
formed using the boot (ver­
sion 1.3.31) package. This 
non-parametric resampling 
approach provided robust 
estimates of confidence in­
tervals and test statistics 
based on 2,000 resamples 
with replacement from the 
original dataset. The analysis 
evaluated whether differenc­
es occurred among ramets of 
the same clone in the date of 
entry into phenophase 3, cor­
responding to budburst and 
marking the onset of vegeta­
tive growth—a critical stage 
influencing both the length 
of the growing season and a 
clone’s exposure to environ­
mental stressors such as late 
spring frost.

Temperature Data and Biological Threshold 
Determination
Daily minimum and mean air temperature data were ob­
tained from the Croatian Meteorological and Hydrological 
Service and recorded at the Maksimir meteorological station 
(45°49’19”N 16°02’01”E), the nearest station to the experi­
mental site. On 10 April 2012, a late spring frost occurred, 
causing significant damage to ramets that had already 
reached advanced phenological phases (≥ phenophase 4). 
Using an interpolation model, the exact date each ramet 
entered phenophase 4 (folded leaf visible) was determined. 
Ramets that had reached phenophase 4 or higher (≥ 4) on or 
before 10 April 2012, the date of the frost event, were clas­
sified as frost-damaged, while those that entered this phase 
afterward were classified as frost-surviving. For each clone, 
the difference in days between the phenophase 4 onset of 
damaged and surviving ramets was calculated. The analysis 
revealed that a delay of just three days in reaching pheno­
phase 4 was sufficient to avoid frost injury; this difference 
was therefore adopted as a biological threshold for frost 
avoidance. This finding was then used to define a three-day 
or greater difference in budburst timing (phenophase 3) 
among ramets within a clone as biologically significant.

RESULTS
Bootstrap Analysis of Intra-clonal Variation in Spring 
Leaf Phenology
In 2010, the results indicated that 11.2% of clones exhibited 
statistically significant differences (p < 0.05) in phenophase 
dynamics between their ramets. This proportion increased 
in 2011 to 17.8%, suggesting greater intra-clonal variability 
in that year. In 2013, the proportion of clones with signif­
icant within-clone differences slightly decreased to 14.4%. 
However, in 2014, this percentage rose noticeably to 24.8%, 
representing the highest level of intra-clonal phenological 
divergence across the analyzed years (Figure 1).

Figure 1 Proportion of clones showing significant phenological differences between their ramets across years (2010, 
2011, 2013, and 2014), based on bootstrap analysis in phenophase 3. The red segments (p < 0.05) represent clones with 
statistically significant intra-clonal variation in phenophase progression, while blue segments (p > 0.05) indicate clones 
without significant differences.
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Dynamics of Spring Leaf Development in Clone NA 02
The progression of spring leaf phenological phases was 
monitored in three ramets (a, b, and c) of clone NA 02 over 
four growing seasons: 2010, 2011, 2013, and 2014. Clone NA 
02 was selected as a representative example to illustrate in­
tra-clonal variation among the clones analyzed in the study. 
Visual analysis of phenological curves revealed consistent 
differences in the onset and progression of development 
among the ramets (Figure 3).

Particular focus was placed on phenophase 3 (budburst), 
which marks the visible opening of buds and the initiation 
of leaf development. In all analyzed years, ramet “a” con­
sistently entered this phase earlier than ramets “b” and “c”, 
while ramet “b” was generally the latest to initiate and com­
plete leaf development.

To assess these differences statistically, bootstrap analysis 
was performed specifically for phase 3. The results con­
firmed significant differences between ramets “a” and “b” in 
2010 (p = 0.009) and 2011 (p < 0.001), as well as between 
ramets “a” and “c” in 2011 (p = 0.033). In 2013, although visu­
al differences appeared subtle, statistical analysis revealed 
that significant differences existed between ramets “a” and 
“b” and between ramets “a” and “c”, while the difference be­
tween ramets “b” and “c” was not significant. In 2014, pheno­
logical divergence reappeared, with significant differences 
confirmed between ramets “a” and “b” (p < 0.001) and “a” and 
“c”, while again, no significant difference was observed be­

tween ramets “b” and “c”.

Dynamics of Spring Leaf Development in Clone BJ 39
The progression of spring phenological phases was tracked 
in three ramets (a, b, and c) of clone BJ 39 during four years: 
2010, 2011, 2013, and 2014. Clone BJ 39 was selected as a 
representative example to illustrate intra-clonal variation 
among the clones analyzed in the study. The phenological 
curves show year-to-year variation in both the onset and 
rate of development among the ramets (Figure 2).

In 2010, ramet “b” initiated spring leaf phenology slightly 
earlier than ramets “a” and “c”, but all three ramets progressed 
through phenophases relatively synchronously. Bootstrap 
analysis for phase 3 in that year confirmed no statistically 
significant differences between any of the ramet pairs. 

In 2011, more pronounced divergence was observed. Ramet 

“b” entered budburst earlier than both ramets “a” and “c”, and 
ramet “a” lagged noticeably behind. These differences were 
statistically confirmed: bootstrap analysis revealed a signifi­
cant difference between ramets “b” and “c” (p < 0.001), while 
differences between ramets “a” and “b”, and “a” and “c”, were 
not significant.

In 2013, all three ramets initiated spring phenology in a rel­
atively synchronized manner; however, ramet “a” exhibited a 
slower progression of phenophases, indicating a generally 
slower developmental dynamic compared to the others.

In 2013, ramet “b” initiated spring phenology earlier than 
both ramets “a” and “c”. Bootstrap analysis confirmed a sta­
tistically significant difference in the onset timing between 
ramets “b” and “c”, indicating an earlier development in ra­
met “b”.

Figure 2 Phenological development of ramets “a”, “b”, and “c” of clone BJ 39 across four years (2010, 2011, 2013, and 2014). The y-axis represents phenophase values 
(phases 2–7), while the x-axis shows the day of the year (DOY). Although the general trend of development is similar, the timing and rate of progression vary be­
tween ramets and years, indicating intra-clonal variability in phenological dynamics.
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Figure 3 Phenological development of ramets “a”, “b”, and “c” of clone NA 02 across four years (2010, 2011, 2013, and 2014). The y-axis represents phenophase val­
ues (phases 2–7), while the x-axis shows the day of the year (DOY). Although the general trend of development is similar, the timing and rate of progression vary 
between ramets and years, indicating intra-clonal variability in phenological dynamics.

Figure 4 Five-day mean air temperatures (°C) recorded between 29 January and 28 April for five different years (2010–2014). Data were obtained from the Maksimir 
meteorological station and illustrate interannual variation in early spring temperature.

Temperature Data and Biological Threshold Determination

The data presented in Figure 4 illustrate the temporal dy­
namics of five distinct years over a three-month period from 
late January to late April.

The year 2010 began with temperatures slightly above 
freezing in early February. This was followed by a brief cool­
ing period and then a gradual warming trend, marked by 
relatively low variability. The transition to spring conditions 
was steady and consistent, though less pronounced than in 
the following years.

The year 2011 started with moderate temperatures but was 
marked by a highly unstable March, characterized by fre­

quent shifts between warm and cold spells. The warming 
trend emerged later in the season and became stable only 
toward the end of April.

The year 2012 featured the coldest start of all the years ana­
lyzed, with the lowest temperature recorded in early Febru­
ary (Figures 4 and 5). A noticeable increase in temperature 
followed; however, the pattern remained highly variable, 
with repeated alternations between warm and cold periods. 
Notably, on 10 April 2012, a late spring frost was recorded 
(Figure 5), which negatively affected ramets that were in 
phenophase 4 or beyond. Although meteorological station 
data recorded a frost event on 2 April 2012, no visible impact 
was observed on the ramets in the experimental trial.
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The year 2013 began with temperatures near zero and exhib­
ited considerable variability throughout March, including al­
ternating drops and surges in temperature. Stable and warm­
er conditions were only recorded from mid- to late April.

The year 2014 showed a stable and gradual warming trend 
from the beginning of the observation period. However, no­
ticeable cooling periods occurred in mid-March and again 
from early to mid-April. These cooler phases introduced a 
degree of instability, precisely during the period when in­
creased budburst activity would typically be expected.

Intra-clonal Variability in Budburst Timing Across Years
The within-clone variability in the timing of budburst (pheno­
phase 3) was assessed by calculating the range between the 
earliest and latest ramet transition dates for each clone (Table 1).

In 2013, clones exhibited the highest degree of synchroni­
zation, with an average within-clone range of only 3.34 days 
and a maximum of 7 days. This was further supported by the 
fact that only 41.9% of clones had a range equal to or great­
er than three days, indicating limited intra-clonal asynchro­
ny. In contrast, the year 2010 showed the highest variability, 
with a mean range of 6.31 days and a maximum of 19 days; 
79.1% of clones exhibited a range of ≥3 days. Similarly, 2014 
also showed considerable asynchrony (mean = 5.71 days; 
max = 16 days), with 72.1% of clones exceeding the 3-day 
threshold. The year 2011 displayed intermediate variabili­
ty, with 46.5% of clones falling into this category (Figure 6). 
These results highlight substantial interannual differences in 
phenological coherence within clones, likely influenced by 
varying environmental conditions.

Figure 5 Daily minimum air temperatures (°C) recorded from 1 February to 30 April 2012, based on data from the Maksimir meteorological station. A significant 
drop in temperature was observed on 10 April 2012, indicating a late spring frost event.

Figure 6  Distribution of clones with fewer than 3 days (<3, blue) and 3 or more days (≥3, pink) of intra-clonal variability in budburst across four years. Each pie chart 
shows the percentage of clones in each category for the years 2010, 2011, 2013, and 2014. The majority of clones exhibited higher within-clone variability (≥3 days) 
in 2010 and 2014, while in 2011 and 2013 the proportion of clones with lower variability (<3 days) was higher or more balanced.
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Table 1 Intra-clonal variability in the timing of budburst (phenophase 3) across four study years (2010, 2011, 2013, and 2014) for each clone. Values represent the 
range (in days) between the earliest (MIN) and latest ramet (MAX) to reach phase 3 within the same clone, indicating the degree of intra-clonal synchrony. A greater 
range suggests lower synchrony (i.e., greater asynchrony) among ramets. A difference of three days or more was considered potentially significant.
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BJ04 99.00 99 99 0 93.67 93 95 2 108.67 108 109 1 84.67 84 86 2

BJ05 109.33 103 115 12 106.33 105 109 4 115.67 113 117 4 99.67 98 103 5

BJ07 115.67 114 117 3 101.33 100 102 2 113.00 113 113 0 98.00 98 98 0

BJ18 114.00 110 118 8 109.33 105 114 9 116.33 115 117 2 106.00 98 112 14

BJ21 106.33 103 110 7 100.00 98 102 4 111.67 111 113 2 93.67 91 95 4

BJ25 100.33 99 103 4 94.67 93 98 5 108.33 108 109 1 82.00 80 84 4

BJ28 116.67 116 117 1 112.00 112 112 0 118.67 118 120 2 99.67 98 103 5

BJ29 96.67 92 99 7 94.33 93 95 2 108.67 106 111 5 88.00 84 91 7

BJ34 99.33 96 103 7 96.67 93 102 9 109.33 106 111 5 87.00 84 91 7

BJ39 107.67 103 110 7 97.67 93 105 12 111.00 109 115 6 93.67 89 97 8

BJ41 98.00 92 103 11 94.33 93 95 2 107.67 106 109 3 85.67 84 89 5

BJ46 118.00 115 122 7 113.67 113 113 0 123.00 122 125 3 110.67 108 112 4

BJ 50 108.67 106 110 4 93.67 93 95 2 108.67 108 109 1 84.67 82 86 4

NA01 101.67 96 110 14 91.33 88 95 7 107.67 106 111 5 83.67 80 91 11

NA02 104.67 96 115 19 96.67 93 102 9 109.33 106 113 7 93.33 84 98 14

NA04 92.00 92 92 0 88.00 88 88 0 103.67 102 106 4 80.00 80 80 0

NA05 99.33 96 103 7 93.67 91 97 6 107.67 106 109 3 84.33 80 89 9

NA08 97.00 96 99 3 92.67 92 92 0 106.67 106 108 2 84.67 84 86 2

NA09 93.33 92 96 4 92.33 91 95 4 106.00 106 106 0 81.33 80 84 4

NA12 93.67 89 96 7 91.00 91 91 0 105.33 104 106 2 81.00 79 84 5

NA15 98.00 96 99 3 93.00 93 93 0 107.00 106 109 3 83.33 82 84 2

NA16 95.67 92 103 11 93.00 91 95 4 106.67 106 108 2 82.67 80 84 4

NA17 93.33 89 99 10 94.67 93 98 5 108.33 106 113 7 87.67 82 97 15

NA19 98.33 96 103 7 92.33 91 93 2 109.00 109 109 0 84.67 84 86 2

NA20 93.33 92 96 4 91.67 91 93 2 106.00 106 106 0 81.67 77 84 7

NA23 93.00 91 96 5 90.00 88 91 3 108.33 106 113 7 84.67 79 95 16

NA28 99.33 96 103 7 92.33 91 93 2 107.67 106 109 3 84.00 84 84 0

NA29 95.67 92 99 7 93.00 91 95 4 107.67 106 109 3 84.00 84 84 0

NA38 93.33 89 99 10 88.67 88 90 2 104.67 104 106 2 77.00 77 77 0

NA40 99.00 99 99 0 92.33 91 93 2 107.33 106 108 2 84.00 82 86 4

VK04 93.33 92 96 4 90.00 88 91 3 105.33 104 106 2 78.00 77 80 3

VK09 122.00 122 122 0 114.67 112 116 4 121.33 120 122 2 114.00 112 115 3

VK11 115.67 115 118 3 106.33 105 107 2 116.00 115 118 3 103.00 98 108 10

VK16 111.67 110 115 5 110.00 109 112 3 117.33 117 118 1 102.33 102 103 1

VK18 98.00 96 99 3 93.67 93 95 2 108.33 108 109 1 82.67 80 84 4

VK20 104.00 99 110 11 93.00 93 93 0 109.00 109 109 0 85.67 84 89 5

VK29 92.00 92 92 0 91.33 88 95 7 106.00 106 106 0 80.33 79 82 3

VK31 106.00 106 106 0 109.00 109 109 1 116.67 116 117 1 100.00 98 103 5

VK34 113.67 113 115 2 112.00 112 112 0 117.67 117 118 1 102.33 102 103 1

VK38 92.00 92 92 0 86.67 86 88 2 103.67 102 106 4 78.67 77 80 3

VK40 116.33 113 119 6 107.67 102 112 10 115.33 111 118 7 103.00 98 108 10

VK43 93.33 92 96 4 91.00 91 91 0 105.33 104 106 2 77.00 77 77 0

VK56 101.67 92 110 18 96.67 93 102 9 109.67 109 111 2 90.00 86 95 9
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Table 2 Comparison of phenophase 4 between frost-damaged and frost-surviving ramets across clones in which at least one ramet experienced frost damage. The 
table presents the dates on which each ramet reached phenophase 4, along with the difference in days between damaged and surviving ramets within the same 
clone. Ramets within each clone are labeled as “a”,” b”, and “c”.

Clone Frost-damaged 
Ramet Frost-survived Ramet Phenophase 4  

(damaged ramet)
Phenophase 4  

(survived ramet) Difference (days)

BJ 25 b a 2012-04-10 2012-04-13 3.0

BJ 25 c a 2012-04-10 2012-04-13 3.0

BJ 29 b a 2012-04-10 2012-04-13 3.0

BJ 29 b c 2012-04-10 2012-04-13 3.0

BJ 41 b a 2012-04-06 2012-04-13 6.5

BJ 41 c a 2012-04-06 2012-04-13 6.5

BJ 50 c a 2012-04-03 2012-04-17 14.0

BJ 50 c b 2012-04-03 2012-04-13 10.0

NA 02 a b 2012-04-06 2012-04-27 20.5

NA 02 c b 2012-04-10 2012-04-27 17.0

NA 08 a c 2012-04-06 2012-04-24 17.5

NA 08 b c 2012-04-10 2012-04-24 14.0

NA 16 b a 2012-04-06 2012-04-13 6.5

NA 16 c a 2012-04-10 2012-04-13 3.0

NA 19 b a 2012-04-10 2012-04-13 3.0

NA 19 c a 2012-04-10 2012-04-13 3.0

NA 20 a c 2012-03-30 2012-04-20 21.0

NA 20 b c 2012-04-10 2012-04-20 10.0

NA 23 b a 2012-03-30 2012-04-20 21.0

NA 23 c a 2012-04-10 2012-04-20 10.0

The differences in phenophase timing between damaged 
and surviving ramets varied considerably across clones, 
ranging from 3.0 to 21.0 days. Minimal differences (3.0–6.5 
days) were observed in clones BJ 25, BJ 29, BJ 41, NA 16, and 
NA 19, suggesting that although these clones initiated bud­
burst early, the phenological gap between damaged and 
surviving ramets was relatively small—yet still sufficient to 
prevent frost damage in the surviving ramets. In contrast, 
clones BJ 50, NA 02, NA 08, NA 20, and NA 23 exhibited 
much larger differences, ranging from 10.0 to 21.0 days.

The most extreme case was observed in clone NA 20, where 
phenophase 4 in damaged ramets occurred on 30 March, 
while the surviving ramets reached the same phase on 
20 April, resulting in a 21-day delay. These findings clearly 
demonstrate that ramets with earlier budburst were more 
susceptible to frost damage, and that a delay of three or 
more days in reaching phenophase 4 was sufficient to pre­
vent such damage.

Figure 7 illustrates the relationship between spring leaf phe­
nology and minimum daily temperature in three ramets of 
the BJ 25 clone during the spring of 2012. On 10 April 2012, 
a late spring frost occurred, with minimum temperatures 
dropping to –2.3°C. At that time, two ramets (“b” and “c”) 
had already reached phenophase 4 or higher. After the frost 
event, both exhibited a temporary shift from phase 4 back 
to phase 2, indicating frost damage to the developing buds 
and partial loss of newly expanded tissues. Because leaves 
at advanced developmental stages were destroyed, the 
trees subsequently initiated renewed leaf growth and were 
later recorded at lower phenological phases. In contrast, ra­
met “a” (green line) exhibited slower development, reaching 
only phase 3 (budburst) at the time of the frost, and showed 
no signs of damage thereafter. This pattern, shown in Figure 
7, illustrates how earlier budburst increased frost exposure 
risk and led to a phenological setback in the more advanced 
ramets.

Frost Avoidance as an Outcome of Intra-clonal 
Phenological Variability

Table 2 presents the timing of phenophase 4 in ramets of oak 
clones that experienced frost damage in spring 2012, com­
pared to ramets of the same clones that survived without 

visible damage. In all cases, frost-damaged ramets reached 
phenophase 4 earlier than the frost-surviving ramets of the 
same clone. This finding indicates that early budburst result­
ed in an earlier onset of phenophase 4, which significantly 
increased susceptibility to the late spring frost that occurred 
on 10 April 2012.
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Figure 7   The relationship between spring leaf phenology and minimum daily temperature in three ramets of the BJ 25 clone during the spring of 2012. The graph 
shows the phenological development stages of three ramets (“a,” “b,” and “c”) of the BJ 25 clone over time, plotted against daily minimum temperature (black line, 
right y-axis). A late frost event occurred around 10 April, when minimum temperatures dropped below 0°C. Ramets that had already reached or exceeded pheno­
phase 4 by this date (notably ramets “b” and “c”) were damaged by frost, highlighting the impact of early budburst on vulnerability to late spring frosts.

DISCUSSION
Intra-clonal Variability in Spring Leaf Phenology
The bootstrap analysis of intra-clonal variability in spring 
leaf phenology provided an additional statistical perspec­
tive on the degree of synchronization among genetically 
identical ramets across multiple years. While the majority 
of clones did not exhibit statistically significant differenc­
es among ramets, several clones showed clear intra-clonal 
asynchrony, indicating that temporal variation in budburst 
can occur even within a single genetic background.

These findings complement the descriptive analysis (Ta­
ble 1, Figure 6), which captures the range of phenological 
variation and highlights biologically meaningful differences 
which may not reach statistical significance. For example, 
in clone NA 02, graphical analyses of phenological phase 
dynamics across three ramets over four years consistently 
revealed a lack of synchronization (Figure 3). The bootstrap 
test detected statistically significant differences between 
ramets “a” and “b” in all years except 2013, and further in­
spection of phenophase 3 onset showed that ramet “a” con­
sistently flushed about seven days earlier than ramet “b”, in­
dicating a difference that is both consistent and biologically 
relevant.

Taken together, these results show that the bootstrap and 
descriptive analyses address different but complementary 
aspects of intra-clonal variability, providing both statistical 
and biological perspectives on phenological divergence 
among ramets.

Similarly, if we observe clone BJ 39 (Figure 2), we can see that 
although all three ramets belong to the same clone, the data 
clearly demonstrate variability in the timing and dynamics 
of spring phenophase progression. Throughout all observed 
years, the ramets of clone BJ 39 exhibited overall consistent 

phenological patterns, yet with notable differences among 
individual ramets. Ramet “b” consistently emerged as the 
earliest to initiate spring development, regularly reaching 
budburst and leaf expansion stages ahead of the others. In 
contrast, ramet “a” showed a clear tendency toward delayed 
phenological onset, with a slower progression through de­
velopmental stages in certain years. This phenological asyn­
chronization among ramets of the same clone may be partly 
explained by a potential interaction between the rootstock 
and scion, which could influence the onset of phenological 
activity.

Such interactions have not been frequently reported in for­
est tree species; however, there are studies on certain fruit 
crops that provide relevant insights. For example, Wang 
et al. (1994) demonstrated that rootstocks significantly in­
fluence the spring phenology of ‘Hayward’ kiwifruit, as re­
flected by notable differences in the timing, synchrony, and 
magnitude of budburst, with direct implications for subse­
quent flowering intensity.

Other researchers suggest that shifts in flushing phenology 
and vegetative growth at the start of the growing season 
may result from a phenological mismatch between the root­
stock and the scion. For instance, the results of the study by 
Clearwater et al. (2007) clearly indicate that the rootstock 
can affect the phenology of the scion through differences 
in the timing of spring root pressure development. High-
vigour rootstocks developed positive root pressure before 
or during scion budburst, enabling uninterrupted shoot 
growth without signs of water stress. In contrast, low-vigour 
rootstocks developed root pressure only after shoot growth 
had already commenced, during which scions exhibited 
more pronounced water stress and reduced growth. Re­
cent findings by Camisón et al. (2021) show that in chestnut 
(Castanea sativa Mill.), rootstock origin significantly affects 
scion budburst. Scions grafted onto drought-adapted (xe­
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ric) rootstocks flushed earlier than those on humid-origin 
rootstocks, likely due to differences in hormone signaling 
and water transport. The study also found that grafting itself 
can delay budbreak, suggesting that both rootstock geno­
type and grafting effects can alter phenological timing and 
contribute to asynchronization among genetically identical 
ramets. The study demonstrated that in apple trees with 
upright-narrow (UN) scions, bud break occurred earlier on 
M.7 and M.9 rootstocks (3.7 days) compared to MM.111 and 
seedling rootstocks (8.8 days), confirming that rootstock 
can influence the budbreak phenology of apple scions. Al­
though Tworkoski et al. (2016) did not directly monitor leaf-
out phenology, their results indicate a connection between 
rootstock response to drought stress and its influence on 
scion physiology. They demonstrated that ABA concentra­
tions in scion leaves varied depending on the rootstock, 
suggesting that distinct patterns of root-derived hormonal 
signaling can modulate scion responses. This variability in 
rootstock reaction to environmental conditions highlights 
the importance of rootstock as a factor in the plant’s overall 
adaptation to stress.

Intra-annual Variation in Budburst: the Roles of Tem-
perature Sensitivity and Rootstock–scion Interactions
When examining the range of budburst within the same 
clone, it becomes evident that this range varies notably 
from year to year (Table 2). Such variability can be attributed 
primarily to differences in weather conditions, particularly 
temperature fluctuations between seasons. A comparison 
between spring temperature trends (Figure 4) and budburst 
phenology reveals a strong association between thermal 
conditions and both the timing and synchrony of budburst 
across oak clones. Although the exact physiological mech­
anisms regulating leaf emergence are not fully understood 
for most plant species, it is well established that tempera­
ture plays a key role in leaf development (Linkosalo et al. 
2006). This sensitivity to temperature results in considerable 
interannual variability in the onset of spring phenology (Pol­
gar and Primack 2011).

In 2010, an initially warm early season was followed by a cold 
spell, with stable temperatures above 10°C occurring only 
from mid- to late April. That year recorded the highest in­
tra-clonal variability in budburst timing, with a mean range 
of 6.31 days and a maximum of 19 days. Moreover, 2010 had 
the largest proportion of clones (79.1%) exhibiting a spread 
of three or more days between ramets, indicating a pro­
nounced lack of synchrony in budburst among genetically 
identical individuals. This asynchrony likely resulted from 
insufficient thermal accumulation early in the season and 
from differences in the timing at which individual ramets 
reached their required cumulative temperature thresholds.

Since it is well known that flushing in deciduous forest trees 
is regulated by genetic mechanisms that define how indi­
viduals respond to temperature cues (Derory et al. 2006, 
Vitasse et al. 2010), several studies have demonstrated that 
the temperature thresholds required to trigger budburst 
are genetically controlled (Kramer 1995, Rousi and Pusenius 
2005, Körner and Basler 2010, Basler and Körner 2012). The 
genetic response to rising temperatures may explain the 
significant variation in budburst timing observed among 
clones across years (Table 1).

However, the question arises as to why such differences also 
occur between ramets of the same clone. Given that envi­
ronmental conditions were uniform across the experimen­
tal plot, it is reasonable to assume that this variability arises 
from interactions between the rootstock and scion. As previ­
ously noted, different genotypes can have distinct tempera­
ture thresholds (Vitasse et al. 2009, 2010). Since rootstocks 
were grown from seed and thus genetically different, they 
may possess varying sensitivities to temperature cues, lead­
ing some to trigger budburst in the scion earlier, while oth­
ers may delay it.

This is particularly plausible in years such as 2010 and 2014, 
when warm and cold periods alternated over a longer dura­
tion, and warming progressed slowly. In such years, it is likely 
that some rootstocks reached their temperature thresholds 
earlier, especially those with a faster physiological response 
to warming. Consequently, greater intra-clonal variability 
was observed. By contrast, in years when the early season 
was dominated by low temperatures followed by a rapid 
warming event, such as in 2011 or 2013, intra-clonal dif­
ferences in budburst were smaller. The more synchronized 
thermal signal may have aligned the temperature response 
thresholds across ramets, minimizing budburst variation.

Interaction Between Intra-clonal Phenological Variabili-
ty and Frost Susceptibility
Our findings suggest that variability in phenological timing 
among ramets within the same clone—referred to as intra-
clonal phenological asynchronization—may enhance a 
clone’s ability to cope with climatic stressors, particularly late 
spring frosts. Slower developing ramets are less likely to be 
affected by low temperatures, thereby increasing the overall 
frost resilience of the clone. An early flushing strategy can 
be advantageous by enabling rapid early-season growth 
and a longer growing period; however, it also increases the 
risk of frost damage (Vitasse and Rebetez 2018). Foliage loss 
caused by late spring frost represents a major stress factor 
for deciduous trees, as it disrupts nutrient allocation, com­
promises growth and reproduction, and impairs canopy 
development (Vitasse et al. 2014). Although oaks exhibit 
a strong ability to regenerate foliage, this compensatory 
response is energetically costly and shortens the growing 
season, ultimately diminishing their net annual productivity 
(Vitasse et al. 2014, Baumgarten et al. 2023). In addition, it 
is important to highlight that the newly flushed leaves pro­
duced during refoliation often coincide with elevated levels 
of powdery mildew inoculum, and since environmental con­
ditions during this period are generally favorable for fungal 
development, trees become highly susceptible to severe 
foliar infections (Marçais et al. 2009).

While ramets in phenophase 3—defined as budburst (wide­
ly spaced bud scales and visible green leaf tips)—showed no 
visible damage, those in phenophase 4 (folded leaf visible) 
exhibited significant injury, as clearly demonstrated by clone 
BJ 25 (Figure 7). All ramets that had reached phenophase 4 
on the day of the frost event displayed clear symptoms of 
frost damage, highlighting the increased susceptibility of 
more advanced phenological phases. This supports previ­
ous research indicating that early-flushing genotypes are 
more vulnerable to spring frost (Utkina and Rubtsov 2017).
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In the establishment of clonal seed orchards intended for the 
production of high-quality forest reproductive material, het­
erovegetative propagation is commonly applied. Therefore, 
beyond the selection of the scion, it is essential to consider 
the phenotypic and physiological traits of the rootstock to 
prevent phenological asynchrony between graft compo­
nents. This approach aligns with strategies already utilized 
in agronomy for frost mitigation. A relevant example comes 
from fruit production, where Durner and Goffreda (1992) 
demonstrated that the choice of rootstock in peach signifi­
cantly affects both the timing and rate of flower bud devel­
opment. Their study showed that certain rootstocks can de­
lay blooming, thereby reducing the risk of frost damage and 
enhancing yield. Importantly, they emphasized that even a 
delay of just one to two days in specific bud development 
stages can markedly reduce frost injury. These findings un­
derscore the biological importance of fine-scale phenolog­
ical control, the principles that are equally applicable when 
designing clonal forestry systems where frost sensitivity is a 
limiting factor.

These findings directly support the biological threshold 
applied in our research, where a difference of three days in 
budburst among ramets was considered meaningful. This 
underlines that even slight shifts in developmental timing—
if strategically managed—can play a critical role in minimiz­
ing frost damage and ensuring the stability and productivity 
of clonal seed orchards. In addition, by selecting rootstocks, 
it may be possible to increase the phenological synchrony of 
clones in plantations, thereby contributing to an increase in 
their effective population size and overall productivity.

CONCLUSION
This study confirms that rootstocks can significantly influ­
ence intra-clonal variation in the spring phenology of pe­
dunculate oak, despite the genetic uniformity of ramets. 
Grafting onto different rootstocks resulted in notable differ­
ences in budburst timing within clones, with up to 79.1% 
of clones in 2010 and 72.1% in 2014 exhibiting a budburst 
range of three or more days between ramets, indicating pro­
nounced phenological asynchrony.

Importantly, even small delays in budburst (≥3 days) were 
associated with successful frost avoidance, suggesting that 
such intra-clonal asynchrony may enhance the ability of 
some ramets to escape frost events. Beyond their scientif­
ic implications, these findings provide practical guidance 
for the management of clonal seed orchards and nursery 
production. When establishing or renewing seed orchards, 
particular attention should be given to the selection of 
rootstocks with compatible phenological behavior to min­
imize asynchrony among ramets and enhance cross-pollina­
tion efficiency. In nurseries, monitoring and recording the 
phenological traits of potential rootstocks could serve as a 
useful criterion for selecting grafting material. Such an ap­
proach could improve both the stability of seed yields and 
the overall adaptability of orchard trees to variable environ­
mental conditions, thereby supporting long-term, sustain­
able seed production.
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