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Bud break and spring frost hardiness in Picea
abies seedlings in response to photoperiod and
temperature treatments

Inger Sundheim Fløistad and Aksel Granhus

Abstract: Spring frost may result in detrimental damage in newly planted Picea abies (L.) Karst. seedlings if their growth
rhythm is not sufficiently adapted to the climatic conditions on the forest site. The aims of this study were to evaluate
how bud break and spring frost hardiness were influenced by short-day (SD) treatments with different timing and different
temperature regimes during bud formation. Following winter storage, frost hardiness was tested after 1, 3 and 5 weeks in
forcing conditions. The SD treatment advanced bud break compared with the control seedlings. In comparison, the effects
of timing and the different temperatures on bud break were small. The SD treatment improved frost hardiness in first-year
needles during dehardening. The early SD treatment resulted in improved frost hardiness in first-year needles and greater
root collar diameter compared with later SD treatment. To avoid a second bud flush, it is important that a critical night
length is attained when the SD treatment terminates. Low temperatures following the SD treatment resulted in increased
hardiness of the needles and decreased hardiness of the stems. The contrasting effect of temperature in different plant tis-
sues demonstrates the importance of examining different tissues following freezing tests.

Résumé : Le gel printanier peut être dommageable pour les semis de Picea abies (L.) Karst. nouvellement plantés si leur
rythme de croissance n’est pas suffisamment adapté aux conditions climatiques de la station forestière. Les objectifs de
cette étude consistaient à déterminer de quelle façon le débourrement et la résistance au gel printanier sont influencés par
un traitement de jours courts (JC) appliqués à différents moments et avec différents régimes de température durant la pé-
riode de formation des bourgeons. À la suite d’un entreposage hivernal, la résistance au gel a été évaluée après une, trois
et cinq semaines dans des conditions de forçage. Le traitement JC a avancé le débourrement comparativement aux semis
témoins. Par comparaison, le moment du traitement et les différentes températures ont eu peu d’effet sur le débourrement.
Le traitement JC a augmenté la résistance au gel des aiguilles d’un an pendant la période de désendurcissement. Appliqué
tôt, le traitement JC a augmenté la résistance au gel des aiguilles d’un an et le diamètre au collet comparativement à une
application plus tardive. Il est important que la période de noirceur atteigne une durée critique lorsque le traitement JC
prend fin pour éviter une deuxième éclosion des bourgeons. Des températures basses à la suite du traitement JC ont aug-
menté la résistance au gel des aiguilles et diminué celle de la tige. Les effets contraires de la température sur différents tis-
sus végétaux démontrent l’importance d’examiner différents tissus après des essais de gel-dégel.

[Traduit par la Rédaction]

Introduction
A growth rhythm adapted to the climatic conditions on

the forest site is crucial for the survival of newly planted Pi-
cea abies (L.) Karst. seedlings. Late spring frost that co-
incides with the sensitive phase of bud break and shoot
elongation is of particular concern (Sakai and Larcher
1987). The timing of bud break in P. abies is mainly a re-
sponse to chilling and accumulation of thermal time, and

there is a marked loss of hardiness in the seedlings prior to
bud break (Wareing 1956; Repo 1992; Hannerz 1999).
When frost occurs at early bud break stages (swollen bud),
seedlings may avoid severe damage if the frost episode
does not last too long. However, frost damage caused by
temperatures in the range –15 to –20 8C has been reported
in newly planted P. abies seedlings in southern Norway
(Kohmann 1991). At the more advanced stages of bud break
(shoot elongation 1–5 cm), the seedlings become increas-
ingly susceptible (Dormling et al. 1968), and the exposure
time has less influence on the risk of damage compared
with the effect of temperature per se (Bigras et al. 2004).
Radiation frost may then lead to critical subzero tempera-
tures (Langvall et al. 2001), which poses a substantial threat
to successful reforestation in southern Scandinavia.

Even when comparing Picea seedlings at the same stage
of shoot elongation, frost hardiness can differ depending on
the provenance and hardening regime the previous autumn
(Dormling 1982; Hannerz 1994; Coursolle et al. 1997).
Although the differences in frost hardiness at this time are
small, they may still be important because minimum temper-
atures during frost events in late spring and early summer
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may be close to the seedlings actual hardiness level. There-
fore, both timing of bud break and the level of hardiness re-
tained in seedlings following winter storage are of
importance.

Artificial shortening of photoperiod by short-day (SD)
treatment during a 2–3 week period in late summer is a
common measure in forest nurseries to promote growth ces-
sation and increase frost hardiness (Dormling et al. 1968;
Heide 1974a). In Nordic countries, SD treatment is a stand-
ard routine in the production of seedlings intended for au-
tumn planting, and it is used to control height growth and
to improve the storability of seedlings scheduled for planting
the following spring. However, the SD treatment may result
in earlier bud break, as demonstrated in several Picea spe-
cies such as P. abies (Heide 1974b; Sandvik 1980), Picea
mariana (Mill.) BSP (Colombo 1986; Bigras and D’Aoust
1992), and Picea glauca (Moench) Voss (Bigras and
D’Aoust 1992). Dormling (1982) observed greater spring
frost hardiness in SD-treated seedlings compared with seed-
lings hardened in gradually decreasing daylengths, provided
the frost hardiness of the seedlings was assessed at the same
bud break stage. In accordance with this, she suggested that
well-hardened seedlings have earlier bud break than less
hardy seedlings. In contrast, Hawkins and Shewan (2000);
Søgaard et al. (2009) did not find any consistent correlation
between autumn frost hardiness and time to bud break in Pi-
cea species, which suggests that there is no causal relation-
ship between these traits.

As a result of earlier bud set in SD-treated seedlings, a
higher temperature sum accumulation may occur during ter-
minal bud formation before the onset of cold storage. How-
ever, because high temperature during bud formation has
been shown to delay bud break in P. abies (Heide 1974b;
Søgaard et al. 2008; Granhus et al. 2009), this is probably
not the explanation for earlier bud break in SD-treated seed-
lings. From the above studies (Heide 1974b; Søgaard et al.
2008; Granhus et al. 2009), it seems likely that different
temperature conditions during bud formation could modify
the timing of bud break in seedlings subjected to nursery
SD treatment, although this has not been explicitly studied.

In conifers, the rate of frost hardiness development is in-
fluenced by temperature conditions during and after growth
cessation (Weiser 1970; Greer and Warrington 1982;
Hawkins 1993; Colombo 1994). The actual hardiness level
achieved depends greatly on the time allowed for cold hardi-
ness to develop after bud set, and the temperature responses
may be tissue specific (Søgaard et al. 2009). Therefore, the
timing of the SD treatment may affect the frost hardiness of
seedlings. SD treatments starting as early as in the second
week of June has been reported to improve hardiness during
early autumn compared with later onset of the treatment
(Luoranen et al. 2009). However, treating too early may re-
sult in unwanted effects, such as advanced bud break
(Konttinen et al. 2003; Luoranen et al. 2009) and a greater
risk of a second bud flush (Kohmann and Johnsen 2007;
Luoranen et al. 2009). The timing of the treatment can also
affect spring frost hardiness in the seedlings, as shown by
Rostad et al. (2006). In their study, mortality after frost ex-
posure during shoot elongation was higher in seedlings ex-
posed to SD treatment starting in early July compared with
SD treatment in late July or August.

The aims of this study were to determine how the timing
of SD treatment and temperature regimes during terminal
bud formation influence the timing of bud break and spring
frost hardiness in different tissues of P. abies seedlings.
Based on earlier studies, our hypotheses were (i) following
winter storage, bud break occurs earlier in SD-treated seed-
lings compared with seedlings forming terminal bud under
more gradual reduction of daylength; (ii) low temperature
following SD treatment results in earlier bud break com-
pared with higher temperature following the SD treatment
and, thus, increases the risk of frost damage in seedlings the
following spring; and (iii) early SD treatment decreases the
level of spring frost hardiness compared with later SD treat-
ments. A better understanding of these processes can be
used to develop nursery routines for sufficient frost hardi-
ness during the crucial phase following planting. Treatment
effects on height growth, diameter growth, and the occur-
rence of a second bud flush were recorded in the experiment
to enable a better evaluation of the effect of different hard-
ening regimes on seedling quality.

Materials and methods

Seedling material
Picea abies seeds, originating in Buskerud County, south-

eastern Norway (608N, 108E, 0–150 m a.s.l.) and with a crit-
ical night length of 8–8.5 h (Kohmann 1996), were sown on
5 March 2006 in limed peat mixed with 25% perlite in mul-
tipot containers (50 cm3 pots, 791 seedlings�m–2, 95 pots per
container). Germination and the first growth phase took
place in the greenhouse of a commercial forest nursery in
Hokksund (59846’N, 9853’E), Buskerud County. Thirty con-
tainers were transported to a daylight phytotron at Ås
(59840’N, 10851’E) on 30 May 2006 and transplanted to
12 cm (0.8 L) pots the following day, with five seedlings
per pot. All seedlings were grown in one phytotron compart-
ment at a constant temperature of 18 8C. Supplementary
light was given with high-pressure mercury lamps (Osram
Powerstar HQI-T 250 W/D) to provide a 24 h photoperiod
until 3 July. From that date until the seedlings were trans-
ferred to cold storage, the photoperiod was reduced with
1 h�week–1, except when interrupted by the SD treatments.
When the experimental treatments started on 10 July, the
seedlings were moved to controlled environment chambers
with a minimum light intensity of 300 m�m–2�s–1 (same light
source as above) and a constant temperature of 18 8C
(Fig. 1). To account for possible differences in growing con-
ditions within the daylight phytotron and growth chambers,
the pots were distributed among four replicates immediately
after transplanting. A completely randomized block design
was difficult to arrange in the homogeneously controlled en-
vironment chambers, but all treatments were performed in
two chambers each with two of the four replicates (pots).
Until the end of July, the seedlings were fertilized three
times per week with a complete nutrient solution (50:50
Red Superba (Yara) and (NH4)2SO4) in a concentration that
yielded a conductivity of 1.7 mS�cm–1. During bud forma-
tion in August and September the nitrogen content and con-
centration were reduced (70:30 Red Superba and
(NH4)2SO4; 1.0 mS�cm–1). Following winter storage the
seedlings were given tap water every second day.
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Experimental conditions
The SD treatment (10 h light : 14 h dark) of 14 days dura-

tion was performed with two different starting dates by reg-
ulating the photoperiod in the actual chambers. The early
treatment (SD 1) started on 10 July (day 0), whereas the
late treatment (SD 2) started on 24 July (day 14) (Fig. 1).
The seedlings were kept in different constant-temperature
treatments at 22, 18, or 14 8C for 6 weeks for SD 1 and for
4 weeks for SD 2 following the SD treatment. Control seed-
lings remained at 18 8C constant temperature with a gradual
decrease in daylength as described above. The different tem-
perature treatments lasted until 4 September (day 56).
Thereafter, all seedlings were kept at a constant temperature
of 14 8C for 1 week, followed by a lowering of the temper-
ature by 2 8C each week until the seedlings were moved to
dark cold storage (0–1 8C) on 2 October (day 84).

Following 3 months winter storage, the seedlings were
transferred back to the daylight phytotron on 8 January. The
same light source as the previous growing season was used
to provide a 20 h photoperiod. A constant temperature of
15 8C and a vapour pressure deficit at 0.5 kPa was main-
tained throughout the forcing period.

Freezing tests
Freezing tests were performed after 1, 3, and 5 weeks in

forcing conditions using four test temperatures each time
(Table 1). For each test temperature, 20 undamaged seed-
lings were used per treatment (one pot per replicate), giving
a total of 560 seedlings for each freezing date. To avoid
freezing injury to the roots, the pots were placed in polysty-
rene trays with perlite between the pots and on the surface.
The seedlings were initially exposed to 5 8C for 1 h. The
temperature was then lowered at a rate of 2 8C�h–1 until the
minimum was reached. When the temperature reached 0 8C
during freezing, the needles were misted for 10 s. The seed-
lings were kept for 4 h at the minimum temperature before
thawing started at a rate of 2 8C�h–1, until 5 8C was reached.
Following freezing, the seedlings were moved to a fog
chamber with 100% relative humidity, 20 8C, and 24 h
photoperiod.

Frost damage in first-year needles and stem tissue was re-
corded 3 weeks after freezing. Visible needle injury was
scored on a scale from 0 to 11 as follows: 0, no visible dam-
age; 1–10, percentage of brown or discoloured needles in
10% intervals; and 11, all needles completely brown
(Johnsen 1989). To score damage to stem tissue, a scalpel
was used to slice the seedling longitudinally, revealing the
upper 5 cm of the stem tissue. The exposed tissue was clas-
sified as either undamaged (0) or damaged (1) depending on
whether necrosis was observed or not. Damage to the apical
bud (current-year leading shoot in seedlings that had broken
bud at the time of freeze testing) was assessed as undam-
aged (0) or damaged (1). Following the first freezing test,
the recording of bud damage was done together with the
other tissues. For the second and third tests, many seedlings
had broken bud and the recording was done 3 days after
freezing.

Measurements and phenological registrations
Seedling height was measured every second week on 12

seedlings per treatment and replicate (one per pot) from the
start of the SD treatments (day 0) until removal to cold stor-
age (day 84). The root collar diameter was measured on the
same 12 seedlings at transfer to cold storage (day 84).

Terminal bud formation was recorded on all seedlings
twice a week from day 14 until all seedlings had formed a
tiny, white terminal bud, corresponding to stage 1 on the
scale of Johnsen (1989). Simultaneously, the appearance of
a second bud flush was recorded on all seedlings.

Following winter storage and 1 week forcing, the bud

Fig. 1. Schedule of environmental conditions in the experiment from start of the first short-day treatment (SD1) (day 0; 10 July) until re-
moval to winter storage (day 84; 2 October). Time periods for which the temperatures are given in bold are the SD treatments of 14 days
duration (photoperiod 10 h). Photoperiod is the daylength under which the seedlings were kept except for the duration of the SD treatment.

Table 1. Minimum temperatures in each of the three
freezing tests.

Date Minimum temperature (8C)
15 January –12.0 –16.0 –20.0 –24.0
29 January –4.0 –6.5 –9.0 –11.5
12 February –2.5 –4.0 –5.0 –6.5
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break stage of the terminal bud was assessed twice weekly
on all seedlings according to the following scale (Fløistad
and Kohmann 2001): 0, dormant buds; 1, buds slightly swol-
len; 2, buds swollen, bud scales still covering the new nee-
dles; 3, bud scales diverging, no elongation of needles; 4,
elongation of needles to 5 mm, needles not yet spread; 5,
needle elongation 5–10 mm, needles spread; 6, needle elon-
gation 10–15 mm, needles spread; and 7, needle
elongation >15 mm, needles spread. At the time of the final
freezing test, the length of the new leading shoots was re-
corded.

Statistical analyses
Analyses of variance on seedling height, root collar diam-

eter, and days to bud break were performed using the gen-
eral linear methods (GLM) procedure (SAS Institute Inc.
1989) according to the model

Yij ¼ mþ ai þ 3ij

where Yij is the measured value for seedling j in treatment i,
m is the overall mean, ai is the effect of treatment i (i = 1, 2,
. . .,7), and 3ij is the error.

To calculate the mean number of days to bud break in
50% of the seedlings, linear regressions were developed to
predict the proportion of seedlings that had reached bud
break stage 3 with forcing days as the independent variable.
Separate regressions were estimated for each combination of
replicate and experimental treatment, and days to bud break
were obtained by interpolation.

The effect of posttreatment temperature on timing of bud
set was assessed by calculating large-sample 95% confi-
dence intervals (Agresti 1996) for the proportion of seed-
lings that had set bud on selected recording dates. The same
approach was used to compare the treatments with respect to
the frequency of seedlings with a second bud flush at the
time of transfer to cold storage.

Frost injury to first-year needles was analyzed by trans-
forming frost damage to normal scores (Johnsen et al.
2005). We assigned midpoint x values of cumulative fre-
quency distributions for the categorical scorings to individ-
ual plants within each replicate and test temperature based
on the original classes of injury. The transformed data
formed approximately normal distributions with a mean of
0 and variance ranging from 0.66 to 0.84, and assigned
seedling values within the range ±2.53. Negative values rep-
resent seedlings that were hardier than the mean and posi-
tive values represent seedlings less hardy than the mean.
Only test temperatures with a mean damage between 30%
and 70% were used for the normal score analysis. The nor-
mal score data were subjected to analyses of variance using
the GLM procedure in SAS.

The LOGISTIC procedure (SAS Institute Inc. 1989) was
used to test for the effect of experimental treatments on frost
damage probability to stem tissue and current-year shoots
(binomial data). A basic model with freezing temperature
(continuous variable) and treatment (class variable) as inde-
pendent predictors was initially run for each tissue and
freezing test. To examine whether treatment differences
were solely due to variations in earliness, supplementary
analyses were run with either the bud break stage (class var-
iable, second freezing test) or length of the current-year

shoot (continuous variable, third freezing test) included in
the model.

Results

Terminal bud formation and second bud flush
The SD-treated seedlings averaged 19 days to bud set

measured from the start of SD treatment regardless of
whether the treatment started early (SD 1) or late (SD 2)
(Fig. 2A). Within both groups bud set occurred significantly
earlier in seedlings given 22 8C following the short day
treatment, compared with seedlings given 14 8C (compar-
ison of confidence intervals for the proportion of seedlings
which had set bud 17 days after the start of SD treatment).
However, the differences related to temperature were small
(approximately 1 day) regardless of SD timing. The control
seedlings set bud 12 days later than seedlings given late SD
treatment and similar temperature conditions (18 8C).

A second bud flush occurred only in the SD 1 seedlings.
A total of 11.3% and 3.3% of these seedlings reflushed fol-
lowing transfer to 18 and 14 8C, respectively. This differ-
ence was significant (no overlap of confidence intervals).
The corresponding frequency was 8.3% among seedlings
given 22 8C, which was not significantly different from the

Fig. 2. Terminal bud formation (A) and seedling height (B) in
seedlings given different photoperiod and temperature treatments.
Error bars are SEs. For explanation of treatment abbreviations, see
Fig. 1.

Fløistad and Granhus 971

Published by NRC Research Press



other temperature treatments. Except for two seedlings, the
second flush was confined to lateral buds.

Seedling height and root collar diameter
Seedling height was significantly affected by the timing

of the SD treatment (P = 0.0017) from day 14 (Fig. 2B).
The control seedlings were tallest at the end of the growing
season with a mean height of 29 cm, whereas the seedlings
given the early SD treatment (SD 1) were shortest with a
mean height of 20 cm. Seedlings exposed to the late SD
treatment (SD 2) had a mean height of 25 cm and were sig-
nificantly different from the two other groups (P < 0.0001).
The different temperature regimes did not influence seedling
height.

Root collar diameter was affected by both temperature
and timing of SD treatment (Table 2). A temperature of
22 8C following early SD treatment resulted in the largest
diameter (P = 0.0006) among all groups. Among seedlings
exposed to the late SD treatment, 22 8C following the SD
treatment period resulted in significantly larger root collar
diameter than 18 8C (P = 0.02) and 14 8C (P < 0.0001).

Bud break
Bud break appeared earlier in seedlings of all SD treat-

ments (P < 0.0001) compared with the control seedlings
(Table 3). In comparison, differences between seedlings
given different SD timing and temperature treatments were
small. However, late SD treatment and low (14 8C) and in-
termediate (18 8C) temperature following SD treatment re-
sulted in significantly earlier bud break than early SD
treatment combined with a high temperature (22 8C) during
bud formation (P = 0.0077 and P = 0.0023, respectively).
When the first freezing test was performed, all seedlings
were in bud break stages 1 or 2. At the time of the second
freezing test, the bud break stages varied from 2 to 5,
whereas 97% of the seedlings had reached stage 7 at the
time of the third test.

Freezing injury

First-year needles
Following freezing 1 week after removal from cold stor-

age, the mean damage rate to first-year needles was <50%

in all treatments, even at the lowest test temperature of
–24 8C (Fig. 3A). The normal score analysis (test tempera-
ture –24 8C) revealed significantly less damage in seedlings
given early SD treatment compared with late SD treatment,
provided the treatment was followed by high (22 8C) or low
(14 8C) temperature (P = 0.0237 and P = 0.0167, respec-
tively). There were no significant differences among seed-
lings receiving 18 8C during bud maturation, regardless of
photoperiod treatment.

After 3 weeks forcing (Fig. 3B), the control seedlings sus-
tained significantly more damage than seedlings given early
SD treatment followed by 14 or 18 8C (P < 0.0001, normal
score analysis of data from –9 and –11.5 8C). Treatment ef-
fects were also evident after 5 weeks (P < 0.0001; Fig. 3C).
The controls were significantly more injured than seedlings
of all other treatments (normal score analysis of data from
–6.5 8C), and seedlings given the late SD treatment sus-
tained more injury compared with the early SD treatment re-
gardless of temperature regime. After both 3 and 5 weeks
forcing, damage diminished significantly with decreasing
temperature following the early SD treatment. A similar gra-
dient was not evident in seedlings given the late SD treat-
ment. After both 3 and 5 weeks, the hardiest among the SD
2 seedlings were those exposed to the 14 8C treatment.

Stem tissue
Following 1 week forcing, only 9% of the seedlings sus-

tained stem tissue damage even at the lowest test tempera-
ture (–24 8C). Therefore, treatment comparisons could not
be made.

After 3 weeks forcing, the injury probability correlated
positively with bud development (P < 0.0001). However, an
effect of the experimental treatments was still significant
after accounting for the influence of bud break stage. Fol-
lowing both the early and late SD treatment, seedlings given
the 22 8C treatment were more hardy compared with seed-
lings exposed to the 18 and 14 8C treatments (P < 0.05;
Fig. 4). However, no significant differences were present
among the control seedlings and SD treated seedlings grown
at 18 8C, neither before nor after accounting for the bud
break stage. Also, in seedlings given temperature treatments

Table 2. Root collar diameter of Picea abies
seedlings, day 84, given different photoperiod
and temperature treatments.

Treatment Root collar diameter (mm)
Control 3.86b
SD 1

22 8C 4.26a
18 8C 3.85b
14 8C 3.34cd

SD 2
22 8C 3.75b
18 8C 3.48c
14 8C 3.18d

Note: Values followed by the same letter are not
significantly different (P > 0.05). For explanation of
treatment abbreviations, see Fig. 1.

Table 3. Number of days to 50%
bud break.

Treatment
No. of days to
bud break

Control 23.1a
SD 1

22 8C 20.0b
18 8C 19.1bc
14 8C 19.1bc

SD 2
22 8C 19.2bc
18 8C 18.1c
14 8C 18.3c

Note: Values followed by the same
letter are not significantly different (P >
0.05). The data were collected on seed-
lings intended for the third freezing test.
For explanation of treatment abbrevia-
tions, see Fig. 1.
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of 14 and 22 8C, there were no significant effects of SD tim-
ing.

After 5 weeks in forcing conditions, there was no differ-
ence in stem tissue damage among the treatments (data not
shown), indicating that the stem tissue had dehardened com-
pletely by then. This was also illustrated by the small differ-
ence in temperature associated with a probability of damage
in 10% and 90% of the seedlings, which were estimated
to be –2.9 and –4.2 8C, respectively (values derived from lo-
gistic regression with freeze temperature as explanatory var-
iable).

Buds and current-year shoots
After 1 week forcing, all seedlings sustained injury to the

terminal bud following freezing to –24 and –20 8C. Follow-
ing freezing to –16 and –12 8C, damage occurred on 34%
and 2% of the seedlings, respectively. The experimental
treatments did not significantly influence the probability of
damage.

Differences among the treatments occurred following
freezing after both 3 (P = 0.0150) and 5 (P = 0.0029) weeks
forcing with the least damage incurred by the control seed-
lings (data not shown). These differences were solely due to
differences in earliness, because they were not significant
when the bud break stage (second freezing test) or shoot
length (third freezing test) were included in the logistic re-
gression analyses. After 3 weeks forcing, the mean damage
percentages varied from 4% (–4 8C) to 58% (–11.5 8C) (all

treatments combined), whereas the means varied from 33%
(–2.5 8C) to 96% (–6.5 8C) after 5 weeks forcing.

Discussion

Frost tolerance in P. abies seedlings changes throughout
the year. The deepest frost hardiness is attained during win-
ter. When the chilling requirement is met, the seedlings will
respond to increased temperatures with a gradual deharden-
ing and bud break (Wareing 1956; Repo 1992; Hannerz
1999). To reduce the risk of detrimental frost damage in
spring, it is important that the growth rhythm in spring is
adapted to the climatic conditions on the forest site. There-
fore, for forest nurseries, it is necessary to understand how
the growth rhythm of seedlings is affected by different pro-
duction routines.

Artificial shortening of daylength to induce growth cessa-
tion in P. abies is a common practice in nurseries. It has
been shown by several authors that SD treatment results in
earlier bud break the following spring (Heide 1974b;
Sandvik 1980; Colombo 1986; Bigras and D’Aoust 1992).
Our results confirm these findings (hypothesis 1). Konttinen
et al. (2003) also reported earlier bud break the earlier SD
treatment started within the period of 1 July to 19 August,
but the difference when the SD treatment started between 1
and 10 July was rather small. Comparing seedlings given
identical temperatures, there was no evidence from our re-
sults that there was an effect of the timing of the SD treat-
ment on bud break even if there was a clear difference in
terminal bud formation. The timing of bud formation was
an obvious effect of the different starting dates of the SD
treatment (Heide 1974a). We cannot exclude from our ex-
periment an effect on bud break from different timing of
SD treatment with larger differences between the starting
dates. This may be of less practical importance because SD

Fig. 3. Damage to first-year needles in seedlings for different treat-
ments and freeze temperatures. The freezing tests were run after
forcing the seedlings in 15 8C and a 24 h photoperiod for 1 (A),
3 (B), and 5 (C) weeks. For explanation of treatment abbreviations,
see Fig. 1.

Fig. 4. Effect of the different photoperiod and temperature treat-
ments on the probability of damage to stem tissue after forcing the
seedlings in 15 8C and 24 h photoperiod for 3 weeks. The prob-
abilities were obtained from a logistic regression model with ex-
perimental treatment, freeze temperature, and bud break stage as
explanatory variables. Damage probabilities are shown with bud
break stage set to 4 in the model (bud scales diverging, elongation
of needles to 5 mm). For explanation of treatment abbreviations,
see Fig. 1.
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treatment usually is performed in a smaller time window
than described by Konttinen et al. (2003).

The effect of posttreatment temperature on bud break was
also small and not significant when comparing temperature
regimes within the same starting date of SD treatment.
Greater differences among temperature treatments have
been found when seedlings were induced to become dor-
mant in either naturally declining daylengths or with short
day treatment lasting for several weeks (Heide 1974b;
Søgaard et al. 2008, 2009; Granhus et al. 2009). Our temper-
ature treatments, which lasted for 4 and 6 weeks in the SD 2
and SD 1, respectively, may have been too short to result in
a significant difference in timing of bud break. We hypothe-
size that temperature conditions during terminal bud forma-
tion is relevant when discussing consequences of climate
change but not as an explanation for the early bud break ob-
served in SD-treated seedlings. It seems more likely that the
drastic change in photoperiod during the SD treatment alone
may explain the consequences for dormancy release the fol-
lowing spring. More knowledge on this is also needed to
better understand the factors influencing on the risk of a sec-
ond bud flush in autumn.

Picea abies seedlings in active growth are very sensitive
to frost with a reported lethal temperature for 50% of the
population of –3 8C reported by Christersson and von Fircks
(1988). The findings of Rostad et al. (2006) indicated that
early (July) or no SD treatment may result in seedlings with
less frost hardiness than later SD treatment (August). How-
ever, their findings were only based on a freezing test per-
formed in a late stage of bud break. To obtain a broader
picture of the variation in spring frost hardiness in seedlings
given SD treatment with different timing, we performed
freezing tests at three different points in time during dehar-
dening. Despite their late bud break, the control seedlings
sustained more injury in first-year needles compared with
SD-treated seedlings grown at similar temperature (18 8C).
This is in accordance with Jacobs et al. (2008) and Rostad
et al. (2006), who observed more frost damage in control
seedlings than in SD-treated seedlings regardless of the tim-
ing of the SD treatment. Our results also agree with the lack
of relationship between frost hardiness and bud break found
earlier (Hawkins and Shewan 2000; Søgaard et al. 2009).
Thus, our result supports an overall positive effect of SD
treatment on frost hardiness. However, when evaluating the
effect of timing of the SD treatment, our results were in
contrast to Rostad et al. (2006). We found that seedlings ex-
posed to early SD treatment sustained less damage to first-
year needles than seedlings exposed to later SD treatment.
Favourable growing conditions regarding both light intensity
and nutrition (Rostad 1988) in our growth chamber experi-
ment may possibly explain this difference. Also, the lack of
a second bud flush in terminal buds confirmed the favour-
able conditions for growth cessation in our experiment.
However, recording of bud break in forcing conditions be-
fore winter storage might have clarified the level of dor-
mancy in seedlings even better.

In both the second and third freezing tests (after 3 and
5 weeks forcing), frost hardiness in first-year needles im-
proved with decreasing temperature following SD treatment,
provided that the SD treatment was given early. The effect
of temperature was less clear-cut following late SD treat-

ment, possibly because the period with different tempera-
tures was shorter in the SD 2 treatment (4 versus 6 weeks
in the SD 1 treatment). Considering the uniform bud set in
our experiment, seedlings exposed to lower temperature fol-
lowing the SD treatment probably had an improved frost
hardiness development in needles after bud set (Søgaard et
al. 2009). The response in stem tissue was the opposite: the
probability of frost damage was lower in seedlings exposed
to high temperature after the SD treatment (second freezing
test). A similar response to high versus low temperature in
needles and stem tissue of P. abies was also reported by
Søgaard et al. (2009).

Significant differences in stem tissue damage were not
present among the treatments when testing the seedlings
after 5 weeks forcing. In comparison, clear treatment differ-
ences were still apparent in needles at that time. Conse-
quently, in needles, there was a more long-lasting effect of
the treatment the previous year than in stem tissue. This
qualitative difference could be related to resumption of
stem tissue growth and, thus, a steeper decrease in hardiness
in stems than in needles (Sakai and Larcher 1987). In fact,
our data indicate that stem tissue was only slightly more
frost tolerant than the elongating current-year shoot at the
time of the last freezing test.

Both in the second and third freezing test, current-year
shoots of the control seedlings sustained less frost damage
than the SD-treated seedlings. However, when relating the
damage scores to bud break stage and shoot length in the
second and third freezing test, respectively, no significant
differences appeared. Therefore, we conclude that the level
of hardiness in the newly broken buds and shoots were
solely related to the stage of bud break and, thus, only indi-
rectly caused by the treatment given before winter storage.

In addition to frost hardiness, other quality indicators are
of importance for seedling performance and survival after
outplanting. Seedling height was clearly affected by SD
treatment as has been shown previously (Dormling et al.
1968 and Heide 1974a). The temperature effect on root col-
lar diameter but not on seedling height following the early
SD treatment may be an indicator of a slower photoperiod
response in the cambium compared with apical growth
(Heide 1974a; Bjørnseth 1977).

In our study, a second bud flush appeared in seedlings
only following early SD treatment. This was probably
caused by termination of the early SD treatment before their
natural critical night length was attained (Kohmann 1996).
Proper timing of the SD treatment is important to avoid a
second bud flush, but other environmental factors may influ-
ence the capacity of the seedlings to resume free growth
(von Wuehlisch and Muhs 1991; Hallgren and Helms
1992). In the current study, it was apparent that the lateral
buds flushed again more easily than the apical bud. This
could be due to a more shallow level of dormancy in the
former, as shown during autumn acclimation in, for exam-
ple, birch (Junttila et al. 2003).

Conclusions
Even if bud break tends to be uniform following indoor

winter storage (Fløistad 2002), our study confirmed that SD
treatment advances bud break as has been reported previ-

974 Can. J. For. Res. Vol. 40, 2010

Published by NRC Research Press



ously (Heide 1974b; Sandvik 1980). Therefore, early plant-
ing with SD-treated seedlings should be avoided on sites
where spring frosts are likely to occur. To some extent, the
positive effect of SD treatment on frost hardiness in first-
year needles may compensate for the effect of early bud
break. Because of small differences in time to bud break
among seedlings given different temperature treatments, our
second hypothesis about effects of low temperature follow-
ing SD treatment was difficult to test. On the other hand,
we showed that low temperature following SD treatment re-
sulted in increased and decreased frost hardiness the follow-
ing spring in needles and stem, respectively. This underlines
the importance of evaluating different plant tissues, espe-
cially following freezing test, in the early acclimation stage
and during dehardening in spring. Our third hypothesis that
early SD treatment decreases the level of frost hardiness
compared with later SD treatment was not supported, per-
haps because of favourable growth conditions for the exper-
imental plants, which ensured terminal bud formation and
sufficient hardening of the different tissues. The low rate of
second bud flush following the early SD treatment also sup-
ports this. Nevertheless, it is important that the SD treatment
is planned to ensure that a natural critical night length is at-
tained when the SD treatment terminates (Kohmann and
Johnsen 2007).
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Dormling, I., Gustafsson, Å., and von Wettstein, D. 1968. The ex-
perimental control of the life cycle in Picea abies (L.) Karst. I.
Some basic experiments on the vegetative cycle. Silvae Genet.
17(2–3): 44–64.

Fløistad, I.S. 2002. Effects of excessive nutrient supply and short
day treatment on autumn frost hardiness and time of bud break
in Picea abies seedlings. Scand. J. For. Res. 17(4): 295–303.
doi:10.1080/02827580260138053.

Fløistad, I.S., and Kohmann, K. 2001. Effects of thawing procedure
on frost hardiness, carbohydrate content and timing of bud break
in Picea abies. Scand. J. For. Res. 16(1): 30–36. doi:10.1080/
028275801300004389.

Granhus, A., Fløistad, I.S., and Søgaard, G. 2009. Bud burst timing
in Picea abies seedlings as affected by temperature during dor-
mancy induction and mild spells during chilling. Tree Physiol.
29(4): 497–503. doi:10.1093/treephys/tpn039. PMID:19203964.

Greer, D.H., and Warrington, I.J. 1982. Effect of photoperiod, night
temperature, and frost incidence on development of frost hardi-
ness in Pinus radiata. Aust. J. Plant Physiol. 9(3): 333–342.
doi:10.1071/PP9820333.

Hallgren, S.W., and Helms, J.A. 1992. The effects of summer shoot
production on height growth components of seedlings of Califor-
nia red and white fir. Can. J. For. Res. 22(5): 690–698. doi:10.
1139/x92-092.

Hannerz, M. 1994. Damages to Norway spruce (Picea abies (L.)
Karst) seedlings caused by a late spring frost. Forestry Research
Institute of Sweden, Uppsala, Sweden. SkogForsk Rep. 5.

Hannerz, M. 1999. Evaluation of temperature models for predicting
bud burst in Norway spruce. Can. J. For. Res. 29(1): 9–19.
doi:10.1139/cjfr-29-1-9.

Hawkins, C.D.B. 1993. Photoperiod and night frost influence the
frost hardiness of Chamaecyparis nootkatensis clones. Can. J.
For. Res. 23(7): 1408–1414. doi:10.1139/x93-178.

Hawkins, C.D.B., and Shewan, K.B. 2000. Frost hardiness, height,
and dormancy of 15 short-day, nursery-treated interior spruce
seed lots. Can. J. For. Res. 30(7): 1096–1105. doi:10.1139/cjfr-
30-7-1096.

Heide, O.M. 1974a. Growth and dormancy in Norway spruce eco-
types (Picea abies). I. Interaction of photoperiod and tempera-
ture. Physiol. Plant. 30(1): 1–12. doi:10.1111/j.1399-3054.1974.
tb04983.x.

Heide, O.M. 1974b. Growth and dormancy in Norway spruce eco-
types. II. After-effects of photoperiod and temperature on
growth and development in subsequent years. Physiol. Plant.
31(2): 131–139. doi:10.1111/j.1399-3054.1974.tb03117.x.

Jacobs, D.F., Davis, A.S., Wilson, B.C., Dumroese, R.K., Good-
man, R.C., and Salifu, K.F. 2008. Short-day treatment alters
Douglas-fir seedling dehardening and transplant root prolifera-
tion at varying rhizosphere temperatures. Can. J. For. Res.
38(6): 1526–1535. doi:10.1139/X08-020.

Johnsen, Ø. 1989. Freeze-testing young Picea abies plants. A meth-
odological study. Scand. J. For. Res. 4(3): 351–367. doi:10.
1080/02827588909382572.

Johnsen, Ø., Daehlen, O.G., Østreng, G., and Skrøppa, T. 2005.
Daylength and temperature during seed production interactively
affect adaptive performance of Picea abies progenies. New Phy-
tol. 168(3): 589–596. doi:10.1111/j.1469-8137.2005.01538.x.
PMID:16313642.

Junttila, O., Nilsen, J., and Igeland, B. 2003. Effects of temperature

Fløistad and Granhus 975

Published by NRC Research Press



on the induction of bud dormancy in ecotypes of Betula pubes-
cens and Betula pendula. Scand. J. For. Res. 18(3): 208–217.
doi:10.1080/02827580308624.

Kohmann, K. 1991. Frostskader etter vårplanting med kjølelagrete
planter. Norsk Skogbruk, 9: 30–31. [In Norwegian.]

Kohmann, K. 1996. Night length reactions of Norway spruce plants
of different provenances and seed orchards. Rapp. Skogforsk.
15. [In Norwegian with English summary.]

Kohmann, K., and Johnsen, Ø. 2007. Effects of early long-night
treatment on diameter and height growth, second flush and frost
tolerance in two-year-old Picea abies container seedlings.
Scand. J. For. Res. 22(5): 375–383. doi:10.1080/
02827580701520486.

Konttinen, K., Rikala, R., and Luorananen, J. 2003. Timing and
duration of short-day treatment of Picea abies seedlings. Baltic
For. 9(2): 2–9.
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