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Abstract: In situ assessments of bud flushing in European larch Larix decidua Mill. clones growing under
natural conditions were conducted in the Legajny seed orchard, Warmia-Masuria Province, Poland. The 27
assessed clones (among a total of 332 trees) were derived from superior plus trees from six selected stands
in north eastern Poland. The analyses were carried out on 15-year-old clones grown in two seed orchard
sectors differing in soil moisture conditions (no. 3, a nearly flat surface with southern exposure and no.
5, a flat surface, slightly inclined toward the north and periodically flooded by nearby bog-springs). Apical
and axillary bud flushing was assessed in March/April 2014, using a 6-stage scale. Significant differences
in bud burst were observed among clones, bud types (apical or axillary), clone provenances and growing
conditions in seed orchard sectors. Generally, axillary buds flushed earlier than apical buds. Clones growing
in section no. 3 showed earlier bud flushing than in section no. 5. Daily mean temperature during the initial
bud burst period (stages 0-3) had no significant effect on bud flushing in a number of clones, however the
cumulative temperature in that period was strong correlated with bud flushing for particular clones and
provenances which suggests susceptibility to spring frost. Local site conditions (i.e. different soil moisture
contents and insolation levels between sectors) as well as decreased temperatures in the first period of bud
development had strong effects on bud flushing in European larch clones.
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Introduction

Studies on tree breeding have been carried out in a
variety of forest tree species, with the aim of achiev-
ing the best progenies in terms of robustness, desir-
able propagation characteristics and timber quality
(Karki et al., 2000). Modern forestry uses seed or-
chards as a common means for producing genetically
improved seed material for the establishment of new
forests (Matras, 2001). These intensively managed
plantations facilitate the mass production of seeds
from either clones (vegetative copies) or sexual prog-
enies of plus trees selected for their superior phe-
notypes (Jagielska, 2008). In addition to their fun-
damental role in the production of selected genetic
materials and gene conservation, seed orchards sup-
port research on many traits of bred trees, including
morphological features, growth characteristics, fruit
production and resistance to frost, insect pests and
diseases (Hansen, 1992). The European larch (Larix
decidua Mill.) plays a vital role in forest ecosystems
in Poland and is therefore an important subject of
genetic studies (Szeligowski & Bolibok, 2008).

Variability of European larch features, such as
frost resistance, vitality and timber quality, not only
relies upon genetic variation (Hansen, 1992; Andrze-
jezyk & Bellon, 1999), but also on climatic factors
that can promote or limit plant growth. According
to Migliavacca et al. (2008), larch ecology is affected
by various factors that influence its phenology, espe-
cially air temperature and photoperiod. Furthermore,
Moser et al. (2010) observed adverse effects of ele-
vation on the length of the vegetation period in larch
plantations. The European larch is highly tolerant
to various thermal conditions, including frost; yet,
air temperature is a key factor in the elongation of
larch shoots (Hédkkinenn, 1995; Wilczynski & Wertz,
2012). Several studies have shown that air temper-
atures during both winter and early spring months
influence the development of larch needles (Hinni-
nen, 1995; Chuine & Cour, 1999; Chmielewski &
Rotzer, 2001; Rétzer et al., 2004; Migliavacca et al.,
2008). Studies on annual growth of larch trees have
been conducted in Europe, including studies in Italy
and Finland that described the development of larch
needles (Rossi et al., 2009) as well as the role of cu-
mulative temperature and latitude on shoot growth
in Larix stbirica and Larix gmelinii (Lukkarinen et al.,
2013).

The effects of environmental factors (especially
air temperature) have also been taken into account
in the selection process of European larch genetic
material with lower vulnerability to fungal infection
or endophytes (Szumowski, 1995; Kauhanen et al.,
2006; Kulej, 2006). Wind and the loose planting of
trees increase needle sensitivity at low air tempera-
tures, changing their colour, which is often mistaken

for fungal infection or pest attacks. When vegetation
growth occurs early in the season, this phenomenon
initiates defence mechanisms and the regeneration of
the assimilation apparatus (Jalkanen, 2016). Rehfeldt
(1995) reported that precipitation can enhance the
susceptibility of young needles to the fungus Rhabdo-
cline laricis (Vuill.) Stone (syn. Meria laricis Vuill.); this
has also been observed by Jalkanen (2016) in the case
of Hypodermella laricis Tub. Telford et al. (2015) also
indicated that genetic variation within tree species
determines their resistance to pathogens and frost,
which help to identify resistant clones in plantations,
despite some loss of environmental adaptations.

Intense research activities have been conducted
for years in Poland to enhance the productive poten-
tial and stability of future generations of forests. This
is exemplified by the recent ‘Program of conserving
forest genetic resources and breeding of trees in Po-
land for the years 2011-2035’ (an initiative of forest
tree genetics experts from the Forest Research Insti-
tute in cooperation with the State Forests). The pro-
gram includes the selection of breeding populations
with wide-ranging abilities to serve various forest
functions as well as the protection of Polish forests
against genetic migration of reproductive material
that is poorly adjusted to Polish environmental con-
ditions (Jagielska, 2008). Selective breeding of the
European larch has been embraced by the Program
as a vital aspect for the long-term development of Po-
land’s forest resources.

Selected seed stands of European larch were es-
tablished in several of Poland’s regions with differ-
ent site conditions, with the aim of distinguishing
the best phenotypic traits of given provenances,
e.g. Larix decidua subsp. polonica (Racib.) Domin in
the Swiqtokrzyskie Mts. (southeastern Poland). The
Legajny seed orchard was established in northern
Poland and contains L. decidua clones of different
provenances throughout the Warmia-Masuria region
(forests under management of the Regional Directo-
rate of State Forests Olsztyn). The seed orchard has
become a research site for studying various Europe-
an larch phenotypic traits, including frost resistance
(Hansen, 1992) and timber quality (Wilczynski &
Wertz, 2012). Although phenology plays a significant
role in larch productivity (Gauchat & Paques, 2011),
it has not yet been studied using the available Euro-
pean larch clones growing under the natural condi-
tions of northern Poland.

Accordingly, the aim of the present study was to
assess differences in bud flushing between Europe-
an larch Larix decidua clones under natural conditions
of a seed orchard in the Warmia-Masuria region. We
presumed that air temperature has a significant effect
on the rates of flushing of apical (terminal) and ax-
illary (lateral) buds and might be mediated by clone
origin (provenance).
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Methods
Seed orchard

The study was conducted in 2014 in a European
larch (Larix decidua Mill.) seed orchard, established in
1999 by the Forest Research Institute (IBL, Poland)
in collaboration with the Forest District Olsztyn,
within the Forest Division Wadag (Eegajny: 53°48'
52.62" N; 20°36'36.50" E). The seed orchard com-
prises an area of 14.25 ha, divided into 13 sectors,
in which 2,769 one-year-old grafts were planted on
a 6 x 6 m grid (grafting was performed from Janu-
ary to February 1998 on two-year-old European larch
stock) and grown in agro-forestry conditions. Euro-
pean larch clones were derived from 32 plus trees of
6 provenances selected from forest stands managed
by the Regional Directorates of the State Forests
Olsztyn and Gdansk.

For the purpose of the present study, two seed
orchard sectors were selected (no. 3 and no. 5, Fig.
1), which were dissimilar in the growth conditions
of the grafts. The differences were a result of widely
divergent soil moisture values between the sectors,
caused by periodical flooding of sector no. 5 due to
surface outflows of ground waters (from northerly
situated bog-springs at the edge of sector 7). More-
over, the area of sector no. 3 was slightly inclined
toward the south.

Research material

In total, 332 European larch specimens were ex-
amined (212 in sector no. 3 and 120 in sector no.
5). They represented 27 clones derived from plus
trees growing in selected seed stands (provenances)
across six forest districts: (1) Elblag, (2) Mtynary, (3)
Dobrocin, (4) Stare Jabtonki, (5) Nowe Ramuki and
(6) Strzatowo (Fig. 1). Plus trees from FD Elblag and
FD Mlynary (30-150 m a.s.l.) grow under weather

conditions affected by the Baltic Sea climate, i.e. in
this region, cumulative annual precipitation is 600-
650 mm and mean annual temperature is +7°C. Se-
lected plus trees from FD Dobrocin, FD Stare Jablon-
ki and FD Nowe Ramuki (60-180 m a.s.l.) grow in
the Masuria Lakes climatic region, with a mean an-
nual temperature of +7.5°C and cumulative annual
precipitation of 550-600 mm. Climatic conditions
in FD Strzalowo (130 m a.s.l.) are comparable, i.e.
cumulative annual precipitation of 500-630 mm and
mean annual temperature of 7-7.7°C. In general, in
the region where all the aforementioned European
larch stands grow, the annual number of rainy days is
160-170, with a vegetation period of approximately
190-200 days (Kondracki, 2013). All the plus trees
used for cloning were about 100-150 years old and
30-40 m high, with a DBH of 55-80 cm (data from
the Forest District Olsztyn).

Temper ature measurement

Within the two seed orchard sectors examined
(i.e. no. 3 and no. 5), temperature was measured
using three HOBO UA 002-64 data loggers (Onset
Computer Corporation, Bourne, MA, USA). These
were fixed 2 m above the ground in central regions
of the sectors (no. 3, one data logger in the shade
and one in sunlight; no. 5, one data logger in the
shade only). Temperature records (taken every hour
from March 19-April 26) were downloaded and the
recorded values were computed as the daily averag-
es for the two sectors. Mean daily temperature and
values of the cumulative temperature (sum temper-
atures) over the tested periods 0-1 to 0-5 were used
in further calculations (Schueler & Liesebach, 2016).

Bud flushing assessment

The term “bud” is used for apical (terminal) or
axillary (lateral) protuberances that develop into

Baltic Sea

Kaliningrad Oblast/Russia

Gdanskie :
Lakes Region (D)

Staropruska

Fig. 1. Localities of the selected European larch parental tree stands (1-6), showing climate macroregions in northern
Poland (after Kondracki, 2013) and map of the Legajny seed orchard (image adapted from the IBL map archive)
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Fig. 2. Reference scale used in bud flushing assessments
(reproduced from Gauchat and Paques, 2011, with con-
sent of the authors)

reproductive cones, leaves or shoots (Owens & Mold-
er, 1979). For each tree, two opposite lateral shoots
were randomly selected from the crown at 3 m above
ground level and marked. Evaluation of bud burst
was performed using the 6-stage scale for apical bud
flushing assessment (Gauchat & Paques, 2011): 0,
dormant bud; 1, bud swollen and whitish; 2, visible
needles in the bud; 3, closed spindle-shaped needles;
4, needles completely unfolded, up to 1 cm in length,
but still spindle-shaped; 5, elongated needles 1-2 cm
in length, in an open rosette (Fig. 2).

Bud flushing assessments were conducted from 19
March to 24 April 2014 (over 37 days), from the start
of dormant bud development (i.e. stage 1) in early
spring to the open rosette stage in all grafts in the
clones. Inspection of apical and all axillary buds on
each shoot examined was performed every two days
between 19 March and 17 April and every four days
between 18 April and 24 April. The numerical values
assigned to bud flushing stages (0-5 scale, Fig. 3)
were averaged for each bud type per tree, and the
arithmetic means (for five to eight trees per clone)
were calculated for all trees of a given clone within
each sector observed (no. 3 and no. 5). The number
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Fig. 3. Mean daily air temperatures (line) and precipita-
tion (bars) in the Legajny seed orchard in spring 2014.
Temperature values are the daily means from two data
loggers

of days to reach particular stages was calculated and
clones in stages 0-5 were compared.

Statistical analysis

Bud flushing dynamics and differences between
apical and axillary bud burst in each sector, as well as
differences between clones, were tested according to
the following general and generalized linear models
(Nelder & Weddenburn, 1972; McCullagh & Nelder,
1989):

Model 1: log(Ndl W =
C (M) x B, + S, x B

" where log(Nd kl) 1s the canonical link function;
Nd,;, is the mean number of days for achieving the
final stage of bud development; i, j, k and [ represent
the ith, jth, kth and Ith provenance, clone, sector and
bud type, respectively; M, is the clone origin main
effect (for parental provenance i = 1, ..., 6); C (M)
is the main effect of jth clone (j = 1, .. 31) nested
within ith origin provenance; S, is the sector main ef-
fect (k = 1, 2); B, is the bud-type main effect (I = 1,
2); o (M) X B,is the interaction effect between clone
(nested wrthrn an origin provenance) and bud type
and S, X B, is the interaction effect between sector
and bud type.

The goodness of this model’s fit was favoured by
the Akaike information criterion (Akaike, 1983). The
distribution of variable Nd was modelled both with a
Poisson distribution and a negative binomial distri-
bution, but a better fit was obtained using the Pois-
son distribution. The significance of the model ef-
fects was tested with the likelihood-ratio chi-squared
statistic for a type 3 analysis.

Model 2: Teum,, = Mi+ C(M) + S, + B, + C,(M)
X B, + S, X B, +el]kl,

Where Tcum is the cumulative temperature for
achieving the ﬁnal stage of bud development; e, is
the error term; the other parameters of Model 2 are
the same as in Model 1.

Model 3: Dap - ax,, = M, + C(M) + S,

where Dap — ax,, 1s the difference between apical
and axillary bud number of days/temperature sum
required to achieve the final stage of bud develop-
ment for each tree; the other parameters of Model 3
are the same as in Models 1 and 2.

The Shapiro-Wilk test was used to determine if
residuals of Models 1-3 were normally distributed.
Based on Tukey's HSD test, homogeneous groups
were determined for the significant models’ effects.

The analyses were performed using the statisti-
cal software SAS 9.3 (SAS Institute Inc., Cary, NC,
USA). We used the procedures GENMOD (Stokes et
al., 2000; Littell et al., 2002) for Model 1 and GLM
for Models 2 and 3.

M, + CM) + S, + B +
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Results
Weather conditions

Mean daily temperatures averaged across the two
sectors of the seed orchard are presented in Figure 3.
During the observation period, mean daily tempera-
tures fell below 5°C on five days (March 24 and 25;
April 1, 2 and 4).

Over the 37 observation days, mean daily air
temperatures ranged from 2.9°C (1 April) to 16.8°C
(19 April). Temperature was changing at the end of
March and at the beginning and middle of April (Fig.
4). Between these periods, daily temperatures were
lower again (e.g. 2.9°C on 1 April and 5.3°C on 17
April). The cumulative temperatures recorded with-
in the observation period until the last day of the
observation by each of the data loggers used was as
follows: sector no. 3, data logger in shade, 349.91°C;
sector no. 5, data logger in shade, 360.77°C. In sector
no. 5, the so-called “cold air lake” did not decrease
cumulative temperatures in relation to logging in
sunlight; the logger was installed at a height of 2 m

and, contrary to our expectation, cumulative temper-
ature was 11.86°C higher.

Over the same time interval, total precipitation
was moderately low, with rainy days prevailing
around mid-March. Total precipitation in March was
39.12 mm, whereas in the relatively dry April, total
precipitation was lower (28.17 mm). On 24 and 25
March, the temperature dropped to 4.1-3.7°C, with a
precipitation of 21.4 and 19.6 mm, respectively (Fig.
4). Relationships between temperature change and
rainfall in the study period appear to be mirror imag-
es of each other—on all rainfall days, air temperature
decreased notably.

Bud flushing in phases 0-4

During the first four observation days, many apical
and axillary buds were assessed as swollen, without
needles protruding visibly (Table 1). Differentiation
of bud flushing stages between clones was observed
no earlier than on the second day for apical buds on
the 3077 Dobrocin clone and on the third day of as-
sessment for axillary buds on the 3082 Elblag clone,

Table 1. Mean number of days from state 1 to state 4 of apical (Ap) and axillary (Ax) bud development of tested clones.
Fast-developing buds in first phase of growth (0-3) are in bold and slow-developing buds are in italics

Provenance Clone Ap 0-1 Ax 0-1 Ap 0-2 Ax 0-2 Ap 0-3 Ax 0-3 Ap 0-4 Ax 04
Dobrocin 3076 1.3 1.3 13.8 8.0 21.3 12.0 24.6 16.0
Dobrocin 3077 0.1 0.7 8.0 6.7 10.8 9.4 19.8 14.9
Dobrocin 3078 0.6 0.6 11 6.6 17.6 9.9 22.1 13.3
Dobrocin 3079 1.1 1.1 11.6 7.3 17.6 11.8 22.0 14.8
Elblag 2925 1.6 1.6 4.2 3.3 9.6 7.6 14.3 12.6
Elblag 2926 1.8 1.8 8.2 7.6 13.6 11.4 19.6 18.6
Elblag 2927 1.4 1.4 7.4 7.0 10.6 9.8 18.2 16.2
Elblag 3081 1.8 1.6 10.2 8.7 17.2 13.8 21.3 18.4
Elblag 3082 0.3 0.3 4.9 3.3 7.5 7.0 12.6 9.9
Elblag 3296 0.5 0.5 3.9 2.5 8.3 7.3 12.6 11.9
Mlynary 2851 0.7 0.7 9.0 7.4 14.3 10.7 21.3 16.9
Mlynary 2860 0.9 0.9 8.2 6.8 14.6 9.7 20.6 15.8
Mlynary 2862 2.7 2.7 8.1 7.3 15.2 12.2 20.6 17.6
Mlynary 2863 2.6 2.0 8.6 7.0 12.0 9.1 17.7 16.2
Mlynary 2864 1.0 0.6 10.3 7.3 17.3 10.0 22.2 13.9
Mlynary 2865 0 0 8.3 7.0 13.8 9.0 18.7 14.1
Mlynary 2866 1.3 0.9 8.4 6.0 13.7 9.1 19.8 13.6
Mlynary 2867 0.9 0.5 11.0 7.1 18.0 9.4 21.6 12.4
Mlynary 2868 1.1 1.1 7.4 6.1 12.8 11.0 18.5 14.4
Mlynary 2919 0.3 0.3 8.4 6.7 13.3 9.1 20.3 12.1
Miynary 2920 0.4 0.4 6.0 5.8 9.0 8.2 16.6 12.6
Mlynary 2921 0.5 0.5 7.6 6.4 15.1 9.5 19.6 16.4
Nowe Ramuki 2549 0.7 0.7 9.4 8.0 16.4 13.3 22.4 17.3
Nowe Ramuki 2550 1.6 1.6 55 4.3 10.9 9.4 17.2 16.0
Nowe Ramuki 2551 0 0 6.2 5.8 11.2 9.8 16.2 14.6
Stare Jablonki 2514 0.6 0.6 7.6 6.7 14.6 10.1 19.9 13.8
Stare Jablonki 2515 1.1 1.1 13.1 8.4 19.4 14.4 25.5 19.3
Stare Jablonki 2516 1.9 1.6 8.1 6.9 12.2 10.0 18.8 16.3
Stare Jabtonki 2231 1.0 1.0 6.6 6.2 11.4 8.8 16.6 15.0
Strzatowo 3083 1.7 1.7 7.7 6.7 12.6 10.3 17.6 16.6
Strzalowo 3084 0.7 0.5 7.7 6.0 13.0 10.2 19.2 14.9




96 Zbigniew Sierota et al.

Stage of bud development 00 o1 =2 @3 =4

[
N

-
.

0

a

Number of days

Ax Ap

stJablonki Strzatowo
Provenances

Miynary N.Ramuki

Fig. 4. Number of days to obtain a successive stage (0-4)
for axillary (Ax) and apical (Ap) bud development of
larch clones. Values represent means for each prove-
nance

when daily air temperature (3.7°C) was relatively
low (Fig. 3).

The first phase (0-3) of bud development is highly
susceptible to spring frost. We assumed that 80 and
120% of the average bud development period indi-
cate ‘fast’ and ‘slow’ developing’ buds, respectively,
where ‘fast’ for apical buds (Ap) is < 10 days and <
8 days for axillary buds (Ax), while ‘slow’ for apical
buds means > 16 and for axillary buds > 12 days.

Both bud types of clones 3081 from Elblag and
2515 from Stare Jabtonki were characterised as
slow-developing. In contrast, both bud types of clones
2925, 3082 and 3296 from Elblag quickly reached
stage 3, as did the apical buds of clone 2920 from
Mtynary. Full development (stage 5) of axillary buds
was attained most quickly by clones 2867 and 2919
from Mlynary and, again, by clone 2925 from Elblag,
which was the fastest one to develop to stage 3. These
clones are likely to be susceptible to spring frost.

Among provenances, the average number of days
to obtain the successive stages 1 and 2 in the devel-
opment of both bud types differed, particularly in the
beginnings of the stages 1-3 (Fig. 4). In Dobrocin
provenance clones, the duration of stage 1 for axil-
lary buds was the longest (10 days), in contrast to
the shortest duration of stage 1 for axillary buds on
Elblag clones (4 days). Stage 3 for apical buds was
the shortest for Dobrocin clones and the longest one
for Stare Jablonki (Fig. 4).

The results show that axillary buds responded
more rapidly to higher spring temperatures than api-
cal buds. Overall, in sector no. 3, axillary buds de-
veloped more quickly than in sector no. 5, especially
from March 19-30. In contrast, in sector no. 5, there
were no differences in bud development from the
first day of the assessment onwards.

We observed differences in the timing of the
achievement of flushing to a particular stage. For
example, to reach stage 2.0 (i.e. 40% development

5,0

» © > »
=) 2] o ]

Stage of bud development
N
2

—&—Sector 3 apical —@— Sector 5 apical ~ --a=-Sector 3 axillary  ---a~-- Sector 5 axillary
100 125 150 175 200 225 250 275 300 325 350

Cumulative temperature (°C)

0 25 50 75

Fig. 5. Stage of bud flushing of European Larch in two sec-
tors of the Legajny seed orchard (no. 3 and 5) and cu-
mulative temperature

within the bud flushing scale) in sector no. 3, ax-
illary buds took eight days (stage was reached on
26 March, almost contemporaneous with the apical
buds). In sector no. 5, however, axillary buds reached
stage 2 four days earlier than apical buds (28 March
and 1 April, respectively; observation days 9 and 13,
respectively). To reach stage 4 (i.e. 80% develop-
ment), the longest period, seven days between both
sectors, was noted for the apical buds (Fig. 5). Vari-
ation in the development between the sectors could
be observed from stage 1.0 onward for apical buds
and from stage 1.5 onward for axillary buds.

For a period of 19 observation days (from 24 March
to 7 April), apical buds in sector no. 3 showed a high-
er rate of flushing when compared to those examined
in sector no. 5. Starting on 9 April (observation day
21), daily air temperatures were considerably lower,
and during the following seven days, the rate of bud
flushing was much lower. This slowdown in bud de-
velopment could have been caused by the stable aver-
age air temperature over this period or, alternatively,
the sigmoid character of development over time.

Temperature and bud flushing
relationships in stage 5

In terms of number of days for achieving the fi-
nal stage of bud development, the effects specified
in Model 1 were significant (Table 2). The longest
period (37 days) needed for achieving stage 5 (elon-
gated needles, 1-2 cm long in an open rosette) was
observed in three specimens of clone 2862, derived
from a plus tree growing in Miynary. The mean num-
ber of days for reaching stage 5 by all the buds ob-
served for this clone was 33 (flushing of apical buds
occurred after 34.5 days on average and that of axil-
lary buds after 31.4 days; Table 3). The fastest axil-
lary bud burst (open rosette and elongated needles
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Table 2. Influence of effects specified in Models 1 and 2 on bud development dynamics (Nd — number of days; Tcum - cu-
mulated temperature; Num DF — numerator degree of freedom; Den DF — denominator degree of freedom; Chi-square,
F — test statistics; p — p value)

Source of variation Num DF Den DF - Nd Teum
Chi-square p F p
Provenance of plus tree M 5 588 88.08 < 0.001 14.82 < 0.001
Clone (provenance) C(M) 25 588 238.01 < 0.001 9.04 < 0.001
Sector S 1 588 142.62 < 0.001 125.73 < 0.001
Bud type B 1 588 138.69 < 0.001 167.34 < 0.001
Clone(provenance) x Bud type C(M) x B 30 588 130.65 < 0.001 4.02 < 0.001
Sector X Bud type S x B 1 588 10.95 < 0.001 2.29 0.131

within 22.3 days) was observed in specimens of
clone 3082 from Elblag. These clones achieved the
last developmental stage (elongated needles 1-2 cm,
in open rosette) 15 days earlier than the slowest-de-
veloping specimen, clone 2862 from Mlynary, which

achieved stage 5 within 37 days (Table 3).

Apical buds of the examined specimens of clone
3296 from Elblag completed development (achieved

days).

stage 5) within the shortest period of time (22.39

On average, European larch clones derived from
plus trees from selected stands in Strzalowo and
Stare Jablonki showed latest significantly later date

of full bud burst when compared to clones of other

provenances (Tables 3 and 4). However, analysing
the periods of the initial stages of bud development

Table 3. Means, standard errors (SE) and homogeneous groups of clones in terms of finishing bud flushing (in days, Nd,
and cumulative temperature, T )

cum

Clone Provenance of

Nd (mean =+ SE)

T
cum

(mean =+ SE)

No. plus tree All buds Apical buds Axillary buds All buds Apical buds  Axillary buds
2862 Mlynary 3291 £ 0.94 A' 34.53 +1.36a*> 31.37 = 1.30a 269.4 £ 82A 2908+ 11.6a 248.1=x1l16a
2516 Stare Jablonki 31.87 £+ 0.86 AB  33.86 = 1.24a 30.00 = 1.18b 257.3 +7.6 AB 280.8 £10.7a 233.7 =10.7b
3083  Strzalowo 31.60 = 0.92 ABC 32.69 = 1.32a 30.54 +1.28a 252.1 £+ 82 ABC 266 +11.6a 2382 =*11.6a
2926 Elblag 31.54 = 1.08 ABC 31.61 +1.52a 31.46 +1.53a 253.7 £ 9.7 ABC 261.7 +13.6a 2458 +13.6Db
2515 Stare Jablonki  31.44 + 0.88 ABC 34.00 £ 1.29a 29.07 = 1.19b 253.7 + 79 ABC 281.7 +11.1a 225.8 +11.1b
3081 Elblag 31.00 = 0.88 ABC 33.53 =1.29a 2867 =1.19b 246.1 + 79 ABCD 275.7 £ 11.2a 2165+ 11.2b
2231 Stare Jablonki 30.90 = 1ABC 3248 +1.45a 29.40 +1.38a 2472+ 9.1ABCD 264 +129a 230.5+129a
2550 Nowe Ramuki  30.61 + 0.86 ABC 31.23 £1.23a 30.00 + 1.21a 243.8 £ 79 ABCD 255.1 x11.1a 2324 +1l.1a
2851 Mlynary  29.46 £ 1.42 ABCD 32.77 =2.14a 26.49 =+ 1.89b 237.4 = 13. ABCDE 176.1 = 129a 191.4=x129a
3084  Strzalowo  29.45 + 0.99 ABCD 29.58 £ 1.39a 29.32 +1.39a 231.7 £ 9.1 ABCDE 235.7 £12.9a 227.6 +129a
3077  Dobrocin  29.40 + 0.88 ABCD 32.11 £ 1.30a 26.93 £1.19b 235.1 £ 82 ABCDE 260.5 + 11.6a 209.7 £ 11.6b
3076 ~ Dobrocin  29.31 + 0.93 ABCD 33.10 + 1.39a 25.96 = 1.24b 236.7 = 8.6 ABCDE 270.6 + 12.2a 202.8 £ 12.2b
2864 Mtynary 28.42 = 0.88 ABCD 34.25 +1.35a 23.58 = 1.13b 230.9 = 8.2 ABCDE 282.8 +11.6a 1789 *11.6b
2549 Nowe Ramuki 28.30 + 0.97 ABCD 29.13 = 1.38a 27.50 = 1.35a  218.9 £ 9.1 BCDE 227.7 =12.9a 210.1 +129a
2514 Stare Jablonki 27.83 = 0.83BCD 31.48 £1.24a 24.60 = 1.10b  220.1 = 7.9 BCDE 2542 +0a 186 =x11.1b
2919 Mlynary 27.50 £+ 0.92BCD 34.36 + 1.43a 22.01 +1.15b 225 + 8.6 ABCDE 283.3 +12.2a 166.7 +12.2b
3079  Dobrocin 27.42 +0.83BCD 32.18 +1.26a 23.36 +1.08b 2172 =79BCDE 2569 +11.2a 177.5+ 112D
2863 Mlynary 27.27 + 0.86 BCD 28.82 = 1.24a 2581 = 1.18a 214.8 £+ 82CDE 2329 = 11.6a 1966 x11.6a
3078  Dobrocin 27.25 +0.82BCD 30.99 = 1.24a 23.96 + 1.09b 2145+ 79CDE 2472 +11.2a 181.8 =11.2b
2927 Elblag 26.99 £+ 1 BCDE 28.45 +1.45a 25.60 = 1.38a 208.8 £9.7 CDEFG 224.1 =13.6a 193.5*136a
2860 Mtynary 26.98 = 0.85CDE 28.82 = 1.24a 2525+ 1.17b 210.3 + 8.2 CDEFG 225.8 = 11.6a 1948 +11.6a
2867 Mlynary 25.81 £ 0.81 DEF 32.18 = 1.26a 20.71 +1.01b  211.2 + 79 CDEF 265.8 +11.2a 156.7 +11.2b
2865 Mlynary 25.64 + 0.89 DEF 29.88 = 1.34a 22.01 =+ 1.16b 201 £ 8.7 DEFG 234 = 123a 168 =12.3b
2868 Mtynary 2559 + 0.83 DEF 26.43 = 1.19a 24.78 = 1.16a 194.7 £ 8.2 EFG 201.5x11.6a 187.8 x11.6a
2921 Mtynary 25.57 + 0.84 DEF 25.66 = 1.18a 2549 = 1.18a 198.2 £ 83 EFG 201 £11.7a 1954+ 11.7a
2866 Mtynary 25.25 + 0.79 DEF 27.10 = 1.16 a 23.53 = 1.08 b 196.4 + 79 EFG 2143 +11.2a 1785 =*11.2a
2920 Mtynary 2475 + 0.95DEF 24.79 £ 1.35a 24.71 =1.35a 188.3 £ 9.7 EFG 189.7 + 13.6a 1869 = 13.6a
2551 Nowe Ramuki 24.21 = 0.89 DEF 23.10 = 1.22a 2537 =1.28a 183.8 £ 9.1 EFG 176.1 +129a 1914 *129a
2925 Elblag 23.84 £ 0.8 DEF 24.59 = 1.15a 23.11x1.12a 184.2 £ 82EFG 1919 x11.6a 1765+ 11.6a
3296 Elblag 22.39 £ 0.74EF 2218 £ 1.05a 2259 = 1.06a 170.1 £ 79FG 1679 =11.2a 1723 x11.2a
3082 Elblag 2229 £ 0.74F 2224 +1.04a 2233 +1.04a 1683 +79G 167.8 £ 11.1a 168.8 x11.1a

!means with the same capital letter in columns and ? means with the same lowercase letter in rows were not significantly different at p
<0.05.
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Table 4. Means, standard errors (SE) and homogenous
groups for buds at stage 5 of flushing with reference to
provenances (M), seed orchard sector (S), bud type (B)
and the S x B interaction (Nd — number of days; Tcum
- cumulated temperature)

. Nd Tcum
Source of variation
Mean + SE Mean = SE
Plus tree provenances M
Stare Jablonki 30.47 = 0.45 A' 244.58 = 4.07 A
Strzatlowo 30.50 = 0.68 A 241.87 + 6.15 AB
Dobrocin 28.33 = 0.43 B 225.86 + 4.09 BC

Nowe Ramuki 27.58 £ 0.53 BC 215.47 + 5.04 CD

Mlynary 27.01 = 0.27 BC 214.79 = 2.60 CD
Elblag 26.07 £ 0.36 C  205.20 = 3.52D
Sector S
No. 5 30.36 = 0.29 A 24248 £ 2.66 A
No. 3 26.34 + 0.22B 206.77 £2.16 B
Bud type B
Apical 29.95 + 0.28 A 242.57 £ 2.58 A
Axillary 26.70 £ 0.26 B 206.68 = 2.58 B

Sector x bud type S X B

28.45 = 0.32b A% 227.13 £3.05aA
2439 £ 0.29bB 186.42 +3.05aA
31.53 £ 042aA 258.02 +3.77aA
29.23 +041aB 226.95*+3.77aA

sector 3/apical buds
sector 3/axillary buds
sector 5/apical buds
sector 5/axillary buds

'Means with the same capital letter are not significantly different
at p < 0.05 (i.e. in comparison of bud types within the same
source of variation); means with the same capital letter and
means with the same lowercase letter are not significantly dif-
ferent at p < 0.05 (i.e. in comparison of bud types within a
sector and sectors within bud type, respectively).

and the course of the air temperature revealed a
varying order of this effect on individual clones and
provenances (Tables 1 and 3). In contrast, clones
from Elblag completed bud flushing significant-
ly earlier compared to those of Dobrocin (Tables 3
and 4). At the same time, no differences were found
between clones from Elblag and clones from Nowe
Ramuki and Mlynary. In terms of bud flushing pe-
riod, significant differences (8-9 days) were found
between clones of the same provenance, e.g. clone
2862 derived from a plus tree from Mlynary achieved
flushing stage 5 in 32.9 days, while clone 2920 from
Mlynary took 24.75 days (Table 3). Similar patterns
were observed in clones from Elblag provenance;
clone 3081 from Elblag achieved flushing stage 5 in
31 days, whereas clone 3082 from Elblag took 22
days (Table 3).

On average, in sector no. 5, bud flushing was com-
pleted in 30.36 days, and in sector no. 3, apical and ax-
illary buds completed development in time intervals
3 days and 5 days shorter, respectively. Nonetheless,
this difference was not observed among all clones
examined. For example, all apical and axillary buds
among Elblag clones flushed within a significantly
shorter period of time when compared to clones from
other provenances studied (Tables 3 and 4).

Table 5. Influence of effects specified in Model 3 on differ-
ences between bud type development dynamics; Nd_ap-
axand T __ap-axare the differences between number of
days and cumulated temperature, respectively, required
by apical and axillary buds to achieve the final stage of
bud development; Num DF — numerator degree of free-
dom; Den DF — denominator degree of freedom; F — test

statistics; p — p value)

Source of  Num Den Nd_ap-ax T . ap-ax
variation DF DF F p F P
Provenanceof = 594 1530 <0001 10.98 < 0.001

plus tree M

Clone(prove-

nance) C(M) 25 294 5.06 <0.001 4.40 <0.001
Sector S 1 294 9.57 0.002 3.15 0.077

In both seed orchard sectors, irrespective of the
examined type of European larch buds (apical or axil-
lary), no significant correlations were found between
daily mean air temperatures and bud flushing (i.e.
the average bud stage; p > 0.05), both for clones and
provenances in sectors. However, a significant rela-
tionship (p <0.001) was found between cumulative
air temperature and both bud types development in
trees growing in both sectors.

In terms of the cumulative temperature required
to achieve the final stage of bud development, most
effects specified in Model 2 were significant, ex-
cept the interaction effect between sector and bud
type (Table 2). Provenance Stare Jabtonki (T =
244.58°C) was significantly different from prove-
nance Elblag (T = 205.2°C), with a difference in
T, of 39.4°C (Table 4); however, particular clones
showed a greater gap, e.g. Mlynary 2862 (269.4°C)
and Elblag 3082 (168.3°C), with a difference in T
of 101.1°C (Table 3).

Significant differences were found between prov-
enances, clones and tested sectors in terms of a dif-
ference in number of days necessary for the full de-
velopment of apical buds compared to axillary buds
(Table 5). Differences in total daily temperature re-
quired for the development of apical buds compared
to axillary buds between provenances and clones
were observed; however, there were not differences
between sectors (Table 5).

The Mlynary clones differed significantly in terms
of the number of days to achieve full development
of the tested bud types (Table 6). Clones 2867, 2919
were characterized by a greater difference in the full
development between both bud types compared to
the clones 2860, 2862, 2863, 2866, 2868, 2920 and
2921. Clone 2864 differed in this respect from clones
2868, 2920 and 2921. Clones within other prove-
nances did not differ in terms of the difference in the
number of days for the full development between the
apical and axillary buds.

Also, in the provenance Mtynary, some clones
differed significantly in terms of cumulative air
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Table 6. Means, standard errors (SE) and homogeneous groups of clones in terms of differences between number of days

(Nd_ap-ax) and cumulated temperature (T

cum—

ap-ax), respectively, required by apical (ap) and axillary (ax) buds to

achieve the final stage of bud development; means with the same capital letter in columns are not significantly different

atp <0.05
Clone No. Provenance of plus tree Nd_ap-ax T ap-ax
3076 Dobrocin 7 = 1.4 ABCDE 67.8 = 14.7 ABCD
3077 Dobrocin 5.1 = 1.4 ABCDEF 50.9 = 14 ABCD
3078 Dobrocin 6.9 = 1.3 ABCDE 65.4 = 13.4 ABCD
3079 Dobrocin 8.6 = 1.3 ABC 79.4 = 13.4 ABC
2925 Elblag 1.4 = 1.4 DEF 15.4 = 14 CD
2926 Elblag 0.2 = 1.6 DEF 159 = 16.4 CD
2927 Elblag 2.8 = 1.6 BCDEF 30.6 = 16.4 BCD
3081 Elblag 4.8 = 1.3 ABCDEF 59.2 + 13.4 ABCD
3082 Elblag -0.1 = 1.3 EF -1+134D
3296 Elblag -04+13F -4.4+134D
2860 Mtynary 3.5 = 1.4 BCDEF 31.1 = 14 BCD
2861 Mtynary 6.3 + 2.3 ABCDEF 70.2 = 23.4 ABC
2862 Mtynary 3.1 = 1.4 BCDEF 42.7 = 14 ABCD
2863 Mtynary 3 = 1.4 BCDEF 36.3 = 14 BCD
2864 Mtynary 10.5 = 1. AB 103.9 + 14 AB
2865 Mtynary 7.6 = 1.4 ABCD 66 + 14.8 ABCD
2866 Mtynary 3.5 = 1.3 BCDEF 35.8 + 13.4 BCD
2867 Mtynary 112+ 1. A 109.1 = 13.AB
2868 Mtynary 1.6 + 1.4 CDEF 13.8 £ 14 CD
2919 Mtynary 121+ 14A 116.5 + 14.A
2920 Mtynary 0 = 1.6 DEF 2.8 +16.4CD
2921 Mtynary 0.2 + 1.4 DEF 5.6 £ 14.1CD
2549 Nowe Ramuki 1.6 = 1.5 CDEF 17.6 = 15.5 CD
2550 Nowe Ramuki 1.2 = 1.3 DEF 22.7 £ 13.4CD
2551 Nowe Ramuki -23*=15F -15.3 + 155D
2231 Stare Jabtonki 3 = 1.5 BCDEF 33.5 + 15.5 BCD
2514 Stare Jabtonki 6.8 = 1.3 ABCDE 68.2 + 13.4ABCD
2515 Stare Jabtonki 4.9 = 1.3 ABCDEF 55.9 = 13.4ABCD
2516 Stare Jabtonki 3.8 = 1.3 BCDEF 47.1 = 12.9ABCD
3083 Strzatowo 2.1 = 1.4 CDEF 27.7 + 14 CD
3084 Strzalowo 0.3 = 1.5 DEF 8.1 £ 15.5CD

temperature required to achieve full development
of apical buds compared to axillary buds. For clone
2919, the difference in the cumulated tempera-
ture required to develop apical buds compared to
axillary buds was greater than that of clones 2860,
2863, 2866, 2868, 2920 and 2921. Clones 2864 and
2867 differed significantly from clones 2868, 2920
and 2921 (Table 6).

Dobrocin, Mlynary and Stare Jablonki provenanc-
es required more time to develop apical buds com-
pared to axillary buds than the provenances Elblag,
Strzalowo and Nowe Ramuki (Table 7). The average
difference between the number of days required by
both bud types in sector no. 3 was over 4 days and
significantly higher than that in sector no. 5, where
the average was 2.45 days. Similarly, apical buds from
clones from Dobrocin, Mlynary and Stare Jablon-
ki provenances required a cumulative temperature
about 50°C higher compared to axillary lateral buds
from the provenances of Elblag, Strzatowo and Nowe
Ramuki (Table 7).

Table 7. Means, standard errors (SE) and homogenous
groups for provenances (M) and seed orchard sectors
(S) in terms of differences between number of days
(Nd_ap-ax) and cumulated temperature (T, _ap-ax),
respectively, required by apical (ap) and axillary (ax)
buds to achieve the final stage of bud development;
means with the same capital letter in columns are not
significantly different at p < 0.05

Source of variation Nd_ap-ax Lo ap-ax
Mean = SE Mean =+ SE
Plus tree provenances M
Dobrocin 6.92 = 0.68 A 65.85 = 6.98 A
Mtynary 522+ 043 A 52.81 = 4.44 A
Stare Jablonki 4.63 = 0.67 A 51.19 £ 6.94 A
Elblag 1.44 = 0.58 B 19.26 £ 6.00 B
Strzatowo 1.21 £ 1.02B 17.93 + 10.48 B
Nowe Ramuki 0.17 £ 0.83 B 8.31 = 8.58 B
Sector S

No. 3 4.08 = 0.36 A 40.71 = 3.67 A
No. 5 2.45 +0.44 B 31.07 + 4.54 A
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Discussion
Site effects

Forest tree phenologies can be predicted with the
use of mechanistic models (Chuine et al., 2003), in
which parameters such as temperature, cumulative
temperatures and photoperiod play a key role (Par-
tanen et al., 2001; Migliavacca et al., 2008; Linkosa-
lo et al., 2009). Additionally, temperature decreases
and light quality could also impulses to start bud
burst (Linkosalo & Lechowicz, 2006). The seed or-
chard location in this study is representative of the
climatic conditions of the East European Plain (the
Mazury-Podlasie nature-forest region; Kondracki,
2013). Therefore, it can be assumed that climatic as
well as habitat conditions of plus trees and clones in
the Eegajny seed orchard were fairly uniform, exclud-
ing the Elblag and Mtynary plus stands, which grow
under the influence of the Baltic Sea climate.

In the present study, some differences were found
between seed orchard sectors with regard to flush-
ing of apical and axillary buds to certain develop-
mental stages (in the 1-5-stage scale). The mean
times required to reach full bud flushing were not
significantly affected by daily air temperature (except
on axillary buds of European larch clones growing
in seed orchard sector no. 5). These differences be-
tween the two sectors of the seed orchard (which
differed considerably in soil moisture) indicate that
both soil conditions and air temperature can affect
bud flushing, irrespective of clone phenotypic traits.
Wilczynski & Wertz (2012) stated that warm and
cloudless periods at the beginning of the vegeta-
tion season (i.e. in March) had beneficial effects on
tree conditions and, consequently, on potential tree
growth. Worall (1993) emphasised the substantial
influence of temperature on bud burst in subalpine
larch (Larix lyallii).

In spring, trees begin development earlier in the
moderate climate zone of the southern provenances
than in the northern provenances and are therefore
more susceptible to spring frost (Lukkarinen et al.,
2014). Eysteinsson et al. (2009) described the ge-
nus Larix as frequently being injured by winter and
spring frosts; however, different species differ in frost
resistance, and the least resistant trees were from
the far-east provenances. Young Larix decidua trees
are commonly destroyed by frost in the northern
provinces of Europe (Carswell & Morgenstern, 1995;
Karlman & Karlsson, 2013) because a lower cumu-
lative temperature is necessary to trigger bud devel-
opment (Eriksson et al., 2006). Similarly, Chmura et
al. (2011) found that Scots pine trees from harsher
climate zones develop buds earlier than those from
temperate zones.

Genetic effects

For individual clones, there were clear differences
in bud development. At the same time, a variable ef-
fect of air temperature on the development of buds
was observed. The differences in bud flushing were
significant among the following groups: European
larch clones originating from plus trees growing in
selected seed stands situated in different locations
(i.e. clones of different provenances); clones of the
same provenance and seed orchard sectors. The vari-
ability of larch phenological traits has been described
by Schreiber (1964), who found that the sequence of
spring bud burst among L. decidua provenances de-
pended on local conditions for tree growth. Indeed,
subsequent work has shown significant interactions
between genotypes of several coniferous tree spe-
cies (e.g. Pinus sylvestris, P. taeda and P. banksiana) and
their growing sites (the so-called “experimental plot
location”; Li & McKeand, 1989; Woolaston et al.,
1991). Such interactions with growth environments
indicate that phenological traits in European larch
are shaped by a variety of factors, of which climat-
ic aspects (especially temperature and rainfall) seem
to play a key role (Danek, 2009; Markiewicz, 2010).
However, the present study revealed a significant re-
lationship between cumulative temperature and the
timing of bud development completion to the stage
of elongate needles in open rosettes (stages 0-5).

Differences between apical and axillary
buds

There were remarkable differences between apical
and axillary buds with regard to bud flushing (i.e.
average number of days needed to complete develop-
ment and reach the stage of elongated needles in an
open rosette). For the time required to reach the fifth
and last stage of bud flushing, an important differ-
ences in cumulated temperature between apical and
axillary buds were observed, either at the level of in-
dividual clones (taken as a whole) plus stands or the
seed orchard sectors. However, given the progres-
sion of their first stage of development (stages 0-3),
clones from Stare Jablonki provenance are likely re-
sistant to spring frost because their buds developed
most slowly; in contrast, clones from Elblag are likely
susceptible to frost. Differences in susceptibility of
both axillary and apical buds among clones were also
found. The final stage may be determined by photo-
synthetic activity, but earlier phases may also have
biological significance, i.e. before reaching phase 2 or
3, buds may have a higher probability of being dam-
aged by frost. In the Legajny seed orchard, among
European larch clones derived from plus trees grow-
ing in regions with similar climatic conditions, local
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variability of terrain and soil humidity conditions of
the seed orchard sectors may strengthen the effect of
temperature decreases and therefore influence bud
development. These factors should be considered in
investigations of spring frost susceptibility of par-
ticular clones. Sector no. 3 represented conditions
consistent with most of the Legajny area, whereas
sector no. 5 contained more humid soils as it was
periodically flooded by a natural spring. In sector
no. 5, the bud burst period was longer (on average
three days) compared to that in sector no. 3. In the
latter, apical buds completed their development on
average two days earlier than axillary buds, whereas
in section no. 5, the difference was four days. The
interaction between sector and bud type for cumula-
tive temperature required to achieve the final stage of
bud was not significant. Notwithstanding, the buds
in sector 5 required a higher accumulated tempera-
ture than those in sector 3. In other words, the apical
buds (regardless of sector) needed a higher cumula-
tive temperature than the axillary buds. It is there-
fore likely that soil humidity conditions in sector no.
5 have diminished the effect of air temperature, thus
delaying the bud burst process.

GOmory & Paule (1993) showed that among differ-
ent provenances in Slovakia, results are considerably
influenced (27%) by the conditions of seed orchard
establishment, in particular tree planting techniques.
Such effects could also be expected in Poland’s seed
orchards (Burczyk et al., 2000; Przybylski, 2015).

Concluding remarks

In the presented research (spring 2014, in north-
ern Poland), significant differences in the timing of
bud burst were found between apical and axillary
buds of European larch clones, depending on clones,
clone provenances and tree growing sites. These dif-
ferences suggest the presence of a phylogenetic strat-
egy of more frost-resistant clones or provenances
of Larix to avoid damages in the early stages of bud
flushing.

The conditions for tree growth (air temperature
and periodical changes of soil moisture within seed
orchard sector) significantly influenced bud burst in
European larch clones, especially in the early stages
of bud development. In the sector periodically flood-
ed by nearby bog-springs (no. 5, which was thus fre-
quently excessively damp), bud flushing was signifi-
cantly delayed when compared to sector no. 3 which
presented typical conditions for tree growth. How-
ever, differences between bud types in later-flushing
clones decreased with time.

Cumulative temperature seems to be a good in-
dicator to assess frost-susceptible or -resistant
clones/provenances. In this study, the difference in

cumulative temperature between frost susceptible
and frost resistant clones was 101.1°C (Elblag 3082
vs Mlynary 2862) and between provenances 39.2°C
(Elblag vs Stare Jablonki), respectively. The prove-
nance Elblag is situated in a mild climate region of
Gdanskie Lakes, whereas Stare Jablonki is located
in a more continental climate (Fig. 1), similar to the
Legajny seed orchard area.

Mean daily air temperature influenced the com-
pletion of bud flushing in European larch clones
growing under different soil moisture conditions.
Clones 2925, 3082 and 3296 from Elblag are likely to
be susceptible to spring frost.-
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