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In the future climate scenario the transient warm spells during winter are predicted to become more frequent and
potentially increase the risk of frost damage in perennial horticultural crops. The aim of our study was to
examine, whether apple (Malus × domestica Borkh.), blackcurrant (Ribes nigrum L.), and raspberry (Rubus idaeus
L.) cultivars differing in winter hardiness have a different susceptibility to deacclimation during a warm spell and
the ability to reacclimate in response to a subsequent cold period. Shoot samples were collected from commercial
orchards in Finland on Feb. 6, 2019. Samples were subjected to a deacclimation treatment (+5◦ C, 4 d) followed
by a reacclimation treatment (-7◦ C, 7 d). Controlled freezing tests were conducted immediately after sampling,
and at the end of deacclimation and reacclimation treatments to determine frost hardiness (FH). FH was most
stable in those cultivars that are known to be hardy in the Finnish climate conditions, i.e. ‘Pirja’ apple, ‘Mikael’
and ‘Öjebyn’ blackcurrants, and ‘Maurin Makea’ raspberry. Buds were consistently less hardy than shoots, the
difference being largest in blackcurrant, 25◦ C. The buds of all cultivars, except ‘Pirja’ apple, deacclimated during
four days at +5◦ C, but only ‘Ben Tron’ blackcurrant buds were able to reacclimate. The depth of dormancy was
determined by forcing the shoot samples in a greenhouse to examine the relationship of the FH stability to the
dormancy status in the cultivars. Sixty to 95 % of apple, 98 to 100 % of blackcurrant, and 55 to 67 % of raspberry
buds broke during five weeks in forcing. Only the apple cultivars exhibited cultivar differences in the dormancy
status in the beginning of February. ‘Pirja’ despite having the most stable FH of the apple cultivars, showed the
most complete and fastest bud break in forcing. Consequently, the susceptibility to deacclimation during a warm
spell and the ability to reacclimate at subsequent low temperatures were not related to the status of dormancy in
these cultivars.

1. Introduction
During dormancy frost hardiness (FH) of woody plants fluctuates and
is largely determined by prevailing temperatures. A strong correlation of
FH and the mean temperature during the previous 3 d has been reported
e.g. in beech (Fagus sylvatica L.) (Lenz et al., 2016). Ability to maintain
hardiness during warm spells and/or to reacclimate during the subse
quent low temperatures are crucial for winter survival of perennial crop
species. In the future climate scenario these transient warm spells during

winter are predicted to become more frequent and potentially increase
the risk for frost damage in horticultural species (Laapas et al., 2012).
This is a major concern for fruit growers in the Northern areas, where
temperatures still, in spite of generally increasing, occasionally drop low
enough to cause frost injuries.
Deacclimation may be reversible when a plant is re-exposed to low
temperatures, or irreversible (Kalberer et al., 2006). Therefore, the
inability to resist deacclimation may not be injurious if the plant is able
to reacclimate quickly enough after a warm spell. Two types of
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deacclimation processes are recognised: ‘active deacclimation’ is usually
associated with resumption of growth in spring, but may also occur
during winter as result of warm spells (Kalberer et al., 2006). ‘Passive
deacclimation’ occurs during winter when plants are exposed to
moderately elevated temperatures and is primarily associated with
depletion of carbohydrate reserves due to enhanced metabolic activity
(Kalberer et al., 2006).
Deacclimation can occur in days or weeks, and is usually more rapid
than acclimation, which may take weeks to months (Kalberer et al.,
2006). For example, buds in Norway spruce (Picea abies (L.) Karst.) trees
can deacclimate several degrees per hour in above zero temperatures
(Räisänen et al., 2006). Reacclimation, on the other hand, is typically
more rapid than acclimation (Kalberer et al., 2006) but slower than
deacclimation (Räisänen et al., 2006). During acclimation, structural
and functional changes occurring in plants require large amounts of
energy, while deacclimation, on a contrary, is a less energy-intensive
process (Kalberer et al., 2006). Deacclimation is commonly associated
with the decrease in sugar levels, as the need for carbon sources in
creases due to respiratory energy production for the activation of growth
(Pagter and Arora, 2013). In the early phase of deacclimation of
blackcurrant (Ribes nigrum L.) flower buds respiration increased, while
the contents of amino acids, tricarboxylic acid (TCA) cycle in
termediates, sugars, and the levels of polyunsaturated fatty acids rela
tive to mono-unsaturated fatty acids decreased (Kjær et al., 2019).
Deacclimation is also associated with increased water content and
increased activity of enzymes NADH-Cyt c reductase and Cyt c oxidase,
and decreased activity of the enzymes associated with peroxide scav
enging systems coupled with the pentose phosphate cycle (Kuroda et al.,
1993; Pagter and Arora, 2013).
Generally, the ability to reacclimate decreases in the progress of
ecodormancy towards spring (Vitra et al., 2017). Dormancy has been
shown to prevent growth resumption and deacclimation in a number of
species, e.g. in red-osier dogwood (Cornus sericea) (Litzow and Pellett,
1980), tart cherry (Prunus cerasus)(Callan, 1990), grape (Vitis vinifera)
(Wolf and Cook, 1992). We have earlier reported that in raspberry
(Rubus idaeus L.) cultivars the response of deacclimation susceptibility to
dormancy status was different between the cultivars, and that deaccli
mation and reacclimation kinetics of the buds were affected more than
those of the canes (Palonen and Lindén, 1999).
According to Vitra et al. (2017) the timing of budburst and spring
temperatures are more critical components of tree winter survival than
extreme low temperatures in winter. Pagter et al. (2015) concluded that
the use of cultivars having high chilling requirement may help to avoid
spring frost injuries since the growth begins later. On the other hand,
Lindén (2001) re-analyzed records of winter injury in Finnish apple
(Malus domestica Borkh.) orchards during 71 years and confirmed that
mid-winter hardiness was the single most important characteristic
conferring to winter survival of apple trees, as low temperatures during
January to March contributed most to winter injury. On a contrary, the
harmful effects of mild spells during winter were not found to contribute
significantly to winter kill of apple trees. Since that, however, the
occurrence of such warm spells has increased due to increasingly
irregular temperature patterns (Laapas et al., 2012). Other observed
changes to winter climate include the advancement of the termination of
winter (Ruosteenoja et al., 2020) leading to a shorter ecodormant
period.
Apple, blackcurrant, and raspberry are all commercially important
fruit crops in Finland and in several other Northern countries. Cultivars
differ greatly in a degree of winter hardiness they possess. Species with
high mid-winter hardiness do not always have a high capacity to resist
deacclimation, as these are two different characteristics and inherited
independently (Kalberer et al., 2006; Pagter et al., 2011). The extent and
the rate of deacclimation and reacclimation may differ even between the
cultivars or ecotypes within the same species and may reflect the
adaptation range of the taxum. For example, the northern ecotypes of
mountain birch (Betula pubescens) deacclimated to a lesser extent than

the more southern ecotypes (Taulavuori et al., 2004).
The aim of our study was to examine, whether apple, blackcurrant
and raspberry cultivars differing in winter hardiness have a different
susceptibility to deacclimation during a warm spell and the ability to
reacclimate during a subsequent cold period. It was also examined, how
the expected differences in deacclimation and reacclimation traits are
related to the dormancy status in the cultivars.
2. Materials and methods
2.1. Plant material and sampling
Shoot samples of apple (Malus × domestica Borkh.) cultivars ‘Aroma’
(I-II), ‘Lobo’ (I-III), and ‘Pirja’ (I-VI) were collected in a commercial
orchard in Salo, South-Western Finland (60◦ 31’N, 22◦ 95’E) on February
6, 2019 (prevailing air temperature -12◦ C). The recommended hardiness
zones for cultivation in Finland are indicated in parentheses following
the cultivar name. A set of trees in the orchard were pre-selected for
sampling, represented by: the same rootstock (Antonovka-seedling),
similar tree size and age (planted in 1993), growth vigor and good
health. The selected trees were then assigned into five subsampling
blocks per cultivar, with 3-5 trees per block. Well-grown, strong shoots
of past season’s growth, with at least 10 axillary buds and a well-formed
apical bud, and without any externally visible damage, were cut off
representatively from all well-grown parts of tree canopies with the help
of long pruning scissors. Continuously during the sampling, the cut
shoots were randomized into four sample bags per subsampling block:
one bag with 16 shoots for the initial freezing tests and 4 extra shoots for
preliminary determination of damage level prior to any freezing tests,
one bag with 16 shoots for deacclimation treatment, one bag with 16
shoots for combined de- and reacclimation treatment, and one bag with
three shoots for dormancy evaluation (Fig 1).
Blackcurrant (Ribes nigrum L.) cultivars ‘Ben Tron’ (I-V), ‘Mikael’ (IVI), and ‘Öjebyn’ (I-V) were collected on February 6, 2019 (prevailing
air temperature -21◦ C) from a farm at Multia, Central Finland (62◦ 32’N,
24◦ 92’E). Age of the plants varied between cultivars from 2 to 10 years,
‘Ben Tron’ being the oldest and Öjebyn the youngest. A set of five
experimental blocks were established to each cultivar. Blocks were
established to one row (approx. 275 m) per cultivar, each block with 30
adjacent plants in as similar position in respect to sloping as possible.
Majority of the plant biomass was covered with snow at the time of
sampling and sampled shoots were collected mostly under the snow
cover. Vigorous shoots of past season’s growth without any externally
visible damage were cut off from the plants (two shoots per plant) with
secateurs. The cut shoots were randomized into four sample bags per
subsampling block: one bag with 16 shoots for the initial freezing tests
and 4 extra shoots for preliminary determination of damage level prior

Figure 1. The overview of the study conducted in winter 2019 to determine the
susceptibility to deacclimation and the subsequent ability to reacclimate in the
shoots and the buds of apple, blackcurrant, and raspberry cultivars.
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to any freezing tests, one bag with 16 shoots for deacclimation treat
ment, one bag with 16 shoots for combined de- and reacclimation
treatment, and one bag with three shoots for dormancy evaluation
(Fig. 1). Sampled shoots for freezing test contained at least five, and for
dormancy test at least ten axillary buds.
The samples were enclosed in plastic bags in the prevailing condi
tions, wrapped inside bubble wrap and stored in a cold styrofoam box
with ice bags, and transported to Suonenjoki overnight. The subset of
samples meant for dormancy evaluation was similarly packed, stored
overnight outdoors in the prevailing conditions, and next day sent by
postal service to Helsinki overnight.
Raspberry (Rubus idaeus L.) cultivars ‘Glen Ample’ (I-III), ‘Glen Fyne’
(n.a.), and ‘Maurin Makea’ (I-V) were collected on February 6 (pre
vailing air temperature -6◦ C) from the research field of the University of
Helsinki in Viikki (60◦ 13′ N; 25◦ 1′ E). The raspberry plot was established
in 2014 in sandy soil on a gentle slope facing south. The rows with black
woven polypropylene fabric (MyPex®) as a row cover were spaced 2.60
m apart. One hundred and twenty canes of both ’Glen Ample’ and
’Maurin Makea’ were randomly sampled, whereof 40 canes were aimed
for the initial freezing tests, 40 canes for deacclimation treatment, and
40 canes for combined de- and reacclimation treatment (Fig. 1). Thirty
canes of ’Glen Fyne’ were sampled for determination of current FH.
Fifteen additional canes per cultivar were sampled for dormancy eval
uation. Unlike other samples, raspberry samples were excised from the
middle part of the annual cane.

2.3. Controlled freezing tests and assessment of injury
At Suonenjoki, the five replicate samples (one replicate included two
branches) of each apple or blackcurrant cultivar were randomly
assigned to be exposed to one of eight minimum temperatures using four
air-cooled chambers (WT600/70, Weiss Umweltechnik GmbH,
Reiskirchen-Lidenstruth, Germany) over two consecutive days. The
minimum exposure temperatures were -5, -10, -20, -25, -30, -40, -50 and
-70◦ C for all treatments. Each chamber was programmed to one target
minimum temperature. The rate of cooling and warming was 3◦ C h− 1,
and exposure to the minimum temperature in each chamber lasted for 3
h. After exposures, sample bags were incubated at room temperature
(+20◦ C) under natural lighting. During incubation, water was sprayed
to the bags to prevent the drying of samples. After 14-16 days, the shoots
and buds were visually scored as either dead or alive. Damaged pro
portion of shoots (as a percent from total length of a shoot) was scored
after removing cortical tissue from the sample with a surgical knife. Live
samples had green or greenish phloem tissues. Five axillary buds from
each replicate sample were cut longitudinally and injuries were assessed
using a dissecting microscope. A green or greenish color indicated a
living bud. In the case that leaf primordia were green but vascular tis
sues and floral primordia were brown, buds were classified dead. After
arrival to Suonenjoki, prior to any freezing test or other treatments, the
damage level was determined similarly as after the freezing exposure. In
apple ‘Pirja’ 5 % and in black currant ‘Mikael’ 12 % of the buds were
damaged, while in the other cultivars all the buds were alive. Based on
the same assessment, all apple buds were vegetative, whereas 88, 78,
and 90 % of black currant ‘Ben Tron’, ‘Mikael’ and ‘Mortti’ buds,
respectively, were floral.
At the University of Helsinki five replicate canes of each raspberry
cultivar were randomly assigned to seven test temperatures and a con
trol. For ‘Glen Fyne’ only the five highest test temperatures were used. A
section with at least 10 buds was excised from the middle part of each
cane and enclosed in plastic bags Small amount of water was sprayed in
the bags to prevent drying of the samples and for the ice nucleation
centers during the freezing. The bags were placed in a controlled-climate
chamber (Weiss 2600/45. +5DU-Pi, Weiss Umwelttechnik, Reiskirchen,
Germany) at 0◦ C. After the deacclimation treatment the starting tem
perature was +5◦ C. The temperature was decreased to -5◦ C, which was
maintained for 10 h to ensure ice nucleation in the samples. Then the
temperature was lowered at the rate of 5◦ C h− 1 to each target temper
ature that was maintained for 30 min, before removing five replicate
sample bags of each cultivar to 5◦ C to thaw overnight. After reac
climation treatment, the chamber temperature was first -7◦ C. Then the
freezing test continued as describe above. The test temperatures were at
5◦ C intervals between -5◦ C to -35◦ C after the deacclimation treatment
and between -10◦ C to -40◦ C at the time of sampling and after the reac
climation treatment. Control samples were kept at +5◦ C continuously.
Temperatures during the treatments were recorded using the data
loggers (EL-USB-2-LCD+, Lascar Electronics, Wiltshire, UK). Freezing
tests were conducted without lighting. After thawing, the samples were
incubated in plastic bags at room temperature (+22◦ C) inside a styro
foam box for 12 to 13 d and then the shoots and buds were visually
scored as either dead or alive, as described above, with the exception
that ten axillary buds from each replicate sample were assessed.

2.2. Deacclimation and reacclimation treatments
Apple and blackcurrant samples were treated at Luke in Suonenjoki,
and raspberry samples at the University of Helsinki. The temperature
conditions for de- and reacclimation treatments were chosen to simulate
fluctuating winter temperatures and based on our previous experiments
with raspberry (Palonen and Lindén, 1999). After transportation to
Suonenjoki, apple and blackcurrant sample bags were divided into three
lots: initial freezing tests, de- and reacclimation treatments. Samples for
the initial tests were bagged in plastic bags, one sample per bag, and
placed at -7◦ C until the freezing tests. Since the samples were frozen
when arrived to Suonenjoki, the lots for the acclimation treatments were
placed in the air-cooled chambers (WT600/70, Weiss Umweltechnik
GmbH, Reiskirchen-Lidenstruth, Germany) where they were thawed by
raising the temperature from -7 to +5◦ C by 3◦ C h− 1. After thawing,
samples were bagged in the plastic bags, one sample per bag. Before
bagging each sample was watered by dipping it in the water bath. Small
amount of water was also sprayed into each bag. After thawing, samples
were placed in controlled climate chambers (Conviron Adaptis A1000,
Controlled Environments Ltd. Winnipeg, Canada) for a deacclimation
treatment at +5◦ C for 96 h, followed by a reacclimation treatment in a
climate room for 7 d. In the climate room temperature was lowered
stepwise from +5 to -7 during 8 hours. No light was provided during the
treatments. To determine FH, controlled freezing tests were conducted
immediately after sampling, and at the end of deacclimation and reac
climation treatments.
At the University of Helsinki, the raspberry samples (80 canes of both
‘Glen Ample’ and ‘Maurin Makea’) were enclosed in plastic bags and
placed in a controlled-climate chamber (Weiss 2600/45. +5DU-Pi,
Weiss Umwelttechnik, Reiskirchen, Germany) for a deacclimation
treatment at +5◦ C for 96 h, followed by a reacclimation treatment for 7
d, where temperature was lowered from +5◦ C to -7◦ C during 48 h, and
then remained at -7◦ C for 5 d. No light was provided during the treat
ments. To determine FH, controlled freezing tests were conducted
immediately after sampling, and at the end of deacclimation and reac
climation treatments. For cultivar ’Glen Fyne’, FH was only determined
at the time of sampling.

2.4. Depth of bud dormancy
Apple and blackcurrant samples collected for the determination of
bud dormancy by a growing test were transported to the University of
Helsinki. Immediately upon their arrival, 15 shoot samples from each
cultivar were placed in a greenhouse in a mist propagation bench in long
day conditions (20 h photoperiod, 70 µmol m− 1 s− 1, 18-20◦ C, and RH 95
%). Raspberry samples were treated in a similar way. A fresh cut was
made to the base of the shoots before supporting the samples in test tube
racks placed on plastic trays (VEFI PK050) filled with tap water. One bag
3
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of Broekhof floral food (2.97 g glucose, 0.3 g aluminium sulphate, and
0.1 g potassium chloride, Broekhof, Noordwijkerhout, NL) was added to
one liter of water on the trays. Plastic trays formed five blocks (three
shoots per cultivar per tray). Fresh cuts were made to the base of the
shoots once a week and the water was changed. Bud break was observed
twice a week for five weeks. When approximately 0.5 cm of new growth
had emerged, the bud was considered as broken. When the experiment
was concluded, all the unbroken buds were visually observed with a
dissecting microscope in a similar way as described after controlled
freezing tests. Dead buds were omitted from the count of the total buds,
when the percentage of the broken buds was calculated for each shoot.
The relative time to bud break was calculated for each bud separately by
dividing the time to bud break (d) by the total duration of the experi
ment (35 d). If the bud remained unbroken, the relative time got the
value 1.

50 % of samples were damaged in all test temperatures, and reliable
DT50 calculation was not possible.
The significance of the cultivar on the percentage of the broken buds
and relative time to bud break was statistically tested with the ANOVA
using the GLM procedure in SAS (SAS 9.4, SAS Institute Inc.). Means
were separated using Tukey’s test at a significance level of P ≤ 0.05.
3. Results
3.1. Apple
On February 6, apple bud FH (DT50) was significantly different be
tween the cultivars (p = 0.004). ‘Lobo’ buds were hardier than ‘Aroma’
buds, while there were no varietal differences in shoot FH (mean -43◦ C)
(Fig. 2). The shoots of all cultivars and the buds of ‘Aroma’ and ‘Lobo’
deacclimated significantly during four days at +5◦ C (Table 1). ‘Pirja’
shoots lost 6◦ C of their FH, whereas ‘Aroma’ shoots lost 17◦ C of their FH
and were the least hardy after deacclimation. The FH estimates were
slightly lower for shoots of ‘Lobo’ and ‘Pirja’ after reacclimation
compared to estimates after deacclimation, but the differences were not
statistically significant. The buds were not able to regain FH during the
reacclimation treatment in any cultivar. ‘Lobo’ buds lost 16◦ C of their
FH during four days at +5◦ C and were the least hardy after both deac
climation and reacclimation treatments (Fig. 1). The buds were consis
tently less hardy than the shoots.
The shallowest endodormancy was observed in ‘Pirja’, and the
deepest in ‘Aroma’, based on both the proportion of broken buds and the
relative time to bud break (Table 2). Ninety % of ‘Pirja’ buds broke in 17
d in forcing conditions, and no further bud break was observed after that
(Fig. 5). Similarly, in ‘Aroma’ and ‘Lobo’ very few buds broke after the
first 24 d of forcing.

2.5. Statistical analysis
The FH of shoots and buds were analyzed for each treatment and
cultivar using nonlinear mixed model (NLMIXED) in SAS for Windows
9.4 (Usage Note 56992; SAS Institute Inc., Cary, NC, USA). Mean
damaged proportion of shoots in each replicate and proportion of dead
buds in each sample was used in the analysis. The model was
]
[
(1 − a)
yi = μ + εi = a +
+ εi
(1)
b(c−
x
)
i
1+e
where yi is the observed value of the ith case of dependent variable (bud,
shoot damage), x is the temperature i, parameter a is the lower
asymptote of the estimated curve, b is the slope and c is the inflection
point of the estimated curve. Lower asymptote was used for cases when
there were damages also in the highest temperatures. It is assumed that
the likelihood is proportional to μy (1-μ) (1-y) (see Usage Note 56992,
SAS). For each treatment, the curves for all cultivars were estimated in
one analysis. When comparing the treatments within a cultivar, all
treatments were analyzed in one analysis.
We were interested in the temperatures at which the probability of
damage was 0.5 (DT50). DT50 values were used to describe the FH of a
plant part and they were calculated using the equation
[
]
(0.5)
log (0.5−
a)
(2)
DT50 = c −
b

3.2. Blackcurrant
On February 6, blackcurrant shoot FH was significantly different
between the cultivars (p < 0.001). ‘Ben Tron’ shoots were hardier than
‘Mikael’ shoots (Fig. 3). ‘Ben Tron’ shoots lost 23◦ C of their FH during
four days at +5◦ C and were less hardy than ‘Öjebyn’ after the deaccli
mation treatment, whereas the other cultivars did not deacclimate
significantly (Fig. 3, Table 1). ‘Ben Tron’ shoots were, however, able to
reacclimate during the subsequent low temperature treatment, and no
significant differences in shoot FH between the cultivars were observed
after the reacclimation treatment.
The blackcurrant buds were, on an average, 25◦ C less hardy than the
shoots. The buds initial FH did not differ between the cultivars (mean
-25◦ C; p = 0.380). Buds of ‘Ben Tron’ deacclimated by 7◦ C during the
deacclimation treatment but were able to reacclimate to the initial FH
during reacclimation. Bud FH of ‘Öjebyn’ did not change significantly

The statistical significance of the differences between two estimated
DT50 values were calculated using the delta method and the Wald test
statistics described by Lappi and Luoranen (2018). In some cases (apple
‘Aroma’ shoots in reacclimation, blackcurrant ‘Mikael’ and ‘Öjebyn’
buds in deacclimation and ‘Mikael’ buds in reacclimation treatments), >

Figure 2. FH (DT50) of apple shoots (A) and buds (B) sampled on Feb. 6, 2019 and subjected to a deacclimation (4 d, +5◦ C) and a subsequent reacclimation (7 d,
-7◦ C) treatments. NA = not estimated, because damage level was > 0.5 at all test temperatures. Vertical bars represent ± SEM, n = 5. Values marked with the same
letter are not significantly different at p < 0.05 by Tukey’s test.
4

P. Palonen et al.

Scientia Horticulturae 289 (2021) 110430

Table 1
Change in FH (DT50) of apple, blackcurrant, and raspberry shoots and buds during deacclimation (4 d, +5◦ C) followed by reacclimation (7 d, -7◦ C) treatments initiated
on February 6, 2019. The change in FH value during deacclimation treatment is compared to initial FH level, and during reacclimation treatment to FH level after
deacclimation. The reduction in hardiness is described by plus and increasing hardiness by minus signs. (n = 5).
Species

Cultivar

Shoots
Deacclimated

Reacclimated

Buds
Deacclimated

Reacclimated

Apple

Aroma
Lobo
Pirja

+17 C *
+10◦ C *
+6◦ C *

NA
n.s.
n.s.

+6 C *
+16◦ C *
n.s.

n.s.
n.s.
n.s.

Blackcurrant

Ben Tron
Mikael
Öjebyn

+23◦ C *
n.s.
n.s.

-11◦ C *
n.s.
-8◦ C *

+7◦ C *
NA
NA

-10◦ C *
NA
NA

Raspberry

Glen Ample
Maurin Makea

+5◦ C *
n.s.

-5◦ C *
n.s.

+7◦ C *
+8◦ C *

n.s.
n.s.

◦

◦

n.s = No significant change.
NA = Not estimated, because the damage level at the highest test temperature was high.
*
= Change significant at P ≤ 0.05.

Across all cultivars the buds were, on an average, 4◦ C less hardy than the
canes. ‘Maurin Makea’ canes did not deacclimate during the deaccli
mation treatment in contrast to ‘Glen Ample’ (Table 1). The buds of both
cultivars deacclimated by 7 - 8◦ C, on an average, during four days at
+5◦ C, but were not able to reacclimate during the subsequent low
temperature (-7◦ C) treatment. After the deacclimation and reac
climation treatments, there were no significant differences in FH of the
canes, but the buds of ‘Maurin Makea’ remained hardier than ‘Glen
Ample’ buds after both treatments (Fig. 4).
In raspberry the final level of bud break, 55 to 67 %, was reached in
three weeks in the forcing conditions, and very little further bud break
was observed after that (Table 4, Fig. 5). There were no differences in
the depth of dormancy between the raspberry cultivars.

Table 2
The mean percentage (± SE) of broken buds of three apple cultivars after five
weeks in the forcing conditions and the mean relative time to bud break
(calculated by dividing the time to bud break for each bud by the duration of the
forcing experiment) (± SE). Samples were collected on February 6, 2019. Values
followed by different letters are significantly different (p < 0.05) by Tukey’s test.
(n = 15).
Cultivar

Broken buds (%)

Relative time to bud break

Aroma
Lobo
Pirja
p-value

60 ± 4 c
69 ± 7 b
95 ± 3 a
< 0.001

0.88 ± 0.02 c
0.70 ± 0.03 b
0.47 ± 0.02 a
< 0.001

during the acclimation treatments. Bud FH estimation failed at a few
occasions due to the high damage level even at highest test
temperatures.
Rest in blackcurrant buds was broken quite comprehensively, as 98
to 100 % of the buds broke in five weeks in the forcing conditions
(Table 3). The bud break was completed in 11 d in the forcing conditions
indicating that endodormancy of blackcurrant was relatively weak at the
time of sampling (Fig. 5). There were no differences in the depth of
dormancy between the blackcurrant cultivars.

Table 3
The mean percentage (± SE) of broken buds of three blackcurrant cultivars after
five weeks in the forcing conditions and the mean relative time to bud break
(calculated by dividing the time to bud break for each bud by the duration of the
forcing experiment) (± SE). Samples were collected on February 6, 2019. (n =
15).

3.3. Raspberry
On February 6, raspberry cultivars were significantly different in FH
(p < 0.001). ‘Maurin Makea’ canes were hardier than those of ‘Glen
Ample’, and its buds were the hardiest of the three cultivars (Fig. 4).

Cultivar

Broken buds (%)

Relative time to bud break

Ben Tron
Mikael
Öjebyn
p-value

100 ± 0
98 ± 1
100 ± 0
0.081

0.20 ± 0.03
0.21 ± 0.01
0.23 ± 0.01
0.432

Figure 3. FH (DT50) of blackcurrant shoots (A) and buds (B) sampled on Feb. 6, 2019 and subjected to a deacclimation (4 d, +5◦ C) and a subsequent reacclimation (7
d, -7◦ C) treatments. NA = not estimated, because damage level was >0.5 at all test temperatures. Vertical bars represent ± SEM, n = 5. Values marked with the same
letter are not significantly different at p < 0.05 by Tukey’s test.
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Figure 4. FH (DT50) of raspberry canes (A) and buds (B) sampled on Feb. 6, 2019 and after deacclimation (4 d, +5◦ C) and subsequent reacclimation (7 d, -7◦ C)
treatments. Vertical bars represent ± SEM, n = 5. Values marked with the same letter are not significantly different at p < 0.05 by Tukey’s test.

deacclimation at +5◦ C (Wu et al., 2020).
‘Maurin Makea’ is a Finnish raspberry cultivar and adapted to the
harsh winter conditions (Palonen and Lindén, 1999). ‘Glen Ample’ and
‘Glen Fyne’, on a contrary, have been released from a breeding program
in Scotland, UK (James Hutton Limited). Long cane plants of ‘Glen
Ample’ are commonly grown in high tunnels, but this cultivar frequently
suffers winter injury, when grown in the open field in Finland. The re
sults from our freezing tests (Fig. 4.) confirm this observation. FH was
also more stable in ‘Maurin Makea’ as compared to ‘Glen Ample’. The
results are partly contradictory to our earlier published work, where
‘Maurin Makea’ canes and buds deacclimated by 18 and 12◦ C, respec
tively, when exposed to +10◦ C for 3 d in the beginning of February
(Palonen and Lindén, 1999). In the same experiment, the canes reac
climated during a subsequent exposure to low temperatures (lowest
-10◦ C) for 7 d, whereas the buds of this cultivars were not able to
reacclimate. On the other hand, buds of very winter hardy raspberry
cultivars ‘Ottawa’ and ‘Muskoka’ were able to regain hardiness after
deacclimation in February (Palonen and Lindén, 1999).
As blackcurrant shoots seem to be extremely frost hardy, in winter
hardiness research of this species it is meaningful to focus on buds
bearing flower initials, and thus the yield potential. The average FH of
-50◦ C for the shoots and -25◦ C for the buds was observed in the current
study. In our earlier study, FH was -31◦ C in ‘Ben Tron’ and -35◦ C in
‘Mikael’ buds on Feb. 12 (Palonen et al., 2020). The cultivar and pre
vailing conditions affect the maximum hardiness reached. In more
southern conditions of Denmark, the maximum freezing tolerance of
-27◦ C for ‘Titania’ and -24◦ C for ‘Narve Viking’ shoots has been
observed (Pagter et al., 2015), while in another Danish study, the LT50
between -36 to -48◦ C for flower primordia of six blackcurrant cultivars is
reported (Winde et al., 2017).
The deacclimation rate depends on a cultivar. For example, black
currant ‘Mortti’, ‘Ronix’, and ‘Zusha’ have been observed to deacclimate
at a faster rate than ‘Ben Lomond’, ‘Consort’, and ‘Nois de Bourgogne’
(Winde et al., 2017). Furthermore, the extent of deacclimation is
dependent on the initial FH level of the samples, greater FH allowing for
a larger loss of FH. A more rapid loss of frost hardiness in a more tolerant
genotype has been reported for some species, e.g. blackcurrant (Kjær
et al., 2019) and Hydrangea species (Pagter et al., 2011).
Our study was conducted in early February using a constant +5◦ C
deacclimation temperature. Responses to warm spells depend on the
temperature elevation, fluctuation of day and night temperatures and
other environmental conditions (Kalberer at al., 2006). The ability to
reacclimate also changes during winter and spring. At +5◦ C, the deac
climation is passive and probably without induced changes in gene
expression, instead the reduction in FH is associated with depletion of
carbohydrate reserves (Kalberer et al., 2006). At higher temperatures or
longer period at +5◦ C, the deacclimation would presumably have been
active and led to resumption of growth and reduced ability to
reacclimate.

Table 4
The mean percentage (± SE) of broken buds of three raspberry cultivars after
five weeks in the forcing conditions and the mean relative time to bud break
(calculated by dividing the time to bud break for each bud by the duration of the
forcing experiment) (± SE). Samples were collected on February 6, 2019. (n =
15).
Cultivar

Broken buds (%)

Relative time to bud break

Glen Ample
Glen Fyne
Maurin Makea
p-value

55 ± 4
58 ± 5
67 ± 7
0.370

0.68 ± 0.02
0.57 ± 0.04
0.66 ± 0.03
0.881

4. Discussion
4.1. Frost hardiness, deacclimation, and reacclimation
FH at sampling in midwinter was directly comparable to the rec
ommended cultivation zone of the cultivars only in raspberry and to
some extent in apple buds. There were no cultivar differences in FH of
apple shoots or blackcurrant buds at that time. Blackcurrant ‘Ben Tron’
shoots were hardier than ‘Mikael’ shoots, which is not in accordance
with their known winter hardiness. However, ‘Mikael’ shoots originated
from younger and smaller canopy compared to other blackcurrant cul
tivars, which may have affected the acquired hardiness. However, the
cold acclimated state was the most stable in those cultivars that are
known to be hardy in the Finnish climate conditions, i.e. ‘Pirja’ apple,
‘Mikael’ and ‘Öjebyn’ blackcurrants, and ‘Maurin Makea’ raspberry
(Table 1). This difference in the ability to retain the acclimated state may
explain why these cultivars have been empirically proven very winter
hardy (e.g., Kaukoranta et al., 2010).
For all the species studied here, FH was consistently greater for
shoots (cambium) than for buds. This is a common phenomenon in
woody species (Sakai and Larcher, 1987). The test material consisted of
growth of the previous growing season. In blackcurrant and raspberry,
the buds in one-year old shoots are typically generative, whereas in
apple, flower initiation occurs in spurs. Flower buds are more suscep
tible to frost injuries than vegetative ones (Sakai and Larcher, 1987)
explaining partly that the difference between shoots and buds was
largest in blackcurrant, 25◦ C.
The buds of all cultivars, except ‘Pirja’ apple, deacclimated during
four days at +5◦ C, but only ‘Ben Tron’ blackcurrant buds were able to
reacclimate. The limited capacity of buds to reacclimate has been
demonstrated earlier. In Denmark, ‘Ben Hope’ and ‘Zusha’ blackcurrant
flower buds sampled during ecodormancy, on February 11, were not
able to reacclimate once deacclimated for 12 d (Kjær et al., 2019).
Rather, ‘Zusha’ flower buds continued to deacclimate during the reac
climation treatment. Earlier we have observed that pear (Pyrus communis
L.) buds continued to deacclimate when subjected to -7◦ C after
6
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Figure 5. The proportion of broken buds during forcing in three cultivars of apple (A), blackcurrant (B), and raspberry (C) shoot samples collected on February 6,
2019. Vertical bars show ± SE (n = 15).

4.2. Dormancy relations

subsequent low temperatures could not be explained by differences in
the dormancy status in the studied cultivars. Of the species studied here,
only the apple cultivars exhibited cultivar differences in the dormancy
status. ‘Pirja’ had the most complete and fastest bud break in forcing

Contrary to our hypothesis, the differences in the susceptibility to
deacclimation during a warm spell and the ability to reacclimate at
7
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conditions, but same time it was the most resistant to deacclimation.
High proportion of broken buds indicated that the endodormancy in
‘Pirja’ was completely broken in the beginning of February.
‘Pirja’ is a very early flowering summer apple cultivar, while ‘Lobo’
and ‘Aroma’ bloom and ripen late in Finnish climate (Kaukoranta et al.,
2010). Some controversy exists in the literature regarding the relation
ship between the time of bud burst, dormancy release and susceptibility
to deacclimation. According to Heide (1993) there is no direct rela
tionship between the time of dormancy release and time of budburst in
natural conditions, whereas according to Vitra et al. (2017) the early
flushing species show the fastest decrease in dormancy depth. Further
more, in blackcurrant cultivars, fast deacclimation and early flowering
have been connected to a low chilling requirement (Winde et al., 2017).
When compared at a similar bud development state or similar dormancy
depth, earlier flushing species have higher FH than late flushing species
(Vitra et al., 2017). This kind of adaptation is beneficial for plants; to
wards summer the frequency of low temperatures decreases and growth
can begin fast.
It is evident that on Feb. 6 the chilling requirement of all black
currant cultivars in this study was fully satisfied, with a bud break of 98
to 100 % in 11 d under forcing conditions. In our earlier study, in the
samples collected on Feb. 12, 79 % and 70 % of buds broke in ‘Ben Tron’
and ‘Mikael’, respectively, during forcing (Palonen et al., 2020). Måge
(1976) has reported budbreak of 94 % in blackcurrant samples collected
on Feb. 1 in the South-Eastern part of Norway. In our study, ‘Mikael’ and
‘Öjebyn’ were more resistant to deacclimation than ‘Ben Tron’ despite
all cultivars being in a similar dormancy state. Potential to deacclima
tion has been associated with bud break during the deacclimation
treatment in two blackcurrant cultivars, as the early flushing cultivar
‘Zusha’ has greater budbreak and deacclimates more than ‘Ben Hope’
(Kjær et al., 2019).
The number of chill hours required to break blackcurrant endo
dormancy is approximately 1800 to 2000 h (12 to 15 weeks) (Hoyle,
1960; Thomas and Wilkinson, 1964), and over 2000 h in most Nordic
cultivars (Jones and Brennan, 2009). In contrast to other species, where
the effective chilling temperatures often are in the range between 0 and
7.2◦ C, chilling temperatures even lower than 0◦ C have been shown to be
effective for blackcurrant (Rose and Cameron, 2009; Jones et al., 2013;
Sønsteby and Heide, 2014; Palonen et al., 2020). Black currant is a
widely spread, native shrub in Finland (Lampinen and Lahti, 2019). Our
study and previous studies show that some of the blackcurrant geno
types are extremely winter hardy. Thus, accumulation of chilling hours
at low temperatures is a natural adaptation. Apple cultivars have a wide
range of chilling requirements, and e.g. for ‘Granny Smith’ apple, tem
peratures of 1, 4, 7, 10, and 13◦ C are equally effective in breaking
dormancy (Jacobs et al., 2002), whereas according to Heide and Pre
strud (2005) temperatures below 12◦ C are needed to break dormancy in
Malus pumila (Mill). It may be speculated, whether as low chilling
temperatures as for blackcurrant are also valid for ’Pirja’ and other
cultivars that are adapted to harsh winter conditions and a short
growing season.
No differences in dormancy status between the raspberry cultivars
were observed, although ‘Glen Ample’ was more prone to deacclima
tion. We have reported earlier that raspberry cultivars (‘Maurin Makea’,
‘Ottawa’, and ‘Muskoka’) differ in their dormancy status in late winter,
and that deacclimation and reacclimation are affected by the dormancy
status more in the buds than in the canes (Palonen and Lindén, 1999). In
the current study, the proportion of broken buds was relatively low, 55
to 67 %, and this level was reached in three weeks. Heide (1993) has
reported an average time to budburst of 12 d for raspberry samples
harvested on February 15 in Southern Norway. Buds in lower parts of
raspberry canes may often remain dormant, because the apical domi
nance is strong, and paradormancy inhibits bud break in the lower parts
of the cane (White et al., 1998). However, to some extent this inhibition
can be overcome by further chilling accumulation.

4.3. Methodological considerations
When determining the dormancy status in forcing conditions, day
length may be an issue. Photoperiod is involved in the release of
dormancy during ecodormancy in some woody species, long day
advancing budburst (Heide, 1993; Basler and Körner, 2014). However,
no such response is found in raspberry or rowan (Sorbus aucuparia),
which also belongs to Rosaceae family (Heide, 1993). This would
probably also be true for apple, as growth cessation and dormancy in
duction are also independent of photoperiod in apple (Heide and Pre
strud, 2005). Long days have been shown to replace chilling in
blackcurrant (Hoyle, 1960; Thomas and Wilkinson, 1964). On the other
hand, we did not observe light having a consistent effect on endo
dormancy release in blackcurrant (Palonen et al., 2020). The proportion
of the broken buds is also affected by shoot sample size, as has been
demonstrated for raspberry (White et al., 1998) and blackcurrant
(Sønsteby and Heide, 2014). Optimally, whole shoot samples should be
used, but for practical reasons a part of a shoot is often excised for
forcing. In our earlier study whole raspberry cane samples with the
apical buds removed were subjected to forcing on Feb. 3, and the pro
portion of broken buds was 23 % in ‘Maurin Makea’ (Palonen and
Lindén, 1999). In the current study, where the samples comprised of 10
to 15-bud-long segment from the middle part of the cane, 67 % of
‘Maurin Makea’ buds broke during forcing. Our experience is also that
when forcing one-node raspberry cane samples, 100 % bud break is
easily achieved. As results may be very different depending on the
sample size in forcing, different studies should be compared with
caution.
Sample size also affects the estimated frost hardiness by controlled
freezing tests. For example, in differential thermal analysis (DTA) of
apple tree wood, ice formation occurs under field conditions at signifi
cantly higher temperatures than in shoot pieces used in laboratory
measurements (Pramsohler et al., 2012). Furthermore, increasing sam
ple shoots length increases ice nucleation temperature. Hence, the re
sults are always relative and should be cautiously interpreted.
Floral buds of blackcurrant exhibit deep supercooling and the low
temperature exotherms (LTE) detected through DTA may be used to
estimate their freezing tolerance, whereas visual quantification of injury
to floral buds may be difficult due to the lack of visible browning
(Warmund et al., 1991; Stone et al., 1993; Takeda et al., 1993). Using
triphenyl tetrazolium chloride (TTC) solution to color the living flower
primordia after the freezing treatment has not been successful, either
(Pagter et al., 2015). We incubated the samples at 22◦ C for 12 to 13
d before visually assessing the injury in contrast to 3 to 4 d at 30◦ C
employed by Pagter et al. (2015), and were able to visually discriminate
between live and dead flower initials.
At the time of sampling, ‘Pirja’ apple and ‘Mikael’ blackcurrant buds
were partly damaged. Both fruit ripening and leaf fall occur very early in
‘Pirja’, and the exceptionally high autumn temperatures in 2018 may
have caused depletion of carbohydrate reserves after leaf fall leading to
decreased FH. The damages initially caused by weather conditions
before sampling probably became more severe during acclimation
treatments and incubation after the freezing exposures, especially in
Suonenjoki, where the samples were exposed to light during incubation.
The high damage level in samples even at the highest test temperatures
made estimation of DT50 values difficult in ‘Pirja’ and ‘Mikael’ buds. As
all apple and blackcurrant samples were exposed to same test temper
atures, we had to choose the test temperatures to cover the expected
hardiness range in both buds and shoots of both species, and the chosen
test temperatures were in 5 to 20◦ C intervals. In blackcurrant the large
difference in FH of shoots and buds further complicated the choice of
freezing test temperatures. This caused uncertainty to the DT50 esti
mates especially in very hardy shoots of blackcurrant ‘Öjebyn’ and
‘Mikael’.

8

P. Palonen et al.

Scientia Horticulturae 289 (2021) 110430

5. Conclusions
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The cold acclimated state was most stable in those cultivars of apple,
blackcurrant, and raspberry that are known to be winter hardy in the
Finnish climate conditions. Furthermore, the susceptibility to deaccli
mation during a warm spell in midwinter and the ability to reacclimate
at subsequent low temperatures were not related to the status of
dormancy in these cultivars.
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