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Abstract Knowledge of plant-weather relationships can
improve crop management, resulting in higher quality and
more stable crop yields. The annual timing of spring
phenophases in mid-latitudes is largely a response to
temperature, and reflects the thermal conditions of previous
months. The effect of air temperature on the variability of
hazelnut (Corylus avellana L.) phenophases (leafing, flower-
ing) was investigated. Meteorological and phenological data
for five cultivars were analysed over the periods 1969—1979
(P1) and 19942007 (P2) in Maribor, Slovenia. Phenological
data series were correlated strongly to the temperature of the
preceding months (R*: 0.64-0.98) and better correlated to
daily maximum and mean temperatures than to daily
minimum temperatures. About 75% of phenophases dis-
played a tendency towards earlier appearance and a shorter
flowering duration during P2, which could be explained by
the significant temperature changes (+0.3°C/decade) from
December to April between 1969 and 2007. An increase in
air temperature of 1°C caused an acceleration in leafing by
2.5-3.9 days, with flowering showing higher sensitivity
since a 1°C increase promoted male flowering by 7.0-
8.8 days and female flowering by 6.3—8.9 days. The average
rate of phenological change per degree of warming (days
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earlier per +1°C) did not differ significantly between P1 and
P2. An estimation of chilling accumulation under field
conditions during 1993-2009, between 1 November and 28
February, showed that all four of these months contributed
approximately similar amounts of accumulated chilling units.
The growing degree days (GDD) to flowering were
calculated by an estimated base temperature of 2°C and
1 January as a starting date, given the most accurate
calculations. In general, thermal requirements were greater
in P2 than in P1, although this difference was not significant.
Longer-time series data extended to other agricultural and
wild plants would be helpful in tracking possible future
changes in phenological responses to local climate.

Keywords Corylus avellana L. - Phenology - Temperature -
Chilling accumulation - Heat requirement

Introduction

Phenology is the study of periodic biological events in the
plant and animal world that are influenced by the
environment, especially temperature changes driven by
weather and climate (Lieth 1974). The time of occurrence
of characteristic vegetation stages, such as leaf unfolding
and flowering, are closely related to the climate of the
observed site and the weather during the months before a
phenological event. The annual timing of spring pheno-
phases in mid-latitudes is largely a response to temperature,
and reflects the thermal conditions of the current year and
location (Wielgolaski 1999); the temperature in the previ-
ous year’s winter is also important. In many studies, good
correlations between spring phenophases and air temper-
atures can be found (Chmielewski 2003; Crepinsek et al.
2006). Phenological events, however, are often modified by
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other factors, such as photoperiod, radiation, air humidity or
soil characteristics (Migliavacca et al. 2008; Wielgolaski
1999). With increasing air temperatures, plant development
in spring starts earlier in the year (Kramer 1994; Menzel et
al. 2006). Over the last few years, an increasing number of
studies have revealed earlier onsets of phenological spring
phases in many places across Europe (Galan et al. 2005;
Menzel et al. 2006; Schleip et al. 2008). Significant changes
have also been noted in Slovenia (Crepinsek 2005). The
majority of published studies have covered natural vegeta-
tion, with only a few investigating agricultural plants, despite
their economic value (Chmielewski 2003). Modelling plant
phenology has become an important tool in recent years,
allowing us to understand the influence of climatic variables
on phenological development (Bergant et al. 2002; Chuine et
al. 1998; Kramer 1994; Schleip et al. 2008). Understanding
crop phenology is fundamental for crop management, in
which the timing of management practices such as pest
control, irrigation and spraying against diseases is based
increasingly on stages of crop development.

Hazelnut production is confined to areas with a mild-to-
warm summer and cool winter, similar to those found in most
parts of Slovenia. Hazelnut trees have a poor tolerance to heat,
moisture and wind stress but tolerate extreme cold, including
snow and winter frost as low as —15°C. In deciduous tree
crops, including hazelnuts, the dates of flowering and leafing
at the end of winter or early spring are a function of the
chilling requirements for buds and the heat requirement during
the post-rest phase. The requirement for chilling is an adaptive
device for preventing the beginning of development at the
onset of winter, when the flowers or leaves are likely to be
damaged by frost (Larcher 2003). Hazelnut requires more
hours of chilling than most other nut species (Wilkinson
2005). The chilling hours requirement differs from cultivar to
cultivar and different parts of the plant also have substan-
tially different chilling requirements. Mehlenbacher (1991)
reported chilling requirements for 'Tonda Gentile delle
Langhe' of 1,050-1,300 h for leaves, 600—800 h for female
flowers and 350-600 h for male catkins but generally a
period of 1,200 h below 7°C was adequate. In most parts of
Slovenia, including the discussed location of Maribor, with
its cold winter climate, chilling requirements are essential in
order to overcome dormancy in the floral and vegetative
buds of hazelnuts (Crepinsek et al. 2009). Since several
studies suggest that global temperature is increasing (IPCC
2007), major areas within growing regions might face
substantial temperature increases in the future, with a
consequent absence of winter chilling. In Slovenia, a positive
trend of approximately 0.9°C/50 years in mean annual
temperatures has been recorded, and the minimum daily
temperatures have increased at a greater rate than the
maximum daily temperatures (Kajfez-Bogataj 2001). These
changes, which are more pronounced over the winter
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months, together with studies on the impact of climate
change in Slovenia (Kajfez-Bogataj and Bergant 2005),
indicate that winters with insufficient chilling might appear
in subsequent years, especially in the coastal area of
Slovenia, which has a warmer, Mediterranean climate.

Corylus spp. requires only a very short period of heat
accumulation after vernalisation and there are differences in
post-rest heat requirements among genotypes with the same
estimated chilling requirement (Mehlenbacher 1991). Hazel-
nut flowering time varies greatly according to the climate and
is very temperature-dependent; it thus varies greatly from
year to year (Piskornik et al. 2001). Trees grown in mild
regions may flower for months while trees in cold regions for
only for a few weeks. Hazelnuts are monoecious, wind-
pollinated and self-incompatible. During flowering, both
male and female inflorescences can be observed on the same
tree (Germain 1994). The peak flowering periods for the two
may not overlap on the same cultivar (Baldwin 2004). A
situation known as dichogamy is present with almost all
cultivars (Mehlenbacher 1991). Male catkins usually precede
female flowers (protandry) or the pistilate flowers mature
first (protogyny) (Encyclopaedia Britannica 2010). When the
catkins extend, pollen is shed and transported by wind to the
female flowers. After pollination, the development of
reproductive structures is suspended and remains quiescent
for 5-6 months. The weather during flowering can alter the
flowering times of different cultivars, so it is necessary to
plant a number of different pollinisers for successful nut
production. The growth and development of the plants and
nuts must be well understood with regard to temperature
when determining the environments in which hazel can be
successfully grown, and appropriate agricultural practices
then implemented to maximize production (Baldwin 2004).

The aim of this work was to evaluate the flowering and
leafing responses to air temperature of five hazelnut cultivars
in north-eastern Slovenia, including the heat requirement for
flowering and chilling accumulation during the period from
November to February. Moreover, comparison and analysis of
historical phenophase dates was performed for two separate
periods (1969-1979, 1994-2007) with respect to air temper-
ature changes. The information obtained will provide a better
understanding of hazelnut’s phenological temperature
response, which will be useful for current hazelnut production
and will also help in the development of adaptation measures
in the light of predicted climate change.

Materials and methods

Meteorological and phenological data

The investigation was carried out in the experimental
hazelnut orchard of the Biotechnical Faculty in north-
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eastern Slovenia, in Maribor (46°32'" latitude N, 15°39’
longitude E, altitude 275 m) during the years 1969—1979
and 1994-2007. The climate is continental (Koppen’s Cfw),
with a mean annual temperature of 9.7°C and mean annual
precipitation of 1,046 mm for the period 1961-1990;
temperature extremes are 35.8°C and —22.3°C. The warmest
month is July, with an average temperature of 19.6°C, and the
coldest month is January, with an average temperature of
—1.3°C. During the last 18 years (1991-2008), the mean
annual temperature has increased to 10.8°C and the amount of
precipitation has been reduced to 906 mm (ARSO 2010).
Hourly temperatures and daily and monthly mean air
temperatures were obtained from the meteorological station
in Maribor (46°50" latitude N, 15°70" longitude E, altitude
264 m) of the Environmental Agency of the Republic of
Slovenia (ARSO).

Five hazelnut cultivars: ‘Daviana’, ‘Gunslebert’, ‘Istrska
dolgoplodna leska’ (‘Istrska’), ‘Merveille de Bollwiller’
(‘Bollwiller’) and ‘Tonda gentile delle Langhe’ (“TGDL’)
were included in the trial. As a part of the germplasm
collection, hazelnuts were planted in a single row, 4 m apart, in
the early 1950s of the twentieth century. They were trained as
bushes, and four to six scaffold branches were maintained in
each bush throughout their whole lifespan. Vigorous growth
was assured by keeping the surface in the row clean, regular
mulching of grass on both sides, and modest fertilisation with
nitrogen, potassium and phosphorous.

‘TGDL’ is one of the most valued cultivars in the kernel
market, whereas the others are more suited to the in-shell
market. ‘Daviana’ is an old English cultivar with a medium
vigorous tree, a low yield and high susceptibility to big bud-
mite. The in-shell nut has an oblong shape and medium size
(Manzo and Tamponi 1982). ‘Gunslebert’ was first introduced
in Germany. It is valued for its medium-to-large nuts with
good texture and a strong nutty flavour. It is a vigorous
growing and highly productive variety (Manzo and Tamponi
1982). ‘Istrska’ originates from Istria (Croatia). It leafs out
and blooms moderately early. It is slightly sensitive to
drought. Due to its high and stable yields, this variety is
recommended for commercial growing in all Slovene areas
suitable for hazelnuts (Solar and Stampar 1997). ‘Bollwiller’,
also called ‘Hall's Giant’, is a hardy, vigorous and productive
variety with large nuts. It leafs out and blooms late and the
nuts ripen in mid-September (Manzo and Tamponi 1982). It
is well-adapted to the continental climate (Germain and
Sarraquigne 2004). ‘TGDL’ is a famous Italian variety. Due to
its quality round nuts, it is used mainly in the confectionary
industry (Germain and Sarraquigne 2004). It has very early
blooming, leafing and ripening dates (Solar and Stampar
2009). Its nut-weight and productivity are medium, and
chilling requirements low (Mehlenbacher 1991).

Phenological observations started in 1969 and have
continued until now, with a gap from 1980-1993. Unfortu-

nately, during this period phenological observations were not
made for the cultivars used in our study, due to temporarily
changed research priorities at the Biotechnical Faculty.

Each recorded phenological date was the average date
of at least three plants of the same cultivar. Leafing dates
were recorded at phenological stage C (Germain and
Sarraquigne 2004), when over 50 % of terminal buds had
enlarged and the bud scales have split, exposing the green
of the leaves inside (IPGRI 2008). Male flowering was
recorded at stages Fml (start: 5 % of flowers are open and
start to shed pollen), Fm2 (peak: 50 % of flowers are
open), Fm3 (end: last flowers are open) and female
flowering at stages Ffl (start: 5 % of flowers are open
and have extended stigmas), Ff2 (peak:50 % of flowers are
open), Ff3 (end: last flowers are open) (Germain and
Sarraquigne 2004; IPGRI 2008).

Calculation of chilling accumulation

To estimate the average chilling accumulation under our field
conditions and to find the most efficient months in relation to
chilling accumulation, a chilling-hours model, proposed
originally by Weinberger (1950) and still in frequent use
today, was used (Luedeling et al. 2009a; Ruiz et al. 2007).
This model calculates the number of hours (H) in which the
temperature (T) is below 7°C, without considering freezing
temperatures. The number of accumulated chilling-hours
(CH) at a given time ¢ after a fixed starting time is given as:

CH,=)» H;If0°C<T<7°C,thenadd 1,else0 (1)

t
i=1

The starting date for chilling accumulation was 1 November,
as suggested by other researchers (Luedeling et al. 2009a; Ruiz
et al. 2007) since, before that date, in general, the temper-
atures are too high to contribute notably to chilling
accumulation at the Maribor location. On the basis of our
historical phenological data and other investigations (Ruiz et
al. 2007), chilling accumulation was calculated until the end
of February, with time-steps of 15 days.

Determination of heat requirement

The heat requirements for the flowering of hazelnut cultivars
were obtained from the sum of daily mean temperatures
(Tmean) after determining different base temperatures (Tbase)
(-1, 0, 1, 2, 3, 4, 5°C) using the lowest standard deviation
method (Jato et al. 2002; Galan et al. 2005).

t
GDD = Z Tmean — Thase ; If Tmean < Tbase, then add 0 (2)

i=1

A growing degree day (GDD in °C) is defined as a day
on which the mean daily temperature (in °C) is 1° above the
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base temperature required for the growth of a particular plant.
GDDs were calculated each year from the day after the chilling-
period (starting date) to the date on which a single phenophase
began. The starting date was determined on the basis of
correlation analysis between the mean air temperatures and the
phenophase dates. Negative relationships between temper-
atures in any fixed period (time step of 15 days) and the
phenophase dates indicate that warm weather at this time is
necessary for earlier flowering or leafing (Emberlin et al. 2007).

Statistical analysis

Differences among cultivars and years were evaluated using
analysis of variance and the Duncan multiple range test
(P=0.05). Relationships between temperature data and
phenological events were investigated using correlation
and linear regression analysis. Statistical analyses were
performed using software environment R, Version 2.9.0. (R
foundation for statistical computing, Vienna, Austria) and
SPSS version 16.0 for Windows (SPSS, Chicago IL).

Results
Thermal conditions during the 1969-2007 period

The mean annual temperature was 9.7°C during period P1
(1969-1979) and 10.9°C during period P2 (1994-2007) in

Maribor. Over recent years, a significant increase has been
observed in the mean, minimum and maximum temper-
atures. The linear trend in the mean annual temperature for
the period 1969-2008 amounted to +0.49°C for each
10 years (P<0.001; Fig. 1). The temperatures from
December to April are important for the timing of hazelnut
flowering and leafing in our climatic conditions (Solar and
Stampar 1997). The mean temperature from the previous
December to April of the current year was 3.3°C during P1,
and 4.2°C during P2. Significant temperature changes
occurred during these months, i.e. average temperatures
from December to April were higher in P2 compared to P1
by 0.2°C, 0.4°C, 0.7°, 0.4°C (P<0.05) and 1.9°C
(P<0.001); the linear temperature trend for the time period
from December to April was +0.3°C/10 years (P<0.05) for
the period 1969-2007 (Fig. 1).

Timing of phenological phases

During P1 and P2, the leafing dates of the studied hazelnut
cultivars occurred within the period from 20 March to 10
April (Fig. 2, Table 1). The average difference between the
earliest leafing cultivar 'TGDL' and the latest 'Gunslebert'
was 17 days in Pl and only 9 days in P2. In particular
years, considerable deviations of the leafing dates were
observed, depending on weather conditions during the winter
and spring months. The ecarliest and latest dates of leafing
differed by about 1 month for ‘Daviana’, ‘Gunslebert’,

Fig. 1 Mean annual tempera- o
ture (T) and mean temperature % 13 1
from the previous December to ° 19
April of the current year g' 1
(Tdec—apr) at Maribor for L 414
three periods: P1:1969-1979; E
1980-1993 (14 year gap e 101
between experiments); § 94 o )
P2:1994-2007. Regression = Regression trend 1969-2007
trF:nds fqrhT land Td(ejcfaprd ars1 E_ 8 T +0.049 + 0.009 (R 2=0.69***)
given with slope and standar <_ 7. Tdec-apr +0.034 + 0.017 (R?=0.35%)
error of the slope (°C/year); s )
linear regression coefficients o< gl X
are significant at *P<0.05 and qE, + X X
% P<().001 § 5- . + . S x
o 4 XX * + X X X
£ X X
— 34 XX
e xx X x o+ - X
® 24 +
2 . .
c 4
«
c
g o T T T T T T T T y T i
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Fig. 2 Average dates of flowering of Corylus avellana L. cultivars
(male flowers: Fml start, Fm2 peak, Fm3 end; female flowers: FfI
start, Ff2 peak, Ff3 end) and leafing (C) of hazelnut cultivars

‘Istrska’ and ‘Bollwiller’, whereas the variability range was
greater (43 days) in the earliest leafing cultivar, “TGDL’.

Figure 2 shows the floral phenology and dichogamy in
different hazelnut cultivars growing in Maribor during P1 and
P2. The cultivars ‘Daviana’, ‘Gunslebert’ and ‘Bollwiller’
showed slightly protandrous behaviour in P1, whereas the
cultivars ‘Istrska’ and ‘TGDL’ showed protogyny in P1.

When looking at the average flowering dates, expressed
as the day of the year (DOY) (Table 1), it can be seen that
the flowering patterns of ‘Daviana’ and ‘Istrska’ were
consistent over the two periods, with ‘Daviana’ showing
protoandry and ‘Istrska’ showing protogyny in both P1 and
P2. Protogyny in P1 and homogamy in P2 were expressed
by ‘TGDL’, while ‘Gunslebert’ and ‘Bollwiller’ had
protoandry in P1, but weak protogyny in P2.

The difference between pollen shedding and the
beginning of female flowering was 6 days for ‘Istrska’
and four for ‘Daviana’, whereas in the other three
cultivars, the mean overlapping of male and female
inflorescences was only from 1-2 days. In terms of
leafing dates, considerable deviation at beginning of
flowering was also recorded for those years with
significantly warmer or colder winter months. Flower-
ing dates showed a larger variability compared to
leafing dates, with the highest value of 77 days
between the earliest and the latest male flowering for
‘TGDL".

'Daviana', 'Gunslebert', 'Istrska', 'Bollwiller' and 'TGDL' for
P1:1969-1979 and P2:1994-2007, Maribor, Slovenia

The degree of dichogamy varied from year to year for all
five cultivars. The earliest pollen shedding appeared in
‘TGDL’ at the end of January (31 January), whereas the
other cultivars started male flowering in the second 10-day
period of February, and the latest were ‘Daviana’ and
‘Istrska’ on 15 February (Fig. 2). The first female flowers
were also noted in ‘TGDL’ (2 February), the latest was
‘Daviana’ (19 February). Female flowers were receptive for
between 15 days in ‘Bollwiller’ to 21 days in “TGDL’ and
‘Istrska’. The duration of pollen-shedding was similar to
that of female flowering; it ranged from 16 days for
‘Bollwiller’ to 21 days for ‘TGDL’. The earliest cultivar,
‘TGDL’, had the longest flowering duration for both types
of inflorescence.

Table 1 shows a comparison of the mean flowering dates,
leafing dates and flowering durations between the time
periods P1 and P2. About 75% of phenophases showed a
tendency towards an earlier appearance and shorter flower-
ing duration, respectively, but only a few of them were
significantly earlier, with *P<0.05 or **P<0.01.

Correlations of phenological phases with temperature
Significant negative correlations (with P<0.01) between the
start dates (leafing, flowering) of the analysed cultivars and

air temperature indicate that higher temperatures at this time
will cause earlier phenological occurrence. The majority of
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Table 1 Comparison of hazelnut mean dates of flowering of Corylus
avellana L. cultivars (male flowers: Fml start, Fm2 peak, Fm3 end;
female flowers: Ff1 start, Ff2 peak, Ff3 end), leafing (C) and

flowering duration between two periods (P1:1969-1979, P2:1994—
2007), with a summary of MANOVA (Roy test). DOY Day of the year,
SE standard error, significant earlier dates are in bold

Cultivar Period Average date of phenophase as DOY (SE) Flowering duration
F3-F1 in days (SE)
C Fml Fm2 Fm3 Ffl Ff2 Ff3 Male Female
'Daviana' P1 96 45 54 68 51 61 77 23 25
(1.2) (1.4) (1.6) (2.0) (1.4) (0.9) (2.3) 0.7) (0.9)
P2 91 46 52 59 49 52 63 13 14
(1.2) (1.0) (1.5) (1.9) (1.2) (1.3) (1.4) 0.5) (0.4)
'Gunslebert' P1 103 42 50 64 46 55 74 23 28
(1.1) (1.4) (1.4) 2.1) (1.5) (1.6) (1.8) 0.7) 0.9)
P2 87** 39 45 53 37 43 53 14 16
(1.0) (1.2) (1.5) (1.7) 0.9) (1.2) (1.6) 0.4) (0.5)
'Istrska' P1 91 41 53 70 39 45 72 29 32
(1.7) (1.3) (1.8) (2.2) (1.1) (1.5) (2.0) (1.0) (1.2)
P2 84* 49 52 59 46 53 60 10%* 14%**
(0.9) (1.4) (1.3) (1.5) (1.4) (1.5) (1.7) 0.3) (0.4)
'‘Bollwiller' Pl 97 37 45 64 40 49 62 28 22
1.4) (1.4) (1.6) (1.9) (1.3) (1.5) 2.2) 0.9) 0.7)
P2 91* 44 49 55 40 45 52 12 12
0.9) (1.3) (1.4) (1.8) (1.3) s (.6 0.5) (0.5)
'TGDL' P1 86 23 36 58 22 38 60 35 38
2.2) (1.1) (1.3) (2.0) (0.8) (1.3) 1.7) (1.1) (1.2)
P2 82 35 43 47 33 43 49 12%* 17%*
(1.6) (1.1) (1.4) (1.0) (1.2) (1.2) (7.8) 0.4) (0.4)
MANOVA Df Test stat. Approx F Num Df Den Df Pr(>F)
(Roy test)
Cultivar 4 40.200 491.33 110 < 2.2e-16%**
Period 1.800 21.40 107 0.003402**
Cultivar:period 4 0.428 5.23 110 6.449¢-06***

**xP<0.001, **P<0.01, *P<0.05

phenophases (73%) were correlated most strongly with
maximum air temperatures (Table 2), all the rest with
average temperatures, and none with minimum temper-
atures, suggesting that the chilling requirement at the period
best correlated with temperature was already fulfilled.
Leafing dates of all cultivars were linked most strongly
with maximum temperature from February to March, with
coefficients of determination (R?) ranging from 0.64 to
0.93. Most of the flowering phenophases were also highly
correlated (R> = 0.64 to 0.98), with maximum air temper-
atures during the period of 2-3 months before their
occurrence.

The correlations with temperature for both male and
female flowers were stronger for the flowering-peak than
for the start or the end of flowering. An increase in air
temperature of 1°C caused acceleration in leafing from
2.5 days for 'Daviana' and 'Istrska', to 3.9 days for "TGDL'".
Flowering phenophases showed higher sensitivity to tem-
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perature than leafing, since a 1°C increase promoted male
flowering by 7.0-8.8 days compared to 6.3-8.9 days for
female flowering.

The sensitivity to temperature change of leafing and
flowering in terms of earliness per warming of 1° (days/1°C)
did not change significantly during the warmer P2 period. For
example, for ‘Daviana’, an increase in air temperature of 1°C
caused an advance of 2.6 days in leafing in P1 and 2.5 days in
P2 or an advance of 8.2 days in flowering peak in P1 and
8.7 days in P2.

Chilling accumulation in field conditions during the period
1993-2009

Chilling accumulation for the period 1993-2009 between 1
November and 28 February in field conditions for Maribor are
shown in Table 3 and Fig. 3. During the winter period 1993/
1994-2008/2009, all four months contributed approximately
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Table 2 Coefficients of determination (R?) of phenophases with the
best correlated temperature variable (either T,yq, Tinax OF Tiyin) and rate
of phenological shift (days per °C) of five hazelnut cultivars for two
periods (P1:1969-1979, P2:1994-2007). The phenological shift is
given for the best correlated temperature variable. C Leafing; Fm2

male flowers peak; Ff2 female flowers peak; Ff] female flowers start,
Fml1 male flowers start; T, average temperature calculated over a 1-,
2- or 3-month period, with daily maximum temperatures; 7, average
temperature calculated over a 1-, 2- or 3-month period with daily
average temperatures; SE standard error

Cultivar Phenophase Temperature Period R? Phenological shift
(days/°C) with SE
'Daviana’ P1 C Trnax Feb-Mar 0.74%%* —2.6+0.16
Fm2 Tave Jan-Feb 0.91%%* —8.2+0.65
Ff2 Tmax Jan-Mar 0.86%** —7.5+0.54
P2 C Tave Mar 0.827%%* -2.5+0.14
Fm2 Tave Jan-Mar 0.89%** —8.7+0.77
Ffl Timax Jan-Mar 0.89%%* —6.9+0.48
'Gunslebert' P1 C Tmax Feb-Mar 0.64%* -2.9+0.37
Fm2 Tmax Dec-Feb 0.927%s%* —8.0+0.72
Ff2 Tmax Dec-Feb 0.98%%* -6.3+£0.53
P2 C Tmax Jan-Mar 0.83 %% -3.6+0.19
Fm2 Tmnax Dec-Jan 0.96%%* —7.2+0.62
Ff2 Tnax Dec-Jan 0.98%%* —8.2+0.74
'Istrska’ P1 C Tmax Feb-Mar (.93 %** -3.7+0.24
Fm2 Tave Dec-Feb 0.96%%* —7.9+0.63
Ff2 Tave Jan-Feb 0.65%* -8.2+1.23
P2 C Tmax Feb-Mar 0.66** —2.5+0.32
Fm2 Tave Jan-Feb 0.82%** —7.8+0.71
Ff2 Tave Jan-Feb 0.88%** -8.9+0.61
'Bollwiller' P1 C Tmax Feb-Mar 0.82%** —3.4+0.32
Fm2 Tmax Jan-Feb 0.95%%* -7.5+£0.59
Ff1 Tmax Jan 0.65%* -6.5+0.79
P2 C Tmax Mar 0.90%%* -3.0+0.18
Fml Tmax Dec-Feb 0.96%#* —7.6+0.86
Ff2 Tnax Jan-Feb 0.90%%* —6.7+0.80
'TGDL' Pl C Tmax Jan-Mar 0.927%%* -3.9+0.35
Fm2 Tmax Jan-Feb 0.64%* —7.0£0.98
Ff2 Tmax Dec-Jan 0.85%%* =7.1£0.92
P2 C Tmax Feb-Mar 0.79%%* —3.5+£0.44
Fm2 Tave Dec-Feb 0.76%%* —8.8+£1.23
Ff2 Tmax Dec-Feb 0.76%%* —6.5+0.77

**P<0.01, ***P<0.001

similar amounts of accumulated chilling units to the sum
total. Chilling accumulation differed from year to year, the
coefficient of variation (CV) until 28 February was 12.4%.
From the years 1993 to 2009, CH ranged from 980 in the
winter of 2002/2003 to 1,558 in the winter of 2006/2007. No
significant changes were found in chilling accumulation
during these periods.

Heat requirements for the beginning of flowering

The method of Jato et al. (2002) was applied with the aim
of determining the heat requirement for flowering. We

tested different threshold temperatures (Tbase) (-1, 0, 1, 2,
3, 4, 5°C) and different starting dates from 1 December
onwards, using time steps of 15 days. The results of
correlation analysis (Table 2) showed that there is a
negative correlation between temperatures from December
onwards and hazelnut flowering dates, indicating that warm
weather at this time is necessary for earlier flowering. GDD
calculated by subtracting the base temperature of 2°C from
1 January onwards resulted in the lowest standard devia-
tion. GDDs, with standard errors and coefficients of
variation, are shown in Table 4. For female flowers, the
mean GDD for five cultivars was 32°C during P1 and 43°C
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Table 3 Chilling accumulation by a fixed date in Maribor during the 1993-2009 period, according to the '0—7°C Model’, with a summary of
ANOVA, SE standard error, CV coefficient of variation

Year/date 15 November 30 November 15 December 31 December 15 January 31 January 15 February 28 February

Chill units (‘0-7°C Model’, 1 hour between 0 and 7°C=1 chill unit)

93/94 148 205 396 595 814 1,026 1,233 1,331
94/95 132 331 548 684 768 924 1,111 1,371
95/96 292 454 587 754 907 916 978 1,171
96/97 71 270 451 536 597 743 914 1,078
97/98 118 398 666 924 1,132 1,338 1,443 1,549
98/99 180 408 491 614 812 931 1,062 1,266
99/00 183 264 460 568 597 696 917 1,152
00/01 90 263 509 741 893 1,091 1,250 1,436
01/02 229 446 545 635 672 828 1,055 1,296
02/03 157 224 400 554 634 818 889 980
03/04 243 386 645 829 973 1,092 1,266 1,461
04/05 199 408 615 811 1,019 1,119 1,261 1,398
05/06 166 352 591 761 955 999 1,098 1,294
06/07 196 354 543 745 951 1,147 1,352 1,558
07/08 245 448 719 719 838 1,084 1,310 1,448
08/09 54 287 573 780 794 1,083 1,239 1,414
mean 169 344 546 703 835 990 1,149 1,325
SE 16.5 20.6 23.1 27.7 39.0 41.8 42.4 41.1
(6% 39.1 24.0 16.9 15.8 18.7 16.9 14.8 12.4
ANOVA

Source of variation df F P-value F crit

Years 15 12.02 < 0.001%*** 1.76

Dates 7 341.80 < 0.001***  2.09

during P2. The difference in GDD between P1 and P2 was  from 12.9% to 23.7%. For male flowers, the mean GDD for
significant with ‘Bollwiller’ and ‘TGDL’ (P<0.01). GDD  five cultivars was 27.3°C during P1 and 44.5°C during P2,
ranged among the cultivars from 19.8°C for ‘TGDL’ to  and the difference in GDD between P1 and P2 was
53.9°C for ‘Daviana’, the coefficients of variation being  significant with “TGDL’ (P<0.001). The lowest GDD for

Fig. 3 Chilling accumulation 1800
('0-7°C Model') in Maribor

between 1 November and 28 1600 15_49 15_58
February during the period 1371 1436 1461 1398 1448 1414
from 1993/1994 to 2008/2009 14001331 — [ ]1206 |_| [ ]1294 |_| []

1266
] 171 1152 average = 1325
1200 1078
980
1000 - I_‘
800 1

Chilling requirements of "'TGDL' - 600-800 hours below 7°C for female flowers

600 1 1 I I I I I I 1 1 1 I I I I
Chilling requirements of "'TGDL' - 350-600 hours below 7°C for catkins

400 1 (according to Mechlenbacher, 1991)

200 -

Chilling accumulation (hours below 7°C)
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Table 4 Growing degree-day (GDD) requirement for the beginning of
flowering of hazelnut in Maribor for two periods (P1:1969-1979,
P2:1994-2007), with a summary of MANOVA (Roy test), significance

values are indicated fore greater GDDs. SE Standard error, CV
coefficient of variation, Tbase=2°C

Cultivar Period Female flowers Male flowers
GDD SE CV(%) GDD SE CV(%)
‘Daviana’ P1 50.8 3.6 23.7 352 23 21.3
P2 57.0 3.0 19.6 459 2.2 18.2
‘Gunslebert’ P1 36.4 1.6 14.6 29.9 1.6 18.4
P2 45.0 1.6 12.9 46.6 2.4 19.2
‘Istrska’ P1 253 1.3 16.5 30.1 1.4 15.3
P2 344 1.6 17.1 40.4 1.8 16.6
‘Bollwiller’ P1 34.8 2.4 23.0 30.5 2.1 22.9
P2 53.2%* 3.0 21.3 62.0 34 20.8
‘TGDL’ P1 12.7 0.5 134 10.9 0.5 16.5
P2 26.8%* 1.1 15.2 27.7%%* 1.1 15.5
MANOVA (Roy test) Df Test stat Approx F Num Df Den Df Pr(>F)
Cultivar 4 71.026 377.02 4 4 0.0005729%%**
Period 1 6.611 9.91 2 3 0.000479%**

**P<0.01, ***P<0.001

male flowers was with ‘TGDL’, 19.3°C, and the highest
with ‘Bollwiller’, 46.2°C. The coefficients of variation
were between 15.3% and 22.9%.

Discussion
Thermal conditions during the 1969-2007 period

According to the 2007 Fourth Assessment Report by the
Intergovernmental Panel on Climate Change, global surface
temperature increased by 0.74+0.18°C over the period
19062005 (IPCC 2007) but the rate of warming over the
last half of that period was almost double that for the period
as a whole. Temperature changes varied over the globe,
land regions have warmed faster than the oceans and
Europe has warmed slightly more than the global average
(IPCC 2007). Geographically, particularly significant
warming has been observed in the past 50 years over the
Iberian Peninsula, in central and north-eastern Europe, and
in mountainous regions. An observed warming of 0.49°C/
decade confirmed earlier research results for Slovenia
(Crepinsek et al. 2009; Kajfez-Bogataj 2001). In addition,
the aforementioned rate of warming is in accordance with a
linear temperature trend of 0.05°C per year derived from
historical weather data from 1975 to 2007 for Austria
(Strauss et al. 2010) and other European countries (Menzel
et al. 2006). During the period P2, all years except one
(1996) were warmer than the long-term average. The
temperatures from December to April are important for

the timing of hazelnut flowering and leafing in Slovenian
climatic conditions (Solar and Stampar 1997). Significant
temperature changes occurred during these months, i.e.
average temperatures from December to April were higher
in P2 compared to P1, which is in accordance with
previous reports on increasing air temperature over
Slovenia (Crepinsek et al. 2009; Kajfez-Bogataj 2001)
and national warming patterns across 19 European
countries (Menzel et al. 2006). Chmielewski (2003)
reported an increase of mean air temperature between
February and April of 1.6°C between 1961 and 2000,
leading to earlier tree flowering by 8 days in Germany.

Timing of phenological phases

In our study, the earliest leafing cultivar 'TGDL' and the
latest ‘Gunslebert’ differed by 17 days in P1 and by only
9 days in P2. This is in agreement with Chmielewski
(2003) and Crepinsek et al. (2009), who reported that the
timing of spring phenological phases in temperate zones is
driven mainly by temperature. The beginning of flowering
and the flowering duration are influenced by the earliness
(lateness) of the cultivar and, crucially, by the weather
conditions of the current year and previous winter months
(Menzel et al. 20006).

It can be seen from average data, calculated for a long-
term period, that flowering patterns can be consistent over
the two observed periods, e.g. in ‘Daviana’ and ‘Istrska’.
Phenological patterns may also transit from protogyny to
homogamy (‘TGDL’) or even from protoandry to weak
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protogyny (‘Gunslebert” and ‘Bollwiller’). On the contrary,
all the cultivars preserved their blooming pattern when
individual dates were recorded in individual years. We
conclude that different climatic conditions from year to
year led to a change in dichogamy type for the studied
cultivars. This is consistent with the results of Turcu et
al. (2001) who reported for Oltenia, Romania, a change in
the type of dichogamy for ‘Hall’s Giant (Bollwiller)’,
‘Romavel’ and ‘Du Chilly’ hazelnut cultivars. Bastias and
Grau (2005) concluded that, for some commercial hazel-
nut cultivars in Chile, the dichogamy phenomenon was
not totally dependent on the genotype but also on local
climatic conditions. Piskornik et al. (2001) showed in their
study, in the climatic conditions of southern Poland, that
some hazelnut genotypes were protandrous after long and
severe winters, homogamous after short but cold winters,
and protogynous when winters were short and relatively
mild. In our case, mild winters could also be the reason for
changed dichogamy during P2 for ‘Gunslebert’ and
‘Bollwiller’.

The range of year-to-year variability was greater in
flowering dates than for leafing. As explained by Schleip et
al. (2009), early phenophases are more adaptable to lower,
even below zero temperatures; they are less frost-sensitive
and a small temperature variation triggers a quick response
in phenological events. Later phenophases, such as leafing
in the case of hazelnut, react more cautiously towards
higher spring temperatures to avoid the last spring frosts.
Furthermore, dependency of the degree of homogamy on
both genotype and environmental conditions was proved by
Bastias and Grau (2005) and Turcu et al. (2001) when
prospecting different hazelnut cultivars in Chile and
Romania. In the early spring, periods with low temperatures
often occurred after the beginning of flowering, and
phenological development was slowed or even stopped,
with the restart depending on temperature. The ability of
hazelnut plants to extend the flowering time to the onset of
more favourable weather conditions improves the possibil-
ities of growing hazelnut commercially even in areas with
low winter temperatures. Turcu et al. (2001) found that the
stigmas of early blooming hazelnut cultivars were receptive
for a longer time, sometimes 60—-80 days, when there were
large variations in temperature. In our research, ‘TGDL’, as
the earliest flowering cultivar, also showed the largest
variation range regarding the length of the flowering period,
with extremes of less than 1 week, such as in 2007 with
Tjan_teb above 5°C, up to 70 days as in 1974 with Tjan feb
below 3°C. In other cultivars, the flowering duration did
not exceed 60 days; it depended on average temperatures
and variations in temperature. Comparison among the
months from December to April showed that February,
when the average flowering peaks of male and female
flowers appeared in all of the investigated cultivars, was the
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most variable month regarding mean air temperatures. This
could explain why earlier hazelnut cultivars showed greater
differences in the times of phenological events and their
duration than later ones, as also reported by Kluza-Wieloch
and Szewczak (2006) and Turcu et al. (2001).

With the most recent warming trends over the Northern
Hemisphere, the advancement of spring phenological
events has been confirmed in many parts of Europe
(Kramer 1994; Scheifinger et al. 2003; Schleip et al.
2008), including Slovenia (Crepinsek et al. 2009). Most
of the observed phenophases displayed a tendency towards
earlier appearance in P2, although the majority of these
trends were not statistically significant. Among the reasons
for non-significant results might be the shortness of the
time series and high year-to-year variability of both
phenological and temperature time series, including also
extremely high/low values. Such short time series might be
influenced significantly by single-year data or short-term
phenological changes. The leafing time series shows much
less fluctuation than flowering phenophases. Among the
reasons for that could be a larger January and February
temperature range compared to the March temperature
range, since flowering is correlated better to February and
leafing to March temperatures. There was a tendency for
flowering to be earlier in P2 but significant changes can be
obtained only from a longer series. In some other studies
for Slovenia, flowering of wild growing hazelnut Coryllus
avellana L. was found to be significantly earlier in recent
decades (Crepinsek 2005; Crepindek et al. 2006) but the
phenological data set was much longer (1955-2007) than
for the cultivated plants in our trial.

The findings obtained by our analysis agree with the
results of Menzel et al. (2006), who found a clear signal
across Europe of changing spring and summer phenology,
with 78% of leaf unfolding and flowering records advanc-
ing. Leafing and the end of flowering for male and female
flowers in our study showed a shift to earlier dates in all
cases. The same was noted for the duration of flowering for
male and female flowers, in which the difference between
P1 and P2 was clearest because of enhanced developmental
processes during higher temperatures. The tendency to-
wards earlier phenological dates could be explained by
changes in the courses of air temperatures over subsequent
years (Fig. 1) but the trends of the phenological time series
do not necessary follow at the same rate as the trends of the
temperature time series (Scheifinger et al. 2003). In
addition to air temperatures, soil temperatures have also
increased significantly over recent decades in Slovenia and
the water cycle is altering (Bergant et al. 2002), which
could also have an influence on phenological changes.
Unfortunately, these meteorological data were unavailable
for the Maribor location when we were attempting to
improve our investigation.
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Correlations of phenological phases with temperature

This study found that the effect of increasing air tempera-
ture was expressed as earlier starting dates of single
phenophases, confirming the findings of Chmielewski
(2003), who recognised the thermal conditions as the main
determinant of spring plant phenological development in
mid-latitudes in deciduous trees and shrubs. Our findings
are also comparable with the results of correlation
analysis between Corylus spp. phenological dates and
mean temperatures in the UK (Emberlin et al. 2007),
where the highest correlation coefficient (0.74) was
calculated between mean temperatures in December and
the start of pollen shedding. Menzel et al. (2006) reported
that most spring phenological phases correlated signifi-
cantly with mean monthly temperatures of the month of
onset and the two preceding months. A phenomenon
observed in our investigation was that both male and
female flowers responded more strongly to increased air
temperature than leafing, as was explained in a study by
Scheifinger et al. (2003). He stated that early phenophases
are more adapted to below zero temperatures and therefore
follow temperature variability more closely. The important
question in phenological studies is whether plant pheno-
logical dates shift at lower or higher rates toward earlier/
later occurrence than other plant development related
events such as spring late frosts, plant diseases, outbreaks
of pests or invasive species. Scheifinger et al. (2003)
found that spring frost events have been advancing faster
than phenological phases during the last 50 years in
Central Europe, so the risk of late frost damage should
have been lower recently compared to previous years. In
hazelnut production, plant protection will depend also on
the extent to which hazelnut phenology shifts in parallel
with pest and disease phenology.

Corylus pollen grains cause severe allergies and often
mark the start of seasonal allergies; hazelnut flowering may
begin as early as January or February in Slovenia
(Crepinsek et al. 2006). Previous studies in Europe have
shown that pollen seasons for many allergenic taxons have
tended to become earlier by about 5-10 days/decade over
the last 30 years, and that this pattern has been linked to
warmer winters and springs in recent years (Menzel et al.
2006). Earlier flowering of hazelnut means that the allergy
season begins earlier and, because Corylus pollen has
allergens that cross-react with those of other trees such as
Betula or Alnus, it has a priming effect, and an allergic
reaction in susceptible individuals may occur at a lower
pollen concentrations later in the season (Emberlin et al.
2007). On the other hand, the shorter hazelnut flowering
duration because of high temperatures, as noticed in P2,
means less time of exposure to pollen, which may result in
decreased predisposal to allergenic pollen.

Because of the different temperature responses of
hazelnut cultivars (Piskornik et al. 2001), and also of
male and female flowers of the same cultivar, such as
2.3 days for 1°C with 'TGDL' as shown by our research,
greater temperature changes in the future could lead to
decreased synchrony between the maturation of male and
female flowers and increasing incompatibility among
cultivars in terms of pollination. The phenomenon of
cross-compatibility in hazelnuts has great economic
importance (Turcu et al. 2001) and could have an even
greater future impact.

Chilling accumulation in field conditions during the period
1993-2009

The length of the period within the 0—7°C range has been
about 100 days over recent decades in Maribor (ARSO
2010), which means that autumn and winter chilling is not a
limiting parameter in hazelnut production in regard to this
location and current climatic conditions. Since a body of
scientific evidence suggests that global climate warming
(IPCC 2007) and minimum daily temperatures over the last
50 years have increased at a greater rate than maximum
daily temperatures (Kajfez-Bogataj 2001), the amount of
winter chilling available at some locations might be
strongly affected in the near future (Luedeling et al.
2009b). Chilling accumulation up until 15 January was
sufficient for breaking flower bud dormancy in all the
discussed cultivars in relation to chilling requirements
(Mehlenbacher 1991; Germain and Sarraquigne 2004). In
accordance with the results shown in Table 3, the chilling
requirements for leafing were also sufficient by the end of
February.

Chilling accumulation for the period 1993-2009 dem-
onstrates that if growers had planted a hazelnut cultivar
with a chilling requirement of 800 h, e.g. "TGDL', prior to
1993 in Maribor, they would not have experienced
insufficient chilling during this period. In most parts of
Slovenia, periods with low temperatures can normally be
expected to be long enough to break dormancy, unless the
climate changes. Part of Slovenia has a warm, Mediterra-
nean climate, with a mean temperature of winter months
above 5°C (ARSO 2010), where additional warming could
impact on fruit and nut production in the future, in terms of
chilling accumulation, as already predicted for some other
agricultural areas with a warm climate (Luedeling et al.
2009b). Baldocchi and Wong (2008) found that the annual
accumulation of winter chilling is diminishing across the
fruit and nut growing regions of California, with observed
trends in winter chilling ranging between 50 and 260 CH
per decade. Chilling models projected declining winter
chilling in California from 1950-2099 (Luedeling et al.
2009a) and, consequently, the need to develop agricultural
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adaptation measures in terms of low-chilling varieties and
dormancy-breaking chemicals. In recent years, we have
experienced some very mild winters in Slovenia, which
altered usual phenological patterns. This could be even
more frequent in the future, as predicted by climate
scenarios for Slovenia for the twenty-first century (Bergant
et al. 2002; Kajfez-Bogataj and Bergant 2005). However, it
is possible that the predicted warmer winters in the future
may also alter the chilling accumulation pattern, so this will
be a field that will need constant study in the future.

Heat requirements for the beginning of flowering

Post-rest weather conditions strongly influence the flower-
ing times of male and female inflorescences of hazelnut.
Endodormancy is usually followed by an ecodormancy
period, the length of which varies considerably from year to
year. According to Mehlenbacher (1991), catkins and
female inflorescences have different post-rest heat require-
ments. However, in our analysis, there was no significant
difference between the heat requirements of male and
female flowers. Heat requirements for particular plants
vary considerably with the method used, which makes it
difficult to compare results from various studies. Vuceti¢ et
al. (2008) found a base temperature of 5°C for calculating
heat requirements for the start of the Corylus spp. pollen
season in north-western Croatia. For climatic conditions in
the UK, Emberlin et al. (2007) determined 4°C, while
for Romania and for western Norway, a base temperature of
0°C and as low as —2°C was reported by Turcu et al. (2001)
and Wielgolaski (1999), respectively. The average GDD
above 0°C for the flowering of several hazelnut cultivars in
Romania was 127°C, ranging from 102°C for ‘TGDL’ to
150°C for ‘Romavel’ (Turcu et al. 2001). However, over
north-western Croatia, the required GDD above 5°C was
from 15°C to 20°C (Vuceti¢ et al. 2008). The parameters for
GDD calculations obtained by different methods have
statistical significances that can differ from real physiolog-
ical base temperatures or starting dates. These data may
indicate the climatic demands of hazelnut cultivars in
different climatic regions that are important for agricultural
practice.

Current modelling studies widely assume that the
thermal time accumulation of crops remains constant
under various climatic conditions (Chmielewski 2003;
Galan et al. 2005). However, some studies have indicated
that the thermal time accumulation for the entire growing
season is not constant, and positive time trends in GDD
have been found, reducing the predictability of climate
change effects on agriculture. A study by Zhang et al.
(2008) revealed an increase in thermal time accumulation
at the Thongua station (China) during the period 1985—
2005; this increase was statistically significant at a rate
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around 9.4 degree-days (°Cd) per year over the entire time
period. Comparison between periods P1 and P2 in our
research indicated that increased amounts of GDD are
required for the beginning of flowering for male and
female flowers in hazelnut. In all cases, the GDD was
greater in P2 than in P1 (Table 4). Although analysis of the
data gives results that are not statistically significant for
the most part in relation to phenophases, a general trend
toward greater GDD can be seen, and the patterns of
change for all cultivars were quite similar. Among the
reasons for non-stationary thermal time accumulation
could be the method of GDD calculation. We used a
uniform base temperature (2°C) and starting date (1
January) to calculate thermal time for P1 and P2, as this
resulted in the lowest SD of GDD. In perennial plants, the
physiologically best starting dates are generally difficult to
determine. Wielgolaski (1999) concluded in his study that
the starting dates for growth and development can vary
greatly between cultivars or ecotypes within a plant
species and due to genetic variations even between
individuals; starting dates can also be influenced by the
age of trees, latitude or photoperiod. Basic temperature
also varies with several factors in terms of plant and
environment, such as the age of woody plants or
development stage, soil characteristics, water conditions
or day length (Wielgolaski 1999). Another possible
reason for the change in GDD during P2 could be
acclimatisation—the process of an individual organism
adjusting to change in its environment, allowing it to
survive changes in temperature, water and food availabil-
ity and other stresses. Organisms adjust their morpholog-
ical, behavioural, physical and/or biochemical traits in
response to the environmental changes with which they
are faced. Evolutive temperature acclimatisation ensures
that photosynthesis and respiration are adjusted to the
average temperature climate in the habitat of the plant
species (Larcher 1995). Gunderson et al. (2010) investi-
gated photosynthetic sensitivity to temperature and the
potential for acclimation in relation to the climatic
provenance of five species of deciduous trees. Adjustment
of thermal optima was confirmed in all species, suggesting
that photosynthetic responses should not be modelled
using static temperature functions but should incorporate
an adjustment to account for acclimatisation. Longer time
series data extended to other agricultural and wild plants
would be helpful in tracking possible acclimatisation and
future changes in thermal time accumulation in our case.
Understanding the relationships between plant develop-
ment and environmental factors, especially the temper-
atures in our climate, is fundamental for appropriate
cultivar choices, as well as for crop management, in
which the timing of agricultural practices are dependent
on phenological phases.



Int J Biometeorol (2012) 56:681-694

693

Conclusions

Our study is the first attempt to quantify the correlation
between hazelnut phenology and air temperatures in
Slovenia. It also provides unique information about
phenological adaptation of hazelnut to increasing air
temperature over an extended period. The above results
demonstrate that increased air temperature during recent
years is already significantly influencing hazelnut spring
phenological events, with implications for hazelnut
production and public health. Detailed knowledge of
the relationship between flowering time and temperatures
is important for predicting the start of the pollen season
in view of the increased prevalence of allergies to
airborne pollen. The results of our correlation and
regression analysis might be useful for predictive models
of the start, duration and end of the hazelnut pollen
season in Slovenia. This is especially useful for patients
that have to take medicine several days before the
hazelnut begin to bloom to achieve the maximum effect
of medical treatment. To identify the impact of earlier
leafing and flowering on final yields, other phenological
phases, such as ripening, maturity and senescence,
should be analysed. Another important question is
whether there have also been significant changes in the
phenology of hazelnut pests and disease occurrence,
which might lead to increased plant vulnerability during
its development. However, observed phenological shifts
already provide important help in decision-making for
growers in terms of fertilising, irrigating or crop
protection planning, while taking into account agro-
meteorological forecasts. The effect of environmental
temperature in relation to flowering time and the degree
of dichogamy varied depending on the cultivar, which
should be taken into consideration when selecting a set
of pollinisers for productive cultivars. It may be essential
to choose completely new combinations of ‘main cultivar
+pollinisers’ compared to those planted lately in com-
mercial orchards. Since climate changes are global, it is
expected that such readjustments will be necessary in all
areas in which hazelnut is grown commercially. More-
over, a weak trend of delaying autumn phenophases,
such as leaf fall, was proved (Menzel et al. 2006) and an
extension of the growing season can be expected due to
climate warming. Such new circumstances may provide an
opportunity to plant hazelnut in new areas and replace
some crops as an alternative but economically interesting
fruit species.
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