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Highlights
•	 Short-day treatment reduces the chilling requirement and the time to bud burst in Norway 

spruce seedlings.
•	 Forcing photoperiod does not affect the time to bud burst of short-day treated seedlings.
•	 In natural outdoor conditions, the short-day treatment advances the bud burst slightly.

Abstract
Artificial shortening of photoperiod with short-day (SD) treatment in late summer is a common 
measure in forest nurseries to advance the growth cessation and increase the frost hardiness of 
seedlings in the autumn. We conducted an experimental study of the effect of SD treatment (12 h) 
in the preceding summer and the photoperiod (16 h, 8 h) prevailing in the regrowth test under 
forcing conditions. The effect of these factors on the chilling requirement in second-year Norway 
spruce Picea abies (L.) Karst. seedlings was studied. Half of the seedlings were first subjected to a 
three-week SD treatment between 11 July and 1 August 2005, whereas the other half were used as 
the control group. The seedlings were first exposed to chilling in natural conditions. Subsequently, 
samples of the seedlings were transferred at intervals between September and May to a regrowth 
test in growth-promoting forcing conditions in a greenhouse. Additionally, we observed the bud 
burst of the seedlings in natural conditions during the next spring. Our main result was that SD 
treatment reduced the chilling requirement in the seedlings. Long photoperiod (16 h) in the forcing 
conditions also reduced the chilling requirement. The buds of the SD-treated seedlings burst earlier 
than those of the control seedlings and generally at almost the same time in both photoperiods. 
This suggests that the photoperiod prevailing in the forcing conditions has no additional delaying 
or advancing effect on the bud burst of SD-treated seedlings. In natural outdoor conditions, the 
SD treatment in the preceding summer advanced the springtime bud burst slightly.
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1	 Introduction

Air temperature is the main environmental factor that regulates the timing of the vegetative bud 
burst of seedlings and trees growing in boreal and temperate regions with seasonally alternating 
climates. The timing of bud burst in Norway spruce Picea abies (L.) Karst. is mainly a response 
to the accumulation of chilling and temperature sum (Viherä-Aarnio et al. 2014 and references 
therein). Short photoperiods cause growth cessation, bud set, and dormancy induction in late 
summer and early autumn (Wareing 1956; Vaartaja 1959; Ekberg et al. 1979; Junttila 2007), but 
the timing of these developmental events is also affected by several interactions with air tempera-
ture (Koski and Selkäinaho 1982; Koski and Sievänen 1985; Partanen and Beuker 1999; Tanino 
et al. 2010).

After growth cessation and bud set, the buds enter a state of endodormancy (Lang et al. 1987; 
synonymous to rest; Fuchigami et al. 1982). Endodormancy release (synonymous to rest break; 
Fuchigami et al. 1982) means that the growth-arresting physiological conditions inside the buds 
are removed by chilling temperatures (e.g., −5 < T < +10 °C). After rest completion, i.e., meeting 
the chilling requirement of endodormancy release, buds attain full ontogenetic competence, but 
bud burst and growth onset are prevented by unfavourable environmental conditions, typically 
low, non-growth-promoting air temperatures prevailing in winter. This dormancy category is 
called ecodormancy (Lang et al. 1987; synonymous to quiescence; Fuchigami et al. 1982). Bud 
burst takes place as a result of prolonged exposure to sufficiently long periods of sufficiently high 
temperatures (e.g., T > +5 °C) (Romberger 1963; Sarvas 1974).

Mean air temperatures are projected to rise with the predicted climate change in the future. 
Daily mean temperatures will drop below 10 ℃ later in the autumn and temperatures above 0 ℃ 
will occur earlier in the spring (Ruosteenoja et al. 2020). This may have important impacts on 
forest ecosystems. High autumn temperatures may interfere with the development of frost hardi-
ness in many tree species (Hänninen 2016; Wallin et al. 2017). Moreover, warm spells in winter 
and spring may trigger premature deacclimation and result in frost injuries (Augspurger 2013; Ma 
et al. 2019; Svystun et al. 2021).

In experimental conditions, photoperiod affects endodormancy release though in natural 
conditions it has been considered to have only a minor effect in comparison with that of the air 
temperature. Long days have been observed to partially compensate for the lack of chilling in 
several tree species, including Norway spruce (Nienstaedt 1967; Worrall and Mergen 1967). 
Moreover, experimental studies have shown that the timing of bud burst in Norway spruce is 
affected by both the direction of change in photoperiod (Partanen et al. 1998) and the accumulated 
duration of light period (Partanen et al. 2001), suggesting that day length may have a greater 
influence on the timing of bud burst than the mere compensation for the lack of chilling. If the 
forcing takes place in long days (16–20 h) then Norway spruce seedlings do not have an absolute 
chilling requirement for responding to normal forcing temperatures (Nienstaedt 1967; Worrall 
and Mergen 1967; Søgaard et al. 2008; Viherä-Aarnio et al. 2014). If the chilling requirement has 
not been met, however, Norway spruce cannot show bud burst in short photoperiods (Nienstaedt 
1967; Worrall and Mergen 1967).

In northern latitudes, tree nurseries producing seedlings for forestry often resort to short-
ening of photoperiod artificially in late summer so as to produce well-hardened seedlings (Dor-
mling et al. 1968; Heide 1974a; Colombo et al. 2001 and references therein; Wallin et al. 2017; 
Fløistad and Granhus 2019). SD-treated seedlings do not require frost protection in nurseries 
during autumn and are well-hardened for freezer storage in late autumn (Riikonen and Luoranen 
2020; Riikonen et al. 2023). Moreover, the risk of frost damage in SD-treated seedlings decreases 
after autumn planting (Dormling et al. 1968; Heide 1974a; Colombo et al. 2001 and references 
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therein). The artificial shortening of photoperiod with SD treatment in forest nurseries during a 
2–3-week period in late summer stops height growth and advances bud formation, which also 
hastens the frost hardening in early autumn (Dormling et al. 1968; Colombo et al. 2001 and 
references therein; Konttinen et al. 2003; Fløistad and Granhus 2010). Riikonen and Luoranen 
(2020) found that an SD treatment started in mid-July increased bud frost hardiness in October 
but no longer in November. According to Riikonen et al. (2023), warm spells followed by low 
temperatures in boreal areas may predispose SD-treated Norway spruce seedlings to frost damage 
in the winter (i.e., in March) but not in the late autumn (i.e., October and November). Moreover, 
the SD treatment advances the bud burst in the next spring (Heide 1974b; Sandvik 1980; Fløistad 
and Granhus 2010). Luoranen and Sutinen (2017) found that the buds of SD-treated seedlings 
have fewer and shorter protective bud scales, which may be a partial reason for the early bud 
burst of SD-treated seedlings. On the other hand, it has been observed that in many tree species, 
including Norway spruce, relatively high temperatures during SD exposure and bud formation 
lead to a deeper dormancy, thus increasing chilling requirement for dormancy release and the 
high-temperature requirement for bud burst (Dormling 1989; Heide 2003; Søgaard et al. 2008; 
Kalcsits et al. 2009; Malyshev 2020; Beil et al. 2021; Garrigues et al. 2023). In this way, contrary 
to the notion stated above, relatively high temperatures during the SD treatment could delay, not 
advance, bud burst in the next spring. Hänninen (2016) refers to this phenomenon by the term 
quantitative dormancy induction.

As discussed above, the effects of an SD treatment in the growing season on bud burst in 
the next spring have been documented well in earlier studies. However, the possible effects of the 
photoperiod applied in the experimental forcing treatments of chilling-forcing experiments have 
not been studied previously in connection with SD treatment in the growing season. The effect 
of photoperiod needs to be studied, for photoperiod varies globally between different locations 
but remains the same from year to year in each location. Thus, it is not dependent on the climate 
change and variation in weather conditions. To fill this knowledge gap, we conducted an experi-
mental study of the effects of an SD treatment in the preceding summer and of the photoperiod 
in experimental forcing conditions in a greenhouse (8 h vs. 16 h) on the chilling requirement of 
second-year Norway spruce seedlings. We transferred the seedlings from natural outdoor chilling 
conditions to forcing conditions in several batches between September and May. We observed the 
bud burst of the SD-treated and the control seedlings not only in the forcing conditions but also 
in the natural conditions of the next spring. Our hypothesis was that both the SD treatment in late 
summer and the long photoperiod in forcing conditions reduce the chilling requirement of the 
seedlings and advance the bud burst.

2	 Material and methods

2.1	 Seedling material

The second-year seedlings were grown in the nursery of the Suonenjoki Research Unit (62°39´N, 
27°03´E; 142 m a.s.l.) of the Natural Resources Institute Finland (Luke), by using seeds collected 
from seed orchard number 177 Sairila in Hartola (61°34´N, 26°05´E; 100 m a.s.l.). The seed 
orchard includes 76 grafted clones of Norway spruce, all of them having their origin in a restricted 
geographical area in the interior of southern Finland (Nikkanen et al. 1999). The seedlings were 
produced with a mixture of this seed material. The seeds were sown on 28 May 2004 in Plantek 
81F (BCC, Landskrona, Sweden) trays (81 cells per tray, 549 cells m–2, cell volume 85 cm3) filled 
with fertilised Kekkilä (Eurajoki, Finland) M6 W peat for forest nurseries (the symbol W indi-
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cates inclusion of non-ionic wetting agent). The seedlings were grown for two growing seasons 
by using the standard nursery practices applied in Finland (Juntunen and Rikala 2001; Lilja et al. 
2010). In 2004, the seedlings were grown on a growth sheet in an unheated plastic greenhouse, 
and in 2005, in an outdoor growing area. In both years, the seedlings were fertilised with a com-
mercial fertiliser (Kekkilä Pot Plant Superex, N 19%, P 4% K 20%) dissolved in water. During the 
first growing season, the seedlings were fertilised once with 8 g m–2 of the commercial fertiliser. 
During the second growing season, when the SD treatments were carried out, the SD-treated and 
the control seedling were fertilised with a total of 60 g m–2 between 2 June and 8 July, applied in 
several dozes varying between 5 and 10 g m–2, and on 2 August, with 10 g m–2. During the three-
week SD (12 h) treatment from 11 July to 1 August, the SD-treated seedlings were fertilised with a 
total of 27 g m–2 and the control seedling with a total of 49 g m–2, applied in several dozes varying 
between 5 and 10 g m–2. The control seedlings got slightly more fertilisation (22 g m–2) that time, 
which may have caused a slight increase in their nutrient reserves. However, it was not possible 
to evaluate the possible effect of this in the present study.

On 30 August 2005, the SD-treated and the control seedlings were transported to the Pun-
kaharju Research Unit (61°48´N, 29°19´E) of the Natural Resources Institute Finland, Luke. 
Between 5 September and 7 September, the seedlings were transplanted from the Plantek 81F 
trays to Soparco (Le Musset, Condé-sur-Huisne, France) 7 cm × 7 cm × 8 cm (300 cm3; outside 
measures) plastic pots filled with fertilised Kekkilä M6 peat for forest nurseries. After transplant-
ing the seedlings, the pots were put in polystyrene boxes to shelter the roots during the winter and 
moved to natural outdoor conditions. The storage area was enclosed with a 60-cm-high metal net 
to protect the plant material against voles.

2.2	 Experimental design

During their second growing season, half of the seedlings were subjected to a three-week SD 
(12 h) treatment at the Suonenjoki Research Unit from 11 July to 1 August 2005, whereas the other 
half were used as a control group (Fig. 1). In the SD-treatment, the blackout (i.e., the dark period 
between 8 pm and 8 am) was implemented by means of a blackout curtain in the outdoor growing 
compound. The control seedlings were grown under natural photoperiod, which decreased from 
19 h 11 min on 11 July to 18 h 12 min on 1 August. After the SD-treatment, all seedlings were kept 
under natural conditions at Suonenjoki until the start of the chilling-forcing experiment.

In 2005 and 2006, a chilling-forcing experiment was carried out at the Punkaharju Research 
Unit between 20 September and 31 May. The SD-treated and the control seedlings were first exposed 
to chilling in natural conditions (Fig. 1). Then seedlings of both SD- and control treatment were 
transferred to a regrowth test in two different forcing conditions in two respective greenhouse 
compartments (Fig. 1). There were 16 transfers at intervals of two to four weeks. Temperature in 
both greenhouse compartments was constant +20 °C. Day length in one compartment was 8 h and 
in the other 16 h (Fig. 1). In each of the 16 transfers, both the SD-treated and the control seedlings 
were randomised in regard to the two respective photoperiods in the two greenhouse compartments. 
The first samples were moved to forcing conditions on 20 September 2005 and the last ones on 
9 May 2006 (Table 1). At each of the 16 transfers, ten SD-treated and ten control seedlings were 
sampled from the chilling conditions to each of the two forcing conditions with the two respective 
photoperiods (n = 10) (Fig. 1). Meanwhile, twenty SD-treated seedlings and twenty control seedlings 
were kept outdoors for observing bud burst in natural conditions in the next spring.

The experiment was carried out about twenty years ago. This does not cause any problems 
for the conclusions of the study because the nursery practices have remained practically unchanged 
after the time of the experiment.
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Fig. 1. Experimental design of the study. In the summer of 2005, the experimental Norway spruce seedlings were di-
vided into two groups: half of the seedlings were kept all the time in natural conditions outdoors (Control seedlings), 
whereas the other half was exposed outdoors with black curtains to a short-day (12 h) treatment from 11 July to 1 Au-
gust (SD-treated seedlings). The short-day treatment is indicated by the blue box on the left-hand side of the figure. 
During the next overwintering period seedlings from both groups were transferred on 16 occasions from outdoors to 
forcing conditions in growth chambers (vertical arrows, for the exact dates, see Table 1), thus exposing the seedlings 
in the different transfers to different durations of natural chilling. Forcing took place both under long-day (16 h) and 
short-day (8 h) conditions, air temperature was +20 °C in both. In the forcing conditions the occurrence (bud burst 
percentage, BB%) and timing (days to bud burst, DBB) of bud burst was examined. The explaining factors were the 
short-day treatment in the preceding summer, transfer time from the chilling conditions to the forcing conditions, and 
the day length in the forcing conditions. In nine transfers in the winter the seedlings were frozen, so before transferring 
them to the forcing conditions they were carefully melted for one week in darkness under +4 °C (angular arrows in the 
middle of the figure). In the analysis of the results the one week under +4 °C was considered as chilling, so that the time 
of the second transfer, i.e., the transfer from +4 °C to the forcing conditions, was used as the transfer time.

Table 1. Dates when the seedlings were transferred in 2005–2006 to a regrowth test under forcing 
conditions in a greenhouse, either directly from natural outdoor conditions or after cautious melting in 
preforcing conditions at +4 °C. The transfers in which cautious melting was used are indicated in bold.

Transfer number Transfer from outdoors Transfer to forcing

1 20 September 20 September
2 4 October 4 October
3 18 October 18 October 
4 1 November 1 November
5 15 November 15 November
6 29 November 6 December
7 13 December 20 December
8 3 January 10 January
9 17 January 24 January
10 31 January 7 February
11 28 February 7 March
12 14 March 21 March
13 28 March 4 April
14 11 April 18 April
15 25 April 25 April
16 9 May 9 May
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2.3	 Chilling, preforcing, and forcing conditions

The air temperature at the shoot level of the seedlings (30 cm from the ground) was recorded once 
an hour in the natural outdoor chilling conditions by Tinytalk Data Loggers (Gemini Data Loggers, 
Chichester, UK) located inside a well-ventilated radiation shield (Fig. 2). The day lengths in the 
forcing conditions were controlled with black curtains, so that the light period was from 8 am to 
4 pm (day length 8 h) and from 4 am to 8 pm (day length 16 h). When necessary, the natural day 
length was extended by means of metal halide lamps (Philips HPI-T Powertone 400 W Philips, 
Helmond, the Netherlands). The photosynthetically active radiation at the shoot level was approxi-
mately 50 µmol m–2 s–1. The air temperature in the forcing conditions was a constant +20 °C for 
both day lengths. The seedlings were watered manually with tap water when necessary.

Whenever the outdoor temperature was below 0 °C during the transfers between 29 Novem-
ber and 11 April (Table 1, Fig. 2), the seedlings to be transferred from outdoors to the forcing 
conditions were first transferred to preforcing conditions (darkness, +4 °C) in cold storage for 
one week, and only after that were they moved to the forcing conditions in a greenhouse (Fig. 1). 
This was done to enable cautious thawing and to avoid needle damage (Repo et al. 1984). In the 
analysis of the data, the day of the transfer from the preforcing to the forcing conditions was taken 
as the transfer day. The air temperature at the shoot level was recorded once an hour in both the 
preforcing and the forcing conditions with Tinytalk Data Loggers. In the forcing conditions the 
loggers were located inside a well-ventilated radiation shield; in the preforcing conditions (in dark-
ness) no shields were applied. On the basis of the hourly temperature measurements, a chilling 
unit sum was calculated from 1 September to 31 May. The tabulated values of the triangular air 
temperature response (Sarvas 1974) were used, according to which chilling accumulation (chilling 

Fig. 2. The daily minimum (blue curve), mean (black curve), and maximum (red curve) outdoor air temperatures from 
autumn 2005 to spring 2006 (fluctuating curves), and the daily chilling unit sum accumulation (solid black ascend-
ing curve on the left) in the experiment carried out at Punkaharju, Finland (61°48´N, 29°20´E). The temperature was 
measured hourly in the outdoor chilling conditions at the seedling shoot level. The transfer times from the outdoor 
natural chilling conditions or from the preforcing conditions (+4 °C) applied to melt the seedlings frozen in winter to 
the forcing conditions in the greenhouse are shown by dashed vertical lines. The figures attached to the curves on the 
left-hand side of the figure indicate the corresponding chilling unit sum accumulated by each transfer before the end of 
the year. The chilling unit accumulations in the preforcing conditions are shown by the black dashed ascending curves. 
The dashed horizontal line indicates the temperature of 0 °C and the chilling unit sum of 600 ch.u.
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units, ch.u.) takes place in the range of −3.5 to +10.5 °C, with the maximum accumulation rate of 
1 chilling unit per hour attained at temperatures between +3.4 and +3.6 °C (Hänninen 2016, p. 74). 
The minimum, mean, and maximum daily air temperatures and the chilling unit sum accumulated 
during the autumn are presented in Fig. 2.

2.4	 Determination of bud burst

In the forcing conditions, the terminal bud of the main shoot of each seedling was observed 
visually at an interval of two or three days until bud burst or until the bud was visibly dead as 
indicated by its dry appearance. The bud was classified as showing bud burst when new nee-
dles were visible. For each treatment group, the bud burst percentage, BB%, was calculated as 
the proportion of seedlings showing bud burst in the terminal bud of the main shoot out of the 
total number of seedlings observed (n = 10). The days to bud burst, DBB, was calculated as the 
mean (or the median; see below) number of days from the beginning of forcing to the day of the 
observed terminal bud burst. In addition, the bud burst of the terminal bud of the main shoot of 
twenty SD-treated and twenty control seedlings was observed in natural outdoor conditions in 
May and early June.

2.5	 Statistical analyses

The differences of the bud burst percentage, BB%, between treatments were analysed by means of 
a logistic regression with binary response (bud burst / no bud burst) of the terminal bud:

logit( ) , ( )p m S T ST        � � � � 1

where p is the probability of bud burst and m is the intercept. S is the combined photoperiodic 
effect (short day vs. control outdoors – 8 h vs. 16 h day length in indoors forcing), consisting of 
four levels: 1) SD outdoors and 8 h forcing, 2) control outdoors and 8 h forcing, 3) SD outdoors 
and 16 h forcing, and 4) control outdoors and 16 h forcing). T is the transfer time to forcing with 
16 levels, and ST is the interaction of S and T. The differences of the number of days to bud burst, 
DBB, between the treatments were analysed with a two-way analyses of variance:

log DBB m S T ST e� � � � � � �         , ( )2

where e is the error term, other symbols as in Eq. (1). The experimental unit in both of the analyses 
was the seedling and the number of seedling replicates was n = 10. In both of the analyses, the 
interaction term was found highly significant. At each transfer time the differences between the 
photoperiodic treatments were tested pairwise with Fisher’s exact test (BB%) and the LSD test 
(DBB). Statistical analyses were carried out with IBM SPSS Statistics for Winfows, Version 26.0., 
IBM Corp., Armonk, NY, USA.

3	 Results

Both the SD treatment in the previous summer and the long photoperiod in the forcing conditions 
reduced the chilling requirement in Norway spruce seedlings (see Fig. 1 for the experimental 
design, Fig. 3, Supplementary file S1, available at https://doi.org/10.14214/sf.25053). The effects 
of the photoperiodic treatments and the transfer time on BB% and their interaction were all 

https://doi.org/10.14214/sf.25053
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significant (Suppl. file S2, available at https://doi.org/10.14214/sf.25053). In forcing with both 
the long photoperiod (16 h) and the short photoperiod (8 h), BB% increased from zero towards 
100% with increasing previous chilling accumulation earlier in the SD-treated seedlings than 
in the control seedlings. Similarly, the increase occurred earlier in the long photoperiod than 
in the short photoperiod forcing. In both cases, the difference was about 14 days, correspond-
ing approximately to 200 ch.u. in the chilling requirement. In the third transfer (18 October), 
BB% was significantly higher in the SD-treated seedlings forced in the long photoperiod than 
in seedlings that had undergone any of the other three treatments (Suppl. file S1). In the fourth 
transfer (1 November), BB% was significantly lower in the control seedlings forced in the short 
photoperiod than in the seedlings that had undergone any of the other three treatments. From 
6 December (the sixth transfer to forcing, 951 ch.u.) on, BB% stayed at 100% in all transfers, 
with two exceptions until the end of the experiment in early May (Suppl. f﻿ile S1).

SD treatment in previous summer reduced DBB in both long and short photoperiod forcing 
(Fig. 4, Suppl. files S3 and S4, available at https://doi.org/10.14214/sf.25053). The effects of the 
photoperiodic treatment and the transfer time on DBB and their interaction were all significant 
(Suppl. file S5, available at https://doi.org/10.14214/sf.25053). In all four treatments from the fourth 
transfer (1 November) on, DBB generally decreased in the forcing conditions with successively later 
transfers and increasing previous chilling accumulation (Fig. 4, Suppl. file S3). In some transfers, 
however, the value of DBB transiently increased. When the median was used instead of the mean, 
the temporary increase diminished in the DBB curves (Fig. 4, Suppl. file S3). Until the ninth transfer 
(24 January), in forcing with both the long and the short photoperiod, the buds of the SD-treated 
seedlings burst earlier than the buds of the control seedlings (Fig. 4; Suppl. files S3 and S4). The 
buds of the control seedlings burst earlier in long-day than in short-day forcing in transfers until 

Fig. 3. Bud burst percentage, BB%, of the terminal buds in second-year SD-treated 
seedlings (SD, red lines and solid red symbols) and control seedlings (blue lines and 
empty blue symbols) of Norway spruce in a chilling-forcing experiment carried out 
with day lengths of 8 h (triangles, solid lines) and 16 h (squares, dashed lines) in the 
forcing conditions. The SD treatment was performed in late summer 2005, and after 
that, the seedlings were chilled in outdoor natural conditions. The horizontal axis in-
dicates the dates when the seedlings were transferred from outdoor natural chilling 
conditions (or from the preforcing conditions at +4 °C) to a regrowth test under forcing 
conditions in a greenhouse (see Table 1, Figs. 1 and 2). The standard error of the mean 
BB% varied between 0.0 and 12.6%.

https://doi.org/10.14214/sf.25053
https://doi.org/10.14214/sf.25053
https://doi.org/10.14214/sf.25053
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the eighth transfer on 10 January. In contrast, the buds of the SD-treated seedlings burst at almost 
the same time in short-day and long-day forcing as early as before 24 January (Fig. 4, Suppl. 
files S3 and S4). In the transfers between 7 February and 21 March, the DBB curves decreased 
gently or even rose in some transfers. In the transfers of April and May, the DBB curves decreased 
steeply (Fig. 4, Suppl. file S3).

In natural outdoor conditions, the SD treatment of the previous summer advanced bud burst 
until 24 May (Fig. 5). Eleven of the observed twenty SD-treated seedlings (55%) showed bud burst 
on 15 May, whereas among the control seedlings, approximately the same percentage (50%) was 
obtained one week later, on 22 May. From 26 May on, there was no difference any longer in the 
bud burst percentage between the SD-treated and the control seedlings (Fig. 5).

Fig. 4. Mean days to bud burst, DBB, from the beginning of forcing in second-year 
SD-treated seedlings (SD, red lines and solid red symbols) and control seedlings (blue 
lines and empty blue symbols) of Norway spruce in a chilling-forcing experiment car-
ried out with day lengths of 8 h (triangles, solid lines) and 16 h (squares, dashed lines) 
in the forcing conditions. The SD treatment was performed in late summer 2005, and 
after that, the seedlings were chilled in outdoor natural conditions. The horizontal axis 
indicates the dates when the seedlings were transferred from outdoor natural chilling 
conditions (or from the preforcing conditions at +4 °C) to a regrowth test under forcing 
conditions in a greenhouse (Table 1, Figs. 1 and 2). The vertical axis on the right-hand 
side of the figure shows the approximate temperature sum with the threshold tempera-
ture of 0 °C in forcing conditions corresponding to the DBB. The standard error of 
the mean DBB varied between 1.5 and 4.8 days. The data points not connected with 
the corresponding line indicate observations based on low numbers (1–2) of seedlings 
showing bud burst.
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4	 Discussion

In the present study, late-summer SD treatment reduced the chilling requirement of the Norway 
spruce seedlings in the next autumn. Consequently, the second-year Norway spruce seedlings that 
were subjected to an artificial SD treatment in the preceding summer attained full ontogenetic 
competence in the autumn with less chilling accumulation than the control seedlings did, showing 
that endodormancy released earlier in the SD-treated than the control seedlings. This difference 
was seen in the forcing conditions until late January. In other words, the SD treatment hastened the 
development of the seedlings during dormancy. A possible reason for that could be that SD treatment 
advanced the growth cessation, bud set, and endodormancy induction in late summer and early 
autumn, thus giving the SD-treated seedlings a lead in their developmental stage in comparison with 
the control seedlings. Moreover, long-photoperiod (16 h) forcing advanced the increase of BB% 
in the seedlings during autumn (Fig. 3). This suggests that long-day forcing partially compensated 
for the lack of chilling, which is in line with earlier studies of Norway spruce (Nienstaedt 1967; 
Worrall and Mergen 1967). In the present study, the short-photoperiod (8 h) forcing delayed the 
increase of BB% in the seedlings during the autumn before the chilling requirement was fulfilled 
(Fig. 3). This is in line with Basler and Körner (2012), who found that photoperiods shorter than 
12 h delay endodormancy release and bud burst in Norway spruce.

The DBB curves of the control seedlings declined steeply in the transfers until 24 January 
(Fig. 4, Suppl. file S3). This suggests that the prolonged chilling increased the rate of internal micro-
scopic development of the bud (Hänninen 2016 and references therein), thus shortening the DBB of 
the control seedlings to nearly the same level as in the SD-treated seedlings. Until 24 January, the 
SD-treated seedlings showed bud burst earlier than the control seedlings in both long-photoperiod 
and short-photoperiod forcing. In the transfers between 7 February and 21 March, the DBB curves 
declined gently and even rose in some transfers. The rise was caused by some outlying seedlings. 
For some reason their bud burst happened much later than that of the other seedlings. In these cases 
the use of the median instead of the mean reduced this unexpected deviation from the generally 

Fig. 5. Development of the bud burst percentage, BB%, of the terminal buds in SD-treated 
seedlings (SD, red lines and solid red symbols) and control seedlings (blue lines and empty blue 
symbols) of Norway spruce under natural outdoor conditions in spring 2006. The SD treatment 
was performed in late summer 2005.
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decreasing trend of DBB (Fig. 4, Suppl. file S3). The levelling off of the DBB curves suggests that 
the seedlings had achieved full ontogenetic competence (Hänninen 1990, 1995). In the transfers 
of April and May, the DBB curves declined very steeply, suggesting that the internal development 
of the buds was already going on in natural conditions before the seedlings were moved to the 
forcing conditions (Sutinen et al. 2012).

From early autumn till late January, the DBB of the control seedlings was shorter in long- 
photoperiod than in short-photoperiod forcing. The reason for this could be that less chilling is 
needed for bud burst in long photoperiod than in short photoperiod. The buds of many Picea 
species, including Picea abies, can burst in a 16–20 h photoperiod (long days) at normal growth 
temperatures even without previous chilling (Nienstaedt 1967; Worrall and Mergen 1967). The 
DBB of the SD-treated seedlings was shorter than that of the control seedlings, and it was almost 
similar in both photoperiods (Fig. 4, Suppl. file S3). This suggests that photoperiod has no effect 
on the time to bud burst in SD-treated seedlings, even though it did affect the occurrence of bud 
burst, as indicated by the bud burst percentage. In other words, the role of forcing photoperiod in 
the bud burst of the SD-treated seedlings seemed to be less important than in the bud burst of the 
control seedlings. Consequently, under natural conditions the buds of the SD-treated seedlings were 
able to burst in lower photoperiod and thus earlier than those of the control seedlings. Photoperiod 
remains the same from year to year in each location and is therefore not dependent on the climate 
change and variation in weather conditions.

In natural outdoor conditions, the SD treatment advanced bud burst slightly (Fig. 5). The pos-
sible reasons for this could be that as an SD treatment advances the development of the seedlings, 
they are quicker to attain the developmental phase where photoperiod no longer regulates their 
bud burst, which makes the buds of the SD-treated seedlings able to burst earlier than the control 
seedlings in natural conditions (i.e., with shorter photoperiod). The result of SD treatment advancing 
bud burst is in line with earlier studies (Heide 1974b; Sandvik 1980; Fløistad and Granhus 2010). 
It is also in line with Luoranen and Sutinen (2017). They found that the buds of SD-treated seed-
lings had fewer and shorter protective bud scales than control seedlings and suggested that these 
changes in bud structure may partly explain the early bud burst of SD- treated seedlings. On the 
other hand, some earlier studies have shown that relatively high temperatures during SD exposure 
increase the depth of dormancy in many tree species, including Norway spruce, thus increasing 
the high-temperature requirement for bud burst and leading to later bud burst in the next spring 
(Dormling 1989; Heide 2003; Søgaard et al. 2008; Kalcsits et al. 2009; Malyshev 2020; Beil et 
al. 2021; Garrigues et al. 2023). This quantitative dormancy induction (Hänninen 2016) did not, 
however, occur in the present study. One possible reason for this could be that the night tempera-
tures during the SD exposure were lower, which modified the bud-burst-delaying effect of higher 
day temperatures on bud formation in a complex way (Olsen et al. 2014). According to Olsen et 
al. (2014), the fastest bud burst occurs at intermediate night temperatures during SD exposure, and 
bud burst is delayed by both lower and higher night temperatures.

5	 Conclusions

The main finding of the present study is that SD treatment during the preceding summer reduced 
the chilling requirement and advanced the endodormancy release in Norway spruce seedlings in 
the autumn. In addition, long photoperiod in forcing conditions reduced the chilling requirement. 
In the autumn, up to late January, the terminal buds of the SD-treated seedlings burst earlier and 
generally at almost the same time in both photoperiods, but those of the control seedlings burst 
later and in a shorter time in the long photoperiod than in the short one. This suggests that the pho-
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toperiod prevailing in forcing conditions has no additional delaying or promoting effect on the bud 
burst of SD-treated seedlings. In natural outdoor conditions, the SD treatment advanced bud burst 
slightly. The buds of SD-treated seedlings are able to burst earlier and in shorter photoperiod than 
those of control seedlings. Thus, the growing season of SD-treated seedlings can start earlier and 
be slightly longer. This favours both nurseries and forest management. However, further studies 
are needed on the interaction of SD treatment and photoperiod.
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