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Frost hardening in seedlings of four provenances of Norway spruce in 
response to simulated autumn conditions with decreasing and 
fluctuating temperatures
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The Norway spruce (Picea abies Karst.) is Europe’s most important conifer, 
both economically and ecologically. In Norway, it dominates regions such as 
Trøndelag,  Eastern  Norway,  and Helgeland.  With  climate  change leading  to 
warmer and more variable autumn temperatures,  understanding how these 
fluctuations affect the development of frost hardiness in seedlings is critical 
for successful forestry. This study investigated the autumn frost hardiness of 
first-year Norway spruce seedlings from four provenances: Undesløs seed or-
chard (latitude: 60.7° N, elevation: 140 m a.s.l.), L1 (63.3°- 65°N, 0-149 m), 
M4 (64°- 65°N, 350-449 m), and the long-distance transferred provenance Cv1 
(59.1°-60.2°N, 0-149 m). Seedlings were grown under two controlled condi-
tions: (i) a “typical autumn” with decreasing temperatures and (ii) an “atypi-
cal autumn” with fluctuating temperatures. In the “typical autumn” setting, 
day and night temperatures were programmed to decrease gradually over four 
weeks. In the “atypical autumn” setting, temperatures varied throughout the 
same period. Frost hardiness was assessed using a -25°C freeze test and quan-
tified via shoot electrolyte leakage (SEL). An index of injury (SELdiff-25) value ≤ 
4% indicated sufficient frost tolerance. Results showed that all seedlings from 
provenances Cv1, M4, and Undesløs developed sufficient frost tolerance. For 
provenance L1, 19 seedlings per treatment had SELdiff-25  values below 4, while 
one seedling in each treatment showed higher values (5.5 and 5.1, respec-
tively).  Negative SELdiff-25  values were observed in some seedlings across all 
provenances, particularly from Undesløs. The results demonstrate that first-
year Norway spruce seedlings can successfully develop frost hardiness under 
both decreasing and fluctuating autumn temperature regimes. These findings 
highlight the potential for nursery practices to replicate natural climatic pat-
terns, thereby enhancing seedling frost resilience. However, differences be-
tween  controlled  growth  chamber  conditions  and  natural  nursery  environ-
ments must be considered when applying these results to practical forestry. 
Overall, this study provides valuable insights into the variability in frost hardi-
ness often observed in field trials involving young Norway spruce.
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Introduction
Norway spruce (Picea abies [L.] Karst) is 

the most important conifer species in Eu-
rope,  both  economically  and  ecologically 
(Caudullo  et  al.  2016,  European  Commis-
sion 2025). In Norway, it  accounts for ap-
proximately 44% of the growing stock (vol-
ume inside bark) in forests (Statistics Nor-
way 2026). Most spruce forests in Norway 
are  regenerated  by  planting,  and  robust 
seedlings are essential for successful estab-
lishment. Each year, nearly 40 million Nor-
way spruce seedlings are planted for forest 
regeneration,  and  about  7.2  million  cubic 
meters  of  timber  are  harvested.  In  2024, 
Norwegian  nurseries  supplied  approxi-
mately 47.6 million seedlings, of which Nor-
way  spruce  comprised  92%  (Edvardsen 
2025).  In  Trøndelag,  commercial  spruce 
seedlings  are  produced  by  Skogplanter 
Midt-Norge (SPMN).

Frost  hardiness  refers  to  the  minimum 

subfreezing  temperature  a  seedling  can 
withstand without sustaining damage (Gle-
rum  1985).  Developing  frost  hardiness  is 
critical in nursery culture because seedlings 
lacking  adequate  hardiness  exhibit  lower 
survival  rates  after  field  planting  (Landis 
2013). The onset and development of frost 
hardiness  in  conifer  seedlings  depend  on 
several  factors,  including  seed  origin 
(Dæhlen  et  al.  1995),  photoperiod,  and 
temperature  (Christersson  1978,  Glerum 
1985,  Leinonen et al.  1996,  Søgaard et al. 
2009).

Norway’s annual temperature is  project-
ed to rise by approximately 3.4 °C by the 
end of the century if greenhouse emissions 
keep increasing (Norwegian Centre for Cli-
mate  Services  2025).  Between  1901  and 
2024, the mean temperature increased by 
about  1.4  °C,  while  precipitation  rose  by 
21%.  Recent  weather  patterns  near  Kvat-
ninga (Central Norway) during September 
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and October have shown considerable vari-
ability  in  air  temperature  (Fig.  1).  For  in-
stance, during the last week of September 
in 2014, temperatures ranged from 2.9 and 
8.4°C  (Fig.  1a),  whereas  in  2017,  they 
ranged from 12.4 and 14.2 °C (Fig. 1b). Simi-
larly,  during the  first  week of  October  in 
2012, temperatures ranged from 5.4 to 9.5 
°C (Fig. 1a), while in 2020, they ranged from 

12.2 and 13.9 °C (Fig. 1b). These fluctuations 
may influence frost hardiness development 
in  seedlings  from  different  provenances. 
However,  limited  information  exists  on 
how variable autumn temperatures affect 
the development of frost hardiness under 
standard  nursery  practices  in  seedlings 
from different provenances.

The main aim of this study was to evalu-

ate  differences  in  autumn frost  hardiness 
among  seedlings  from  four  provenances: 
Undesløs seed orchard, L1 (recommended 
for the lowland areas of Mid-Norway), M4 
(recommended  for  higher  elevations  in 
Mid-Norway),  and  Cv1  (recommended  for 
southern Norway). We examined their re-
sponse  to  two  distinct  autumn  tempera-
ture regimes: decreasing temperatures and 
fluctuating temperatures.  Our hypotheses 
were: (i) seedlings grown under decreasing 
temperatures  will  exhibit  greater  freeze 
tolerance than those grown under fluctuat-
ing  temperatures;  and (ii)  frost  hardiness 
development will vary among provenances 
originating from different latitudes and alti-
tudes.

Material and methods

Seed material
Seeds from four provenances (see Tab. 1) 

were obtained from the Norwegian Forest 
Seed  Center,  Hamar,  Norway.  For  the 
northern regions of Trøndelag county, the 
recommended  unimproved  forest-stand 
seed sources (provenances) are L1 for low-
land and M4 for higher elevations. L1 origi-
nates from forest stands located between 
63.3° and 65° N, at elevations of 0-149 me-
ters  a.s.l.  (Fig.  2).  In  contrast,  M4  is  col-
lected between latitude 64° and 65° N at el-
evations  of  350-449 meters  a.s.l.  (Fig.  2). 
Undesløs  seed  represents  the  improved 
seed source from the breeding program or-
chard  (Norwegian  Forest  Seed  Center). 
This orchard is assembled with tested and 
selected  parents  from  the  lowland  areas 
between 63° and 65° N. Its southern seed 
orchard (location at 60.7° N) implies some 
pollen contamination from the surrounding 
forest. Additional seed sources for the re-
gion may include long-distance transfers of 
provenances from latitudes around 59-60° 
N,  as  previously  suggested by  Liziniewicz 
et  al.  (2023).  This  is  exemplified  in  the 
present  study  by  Cv1,  which  originates 
from 59.1° to 60.2° N at elevations of 0-149 
meters a.s.l.
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Fig.  1 -  Daily  mean air  temperature  (°C)  recorded  by  meteorological  stations  near 
SPMN, Kvatninga (Central Norway) during the autumn season (from the end of Sep-
tember to the end of October). (a): From 2012 to 2016; (b): from 2017 to 2021. Meteo -
rological  data were obtained from MET Norway weather stations:  Namsos Airport 
(2012)  and Overhalla-Skogmo (2012-2021),  available  at  https://seklima.met.no/.  Data 
was unavailable for these dates: in 2015 (23/10); in 2021: (29/09); and in 2018 (26/09 - 
27/09, 29/09 - 30/09, and 03/10 - 09/10). The discontinuous temperature curve in 2018 
is due to missing data for 26 and 27 September, 29 and 30 September, and from 3-9 
October.

Tab. 1 - An overview of seed material of different provenances. Mean annual temperature (MAT) and temperature sum >5 °C (ddeg)  
are estimated from interpolated 1×1 grid data obtained from the Norwegian Meteorological Institute for the period 1961-1990.

Seed lot Provenance Place name
Crop
year

Latitude
(N)

Altitude
(m a.s.l.)

MAT
(°C)

ddeg
(>5°C)

Provenance description

F06-046 Undesløs
(seed orchard)

Østre Toten 2006 60.7° 140 3.4 1100 Seed orchard for lower elevations in 
Trøndelag, Norway

F07-002 M4 Lierne 2006 64°-65° 350-449 1.2 670 The Northern (Trøndelag) natural stand 
provenance begins growth early, 
terminates early, and develops frost 
hardiness earlier than L1, Cv1, and 
Undesløs

F07-071 Cv1 Drangedal/
Kragerø

2006 59.1°-60.2° 0-149 5.0 1300 Southern low-elevation natural stand 
provenance: growth starts moderately 
late and terminates late

F07-073 L1 Steinkjer 2006 63.3°-65° 0-149 4.3 960 Northern (Trøndelag) lower elevation 
natural stand provenance, adapted to 
Steinkjer
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Plant cultivation and fertilization
The experiments were conducted at the 

forest  nursery  (SPMN),  Kvatninga,  Over-
halla (64.47° N, 11.65° E), both in the green-
house and an outdoor area. Fig. 3 presents 
the  experimental  timeline.  Seeds  were 
sown on March 30, 2022, in base-fertilized 
Sphagnum peat mixed with 20% perlite (pH 
4.5), supplied by Svenarums Torvprodukter 
AB, Sweden. Seeds were sown in multipot 
plastic  containers,  each pot  having a  vol-
ume of 50 cm3 corresponding to a seedling 
density of 791 m-2. One seed was placed in 
each pot.  After  sowing,  a  layer  of  perlite 
was added to the top surface of the plugs 
to protect the seeds, improve aeration, en-
sure good drainage, and reduce moisture 
evaporation.  On March 31,  the containers 
were  transferred  to  the  greenhouse, 
where they received extended day-length 
lighting from April  13 to May 17, between 
23:00 and 03:00. On June 14, the contain-
ers  with  seedlings  were  relocated  to  an 
outdoor area at Kvatninga (see Fig. 3). Fig. 
S1  (Supplementary  material)  shows  the 
daily  mean  and  total  air  temperatures 
recorded between May 31 and September 
30.

Seedlings  were  watered  once  or  twice 
per week from early April through the end 
of  September.  Fertilization consisted of a 
mixture  of  nutrient  solutions:  Pioneer 
NPK(Mg) Makro Blå® 14-3-23(3)  (10% w/v), 
with a pH of 4.9 and an electrical conduc-
tivity (EC) of 1.2 µS cm-1, and Pioneer Micro® 

with  iron  (1.5%  v/v).  While  the  seedlings 
were grown outdoors (June 14 to August 
12),  they  received  six  applications  of  Cal-
cinit (10% w/v). Additionally, in June, seed-
lings  were  treated  twice  with  Acadian,  a 
biostimulant derived from Ascophyllum no-
dosum,  at  a  concentration  of  3.0  mL  L-1. 
Throughout the growth period, light inten-
sity was measured both inside the green-
house and outdoors using the SpectraPen 
mini-SM® 110/UVIS (Photon Systems Instru-
ments, PSI, Drasov, Czech Republic). Mea-
surements  were  taken  on  randomly  se-
lected dates.

Seed  germination  was  recorded  on  18 
April. The germination rate for provenance 
Cv1 was 89 %, for provenances M4 and Un-

desløs it was 84 %, and for provenance L1 it 
was 80 % (data not shown).

Growing conditions in growth chambers
On September 30, the multipot container 

with  seedlings  was  transferred  from  the 
outdoor environment to growth chambers 
(SGC  Standard  Growth  Chamber,  Weiss 
Technik GmbH, Heuchelheim near Gießen, 
Germany).  Each  multipot  container  was 
placed on a tray inside the growth cham-
bers. Using the S!MPATI® software (Weiss 
Technik – https://weiss-na.com/product/sim 
pati/),  we  simulated  two  distinct  autumn 
conditions:  Treatment  1,  “typical  autumn 
with  gradually  decreasing  temperature”, 
and  Treatment  2,  “atypical  autumn  with 
fluctuating temperature” (see Tab. S1 and 
Tab.  S2  in  the  Supplementary  material). 
The  autumn  conditions  were  based  on 

daily  mean  air  temperatures  recorded  at 
meteorological  stations near SPMN, Kvat-
ninga, during the autumn period (Septem-
ber 25 - October 24) from 2012 to 2021 (Fig.
1).  Treatment  1  (Tab.  S1)  represented  a 
four-week autumn period (late September 
to late October) with a gradual decrease in 
day  and  night  temperatures.  In  contrast, 
Treatment 2 (Tab. S2) mimicked the fluctu-
ating day and night temperatures observed 
at Kvatninga during the same period (Fig.
1).  For  example,  during  the  last  week  of 
September  (25.09  -  30.09),  temperatures 
varied  considerably  across  years:  in  2014, 
they ranged from 2.9 to 8.4 °C (Fig. 1a); in 
2020, from 5.4 to 13.9 °C; and in 2021, be-
tween 9.0 and 12.3 °C (Fig. 1b). Similarly, in 
the second week of October (08.10 - 14.10), 
temperatures ranged from 2.6 to 6.3 °C in 
2012 (Fig. 1a), 2.8 to 7.5 °C in 2017, and 4.0 
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Fig. 3 - Experimental timeline, including the date of seedling lifting, application of autumn conditions with decreasing and fluctuat -
ing temperatures (Treatment 1 and Treatment 2) in two separate growth chambers, freeze-testing of seedlings at -25 °C, and assess -
ment of freeze tolerance in both control and freeze-tested (F) seedlings using the SEL method.
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ryFig. 2 - Origin of 
provenances Cv1, 
L1, M4, and 
Undesløs. M4, L1, 
and CV1 were col-
lected from natu-
ral stands within 
the seed zones 
shown on the 
map. The prove-
nance Undesløs is 
a seed orchard 
located in seed 
zone Bv, fairly well 
isolated from sur-
rounding pollina-
tion, and the par-
ents originate 
from seed zones K 
and L.

https://weiss-na.com/product/simpati/
https://weiss-na.com/product/simpati/
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to 11.2 °C in 2021 (Fig. 1b). In Treatment 1, 
temperature ranges were as follows: dur-
ing  the  first  week,  8-14  °C;  the  second 
week,  7-12  °C;  third  week,  6-10  °C;  and 
fourth week, 4-7 °C (Tab. S1). In Treatment 
2, temperatures fluctuated more strongly: 
first  week,  7-11  °C;  second  week,  9-15  °C; 
third week, 4-7 °C; and fourth week, 4-11 °C 
(Tab. S2 in Supplementary material).

Daily  average,  minimum,  and  maximum 
temperatures  from  September  30  to  No-
vember 19 for both treatments are shown 
in  Fig.  4 and detailed  in  Tab.  S3  (Supple-
mentary material). The cumulative temper-
ature sums were nearly identical: 348.2 °C 
for Treatment 1 and 347.2 °C for Treatment 
2  (Tab.  S3).  Due to technical  issues,  both 

Treatments were extended to 6-7 weeks in-
stead of the planned 4 weeks. This exten-
sion was achieved by maintaining the envi-
ronmental conditions from week 4 for an 
additional 10-11 days (see Fig. S2 and Fig. S3 
in Supplementary material).

In  both  chambers,  light  intensity  from 
cool  and warm  white  lights  was  reduced 
weekly: 70% in week 1, 60% in week 2, 50% in 
week 3, and 40% in week 4 (Tab. S1,  Tab. 
S2).  Day  length  was  shortened  from  12 
hours to 9 hours over four weeks, decreas-
ing  by  one  hour  each  week,  while  night 
length increased from 12 to 15 hours over 
four  weeks.  Relative  humidity  was  main-
tained  at  80% in  both  chambers  (Tab.  S1, 
Tab. S2). On October 18, due to issues with 

the  S!MPATI  software,  the  program  for 
week 3 had to be restarted (see Fig. 4). Wa-
tering was done by adding 2 L of spring wa-
ter to each tray on four occasions: Septem-
ber 30,  October 18,  November 1,  and No-
vember 7. Changes in humidity and temper-
ature were recorded on these dates, coin-
ciding  with  the  opening  of  the  growth 
chambers  for  watering.  These  events  re-
sulted in a temporary drop in humidity and 
a rise in temperature (Fig. 4, see also Fig. 
S2 in Supplementary material).

The  day-night  cycles  of  temperature, 
light, photoperiod, and humidity recorded 
in two growth chambers from September 
30 to November 19 are shown in Fig. S2 and 
Fig. S3. Light intensity in each chamber was 
measured  using  the  SpectraPen  mini-SM 
(Photon Systems Instruments).  By  adjust-
ing the cool and warm white lights to 70%, 
seedlings received approximately 240 µmol 
m-2 s-1 of  photon flux density (PFD) during 
the first week. This intensity was gradually 
reduced to 60% (~200 PFD µmol m-2 s-1) in 
the second week, 50% (~160 PFD µmol m-2 

s-1)  in  the third week,  and 40% (~120 PFD 
µmol m-2 s-1) in the fourth week.

Seedling freezing test
The experiment was designed to evaluate 

the effects of provenance, autumn temper-
ature conditions (Treatments 1 and 2), and 
replication  on  seedlings’  frost  hardiness. 
On  November  11,  seedlings  from  each 
provenance  and treatments  were  divided 
into four groups (Tab. 2). Control seedlings 
from  Groups  1  and  3  remained  in  the 
growth  chambers  until  November  19. 
Seedlings from Groups 2 and 4 were frozen 
at -25 °C in a laboratory freezer, following 
established protocols (Fløistad 2002). Frost 
hardiness  was  assessed  by  the  extent  of 
cellular damage following exposure to sub-
zero temperatures. Seedlings were placed 
in polystyrene trays and covered with per-
lite to protect their roots, with a Styrofoam 
plate placed underneath. Using a program-
mable laboratory freezer (ZLN-T 300 Smart 
PRO®, POL-EKO, Poland), the temperature 
was gradually  decreased from room tem-
perature (21 °C) to 0 °C at a rate of 2 °C per 
hour. This temperature was maintained for 
three hours before being raised back to 0 
°C  at  the  same  rate.  During  the  freezing 
process,  the needles were misted for ten 
seconds  upon  reaching  0  °C.  After  the 
freezing cycle, the seedlings were held at 0 
°C in the same freezer for measurement of 
shoot electrolyte leakage (SEL), alongside 
the control (unfrozen) seedlings in growth 
chambers, as shown in Fig. 2. The tempera-
ture  cycle  recorded  during  the  freezing 
test  is  shown  in  Fig.  S4  (Supplementary 
material).

Freezing tolerance with electrolyte 
leakage

The SEL of  each individual  seedling was 
assessed  using  the  method  described  by 
Lindström  et  al.  (2014).  This  method  is 
based on the principle that the primary site 
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Tab. 2 - Seedling groups from both treatments for freeze testing at -25 °C.

Provenance
Treatment 1 Treatment 2

Group 1 
(Control)

Group 2 
(freezing test)

Group 3 
(Control)

Group 4 
(freezing test)

Cv1 20 20 20 20

L1 20 20 20 20

M4 20 20 20 20

Undesløs 20 20 20 20
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Fig. 4 - Average, minimum, and maximum temperatures (°C) recorded for each date 
from September 30 to November 19 (see also Tab. S3 in Supplementary material). (a): 
Temperatures recorded in growth chamber 1, where the Treatment 1 program was 
applied. (b):  Temperatures recorded in growth chamber 2,  where the Treatment 2 
program was applied.
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of  injury  in  damaged  tissues  is  the  cell 
membrane.  Loss  of  membrane  integrity 
leads  to  diffusion  of  cytoplasmic  electro-
lytes into water when tissues are immersed 
(Glerum 1985).  SEL  was determined from 
apical shoots of 20 control and 20 freeze-
tested seedlings per provenance and from 
each treatment (Tab. 2). The upper 3 cm of 
each  apical  shoot  was  excised,  washed 
once with spring water,  and rinsed three 
times  with  deionized  water.  Each  shoot 
was then immersed in 40 ml of deionized 
water  in  a  60  ml  plastic  bottle.  Samples 
from control (unfrozen) and freeze-tested 
(-25 °C) seedlings were prepared in parallel. 
Bottles were shaken on an orbital shaker at 
~150  rpm  for  24  h  in  darkness  at  ~21  °C. 
Electrical  conductivity (EC) was measured 
using an HQ 1140 conductivity meter with 
temperature  compensation.  We  recorded 
EC for  unfrozen control  samples (ECcontrol) 
and  freeze-tested  samples  (ECfreezed-25°C). 
Subsequently, all samples were autoclaved 
at 110 °C for 20 min at 1.2 bar, then cooled 
overnight at room temperature. A final EC 
measurement  (ECboiled)  was  then  taken. 
Natural  cell  leakage  (SELcontrol)  was  calcu-
lated as the ratio of ECcontrol to ECboiled,  fol-
lowing Lindström et al. (2014). The index of 
injury (SELdiff-25) was calculated by subtract-
ing the SEL value of a control seedling from 
that of a freeze-tested seedling:   SELdiff-25  = 
SEL-25 – SELcontrol.  This  calculation was per-
formed  for  20  seedlings  per  provenance 
for each treatment group.

Data analysis
The  data  were  analyzed  using  Minitab 

Statistical  Software,  v.  20.2  (Minitab  LLC, 
PA, USA). To verify that SEL data met the 
assumptions  of  normality,  independence, 
and homoscedasticity, we applied the An-
derson-Darling  test,  Durbin-Watson statis-
tic, and Bartlett’s test, respectively. A prob-
ability  plot  for  SEL  data  indicated  an  ap-
proximately normal distribution. To assess 
differences  between  control  and  freeze-
tested  seedlings  within  each  provenance 
and treatment,  we conducted a One-Way 
ANOVA followed by Tukey’s test (p < 0.05). 
A mixed-effects model (model 1) was em-
ployed to evaluate SEL responses to fixed 
factors:  provenance,  Treatments  1  and  2, 
freeze-testing at -25 °C, and interactions be-
tween  provenance  by  treatments,  prove-
nance by freeze-testing, and treatments by 
freeze-testing, with replicates treated as a 
random factor (eqn. 1):

(1)

where SELijkl is the observation for the i-th 
provenance (P) under the j-th treatment (T, 
1 and 2), under the k-th freezing test (F, -25 
°C and control), in the l-th replicate (R), PT, 
PF and TF are the interaction terms, and eijkl 

is the residual effect, and μ is the average. 
R and e are considered random effects that 
are normally and independently distributed 
with mean = 0 and a variance (NID, σ2).

A mixed-effects model (model 2) was also 
applied to assess responses of  SELdiff-25 to 
fixed  factors:  provenance,  Treatments  1 
and  2,  and  interaction  between  prove-
nance by treatments, with replicates treat-
ed as a random factor (eqn. 2):

(2)

where SELijk is the observation for the  i-th 
provenance (P) under the j-th treatment (T, 
1 and 2), in the k-th replicate (R),  PT is  the 
interaction term, and  eijk is the residual ef-
fect, and μ is the average. R and e are con-
sidered random  effects  that  are  normally 
and independently distributed with mean = 
0 and a variance (NID, σ2).

Results and discussion
The SEL from the shoots of control (un-

frozen) seedlings across four provenances 
ranged  from  4.6%  to  6.2%  in  Treatment  1 
and from 4.1% to 6.1% in Treatment 2. SEL 
from unfrozen shoots is measured to eval-
uate the real effect of freezing (Lindström 
et al. 2014), as disruption of cell membrane 
semi-permeability  typically  leads  to  in-
creased leakage.  The SEL from shoots  of 
freeze-tested seedlings across four prove-
nances ranged from 4.4% to 6.1% in Treat-
ment 1 and from 4.6% to 6.0% in Treatment 
2  (Fig.  5).  One-way  ANOVA  analysis  re-
vealed  that  freeze-tested  seedlings  of 
provenances  Cv1  and  L1  exhibited  signifi-
cantly higher SEL values compared to their 
respective controls (p < 0.001). In contrast, 
no  significant  differences  were  observed 
between  provenances  M4  and  Undesløs 
(Fig. 5). Across both treatments, SEL from 
control seedlings ranged from 4.1% to 6.2% 

(Fig.  5).  These  values  are  notably  lower 
than  those  reported  in  previous  studies. 
Sarvaš (2003) found SEL values of 11%-13% in 
unstressed  Norway  spruce  plants,  while 
Malmqvist  et  al.  (2017) observed  natural 
electrolyte  leakage ranging  from  12.5%  to 
29.5%  across  different  species  and  prove-
nances. The relatively low SEL observed in 
our  study  suggests  that  seedlings  main-
tained  under  the  two  treatments  experi-
enced  minimal  stress  prior  to  freezing, 
likely due to controlled climatic conditions.

The mixed model analysis showed highly 
significant  effects  of  both  freeze  testing 
and provenance on SEL (p < 0.001). There 
was also a significant effect of Treatment (1 
vs. 2, p < 0.05 – Fig. 6a). Additionally, the in-
teraction provenance  × freeze-testing was 
statistically significant (p < 0.001 – Fig. 6b). 
All other interactions were insignificant.

An  index  of  injury  (SELdiff-25)  was  calcu-
lated  for  each  of  the  20  seedlings  per 
provenance. According to  Lindström et al. 
2014, a SELdiff-25 value ≤ 4 indicates sufficient 
frost  hardiness for  autumn conditions,  al-
lowing  seedlings  to  be  placed  in  freeze 
storage  for  planting  in  the  following 
spring. All seedlings from provenances Cv1, 
M4, and Undesløs exhibited a SELdiff-25 value 
< 4  across  treatments  (Fig.  7a).  In  prove-
nance L1,  19 seedlings per treatment met 
this threshold, while one seedling in each 
treatment  showed  slightly  higher  values 
(5.5 and 5.1). Negative SELdiff-25  values were 
observed  in  some  seedlings  across  all 
provenances. Notably, two seedlings from 
provenance  Undesløs  under  Treatment  1 
exhibited values of -3.0% and -3.8%, and one 
seedling from Treatment 2 showed a value 
of -2.6 (Fig. 7a).  Provenance had a signifi-
cant effect on SELdiff-25  (p < 0.001), whereas 
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SELijkl=μ+Pi+T j+Fk+Rl
+PT ij+PF ik+TF jk+eijkl

SELdiff−25 ijk=μ+Pi+T j+Rk
+PT ij+eijk

Fig. 5 - Percentage of 
shoot electrolyte 
leakage (SEL) in con-
trol (unfrozen) and 
freeze-tested (-25 °C) 
seedlings from four 
provenances of Nor-
way spruce subjected 
to Treatments 1 and 
2. SEL in control (C) 
and freeze-tested (F) 
seedlings. Within 
each provenance, the 
F seedlings from Cv1 
and L1 provenances 
had significantly 
higher SEL than con-
trol seedlings (as indi-
cated by different let-
ters above the bars), 
while no significant 
differences were 
found for prove-
nances M4 and 
Undesløs (p < 0.05). 
Error bars represent 
95% confidence inter-
vals (n = 20).



Ahuja I et al. - iForest 19: 141-148

the effect  of  Treatment (1  vs. 2)  was not 
statistically significant (Fig. 7b).

Overall, regardless of autumn conditions 
applied,  nearly  all  seedlings  achieved  the 
target value (SELdiff-25  ≤ 4), except for two 
seedlings  from  L1  (Fig.  7a).  This  demon-
strates  that  simulating  autumn  climatic 
conditions in controlled growth chambers 
for approximately six weeks was effective 
in  inducing  frost  tolerance  in  first-year 
seedlings.  Although  it  is  important  that 
seedlings  develop  sufficient  hardiness  to 
tolerate winter conditions, it remains chal-
lenging to predict whether the frost hardi-
ness observed in these provenances will be 
adequate for more extreme winter events, 
as  these results  represent  only  the initial 
findings  from  our  investigation.  The  Nor-
wegian  Forest  Seed Center  has  used this 
procedure for several years to assess com-
mercial  batches  of  Norway  spruce  seed-
lings  from  different  provenances  prior  to 
freeze storage. Historically, these seedlings 
have generally performed well in the field 
after  planting  the  following  spring,  al-
though results vary with planting-site con-

ditions. Moreover, it is worth emphasizing 
that  frost  hardiness can be influenced by 
numerous  environmental  and  manage-
ment-related  factors,  including  photope-
riod,  temperature,  day  length,  precipita-
tion,  interactions  among  these  factors, 
storage duration, and lifting dates (Burr et 
al.  1990,  Heide  1974,  Sarvaš  2003).  Addi-
tionally,  Lindström  et  al.  (2014) and 
Malmqvist  et  al.  (2017) have  emphasized 
that  assessments  of  shoot  freezing toler-
ance should be complemented by evalua-
tions of root freezing tolerance. However, 
in Norway, no established method for mea-
suring root freeze tolerance is currently in 
use.

Our  results  showed  robust  frost  toler-
ance  development  under  simulated  au-
tumn  conditions  and  are  consistent  with 
findings  suggesting  that  Norway  spruce 
possesses  considerable  capacity  to  cope 
with climatic variation. For example,  Esper 
et al. (2014) reported that current climate 
change has  not  negatively  impacted Nor-
way  spruce  in  the  European  Alps,  where 
the  species  remains  robust  within  moun-

tain  forests.  Vacek  et  al.  (2019) demon-
strated  that  Norway  spruce  exhibits 
greater  resistance  to  climatic  extremes 
when grown in  admixture  stands  than in 
monospecific  stands.  These  studies,  to-
gether with our findings, suggest that Nor-
way spruce may have substantial potential 
to adapt to future climatic conditions.

The  SELdiff-25  method,  widely  used  to  as-
sess the storability of Norway spruce seed-
lings (Lindström et al.  2014,  Malmqvist  et 
al.  2017),  confirmed  slight  differences  in 
freezing  tolerance  between  treatments 
(Fig. 7b). This likely reflects the combined 
influence  of  low  temperatures  and  pho-
toperiod in inducing frost hardiness in coni-
fers (Christersson 1978,  Glerum 1985,  Pulk-
kinen 1993,  Søgaard et al. 2009). A recent 
work  by  Riikonen  et  al.  (2023) indicated 
that warm spells followed by low tempera-
tures in late autumn had negligible effects 
on  freezing  damage  in  short-day-treated 
seedlings. The electrolyte leakage method 
has  been  used  to  test  frost  hardiness  in 
several forest species, including Douglas fir 
(Pseudotsuga menziesii),  Scots pine (Pinus 
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Fig. 6 - Effects of provenance, freeze-testing, and treatments on SEL, including an interaction between provenance × freeze-testing. 
(a): Effects of provenance (p < 0.001), freeze-testing (p < 0.001), and treatments (p < 0.05) on SEL, where the dashed reference line 
represents the overall mean. (b): Effect of an interaction between provenance × freeze-testing on SEL (p < 0.001).

Fig. 7 - Index of injury (SELdiff-25) values for twenty seedlings from four provenances of Norway spruce subjected to Treatments 1 and  
2. (a): SELdiff-25  values for individual seedlings. (b); Effects of provenance (p < 0.001) and Treatments 1 and 2 on SELdiff-25,  where the 
dashed reference line represents the overall mean. (n.s.): non-significant.
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sylvestris),  and Red spruce  (Picea rubens). 
Across  these  studies,  freezing  tempera-
tures ranged from -3 to -48 °C, with varia-
tion in cooling rates, duration of exposure 
at  targeted  temperatures,  and  the  plant 
parts tested (for example,  needles,  buds) 
(Aronsson & Eliasson 1970, Malmqvist et al. 
2017,  Murray et al.  1989,  Wu et  al.  2023). 
Murray et al. (1989) applied the electrolyte 
leakage method to quantify frost damage 
in 1-year-old red spruce seedlings by expos-
ing them to -3  °C,  -6  °C,  -9  °C,  and -12  °C, 
demonstrating that the conductivity meth-
od is  a  reliable  tool  for  frost  damage as-
sessment in this species. As cited by Malm-
qvist  et  al.  (2017),  Sakai  &  Weiser  (1973) 
found coastal  Douglas  fir  to  be consider-
ably more frost-sensitive, with a maximum 
freezing tolerance of approximately -20 °C. 
Consequently,  Malmqvist et al. (2017) test-
ed shoot freeze tolerance at -20 °C rather 
than at -25 °C, thereby diverging from the 
standard method described by  Lindström 
et  al.  (2014).  Overall,  these  studies  high-
light  that  the  shoot  electrolyte  leakage 
method can be successfully applied across 
a range of forest species; however, the ap-
propriate  target  temperature  may  differ 
from the -25 °C threshold used for testing 
seedlings of Norway spruce.

Conclusions
All  twenty  seedlings  from  provenances 

Cv1, M4, and Undesløs developed sufficient 
frost tolerance. In contrast, nineteen of the 
twenty seedlings from the L1  provenance 
exhibited frost hardiness under each treat-
ment.  This  study  demonstrates  that  first-
year Norway spruce seedlings have the po-
tential to develop frost hardiness when ex-
posed  to  controlled  autumn  conditions 
characterized by both decreasing and fluc-
tuating temperatures. These findings high-
light the potential  of nursery practices to 
effectively mimic natural climate patterns, 
thereby producing seedlings with improv-
ed frost resilience. However, it is essential 
to recognize the differences between con-
trolled  growth  chamber  conditions  and 
natural nursery environments when apply-
ing these findings to practical forestry. Fu-
ture research should aim to conduct these 
tests  earlier  (for  example,  after  four 
weeks)  and  include  a  broader  range  of 
temperature  variations  to  better  under-
stand their impact on seedling frost hardi-
ness.  Furthermore,  the  results  contribute 
to our understanding of frost-hardiness-re-
lated variations observed in field trials with 
young  Norway  spruce  plants.  Additional 
studies  should  include  a  wider  array  of 
provenances  and  more  contrasting  tem-
perature regimes to further elucidate the 
mechanisms underlying frost hardiness.
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Electrical conductivity (EC); 
Shoot electrolyte leakage (SEL).
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