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Abstract We monitored leaf phenology and xylogenesis
of 12 Pedunculate oaks in northern Poland in 2014. We
hypothesized that the individual trees, which differed in
size, age and habitat (tree stand or gap), also diverged in
terms of the seasonal patterns of leaf phenology and
xylogenesis. The samples used for wood formation obser-
vations were collected most frequently during the early leaf
phenophases (from March to end of June). The transverse
sections of the cambial region were cut with a sledge
microtome. We counted the number of cambial cells,
measured the width of xylem increment and assessed the
timing of xylogenesis and earlywood-vessel formation. We
found significant differences in leaf phenology and timing
of xylogenesis among individual trees. The smallest dif-
ferences in wood formation among the trees were observed
at the beginning of the vegetation season when the first
earlywood vessels were detected (9 days). The dates of
completion of the first tangential row of earlywood vessels
varied by up to 30 days, while for the completion of the
entire earlywood dates varied by up to 32 days. The highest
productivity of cambial cells (13 cell layers) was observed
around the time of bud swelling at mid-April. In the last
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days of April, the number of cambial cell layers decreased
and subsequently increased again when the leaves were
nearly fully expanded at the end of May. To summarize, we
observed a high seasonal variability in the number of
cambial cell layers. Differences in the time of cessation of
cambial activity and xylogenesis amounted to 1 month. We
conclude that: (1) oak tree-ring widths and earlywood-
vessel sizes and numbers may not be sensitive indicators
for early spring temperature and spring defoliation; (2) the
missing association between leaf phenophases and xylo-
genesis as well as the phenological variability may be the
reasons for the lack of a clear climatic effect on the above-
mentioned parameters.

Keywords Dendroecology - Phenological variability -
Xylogenesis - Earlywood vessels

Introduction

Pedunculate oak (Quercus robur L.) is one of the most
widely distributed tree species in Europe. It occurs in
highly different climatic conditions, excluding the Arctic,
steppe areas and high mountains (Jones 1959; Boratynski
et al. 2006). This species is tolerant to differing soil
humidity, fertility and acidity. Pedunculate oak is an
important component of vegetation types such as mixed
coniferous forests, thermophilous and acidophilous oak
forests, forest steppes, deciduous mixed forests and riparian
forests (Ellenberg 1988; Danielewicz and Pawlaczyk 2006;
Stoyko 2009). Due to its high quality of wood, it is one of
the most important species in managed forests in Europe
(Bugata 2006).

In recent years, an oak decline has been observed in
many areas in Europe, mostly due to changes in the
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climatic and hydrological conditions (Fiihrer 1998; Klimo
and Hager 2001; Di Filippo et al. 2010; Dolezal et al. 2010;
Matisons et al. 2013; Sohar et al. 2013). On the other hand,
Tulik and Bijak (2016) found a less significant effect of
climate on oak decline. In declined oaks, repeated eco-
physiological stress resulted in a decrease in the early-
wood-vessel diameter and consequently in the reduction of
the hydraulic conductivity (Tulik 2014). Smaller early-
wood vessels can also be produced as a result of unsuit-
able weather conditions in the previous summer or low
temperatures at the end of winter and in early spring
(Garcia-Gonzalez and Eckstein 2003; Fonti and Garcia-
Gonzalez 2008; Gonzalez-Gonzalez et al. 2013a, b) or
flooding (George et al. 2002; Gricar et al. 2013). In north-
central Poland in 2007 and 2011, late spring frost, which
completely damaged the expanding leaves of Pedunculate
oaks, did not affect the earlywood-vessel number and size
and tree-ring width (Puchatka et al. 2016). This suggests
that the population was well adapted to spring defoliation
or individuals were in different stages of wood formation
and their reaction to late spring frost may differ (Puchatka
et al. 2016).

To explain why defoliation did not affect the anatomy of
tree rings, the aim of our work was to study seasonal
relationships between leaf phenology and xylogenesis of
Pedunculate oak differing in size, age and habitat (tree
stand or gap) in northern Poland in 2014. Cambial activity
and leaf phenology of Pedunculate oak were investigated in
detail by other authors also in relation to physiological and
meteorological conditions (e.g. Zelawski 1954; Ermich
1959; Michalski and Krzysko 1970). Many such studies
have focused on the ecological and silvicultural importance
of the variability of leaf phenology and cambial activity of
this species (e.g. Vikhrov 1954; Rubtsov and Utkina 2008;
Wesotowski and Rowinski 2008). According to Pukacka
(2006), cambial reactivation and first earlywood-vessel
formation in oak occur about 2-3 weeks before bud burst,
and earlywood is completed before full leaf expansion.
However, a recent study on Pedunculate oak showed that
vessel development and leaf phenophases are not strictly
correlated (Sass-Klaassen et al. 2011). Based on the pre-
vious studies, we hypothesized that the trees, which differ
in size, age and habitat, may diverge in terms of the sea-
sonal patterns of leaf phenology and xylogenesis.

Materials and methods
Study site and tree selection
The monitoring was conducted on 12 Pedunculate oaks

(Quercus robur L.) in north Poland in the north-central part
of its distribution (Fig. 1). The trees grow on sandy soil in a

@ Springer

100-year-old mixed oak-pine forest [18°34'26.63"E;
18°34/26.63"E] about 500 m from the Nicolaus Copernicus
University Weather Station. We selected healthy trees
without pathological symptoms on their trunk and in their
crown. Eight trees grow in a closed tree stand and 4 in a
gap of about 20 m in diameter. Characteristics of individ-
ual trees were measured (perimeter and height), and they
were marked so that they could be identified for subsequent
re-coring.

Their age was determined after cross-dating the tree-ring
series with a regional oak chronology (Puchatka et al.
2016). Nine trees were co-dominant and three subdomi-
nant, and they ranged from 7 to 14 m in height and were
from 17 to 62 years old. One co-dominant tree and all
subdominant oaks grew in gaps, and the other eight co-
dominant trees in the closed canopy.

Leaf phenophases observation and core sampling

The field work was conducted in 2014. The cores, con-
taining bark, cambium and outer xylem, were collected in
helical order at 120-140 cm above the ground with a 5-mm
increment borer. The first samples were collected on March
10th. From April 2 to May 26, trees were cored at 5-9 days
intervals, and from the end of May until October 15 at
7-27 days intervals. In total, 17 samples were collected
from each tree. These cores were placed in distilled water
and ethanol (1:1) and stored in a refrigerator at 5 °C.

Leaf phenophases were observed from March to the end
of June in the upper part of the crown using binoculars and
documented with a Canon 40d digital camera. We adopted
the classification of leaf phenophases (Fig. 2) from Derory
et al. (2006).

Sample preparation, measurement and analysis

The cores were placed in distilled water for 30 min. They
were then clamped on a core holder, and cross sections of
20-25 pum in thickness were cut using a sledge microtome
MC-2. These cross sections were stained in a safranin and
astra blue mixture for the differentiation of xylogenesis
between the phases (Wegner et al. 2013), whereby red
walls mean lignified walls and blue walls not, or not yet,
lignified walls. Next, the sections were mounted using a
Heft Histokitt and captured using a MOTICAM 580 digital
camera.

The wood anatomical measurements were carried out on
calibrated digital images of cross sections using the Motic
Images Plus 2.0 software. We measured tree-ring width
(TRW) and observed the start of earlywood-vessel forma-
tion (SVF), end of the first row of vessel formation
(EFRV), end of earlywood formation (EEWF) and end of
tree-ring formation (ETRF) (Fig. 3; Table 1). These
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Fig. 1 Distribution of Pedunculate oak in Europe according to EUFORGEN (dark grey areas; black square study site)

Fig. 2 Leaf phenophases according to Derory et al. (2006): a buds fully closed (dormant stage), b buds swollen, ¢ buds broken or open, d leaves

visible and expanding and e leaves fully expanded

observations were done on a subarea of 2 mm of tangential
width of each section. The number of cambial cell layers
(NCL) was identified based on the blue-coloured cell walls,
which are smaller than the phloem cells and have a flat-
tened shape. The reactivation of the cambium was histo-
logically defined by an increased number of cambial cells

and the occurrence of newly formed xylem cells in early
developmental stages (Prislan et al. 2011). Due to
methodological limitations, we were not able to define
whether the initial earlywood vessels were formed from
un-matured overwintered cells or from newly divided
cambial derivatives (Frankenstein et al. 2005). The onset of
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Fig. 3 Cross section through the youngest tree ring on 19 May: A—
fully developed first row of earlywood vessels, B-—developing
earlywood vessel (next row of vessels), C—tree-ring width, D—cambial
zone, E—phloem

xylogenesis was defined by the appearance of earlywood
cells adjacent to the cambium. The maturity of the first ring
of earlywood vessels was determined by the complete
lignification of their walls, indicated by red colour. The end
of xylogenesis was identified by the complete lignification
of the last-formed latewood cells, indicated by walls
stained completely red. The transition from earlywood to
latewood was determined when small latewood vessels
were no longer arranged in rings, which is characteristic for
the large earlywood vessels (Gricar 2010). We subse-
quently examined the relationship between the onset and
end of xylogenesis and leaf phenophases. The climate data
were presented for general visualization of the local
weather conditions at the study site. The relationships
between phases of xylogenesis and leaf phenophases with
regard to tree age and size were analysed using correlation
coefficients calculated by Gnumeric 1.12.17 and PAST 3.0
software (Hammer et al. 2001).

Results

Relationships between leaf phenology
and xylogenetic phases and the size and age
of the trees

A weak positive correlation between the trunk perimeter
and the end date of earlywood formation (r = 0.53,
p = 0.074) and a weak negative correlation between tree
age and the time of bud swelling (r = —0.52, p = 0.086)
were observed (Table 2). Between tree age and leaf
expansion (r = —0.57, p = 0.054) and between tree age
and the time of full leaf development (r = —0.65,
p = 0.021), the negative correlations were distinctly
stronger.

Intra-annual patterns of leaf development
and xylogenesis

In samples collected on March 10, we did not observe any
cell-division activity. But on April 2, we noticed an outset
of xylogenesis in all trees (Fig. 4) and new earlywood
vessels were observed in nine trees (no. 1, 2, 4-9, 12)
(Fig. 5). The largest number of cambial cells (up to 13 cell
layers) was found between April 11 and 18, when the buds
were swollen (Fig. 4). At the end of April, when leaves
were nearly fully expanded and the earlywood vessels from
the first row were matured, the number of cambial cell
layers decreased. Next, a slight increase in the number of
cambial cells layers was observed in June. Earlywood was
fully formed between the last days of May and the first
days of June (no. 1-7, 9, 11, 12), but in two oaks (no. 8, 10)
at the end of June (Fig. 5). Tree-ring formation was com-
pleted in one individual in the first week of September,
whereas in the rest of the trees from the first decade of
September to mid-October.

Variability in cambial activity and xylogenesis
among individuals

The differences in the onset of earlywood-vessel formation
between trees differed by up to 9 days (Fig.5). The

Table 1 Measured parameters

. Acronym
of tree rings

Tree-ring parameter

NCL
TRW
SVF
EFRV
EEWF
ETRF

Number of cambial cell layers

Tree-ring width

Start of vessel formation

End of first-row vessel formation (time of first-row vessel lignification)
End of earlywood formation (time of earlywood-vessel lignification)
End of tree-ring formation (time of tree-ring lignification)
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Table 2 Correlations between Tree Leaf phenophases Xylogenesis
selected tree parameters and leaf -
. characteristics

phenophases, and xylogenesis. 1 2 3 4 SVF EFRV EEWF ETRF
Numbers in bold shows
significant correlation with Height —-0.22 —0.16 —0.26 —-0.35 0.08 0.41 0.48 0.46
p <005 Perimeter -017  —011  —028  —039 028 025 0.53 0.49

Age —0.52 —0.48 -0.57 —0.65 —0.02 0.25 0.40 0.26

Phenophases

No. of cambial
cell layers
Y 2+ o o B B

Tree-ring
width [mm]

Meteorological
conditions

For the leaf phenophases see Fig. 2, for abbreviations see Table 1

March September

Leaves fully expanded

Leaves visible and exp:
Buds broken or open

Buds swollen

End of tree-ring formg
End of earlywood formatiol
First row of earlywood
completed

Start of vessel
formation

Day of year

Fig. 4 Relationships between meteorological conditions, leaf phenology and stages of xylogenesis in the study trees in 2014. The whiskers mark
the extreme values of measurements, and boxes include 62.26% of variability

development of the first row of earlywood vessels took  Variability in leaf phenology among individuals

32 days. The end of earlywood formation between trees

differed by approximately 1 month. The end of tree-ring  There was a high variability in the leaf development among
formation was observed between September 2 and 24 in  the trees (Figs. 4 and 5). Differences between the time of
three individuals, and between September 24 and 15 bud swelling was 12 days. In six oaks (no. 1-3, 6, 7, 9), this
October in nine individuals (Fig. 4). stage was observed on April 11, in three individuals (no. 8,

@ Springer



264

Eur J Forest Res (2017) 136:259-268

-. 1, April . May June
)
e 27 [— S '
T X [— ) _
. O+ e |
2 me 5’ C—) |
:é T X, [— )
o —
T ) 97 [— ] _
EOu| — ,
..117 C— .
..127 e _
9 100 110 120 130 140 150 160 170 180
Day of year

Fig. 5 Differences among individuals in the timing of leaf develop-
ment and earlywood-vessel formation: orange time between bud
swelling and bud break; brown time between bud break and leaf
expanding; grey time between leaf expanding and full development;
dark blue period of the first row of earlywood-vessel formation; light
blue time between the complete development of the first row of
earlywood vessels and entire earlywood part; black square co-
dominant tree, grey square subdominant tree; black circle tree stand,
grey circle gap in tree stand. (Color figure online)

10, 12), on April 18 in a further three trees (no. 4, 5, 13)
and on 23 April in the rest. The time of bud opening (stage
2) varied by up to 10 days among the trees. In six oaks (no.
1-3, 6, 7, 9), buds had broken on April 18, in three (no. 8,
10, 12) on April 23, in one (no. 4) on April 25 and in two
(no. 5, 11) on April 28. The time of leaf expansion differed
for around 13 days among trees. In six individuals (no.
1-3, 6,7, 9), leaves expanded on April 23, in three (no. 8,
10, 12) on April 25, in one (no. 4) on April 28 and in two
(no. 5, 11) on May 6.

The time of full leaf expansion differed for around
24 days among trees. In two individuals (no. 2, 9), the
leaves were fully expanded on April 25, in five (no. 3, 6—,
10) on April 28, in two (no. 1, 12) on May 6 and in one (no.
4) on May 13 and in two (no. 5, 11) on May 19.

Relationships between leaf phenophases
and earlywood-vessel formation

The leaf development and earlywood-vessel formation
proceeded asynchronously (Fig. 5). In three trees (no. 4, 5,
11) in the forest gap, leaves expanded later than in trees
growing in a closed canopy and one oak (no. 6) in gap. In
one oak (no. 5), the development of the first row of ear-
lywood vessels was completed before bud break in the
upper part of the crown. Furthermore, in three trees (no. 4,
7, 11) the first row of earlywood vessels was completely
developed during the time of bud break and leaf expansion,
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in another three oaks (no. 1, 6, 12) before full leaf devel-
opment, and in the remaining oaks when the leaves were
fully expanded. All earlywood cells were fully formed in
all individuals from 6 to 57 days after full leaf expansion.
A negative correlation existed between the end of early-
wood-vessel formation and the time when the leaves were
fully expanded (r = —0.6, p < 0.05).

Discussion

Relationships between tree age, tree size and leaf
phenology

Contrary to our hypothesis, we have not found any clear
relationships between age, and size of the trees, habitat and
phenology. The correlation coefficient between these
parameters suggests that young trees develop leaves later
(Table 2). Opposite phenological patterns were observed in
Acer mono and Fagus sylvatica, where young trees flush
earlier, in order to better use the light before being shaded
by mature trees (Dzwonko 1990; Seiwa 1999). On the other
hand, studies on several species in seasonally dry tropic
climates show that the smallest individuals flush later than
mature trees, as they have no access to water in the deeper
layers of the soil (Sayer and Newbery 2003).

Pedunculate oak is a species with a broad ecological
niche growing in different hydrological conditions (Ellen-
berg et al. 1992; Danielewicz and Pawlaczyk 2006;
Matuszkiewicz 2008; Stoyko 2009). We suppose that the
phenological patterns of this species can differ in, for
example, hygrophilous riparian forests and dry forest
steppe. On the other hand, the lack of clear relationships
between age, size, position in the stand and time of leaf
expansion suggests that phenological variability in similar
soil and hydrological conditions may have a genetic
background (Chokheli et al. 2016).

Xylogenesis during the 2014 growing season

In 75% of the studied oaks, the first earlywood vessels were
detected on April 2 (Figs. 4, 5). This is about 1 month
earlier than in the Puszcza Niepotomicka forest in southern
Poland with somewhat colder winters (Ermich 1959).
Furthermore, a later cambial reactivation in Pedunculate
oak, in the second half of April and the beginning of May,
was observed in central Germany, Denmark and eastern
Europe (Vikhrov 1954; Pukacka 2006). The date of cam-
bial reactivation, which is determined by thermal condi-
tions in early spring, can vary a lot in oak trees (Zelawski
1954; Ermich 1959; Batos et al. 2012). This relationship
was confirmed by the research on cambial activity in Q.
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petraea (Akkemik et al. 2006), where the difference in
dormancy breaking between two vegetation seasons was
about 1 month. In the time of the highest divisional activity
at the beginning of the vegetation season, 12—13 cambial
cell layers were observed in Pedunculate oak (Gonzélez-
Gonzalez et al. 2013a), and in 9-11 cell layers in sessile
oak (Gricar 2008; 2010). In the study trees, we observed
7-13 cambial cell layers when the first row of earlywood
vessels was formed before bud break (Fig. 4). The differ-
ences in the number of cell layers in the cambium were
bigger than in oaks in the Iberian Peninsula (Gonzalez-
Gonzalez et al. 2013a). The differences in age and size
among individuals (Table 1) were likely reasons for a
higher variability in cambial activity in our study trees. In
addition, we observed a higher variability in the number of
cambial cells later in the growing season than other authors
(Gricar 2008, 2010; Gonzalez-Gonzalez et al. 2013a). A
decrease in the number of cambial cell layers in May
(Fig. 4) could be due to a decreasing amount of carbohy-
drates that have been allocated to xylem growth and leaf
development (Michelot et al. 2012). At the end of
September, the latest formed xylem cells were still devel-
oping in most individuals, and the number of cambial cells
decreased to 7-8 layers. In the Atlantic region of Spain,
such values were reported for the dormant cambium in
Pedunculate oak (Gonzalez-Gonzailez et al. 2013a). In our
study, the number of cambial cells varied from 5 to 6 layers
and tree-rings were completed in mid-October in all study
trees. In comparison with other studies, xylogenesis started
about 2-3 weeks earlier and concluded 2-3 weeks later
than on other sites in Poland (Pukacka 2006). This suggests
that xylogenesis monitoring over several growing seasons
is needed to understand growth patterns of Pedunculate oak
at the selected location better, and assess its performance
during climate change.

Relationships between leaf phenology
and earlywood-vessel formation

Radial growth of deciduous trees in temperate climates
stops in autumn and resumes in spring with the opening of
new leaves; however, these two processes are not neces-
sarily synchronized (e.g. Suzuki et al. 1996). In Peduncu-
late oak, leaf phenology and intra-annual dynamic of
xylem formation have often been investigated in different
locations in Europe (Ermich 1959; Kitin 1992; Sass-
Klaassen et al. 2011; Gonzalez-Gonzdlez et al. 2013a;
Pérez-de-Lis et al. 2015). According to the literature, ear-
lywood vessels in oak are nearly fully completed before
full leaf expansion (Guzicka and Hejnowicz 2006; Pukacka
2006). Some studies showed that characteristics of early-
wood vessels, such as their size and number, conveyed
information on winter and early spring meteorological

conditions (Garcia-Gonzalez and Eckstein 2003; Garcia-
Gonzalez and Fonti 2006, 2007; Fonti and Garcia-Gonza-
lez 2008; Gonzalez-Gonzalez et al. 2013a; Kniesel et al.
2015). On the other hand, other studies did not detect
variation in earlywood-vessel size and number, or in tree-
ring width, in response to defoliation caused by late spring
frost (Puchalka et al. 2016).

In our study, we did not observe any clear relationship
between earlywood-vessel formation and leaf development
(Fig. 5). The differences in the time of first earlywood-
vessel detection and bud break ranged from O to 21 days.
Differences were also observed in the time of maturation of
the first row of earlywood vessels and the entire earlywood
part and leaf phenophases (Fig. 5). This suggests that these
two processes are under the control of different internal and
external factors. In Pedunculate oak, as in other ring-por-
ous species, earlywood-vessel formation begins before bud
break (Guzicka and Hejnowicz 2006). It is considered that
the assimilates from the previous vegetation period are
used for earlywood formation and that latewood is pro-
duced from assimilates in the current season (Ermich 1959;
Pukacka 2006). Research on oak in the Netherlands shows
that earlywood-vessel formation started later than sug-
gested by Pukacka (2006) and that leaf expansion and tree-
ring formation are not strictly inter-dependent processes.
Moreover, by the time of full leaf expansion in oak, on
average 80% of the earlywood vessels were completely
formed, while in ash all vessels were fully developed (Sass-
Klaassen et al. 2011). In ash by around April 20th, some
large earlywood vessels had already formed (Frankenstein
et al. 2005). Generally, in ring-porous trees, the first ear-
lywood vessels are formed 2-6 weeks before bud break
(Suzuki et al. 1996; Kudo et al. 2015), and it is also worth
emphasizing that the lignification of the first-formed ves-
sels in stems was observed from 2 weeks before, up to
4 weeks after, leaf appearance (Takahashi et al. 2013).
Thus, the timing of leaf and growth phenologies is species
specific, leading to differences in carbon allocation (e.g.
Suzuki et al. 1996; Takahashi et al. 2013).

Phenological variability and its ecological
significance

High phenological variability among the study trees
(Fig. 5) may be an adaptation of local populations to dif-
ferent stress factors. According to many studies, the phe-
nological variability in this species has an important
adaptive significance to abiotic and biotic factors (e.g.
Vikhrov 1954; Rubtsov and Utkina 2008; Wesotowski and
Rowinski 2008). The highest phenological variability in the
natural populations is observed in the eastern European
part of the distribution range of this species (e.g. Jones
1959; Rubtsov and Utkina 2008). Between early- and late-
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flushing trees, differences in phenology reach up to
4-5 weeks, similar to populations where both phenoforms
(Q. robur fo. praecox and Q. robur fo. tardiflora) co-occur
(Vikhrov 1954; Rubtsov and Utkina 2008; Wesotowski and
Rowinski 2008). They are partially separated in gene flow
by differing flowering times (Wesotowski and Rowinski
2008; Chokheli et al. 2016).

The discrepancy in leaf phenology among our study trees
reached up to 24 days (Figs. 4, 5) which is comparable with
differences observed in mixed populations where early and
late oaks co-occur (Kitin 1992; Wesotowski and Rowinski
2008; Vikhrov 1954; Rubtsov and Utkina 2008). In the
subsequent years, 2015 and 2016, the time of leaf expansion
in the observed oaks was similar to that in 2014 (R.
Puchatka and M. Koprowski, field observation). Moreover,
we observed trees flushing earlier or later than our study
trees. The differences in leaf expansion reached up to
4-5 weeks (field observation). Thus, we can suppose that
the studied population can include individuals of both
phenoforms. The occurrence of early- and late-flushing
forms of Pedunculate oak in Poland is poorly known. They
were reported only from eastern Poland in Biatowieza
National Park (Wesotowski and Rowinski 2008).

The phenological variability in Pedunculate oak indi-
cates an adaptation of this species to different environ-
mental conditions. Early-flushing oak is better adapted to
summer drought than late-flushing oak, but early-flushing
trees are more threatened by spring frosts and insect out-
break that cause damage to leaves (Vikhrov 1954; Rubtsov
and Utkina 2008; Wesotowski and Rowinski 2008). On the
contrary, late-flushing oaks are more resistant to lower
temperatures in early spring, and defoliation by insects and
fungi, but they are more vulnerable to summer drought
(Vikhrov 1954; Rubtsov and Utkina 2008; Dantec et al.
2015; Koval and Kostyashkin 2015). Both phenoforms
have different preferences in soil conditions, and an
improper selection of saplings in the forest may be one of
the causes for oak decline (Batos et al. 2014).

According to Koval and Kostyashkin (2015), Peduncu-
late oak populations in the eastern Ukraine usually contain
a few per cent of early-flushing and late-flushing trees. This
suggests that these populations may be under disruptive
selection to different stress factors. The selective role of
winter temperature extremes, summer drought and insect
outbreak in oak decline was confirmed by studies in Cze-
chia and Russia where these factors are causes of oak
decline (Rubtsov and Utkina 2008; Dolezal et al. 2010).
According to studies in eastern Europe early- and late-
flushing oaks have similar balances of timber growth, but
increments in early-flushing oaks are less regular. This is a
result of frequent spring defoliation of early-flushing trees,
and a stronger resistance to winter and early spring tem-
peratures in late-flushing oaks (Koval and Kostyashkin
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2015; Vikhrov 1954). Therefore, we assume that due to the
high phenological variability (Figs. 4, 5), the study trees
may have reacted differently to late spring frost. Hence, we
suppose that the differences in phenology probably con-
stitute the cause for the lack of a climatic signal in 2007
and 2011 in our study trees (Puchalka et al. 2016).

Interestingly, the differences in early spring in the dates
of the first earlywood-vessel formation amounted to several
days, and in the timing of bud break to 12 days, and these
differences in leaf and xylogenesis phases increased during
the vegetation season (Figs. 4, 5). The discrepancy for the
full leaf expansion among trees was about 24, 32 days for
the time of maturation of the first row of earlywood vessels,
about 30 days for the end of earlywood formation and for
stopping xylogenesis. This suggests that the response to
early spring stress, such as defoliation, should be more
homogeneous than in factors affecting in late spring and
summer.

Conclusions

For the 12 study trees, strong individual leaf-development
and xylem-formation patterns prevail, resulting in a lack of
a homogenous climatic signal or a clear effect of tree age
and height. This may be linked to the large genetic vari-
ability of oak in Poland, which originates from three
maternal lineages: Balkan, Apennine and Iberian (Dering
et al. 2008). The genetic variability of oaks in relation to
leaf phenology and wood formation will therefore be our
next focus of research. In our opinion, a clear differentia-
tion of eastern European oaks in early-flushing oaks (Q.
robur fo. praecox) and late-flushing oaks (Q. robur fo.
tardiflora) (Vikhrov 1954), and lack of the phenoform
observations in western Europe, may be in line with dif-
ferent maternal lineages. Differences in the resistance to
early spring temperature, summer drought and insect out-
breaks between early- and late-flushing trees may be
important for future forest management also in the light of
the anticipated global warming.
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