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Treatments for induction of cold hardiness in Picea abies (L.) Karst. and Pinus
sylvestris L. seedlings pre-cultivated under light-emitting diodes – impact of
photoperiod and temperature including energy consumption and seedling quality
after cold storage
Marco Hernandez Velasco

Department of Energy and Built Environments, Dalarna University, Falun, Sweden

ABSTRACT
In Nordic climates, the weather allows a narrow time window during spring and summer for forest
seedlings to be transplanted from indoor growth to outdoor conditions. If a new method for year-
round cultivation under LED lamps is to be successfully introduced in forest nurseries, a cold
storage phase for batches produced outside of the vegetation period needs to be included in the
concept. Different short-day treatments for induction of cold hardiness in very young seedlings of
Picea abies and Pinus sylvestris cultivated solely under LED lamps were investigated. The study
compared a combination of two photoperiods (5 h or 8 h) at three different temperatures (5°C, 10°
C or 20°C) applied during five weeks. Chlorophyll fluorescence, shoot electrolyte leakage and
molecular testing for gene expression of cold acclimation were used to assess the treatments. After
a period of three months in cold storage at 2°C, the vitality of the seedlings was evaluated using a
root growth capacity test. Lower temperatures during the treatments, especially for Pinus sylvestris,
had a significant effect on inducing cold hardiness. The results showed that the photoperiod
should not be overly reduced to allow photosynthesis and generation of carbohydrate reserves but
it could be optimized to reduce electricity consumption.
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Introduction

Conventional production of containerized seedlings in the
boreal forest region is done during the spring-summer
(April–September) vegetation period due to the winter
climate restrictions (Nilsson et al. 2010; Mattsson 2016).
After sowing, germination and early growth is conducted in
greenhouses and then the seedlings are moved outdoors in
the nursery for further growth (Normark 2015). Normally
only seedlings sown in spring have a growth development
that allows them to be planted in the field during autumn
of the same year. Seedlings sown during summer are normally
cold stored from late fall and planted next year (Wennström
et al. 2016).

Storage in a refrigerated warehouse at controlled con-
ditions is preferred over outdoor storage during winter
due to the risk of frost damages especially affecting the
root system if the snow cover is insufficient (Lindström
1986; Mattsson and Troeng 1986; Lindström and Mattsson
1993; Lindström and Stattin 1994). After winter storage
the seedlings are planted in the field during the forthcom-
ing spring and summer. For forest nurseries using cold
storage as part of their cultivation strategy, proper induc-
tion of cold hardiness is crucial for the success of this pro-
cedure (Colombo et al. 2001; Landis and Dumroese 2010;
Landis 2013).

As an alternative to current nursery practices, a novel
concept for year-round cultivation of forest seedlings has
been under development during the past decade (Mattsson
et al. 2010; Astolfi et al. 2012; Riikonen et al. 2016; Bantis
and Radoglou 2017). The new approach consists of a seedling
pre-cultivation phase under light-emitting diodes (LED) using
high container densities inside of a growth room facility fol-
lowed by transplanting to larger containers for an outdoor
growth phase without using greenhouses. This method
opens future possibilities for large-scale production of high-
quality seedlings. It reduces the area needed at the nursery
and increases the speed at which the plants can be made
available for different reforestation and afforestation purposes
(Riikonen and Luoranen 2018a).

A year-round cultivation practice could also levelize the
seedling throughput during the seasons and improve the
logistics for delivery while reducing the bottlenecks of the
process (Ersson 2016; Laine et al. 2016). The new approach
also offers potential energy savings and reductions in emis-
sions by avoiding the high fuel consumption used for
heating the greenhouses (Landis et al. 1992; Hicklenton and
Heins 1997; Hannerz 2008; Vadiee and Martin 2014).

The space in the growth room facility can be optimized by
using higher container densities of up to 3500 seedlings per
m2 instead of the conventional density of about 800 seedlings
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per m2 (Lindström et al. 2005; Fløistad et al. 2007; Landis 2007;
Kostopoulou et al. 2011; Hernandez Velasco and Mattsson
2019). This requires however a shorter pre-cultivation period
of around five weeks to avoid poor seedling quality caused
by root bounding in the small containers and restrictions in
needle growth due to light competition (Lindström et al.
2004; Luoranen et al. 2005; Pettersson et al. 2008; Montagnoli
et al. 2016). Consequently, cold hardiness must be induced in
very young seedlings compared to conventional production
where the treatment starts after a growth period of about
15 weeks or more. Currently, there have been only a few
studies attempting this with very young conifer seedlings
(e.g. Landis 2007; Wallin et al. 2019) and even fewer have
been carried out using only artificial lights in growth room
facilities (Riikonen and Luoranen 2018b).

Induction of cold hardiness in conifer seedlings is a
complex process that among other things depends on geneti-
cal aspects such as species and seed provenance, develop-
ment stage and seedling age, as well as environmental
factors such as photoperiod, light spectra, temperature, moist-
ure and nutrients (Stattin and Lindström 1999; Bigras et al.
2001; Colombo et al. 2001; Landis 2013). Reduction of the
photoperiod is one of the primary signals that induce
growth cessation and the formation of terminal buds in
woody species at high latitudes (Weiser 1970; Thomas and
Vince-Prue 1997; Colombo et al. 2001; Landis 2013).

Together with shorter day lengths, temperature is a crucial
factor affecting the degree of cold hardiness of conifer seed-
lings (Aronsson 1975; Clapham et al. 2001). Shoot cold hardi-
ness can be increased by exposing the seedlings to lower
temperatures in combination with shorter photoperiods
(Lavender 1984; Colombo 1994; Fløistad and Patil 2002;
Zhang et al. 2003). In contrast to the shoots, the root
system is not so affected by changes in photoperiod and
requires instead certain time at low temperatures before
reaching freezing tolerance (Lindström 1986; Ryyppö et al.
1998; Stattin and Lindström 1999; Repo et al. 2001).
However, one must be particularly careful when exposing
very young seedlings to a colder environment due to their
higher sensitivity and severe risk of root freeze damage com-
pared to older seedlings (Lindström and Nyström 1987). In
addition, the considerably smaller volume of substrate in
the high-density containers will lose heat and freeze more
rapidly (Wallin et al. 2019).

Light spectra, specifically the ratio of red light (R, centered
at 660 nm) to far-red light (FR, centered at 730 nm) can affect
the cold hardiness in conifers as it changes the balance of
the phytochrome types (Colombo et al. 2001). The phyto-
chrome photoreceptor can exist in two states which can
be switched by R and FR photons. Red light causes the con-
version to the active state promoting elongation while far-
red light switches the phytochrome to the inactive state pro-
moting bud induction (Van den Driessche 1970). These prop-
erties can allow nursery managers to manipulate seedling
growth using different light spectra, for example, terminal
bud set can be prevented using night-interruption treat-
ments that contain adequate proportions of red and far-
red light (Riikonen 2018). In general, artificial lights used in
forest nurseries and growth room facilities have a higher R:

FR ratio than natural sunlight (Landis 2013) which can have
an influence in the seedlings’ cold tolerance (Colombo
et al. 2001).

Studies regarding cultivation of forest seedlings under
LED lamps have been focused mainly on light quality
(Landis et al. 2013; Apostol et al. 2015; Riikonen 2016; Smir-
nakou et al. 2017; Montagnoli et al. 2018) and light intensity
(Hernandez Velasco and Mattsson 2019). For the successful
introduction of the concept of pre-cultivation under LED-
lamps on a year-round basis, new treatments for induction
of cold hardiness have to be developed to allow seedlings
to be cold stored before transplanting them during the veg-
etation period. Riikonen and Luoranen (2018b) have recog-
nized this need and started the efforts for finding
adequate treatments for Norway spruce seedlings of two
different latitudes by reducing the photoperiod and chan-
ging the duration of the short-day treatments. Their study
obtained the best results when shortening the photoperiod
to 12 h for five weeks and identified potential for optimizing
the treatment when implementing it in commercial
nurseries.

The main objective of the present study was to further
investigate suitable methods for inducing cold hardiness in
very young forest seedlings cultivated under LED lamps.
Together with shorter photoperiods, the influence of low
growth room temperatures was also evaluated as a factor.
Due to their relevance to Scandinavian forestry and consider-
ing that every species has its own cold acclimation needs
(Grossnickle and South 2014), seedlings of Scots pine were
also included in the tests and treated alongside seedlings of
Norway spruce. In addition, the aim was to consider the impli-
cations on energy consumption and evaluate seedling quality
after cold storage.

Materials and methods

Plant material and pre-cultivation conditions

The seeds of Norway spruce (Picea abies (L.) Karst) had the
provenance of Vitebsk, Belarus (lat. 55.2°; long. 30.2°) and
the seeds of Scots pine (Pinus sylvestris L.) came from the Got-
thardsberg seed orchard, Sweden (lat. 58.4°; long. 16.6°). The
seeds had a germination energy (after 7 days) and a germina-
tion rate (after 21 days) of 96.5% and 99.0% respectively for
Norway spruce and 99.8% in both parameters for Scots pine.

Two sowings were carried out on February 9th and March
19th 2015 using six trays per species. The seeds were sown
directly in mini-plug containers (QP D 576 QuickPot®, Herku-
plast-Kubern; Ering, Germany) of high density (tray size: 310
× 530 mm; density: 3500 seedlings per m2; 576 cells per
tray; volume per cell: 3.5 cm3). The mini-plugs were filled
with a stabilized peat containing a binding agent to facilitate
transplanting (Preforma PP01, Jiffy International AS; Kristian-
sand, Norway).

The experiments were done in a controlled environment at
the research station of Dalarna University in Vassbo, Sweden.
During the germination phase the cultivation conditions were
set at an air temperature of 20°C and an air relative humidity
(RH) of 80 ± 10%. During the growth phase (4 weeks following
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germination), the RH was lowered to 60 ± 10%. Twice a week
the shelves with the trays were flooded in order to irrigate the
growing substrate until saturation. At this time the trays were
rotated on position clockwise to ensure equal environmental
conditions.

The seedlings were grown exclusively under artificial lights
using LED grow lamps with a continuous spectra within the
region of photosynthetically active radiation (PAR) (Valoya
OY; Helsinki, Finland). The LEDs used emit 11% blue (400–
499 nm), 16% green (500–599 nm), 55% red (600–699 nm)
and 16% far-red (700–799 nm) radiation. The light produced
has an R:FR ratio of 2.8 calculated as suggested by Both
et al. (2017) using a band of ± 20 nm around the peak wave-
lengths for red light (centered at 660 nm) and far-red light
(centered at 730 nm). Further technical specifications and
spectral characteristics of the luminaires used in this study
can be found under “LED 3” in Hernandez Velasco and Matts-
son (2019).

Throughout the first five weeks, the photoperiod was set
to 16 h with a light intensity of 100 μmol·m−2·s−1 at sub-
strate level with a variation of ± 10 μmol·m−2·s−1 over the
growing area measured at the beginning and at the end
of each trial using a JAZ spectroradiometer (Ocean Optics,
Largo FL, USA).

Short-day (SD) treatments

The short-day (SD) treatments were chosen as a combination
of two different photoperiods (5 h or 8 h) at three different
temperatures (5°C, 10°C or 20°C) applied during five weeks.
The different conditions were chosen based on results pre-
sented in previous studies (Aronsson 1975; Søgaard et al.
2009; Fløistad and Granhus 2013; Wallin et al. 2017; Riikonen
and Luoranen 2018b).

After five weeks of pre-cultivation, two trays of each
species were placed in one of three growth room facilities
which were set to one of the chosen temperatures (5°C, 10°
C or 20°C) and an RH of 60 ± 10%. The length of the photo-
period (at an intensity of 100 μmol·m−2·s−1) was set to five
hours in the first sowing and eight hours in the second
sowing using automatic timers for all the lamps. The total dur-
ation of the SD-treatments was five weeks. After the SD-treat-
ments the respective tests mentioned hereunder were
conducted before the seedlings were transferred to cold
storage at + 2°C for three months.

Storability and post-storage assessment

Different assessment methods were used based on what has
been reported as promising tests for identifying cold hardi-
ness in forest seedlings (Burr et al. 2001; L’Hirondelle et al.
2006; Lindström et al. 2014; Wallin et al. 2019). The methods
were also chosen according to their potential applicability in
industry (Mattsson 1997; L’Hirondelle et al. 2007; Grossnickle
and MacDonald 2018) which could make them suitable for
future implementation in commercial nurseries in adapting
the concept of year-round cultivation solely under LED
lights. The following tests were included in measuring the
effects of induction of cold hardiness:

. Chlorophyll fluorescence (Mohammed et al. 1995; Binder
and Fielder 1996a; Binder et al. 1997; L’Hirondelle et al. 2007)

. Shoot electrolyte leakage (Burr et al. 1990; Brønnum 2005;
Lindström et al. 2014; Wallin et al. 2017)

. Molecular testing for gene expression of cold tolerance
markers (Joosen et al. 2006; Balk et al. 2007; Balk et al.
2008; Stattin et al. 2012)

Finally, in order to evaluate the vitality of the seedlings
after cold storage a Root Growth Capacity (RGC) test was con-
ducted as described by Mattsson (1986; 1991).

Chlorophyll fluorescence measurements
Although chlorophyll fluorescence is usually used in detecting
freezing damage after cold storage or after freezing tests
(Vidaver et al. 1991; Mohammed et al. 1995; Binder and
Fielder 1996a; Burr et al. 2001; L’Hirondelle et al. 2007), the
method has also been proposed as an indicator of seedling
cold hardiness prior to or during the storage period (Westin
et al. 1995; Binder and Fielder 1996b; L’Hirondelle et al.
2006; Wilson and Jacobs 2012).

In this study, the maximum quantum yield of the Photosys-
tem II (PSII) (Fv/Fm) was measured on unfrozen seedlings after
the SD-treatments using a portable Chlorophyll Fluorometer
FMS 2 (Hansatech Instruments, UK). The procedure used was
carried out as described by Murchie and Lawson (2013).
From each replicate, 10 random seedlings per treatment
and species were selected and placed in a room without
light during at least one hour for dark adaption. Then each
seedling was individually placed under the measuring light
to obtain the minimal level of fluorescence F0 from the top
needles. Finally, without moving the seedling, a saturating
flash of light was automatically applied to measure the
maximum level of fluorescence in the dark-adapted state
Fm. The chlorophyll fluorometer automatically calculated
and reported the maximum quantum yield according to
Genty et al. (1989) as

Fv/Fm = (Fm − F0)/Fm

Shoot electrolyte leakage
Freezing tolerance is commonly used as an indicator of cold
hardiness by measuring the degree of intracellular damage
after the seedlings have been exposed to subzero tempera-
tures (Colombo 1990; Burr et al. 2001; L’Hirondelle et al.
2006). The Electrolyte Leakage (EL) method quantifies the
amount of electrolytes that escape the cell membranes of
the tissue after the stress introduced by a freezing test
(McKay 1992).

Due to the challenges and limitations of measuring the EL
of the root system (Stattin et al. 2000; Radoglou et al. 2007;
Repo and Ryyppö 2008), this study focused on measuring
Shoot Electrolyte Leakage difference (SELdiff %) following
the method described by Lindström and Håkansson (1996)
and Brønnum (2005) and updated by Lindström et al. (2014).

In contrast to the original method where only the top of
the shoot is used, due to the small size of the seedlings in
this study the complete shoot was cut and placed in plastic
bottles. Each bottle contained a subsample of five shoots
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and four subsamples per treatment were taken. The bottles
containing the control subsamples were saved unfrozen in a
cooler at + 5°C for the duration of the freezing test. The
bottles containing the subsamples assigned for testing were
placed into a programmable freezer where the temperature
was gradually reduced at an hourly rate of −2.5°C until reach-
ing the target temperatures of either −10°C or −25°C, which
was then maintained for one hour. Finally, the samples were
thawed slowly at a similar rate until reaching + 5°C. The total
duration of the freezing test was approximately 28 h for the
lowest temperature.

Deionized water (40 ml) was added to all the bottles which
were afterwards closed and shaken in a dark room at 20°C
during 24 h. Next, the electrical conductivity (EC) was
measured in each bottle using a portable conductivity
meter Hach SensION 5 (Hach Company, Loveland CO, USA)
with incorporated temperature compensation. To obtain the
entire amount of electrolytes from the shoots, the samples
were autoclaved at 120°C and 1.2 bar for 10 min and cooled
down to room temperature. After boiling a second electrical
conductivity measure in each bottle was made (ECboiled).
The SEL (%) was calculated as the ratio between the electrical
conductivity before and after boiling:

SELcontrol = ECcontrol/ECcontrol, boiled

SEL−10 = EC−10/EC−10,boiled

SEL−25 = EC−25/EC−25,boiled

The test parameters (SELdiff-10 and SELdiff-25) were calcu-
lated as the differences in leakage between the unfrozen
seedlings (SELcontrol) and the seedlings that were frozen to
the target temperatures of −10°C or −25°C (SEL-10 and SEL-25):

SELdiff−10 = SEL−10–SELcontrol

SELdiff−25 = SEL−25–SELcontrol

Molecular testing for gene expression of cold tolerance
markers
The freezing tolerance and storability status was also deter-
mined using the molecular test ColdNSure™ (NSure, Wagenin-
gen, The Netherlands) which is commercially available and
regularly used by Swedish nurseries (Lindström et al. 2014;
Wallin et al. 2017). The test quantifies the relative amount of
certain molecules called messenger RNA (mRNA) that are pro-
duced when a gene becomes active. By measuring specific
mRNAs it is possible to calculate the activity of the corre-
sponding genes and determine the cold hardening status in
an accurate and reliable manner (Balk et al. 2007; Balk et al.
2008). For Norway spruce the test measures the specific upre-
gulated expression of the genes PaCO4 and PaCO8 and for
Scots pine the molecular indicators used are Ind1 and Ind2
(Joosen et al. 2006; Stattin et al. 2012; Wallin et al. 2017).
This allows for a fast and yet reliable method for assessing a
wide range of conditions with the advantage that the
sampling is done directly at the nursery avoiding damages
or changes in plant status during transport.

After the SD-treatments, 15 seedlings per treatment and
species were randomly selected from each replicate. The 15

shoot tips were ground for one minute using a micro-pestle.
Afterwards, part of the extract was collected using a pipette
and two drops were applied on an FTA™ card. The card
was then dried at room temperature for at least one hour
before inserting it into a sealed bag together with a drying
agent and sending it to the NSure laboratory (Wageningen,
The Netherlands) for testing. After performing the ColdN-
Sure™ test, the laboratory reported the results as relative
gene expression (delta-delta Ct, ddCT) together with the corre-
sponding cold tolerance status according to the 4-phases
scale of the ColdNSure™ test (Balk et al. 2008):

. 0 = Cold sensitive: the indicator profiles match the profiles
of seedling lots that are actively growing and no sign of
cold tolerance development could be recognized.

. 1 = Developing cold tolerance: early signs of frost toler-
ance development can be recognized.

. 2 = Developing cold tolerance: frost tolerance level
approaches full cold tolerance.

. 3 = Cold tolerant: the indicator profiles match the profiles
of seedling lots that have ceased growth and that are fully
tolerant, ready for lifting and storage.

Root growth capacity (RGC)
After three months of storage in dark at + 2°C, a root growth
capacity (RGC) test was carried out following the method-
ology and using the setup and equipment described by
Mattsson (1986; 1991). This test serves as a general method
to evaluate post-storage vitality and encounter evidence of
possible damage either in the shoot or roots system (Mattsson
1991; Simpson and Ritchie 1997; L’Hirondelle et al. 2007;
Wallin et al. 2019).

Seedlings fromboth replicates in each sowingand treatment
were pooled together and then randomly selected. From each
treatment and species, five sets of three seedlings (15 in total)
were transplanted into mini-plug containers of equal size as
the ones used for pre-cultivation. Similarly to the SELdiff
measurements, the decision of pooling together the seedlings
from both replicates was taken due to restrictions in the avail-
able amount of seedlings and limitations in resources for carry-
ing out and measuring double the amount of subsamples.

Once selected, the seedlings were placed in stainless steel
trays filled 1:1 with sand and peat. In order to control the sub-
strate temperature, the stainless-steel trays were placed in a
water bath kept at 20 ± 1 °C. The seedlings were grown in the
RGC-bath during a period of 21 days with an air temperature
of 20 ± 1°C, relative humidity at 60 ± 5%, a photoperiod of
16 h and a photosynthetic photon flux density (PPFD) of
approximately 300 μmol·m−2·s−1. After 21 days, the mini-plugs
with the seedlings were carefully taken out and all the newly
formed roots outside the mini-plug were cut, cleaned and
dried inanoven for 24 h at 100°C and thenplaced inadesiccator
another 24 h to obtain the new root growth as dry weight.

Data analysis

The data analysis was performed with the software R-version
3.6.0 (R Core Team 2019) and the results are graphically
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presented following when possible the RDI principle showing
individual Raw data points, Descriptive statistics and Inferen-
tial statistics in one plot as suggested by Vaux et al. (2012)
and Phillips (2017) using the R package ggplot2 (Wickham
2009). All the biological experiments in this study were
done using the same growing room facilities and the same
set of LED lamps. The spectra of the lamps and their electri-
cal profiles are fully reported in Hernandez Velasco and
Mattsson (2019) under “LED 3”. The environmental con-
ditions were constantly controlled and the experiment was
repeated for a second sowing using the same temperature
and humidity settings.

The two sowings were regarded as “blocks in time” and
the temperature treatment was nested within the block.
The measurements of the individual seedlings were con-
sidered observational units within each sample and were
used to estimate the sampling error (Casler 2015). These sub-
samples were averaged as suggested by Crawley (2012) to
avoid creating pseudoreplication. The statistical analysis
was then carried out on the means of the subsamples
from each replicate and treatment (n = 2) using the models
and methodology explained by Mangiafico (2015) and
Schwarz (2018) using the R package nlme (Pinheiro and
Bates 2019).

The estimated marginal mean (EMMs, also known as
least square mean) of each treatment was calculated for
the chlorophyll fluorescent measurements. When statistical
differences were found a post-hoc Tukey adjustment for
multiple comparisons of the EMM was performed using
the R package emmeans (Lenth 2018) with the procedure
described by Mangiafico (2016). Significant differences
between the treatments within each species are shown
with different letters in the figures. The error bars in
these cases indicate the 95% confidence interval of the
EMM.

Results

The chlorophyll fluorescence measurements showed a lower
quantum yield of the PSII (Fv/Fm) for seedlings that had
been SD-treated under lower temperatures. For Norway
spruce, the differences between the two photoperiods used
were statistically significant within the three temperature
levels while for Scots pine the differences were only signifi-
cant for seedlings treated at 5°C (Figure 1). The photoperiod
treatment did not show any significant effect for either
species.

When measuring the SELdiff between unfrozen (control)
and freeze-tested seedlings of Norway spruce and Scots
pine the results showed different trends (Figure 2) depending
on the target temperatures at which the seedlings had been
frozen (−10°C or −25°C). While those tested at −10°C
(SELdiff-10) presented an increased leakage for higher SD-treat-
ment temperatures; those tested at −25°C (SELdiff-25) did not
seem to follow any particular pattern. For Scots pine seed-
lings, the SELdiff-10 of seedlings SD-treated at 20°C was much
higher than in those treated at lower temperatures, especially
for the five hours photoperiod. Seedlings of Norway spruce
showed a similar although not so evident trend for SELdiff-10.
According to Lindström et al. (2014), one-year-old pine and
spruce seedlings can be stored safely at subzero temperatures
if the average level for SELdiff-25 does not exceed the threshold
value of 4%. None of the averaged SELdiff-25 of Scots pine and
only one SD-treatment of Norway spruce (8 h photoperiod at
20°C) remained below this target value.

The relative gene expression was reported by the external
laboratory as delta-delta-Ct (ddCt) levels of PaCO4 and
PaCO8 for Norway spruce and of Ind1 and Ind2 for Scots pine
seedlings (Figure 3). The gene expression levels, especially
for Scots pine, showed a decreased pattern with increasing
SD-temperature. Although the difference was smaller for
Norway spruce the trend was similar as with Scots pine. The

Figure 1. Chlorophyll fluorescence of Norway spruce and Scots pine seedlings after five weeks of pre-cultivation and five weeks of SD treatments under the different
photoperiod and temperature conditions. Results are presented as individual data points for each of the two replicates and a bar for each treatment as the estimated
marginal mean (EMM, also known as least square mean) of each treatment for multiple comparison. Error bars indicate the 95% confidence interval of the EMM.
Treatments sharing a letter within the same species are not significantly different (Tukey-adjusted comparisons).
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cold tolerance related genes were least expressed in the 20°C
SD-treated seedlings and were clearly increased by a 5°C SD-
treatment in Scots pine. The frost tolerance level was the
highest in the seedlings that received five hours of light at 5°C.

The RGC test results are shown in Figure 4 for both
species after three months of cold storage. For both
species the RGC values showed a decreasing trend with
regards to the temperature independently of the
photoperiod.

When comparing the average results of different methods
(chlorophyll fluorescence, SELdiff-10, gene activity and RGC
after three months) the trends and effects of the SD-treat-
ments become more visible especially for Scots pine
(Figure 5). Higher gene activity due to lower temperatures
during the SD-treatment corresponded well with a reduction

in the chlorophyll fluorescence but also a reduced intracellular
damage after the freezing test (SELdiff-10). This apparent
improvement in freezing tolerance down to −10°C
matched well with an increase in RGC after three months of
storage.

These relationships were confirmed when calculating the
Pearson correlation coefficients for the means of the selected
methods (Table 1). As expected, the gene expressions and the
SELdiff-10 followed a strong inverse correlation since this is the
underlying principle of the ColdNSure™ test. Chlorophyll
fluorescence was also inversely correlated to at least one of
the gene expressions with a significant coefficient for
almost all the treatments. In general, a reduction in the chlor-
ophyll fluorescence of unfrozen samples correlated with a
higher freezing tolerance and higher root vigor after

Figure 2. Shoot Electrolyte Leakage difference (SELdiff %) between unfrozen seedlings and seedlings frozen to −10°C or −25°C. Results are presented as individual
data points for each measurement (four subsamples of five seedlings each), bars represent the mean while error lines represent the standard error (n = 4). Due to
pooling of the seedlings from the different replicates, no statistical test was done for the SELdiff measurements. For reference, the dashed line marks the commonly
used threshold of 4% which the SELdiff-25 should not exceed for safely storing of 1-year-old seedlings at subzero temperatures. Currently, there are no reference
values for freezing tests conducted at a target temperature of −10°C (SELdiff-10).

Figure 3. Relative gene expression levels of PaCO4 and PaCO8 for Norway spruce and of Ind1 and Ind2 for Scots pine seedlings. The numbers in the square labels
indicate the cold hardiness phase of both replicates (r1 & r2) corresponding to the NSure criteria. According to the ColdNSure™ test, none of the samples of Norway
spruce and only the seedlings of Scots pine that were treated with a photoperiod of five hours at 5°C were considered ready for cold storage.
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storage. The RGC results after three months of storage also
had a strong correlation with at least one of the relative
gene expressions and were negatively correlated to the
degree of damage measured by the SEL diff-10.

Modifying the photoperiod and duration of the SD-treat-
ment also has an impact on the energy consumption by the
lamps used. When using LED lamps at a constant light inten-
sity, the electricity consumption follows a linear relationship

Figure 4. Root Growth Capacity (RGC) for Norway spruce and Scots pine seedlings after three months in cold storage. Results are presented as individual data points
for each measurement (five subsamples of three seedlings each), bars represent the mean while error lines represent the standard error (n = 5). Due to pooling of the
seedlings from the different replicates, no statistical test was done for the RGC measurements.

Figure 5. Trend comparison between the average values of the methods used to assess the cold hardiness of Norway spruce and Scots pine seedlings. Bigger circles
represent the mean of each replicate or the total mean for SELdiff-10 and RGC where the seedlings were pooled together before sampling. The smaller dots show the
individual data points.
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between the photoperiod and the power of the lamps, with
more hours of use requiring proportionally more electricity.
During the pre-cultivation period (five weeks with 16 h photo-
period) the relative energy consumption per installed lamp
power was 560 kWh/kW. For the SD-treatments with a five
weeks duration the relative energy consumption corre-
sponded to 175 kWh/kW for a photoperiod of five hours
and 280 kWh/kW for a photoperiod of eight hours.

Discussion

The results support the hypothesis that cold hardening is an
energy-demanding process for the seedlings in which they
create carbohydrate reserves for the winter (Clapham et al.
2001; Landis 2013). This is in accordance with other studies
that suggest that too short photoperiods (Aronsson 1975;
McCreary and Duryea 1987), very low light intensities (Van
den Driessche 1970; Hansen and Eriksen 1993), or brief treat-
ment durations (Fløistad and Granhus 2013; Wallin et al. 2017)
may not be as effective in inducing cold hardiness.

Seedlings gradually consume their carbohydrates reserves
during refrigerated storage especially if the temperature is
above the freezing point when the respiration happens
even faster (Ritchie 1982; Luoranen et al. 2012). It has been
observed that seedlings of Norway spruce and Scots pine
can start the process of de-hardening even while still being
in dark cold storage, most likely due to depletion of soluble
sugars (Ögren et al. 1997; Lennartsson and Ögren 2002).
Thus, finding an optimal regime which provides enough
time for the cold hardiness to develop and enough light to
allow sufficient photosynthesis to occur is necessary when
the seedlings are cultivated under artificial light.

Similarly to what has been reported in other studies (Chris-
tersson 1978; Lavender 1984; Lindström and Nyström 1987;
Dormling 1993; Ryyppö et al. 1998; Colombo et al. 2001),
the results suggested that a lower temperature during the
SD-treatment is a key factor in inducing cold-hardiness as
well as for improving seedling quality after storage, especially
for Scots pine seedlings.

As the temperature decreases and the photoperiod
becomes shorter during the autumn at high latitudes, the
chlorophyll content in woody species decreases (Lewan-
dowska and Jarvis 1977; Chang et al. 2015). Although chloro-
phyll fluorescence has been reported to change throughout
the fall season, measuring it only from unfrozen samples to
evaluate freeze tolerance has been discouraged. This is
because the autumn cold might not be sufficient to cause
detectable damage in the needles and the results do not
always correlate with other cold-hardiness tests (Fisker et al.
1995; Binder and Fielder 1996a; L’Hirondelle et al. 2006).
Despite this, the results presented in this study showed signifi-
cant differences in chlorophyll fluorescence between the
temperature treatments. It could be possible that the cold
treatment applied did cause detectable damage on the PSII
due to the young age of the seedlings. To be certain of
making a correct assessment and identifying damaged
tissue L’Hirondelle et al. (2006) recommend to measure the
chlorophyll fluorescence in frozen samples in combination
with another method (e.g. SELdiff) that as well requires aTa
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freezing test. Even though chlorophyll fluorescence and SELdiff
methods work by measuring damage on different membrane
systems, they have been shown to be highly correlated (Burr
et al. 2001). Both methods share the advantage that the analy-
sis can be done in shorter time compared to RGC for example
and new devices allow handling large number of samples at
the same time.

The SD-treatments in this study did not seem to affect the
relative gene expression as much for Norway spruce as com-
pared to Scots pine. This could probably be explained due to
Norway spruce being a more cold-tolerant species with
different requirements compared to Scots pine (Aronsson
1975; Ögren et al. 1997; Søgaard et al. 2009). Being this a prob-
able consequence of the post-glacier movement of the
species into Scandinavia when Scots pine probably immi-
grated from central Europe while Norway spruce seems to
have spread mainly through the northwestern fringe
(Kullman 2002; Parducci et al. 2012).

The results of the molecular test and the cold storage
phases of ColdNSure™ are based on a method developed
for commercial nurseries evaluating older seedlings that
are exposed to natural cold temperatures in autumn and
will later be stored in subzero temperatures for several
months. Since the seedlings tested in this study were very
young, the current levels indicative for safe storage could
be adjusted for better matching the gene expression
profile of very young seedlings that will be cold stored up
to three months.

The SELdiff-10 results correlated well with the RGC test and
seedlings of both species that were SD-treated at lower temp-
eratures (5°C and 10°C) exhibited an increased freezing toler-
ance to −10°C. This was especially true for Scots pine
seedlings. In contrast, the results of SELdiff-25 showed no
clear conductivity response pattern among the treatments
for either species. This could be an indication that at −25°C
the cell membranes had totally collapsed and the lowest
temperature suited for testing these very young seedlings
had been exceeded (Lindström and Håkansson 1996;
Brønnum 2005).

Recent studies suggest that the safety threshold of 4% in
SELdiff-25 traditionally used for evaluating freezing tolerance
of conifer seedlings (Lindström et al. 2014) could be raised
for younger transplants intended for shorter periods of
storage without increasing the risk of damage (Wallin et al.
2019). As of the time of writing no safety thresholds were
found for freezing tests conducted at a target temperature
of −10°C (SELdiff-10) neither concrete guidelines for storing
very young seedlings. However, if the concept of year-round
cultivation at high density under LED lights is to be
implemented, new cold-hardiness assessment tests have to
be developed or adapted from the existing ones as suggested
by Wallin (2018). These new methods should be suited for
evaluating young seedlings that only need to withstand
cold storage at + 2°C for three months.

Comparing the results of the different methods allows for a
better understanding of how these measurements relate and
complement each other. Lower temperatures during the SD-
treatment reduced the chlorophyll fluorescence but also
reduced the intracellular damage after the freezing test

(SELdiff-10). This increase in cold tolerance corresponded well
with higher gene activity and a greater RGC after three
months of cold storage. This could indicate an enhanced
cold tolerance at lower SD-temperatures reflected as a
higher vitality and better capacity for growing new roots
when planted outdoors after cold storage. Since no freezing
test for the roots was performed, it is not possible to tell con-
cretely if there was any root damaged caused by the cold
storage and neither to which degree. As stated by Wallin
et al. (2019), root freezing tests for very young seedlings
need to be developed and applied to guarantee safe
storage and a successful introduction of the year-round culti-
vation concept.

Finding the optimal amount of light during the SD-treat-
ments, especially when the cultivation relies only on artificial
lighting, is very important for the economic feasibility of the
year-round cultivation concept. According to Riikonen and
Luoranen (2018b) the duration of the SD-treatment for
Norway spruce could be further optimized from five to
three weeks resulting in 60% energy savings. On the other
hand, if the light provided is overly restricted on the quest
of reducing energy costs it can negatively affect seedling
quality.

Finally, as it has been shown, temperature is a key factor
for the successful induction of cold-hardiness through SD-
treatments. Besides the biological effects on the develop-
ment of the seedlings, the air temperature in the growth
room facility has an important influence in the energy con-
sumption. Lower temperature settings require higher
energy to cool down the growth room facility and maintain
the conditions. This energy consumption is also dependent
of the outside temperature and its fluctuations. Electrical
equipment inside the room such as the LED lamps also
have a significant effect on the ambient temperature of
the cultivation area. These type of calculations are necessary
for the new year-round concept of pre-cultivation under LED-
lamps and some examples already exist in the literature
regarding thermal energy for controlled-environment cultiva-
tion (Vadiee and Martin 2013; Harbick and Albright 2016;
Liaros et al. 2016; Molin and Martin 2018a; Graamans et al.
2018; Molin and Martin 2018b).

Conclusions

Photoperiod and duration of SD-treatment

. When using LED lamps at 100 μmol·m−2·s−1, the tested
photoperiods during the SD-treatment did not show sig-
nificant differences in inducing cold hardiness in the seed-
lings of either species. However, very short photoperiods
(under five hours) or too brief treatment durations (under
three weeks) are not recommended as enough photosyn-
thetic light should be provided for the seedling to generate
sufficient carbohydrate reserves.

. Due to the impact on the electricity consumption, the
amount of time that the lamps are used should be
further investigated to find an optimum that avoids a nega-
tive effect on seedling’s development.
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Temperature

. Lower temperatures during the SD-treatment, especially
for Scots pine, had a significant effect on inducing cold
hardiness. The results showed that the seedlings that had
been treated at 5°C had the lowest shoot tissue damage
after freezing, presented the highest relative gene
expressions and had the highest capacity to grow new
roots after three months of cold storage.

This study has explored possible combinations of photo-
period and temperature for inducing cold hardiness in very
young forest seedlings cultivated solely under LED lamps.
Additional studies within this field of research are still necess-
ary for finding most suitable regimes. It was observed that
some of the current accepted methods for measuring freezing
tolerance in older seedlings are not well suited for predicting
the storability of very young seedlings intended to be cold
stored for three months at + 2°C. Developing and adapting
such tests will be one important topic for future research.
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