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Abstract
The aim of the present study was to identify sweet cherry varieties and growing regions that are resilient to climate change
as well as strategies for mitigating the effects of climate change on sweet cherry production in a Northern European location
(Meckenheim, Germany) and a Southern European location (Naoussa, Imathia, Greece). Sweet cherry was chosen for this
study as it is sensitive to reduced chill accumulation (i.e., fewer chilling hours in winter) and to late frost damage caused by
flower opening time advancement. Whereas initial predictions suggested that fruit growing in Southern Europe is particularly
sensitive to climate change, our comparison of long-term records of both phenological (flowering) data and weather (frost,
temperature) at both locations indicated the opposite. The annual mean temperature in Naoussa increased during 1984–2018
by 1.6 °C to 15.8 °C, whereas it increased during 1958–2018 by 1.5 °C to 9.8 °C in Meckenheim. In Naoussa, flowering was
found to have advanced by 6.7 days in the late-flowering cherry cultivar ‘Tragana Edessis,’ but by as much as 8.3 days in
the early flowering ‘B. Burlat,’ 1.5 days in ‘Vogue,’ and 3.2 days ‘Larian’ over the last 35 years (1984–2019). In the temperate climate of the Meckenheim cherry-growing area, flowering advanced by 14.1 days during the period 1978–2019 in the
early flowering and early maturing cultivar ‘B. Burlat,’ such that it now coincides with the late spring frost. This flowering
advancement in Meckenheim was almost twice that observed for ‘B. Burlat’ cherries in Naoussa. Thus, in contrast to what
was previously thought, cherries grown in Naoussa may be more resilient to climate change due to the essentially frost-free
climate during and after cherry flowering and the occurrence of sufficient chilling hours during winter. This strength may
enable Imathia to export sweet cherries to Northern Europe in May, a time of the year when the fruit of this region is not yet
available. By contrast, sweet cherry production in the colder climate at Meckenhein shows greater lowering advancement
is more susceptible to frost (and therefore requires frost protection technology), making it less resilient to climate change.
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The Mediterranean area, including Greece, is of the regions
most affected by recent climate change: it has experienced
a combination of increasing temperatures and declining
precipitation (Xoplaki 2020). On the other hand, Germany,
with its milder winters and constant precipitation (e.g., ca.
605 mm in Bonn; Blanke and Kunz 2009b), has been less
affected by climate change. The five major effects of recent
climate change on fruit trees, particularly in the Mediterranean region, include flowering advancement and reduced
winter chill accumulation (a significant number of chill
hours are required to initiate flowering in some fruit species)
due to warmer winters, as well as heat, drought, and heavy
storms during fruit development in the summer.
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Plant phenological events fluctuate from year to year and
are strongly influenced by variations in environmental factors such as temperature. Long-term records of phenological
data are valuable as they can be used to estimate the influence of climate variations on plant development and the
timing of life cycles (Blanke and Kunz 2009a). A trend for
the gradual advancement of bloom dates of temperate-zone
trees over the years has been observed in historical records
(Blanke and Kunz 2009b). This may be due to reduced chill
accumulation during the winter, as originally postulated for
cherries in the continental climate of Germany (Luedeling
et al. 2013), a reduction in cold days in winter (Kaufmann
and Blanke 2018), and a longer subsequent warming/forcing
period (Kaufmann and Blanke 2019).
In the present study, climate data (days with frost, chill
accumulation, temperatures, and precipitation) and phenological data on the flowering of commercially cultivated
cherry cultivars in a Northern European location (Meckenheim, Germany) and a Southern European location
(Naoussa, Imathia, Greece) were examined in order to identify sweet cherry varieties and growing regions that are resilient to climate change as well as strategies for mitigating the
effects of climate change on sweet cherry production.

Materials and methods
Climate data acquisition
Climate data such as daily temperatures, yearly precipitation, and days with frost were collected for the Institute of
Plant Breeding and Genetic Resources in the Department
of Deciduous Fruit Trees in Naoussa, along with flower
opening date (i.e., the earliest date when 10% of the flowers are open) records for cherry cultivars grown there. The
Naoussa site is located at ca. 40°N and at an altitude of
119 m, and has a Mediterranean climate with less rain during the summer months and 690 mm of rainfall annually
(Table 1). Daily minimum and maximum temperatures were
recorded for the period 1980–2019 at an on-site meteorological station. Frost incidence was recorded as the number
of days with a minimum temperature below 0 °C in March,
April, and May. Data obtained for Naoussa were compared
with corresponding data obtained for the Klein-Altendorf
experimental station at a latitude of 50°N and an altitude of
ca. 170 m in the Meckenheim fruit/cherry-growing region
(Luedeling et al. 2011; Blanke and Kunz 2009b). The Meckenheim site is exposed to maritime Westerly Atlantic winds,
but is buffered from them by the Rhine Valley (Kaufmann
and Blanke 2017).
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Table 1  Comparison of the climate at Naoussa, Greece (during the
period 1984–2018) to that at Meckenheim, Germany (during the
period 1958–2018)
Parameter

Naoussa

Meckenheim

Latitude
Altitude
Annual mean temperature
Precipitation

40°N
119 m
15.8 °C
690 mm (mainly in
the winter months)

Chilling hours until 1 Feb
Typical flower opening date
of the cherry cv. ‘Burlat’

1100–1300
30 March

50–51°N
170 m
9.8 °C
605 mm (evenyear distribution)
950–1350
15 April

Calculating the chill accumulation
The number of chilling hours during the winter at each
site was calculated according to three models, including
the simple but popular Weinberger chilling hours model,
which sums the hours during which the temperature was
between 0° and 7.2 °C.

Phenological data: flower opening date according
to the BBCH scale
The flower opening date was recorded between 1984 and
2019 for trees of the cherry cultivars ‘Tragana Edessis,’ ‘B.
Burlat,’ ‘Larian,’ and ‘Vogue’ maintained at the Department of Deciduous Fruit Trees in Naoussa. Flower opening dates were also recorded for the cultivar ‘B. Burlat’ at
the Klein-Altendorf experimental station in Meckenheim
between 1975 and 2019 (Blanke and Kunz 2009b). Flower
opening dates (F1/BBCH 61) were originally evaluated
based on the Baggiolini scale (Lichou et al. 1990; Baggiolini 1952), but they were subsequently derived based
on the BBCH scale (Meier et al. 1994) and then internationally harmonized for cherry (Wenden et al. 2017).
New cherry trees were planted successively to ensure that
trees of an appropriate age were available at all times.
Phenological records of fully grown cherry-bearing trees
grafted onto Mazzard and trained into a vase shape at
Naoussa were obtained, as were those of trees that were
grafted onto GiSelA5 and trained into a slender spindle at
Meckenheim.

Statistical data processing
Pearson correlation analysis was performed between
annual change in the long-term mean temperature and the
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year as well as between flower opening date and temperature using SPSS v.24 (SPSS Inc., Chicago, IL, USA).

Results and discussion
Frost incidence and changes in annual mean
temperature and precipitation
In Naoussa, the frost incidence during March has
decreased dramatically (from 4.8 to 1.3 days) over the
last 30 years, and frost has been essentially nonexistent
in April during that period (Table 2). Hence, increased
frost damage due to climate change does not appear to
be a problem for crops grown in this region of Northern
Greece. However, in Meckenheim, there is a risk of frost
in the period from March to May—a period that coincides
with advanced cherry flowering at the end of March or
early April, meaning that frost is presenting an increasing
risk to cherry production in Meckenheim.
Analysis of the last 34 years (1984–2018) of climate
data for the Naoussa region in Northern Greece showed
an increase in the annual mean temperature Tmean of 1.6 °C
over that period but no significant change in annual precipitation (690 ± 26 mm; mean ± SE for the 34-year period).
Similarly, analysis of the last 39 years of climate data for
the Meckenheim growing region of Germany showed an
increase in T mean of 1.5 °C over that period but no significant change in annual precipitation (605 ± 8 mm;
mean ± SE).

Table 2  Frost incidence (the average number of days with frost, i.e.,
with the minimum temperature below 0 °C) per month at Naoussa
from 1984 to 2019 and at Meckenheim from 1958 to 2019 (utilizing
data from Blanke and Kunz 2009b)

Naoussa
Meckenheim

Period

March

April

May

1984–2000
2001–2019
1958–2019
1958–1987
1988–2019

4.8
1.3
4.4
5.0
3.8

0.5
0.3
2.5
2.5
2.8

0
0
0.4
0.5
0.3

Table 3  Mean chill
accumulation at Meckenheim
(after Luedeling et al. 2011),
as calculated using 60 years
(1958–2018) of climate data for
this region and three different
models
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Chilling hours
Predictions for Mediterranean countries in general (Luedeling et al. 2013), and Greece in particular, suggest that the
number of winter chilling hours will decrease, leading to
issues with flowering in fruit crops that require significant
chill accumulation (‘high-chill crops’), such as sweet cherry
and—to a lesser extent—European plum and apple. However, it appears that the winter chilling requirements of the
cherry cultivars grown in the hills of Imathia are still being
satisfied in most years, since flowering abnormalities are yet
to be documented in Naoussa for any cultivar. Moreover,
‘Ferrovia’—a high-chill cultivar—regularly bears flowers
and fruit in Northern Greece.
Similarly, the chilling requirements of cherry cultivars
are still being satisfied in the temperate continental climate
of the Meckenheim fruit-growing region in most years
(Table 3), even for high-chill cultivars such as ‘Schneiders
späte Knorpelkirsche’ (Kaufmann and Blanke 2018). Chill
accumulation may even improve as winters become warmer,
as there will be fewer winter days with subzero temperatures
and more chilly days (Luedeling et al. 2011).

Flowering advancement: less in Naoussa
than in Meckenheim
Flowering, a prerequisite for fruit set, is affected by climate
change due to the impact of climate change on chill accumulation and the number and timing of days with frost. Frost
does not appear to threaten cherry flowering in Naoussa
since the incidence of frost has decreased in recent years.
The main effect of climate change in Naoussa appears to
be less favorable conditions for pollination during flowering. Over the period 1984–2019, the flower opening date
advanced by 6.7 days for ‘Tragana Edessis’ during the
period, 8.3 days for ‘B. Burlat,’ 1.5 days for ‘Vogue,’ and
3.2 days for ‘Larian’ (Fig. 1; Table 4).
The advancement in the flower opening date seen for
the cultivar ‘Burlat’ in Meckenheim 14.1 days, which
should be compared with the flower opening date advancement of 8.3 days across a similar period (1984–2019) for
‘Burlat’ in Naoussa. Figure 1a highlights the greater flowering advancement of the cultivar ‘Burlat’ at Meckenheim
than at Naoussa, given that the slope of the linear curve

Period

Chilling hours (CH) from
chilling hours model

Chilling units (CU) from Chilling portions
Utah model
(CP) from dynamic
model

Up to 1st January
Up to 1st February
Up to 1 March

955
1356
1727

1160
1527
1883

58.0
77.3
96.1
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Fig. 1  Flower opening dates (BBCH 61; F1) for various cherry cultivars: a ‘Burlat’ at Meckenheim for the period 1978–2019; b ‘Burlat,’
c ‘Tragana Edessis,’ d ‘Larian,’ and e ‘Vogue’ at Naoussa during the

period 1984–2019. Linear curve fitting was applied to each dataset
(note that 1 April = 91 Julian days; 15 April = 105 Julian days)

fit is − 0.34 for the ‘Burlat’ data from Meckenheim and
− 0.24 for the ‘Burlat’ data from Naoussa. Indeed, the
flower opening date advancement observed for the cherry
trees at Meckenheim and both cvs ’B. Burlat’ and ’Tragana
E.’ in Naoussa is comparable to the flower opening date

advancement of 10 days observed for various apple cultivars at Meckenheim when data for the last 20 years were
compared with data for the previous 30 years (Blanke and
Kunz 2009b).
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Table 4  Changes in the flower
opening dates (BBCH 61; F1)
for various cherry cultivars in
Naoussa and Meckenheim

Naoussa
(Northern
Greece)
1984–2019
Meckenheim
(Germany)
1984–2019
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Cultivar

Flowering period

Flower opening date
then (in Julian days)

Flower opening date Differnow (2002–2019) (in ence
(days)
Julian days)

‘Tragana E.’
‘Vogue’
‘Burlat’
‘Larian’
‘Burlat’

Late
Medium
Early
Early
Early

99.3
95.7
92.7
91.9
112.5

92.6
94.2
83.8
88.7
98.4

Cherry flowering and cultivation systems in Naoussa
and Meckenheim
In the Meckenheim growing area, cherries are often grown
in open or closed polytunnels in order to (i) induce earlier
yields, (ii) protect the trees from frequent spring frosts
when they are flowering, and (iii) protect the trees from
rain-induced cracking during the fruit maturation period
(Fig. 2, photograph on right). In Naoussa, spring frosts only
induce damage in early-flowering fruit crops such as apricots and peaches; cherries are not affected. However, very
frequent rain in Naoussa during the fruit maturation period
can induce fruit cracking in cherry trees, so rain shelters
are increasingly being used for cherry trees, as they are at
Meckenheim.

Strategies for mitigating the effects of climate
change on cherry production in Naoussa
and Meckenheim
Flowering is the most sensitive stage of fruit cultivation to
climate change, as this stage is impacted by various effects
of climate change, including (a) reduced winter chilling
hours, (b) flower opening date advancement, and (c) an

6.7
1.5
8.3
3.2
14.1

increased risk of late frosts during the flowering period
(such that early flowering in Meckenheim now coincides
with the frost), and (d) unfavorable pollination conditions,
such as temperatures below 11 °C and rain (which are suppressing pollination by honeybees in Imathia). However,
cherries grown in mountainous regions such as Naoussa
in Northern Greece appear to be relatively resistant to the
effects of climate change (compared to cherries grown in
Meckenheim, for example) because there is sufficient chill
accumulation during winter in most years and because late
frosts during/after flowering are very rare.
Based on the results obtained in the present work,
Tables 5 and 6 present mitigation strategies for the effects
of climate change on cherry production in general (i.e., in
all cherry-growing regions) and in Naoussa (Greece) and
Meckenheim (Germany) in particular. Note that invasions
of the cherry fly Drosophila suzukii, recently monitored as
a result of the temperature elevation, in both fruit-growing
regions require insect netting, however this is not easily
applied.

Fig. 2  Cherry cultivation without frost protection in Naoussa (photograph on left) and cherry cultivation under a plastic cover during the flowering period in Meckenheim (photograph on right)
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Table 5  General strategies for
mitigating the effects of climate
change on cherry production
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Season

Culpable weather pattern

Effect

Adaptation strategy

Winter

Warm winter

Reduced chilling hours

Spring
Summer

Late frost
Heat and drought
Rainfall

Flower damage
Soft fruit and fruit fall
Fruit cracking

Relocate to high altitude/use cultivars with low chilling requirements
Use sprinklers/turbines/crop covers
Evaporative cooling
Use rain protection shelters

Table 6  Comparison of strategies used to mitigate the effects of climate change on cherry production in Naoussa (Greece) and Meckenheim (Germany)
Effect of climate change

Naoussa

Meckenheim

Invasions of the cherry fly
Drosophila suzukii
Reduced chilling hours
Frost
Pollination problems
Rain during fruit maturation

Insect net

Insect net

–
–
Bumble bee hive
Rain shelter

–
Frost protection
Bumble bee hive
Rain shelter

Conclusions
Based on the results obtained in this work, fruit-growing
regions in the Mediterranean that are mountainous (and thus
have cool winters with sufficient chilling hours) may be relatively resilient to climate change, given that frosts during the
flowering season have been very rare in the Naoussa region
of Greece over the past 30 years. These regions may still
need to adopt a few climate change adaptation strategies or
to switch to medium-chill fruit varieties. On the other hand,
due to increasingly early flowering in the Meckenheim fruitgrowing region of Germany and the occurrence of late frosts
in this region, a frost protection strategy is now required
during the flowering season in Meckenheim.
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