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ARTICLE INFO ABSTRACT

Keywords: The annual growth cycle of boreal trees is synchronized with seasonal changes in photoperiod and temperature.
Temperature response A warmer climate can lead to an earlier bud burst and increased risk of frost damage caused by temperature
Picea abies backlashes. In this study we analysed site- and provenance specific responses to interannual variation in tem-
I?:citb:iit perature, using data from 18 Swedish and East-European provenances of Norway spruce (Picea abies), grown in

three different sites in southern Sweden. The temperature sum requirements for bud burst, estimated from the
provenance trials, were correlated with the provenance specific place of origin, in terms of latitudinal and
longitudinal gradients. Frost damage had a significant effect on tree height development. Earlier timing of bud
burst was linked to a higher risk of frost damage, with one of the sites being more prone to spring frost than the
other two. The estimated provenance specific temperature sum requirements for bud burst were used to
parametrize a temperature sum model of bud burst timing, which was then used together with the ensemble of
gridded climate model data (RCP8.5) to assess the climate change impact on bud burst and associated risk of frost
damage. In this respect, the simulated timing of bud burst and occurrence of frost events for the periods
2021-2050 and 2071-2100 were compared with 1989-2018. In response to a warmer climate, the total number
of frost events in southern Sweden will decrease, while the number of frost events after bud burst will increase
due to earlier bud burst timing. The provenance specific assessments of frost risk under climate change can be
used for a selection of seed sources in Swedish forestry. In terms of selecting suitable provenances, knowledge on
local climate conditions is of importance, as the gridded climate data may differ from local temperature con-
ditions. A comparison with temperature logger data from ten different sites indicated that the gridded temper-
ature data were a good proxy for the daily mean temperatures, but the gridded daily minimum temperatures
tended to underestimate the local risk of frost events, in particular at the measurements 0.5 m above ground
representing the height of newly established seedlings.

Gridded climate data

1. Introduction

The boreal bioclimatic zone covers a range of latitudes, with a mix of
oceanic and continental conditions. As a result of local adaptation to
seasonal changes in day length and temperature, the timing of pheno-
logical events, such as bud burst and bud set, of boreal trees varies be-
tween different provenances (Hanninen, 1990; Hanninen, 2016). The
cell division and growth of the buds resume in spring after the break of
winter dormancy. Some weeks following bud burst, the trees have fully
differentiated shoots with needles spreading. During summer, the
growth of trees continues and new buds for the next year are sprouted. In
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the autumn, the cell division slows down until it completely stops, and
the tree enters dormancy to prepare for the dark and cold winter
(Hanninen, 2016).

Trees of all sizes are sensitive to freezing temperatures while in
active growth. The critical phase is the seasonal change from dormancy
to active growth and vice versa (Christersson and Fircks, 1988; Sakai
and Larcher, 1987). Trees that are not able to track the seasonal changes
properly may show reduced or hampered growth. Typical spring frost
events are often caused by radiation frosts that occur when cold air
accumulates under conditions with clear skies and no wind, and they are
often site specific (Hammersmith, 2014; Langvall, 2000). Spring frost
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events due to radiation frost are most critical to young trees, often at tree
heights below 2 m, but may also be harmful to larger trees (Augspurger,
2009). Frost damage can be reversible and non-reversible, with the
latter being characterized by ice formation within the protoplast,
resulting in needle losses and death of seedlings (Larcher, 1981; Weiser,
1970). In contrast, autumn frosts tend to be less of a problem compared
to spring frost in large parts of southern Sweden, partly because the
current year shoots are not as sensitive to frost at that time (Langlet,
1960; Skrgppa and Magnussen, 1993).

In Sweden, Norway spruce (Picea abies) is one of the most widespread
and important tree species for both economic and ecological aspects.
The spruce forest stands are predominately even-aged and managed
with thinning and clear-cutting. In such forest practices spring frosts
may locally be a major problem. Regeneration is commonly carried out
by planting of seedlings, with the selection of plant material being
influenced by expected growth and local risk of frost damage. The
Swedish breeding populations and seed zones are divided into the
northern and southern areas (Berlin et al., 2019; Rosvall, 2003). The
border between northern and southern Sweden in this respect follows an
east-west line between latitudes 60°N and 61°N, which divides the
boreal from boreo-nemoral forests, also called Limes Norrlandicus (Fries,
1948). In the north of Sweden, a latitudinal transfer to the north from
the local origin is recommended to take advantage of the higher growth
capacity of the more southern provenances (Kroon and Rosvall, 2004;
Rosvall and Ericsson, 1982). In the south of Sweden, plant material
originating from East Europe is commonly used, due to a higher growth
capacity and later timing of bud burst with lower risk of frost damage
than the local provenances (Danusevicius and Persson, 1998; Persson
and Persson, 1992; Werner and Karlsson, 1983).

The timing of bud burst can be estimated from a provenance specific
temperature sum requirement (Hannerz, 1998). Provenances from the
north have a generally lower temperature sum requirement than prov-
enances from the south, an adaptation to a shorter growing season with
later and faster temperature progression in spring. However, to break
dormancy a period of exposure to chilling is needed (Nienstaedt, 1967;
Worrall and Francois, 1967). Trees that have not been exposed to suf-
ficient chilling may respond by delayed bud burst due to increased
temperature sum requirement for bud burst (Hannerz et al., 2003;
Heide, 1993; Man et al., 2017). In addition, photoperiod may interact
with temperature during different stages of dormancy release to regulate
the timing of bud burst (Basler and Korner, 2014; Kramer et al., 2017).
Long photoperiods may compensate for a lack of chilling by reducing the
temperature sum requirement to reach bud burst, but no photoperiod
effect has been found when the chilling requirement was fulfilled
(Heide, 1993; Myking and Heide, 1995). Absence of photoperiod effect
on the timing of bud burst in some studies can be related to the exper-
imental conditions of a constant photoperiod, which do not resemble the
rate of photoperiod change under natural conditions. In contrast, under
conditions of sufficient chilling, gradual shortening of the natural
photoperiod was shown to delay bud burst, while continuous length-
ening of the photoperiod advanced bud burst (Basler and Korner, 2014;
Caffarra et al., 2011; Partanen et al., 1998).

A warmer climate will affect the duration of the boreal growing
season and impose an earlier timing of bud burst. Phenological models
driven by climate data can be applied to estimate the timing of bud burst
and frost risk (Augspurger, 2013). The simplest bud burst models are
based on the temperature sum accumulation (forcing) above a threshold
value, modelled as linear or logistic functions. There are models
including both chilling and temperature sum accumulations, occurring
in sequence or in parallel (Hanninen, 1995; Linkosalo et al., 2008;
Linkosalo and Hanninen, 2006). Photoperiod can be included as a
starting day for the temperature sum accumulation, or as a dynamic
variable modifying the temperature response, e.g. BC model (Bliimel
and Chmielewski, 2012). More complex models considering a combined
effect of photoperiod, chilling and forcing, have also been introduced, e.
g. the Promoter-inhibitor model (Schaber and Badeck, 2003), the
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Unified model (Chuine, 2000), and the DORMPHOT model (Caffarra
et al., 2011). Temperature sum models are among the best performing
models, and commonly outperform models accounting for chilling and
photoperiod, though these factors can be of importance to consider if the
requirements are not fulfilled (Linkosalo et al., 2008; Linkosalo and
Hanninen, 2006; Olsson and Jonsson, 2015). Earlier studies have indi-
cated that climate change may induce an increased risk of spring frost
damage due to higher frequency of frost episodes during a vulnerable
phase of shoot development (Bennie et al., 2010; Jonsson et al., 2004;
Saxe et al., 2001). South Sweden is influenced by the fine balance be-
tween a reduced risk of frost due to a generally warmer climate and an
increased risk caused by spring backlashes following an early bud burst
(Jonsson and Barring, 2011; Langvall, 2011a). Which process will
dominate, depends on the degree of warming in combination with the
provenance specific responses. Scenario assessments are thus needed to
address the impacts of climate change, and the potential to mitigate an
increased risk of frost damage via the selection of a suitable provenance.

The aim of this study was to analyse site- and provenance specific
responses to seasonal changes in temperature conditions using data from
three field sites with provenance trials in southern Sweden. We analysed
the timing of bud burst and risk of spring frost damage under current and
future climate conditions, as influenced by provenance specific tem-
perature requirements. The climate change impact was assessed for
southern Sweden, comparing two future periods 2021-2050 and
2071-2100 with the recent past, 1989-2018, using an ensemble of
gridded climate model data representing RCP8.5. A temperature sum
model was selected as the base model, and its validity was addressed by
separately calculating chilling units and chilling days. In terms of
selecting suitable provenances, local climate conditions are of impor-
tance, and gridded climate data may differ from the local temperature
conditions (Olsson and Jonsson, 2015). Potential biases were depicted
by comparing daily mean and minimum temperatures of gridded
observed data with data from temperature loggers at ten different sites
in southern Sweden.

2. Materials and methods
2.1. Field site descriptions

This study is based on data from three Norway spruce provenance
trials established in the spring 2002 in southern Sweden in Sund
(57.86°N, 15.23°E, 240 m a.s.l.), Toftaholm (57.03°N, 14.04°E, 155 m a.
s.l.) and Skarsnas (56.25°N, 14.39°E, 125 m a.s.l.) (Fig. 1). The trials
were planted as single tree plots in a randomized block design with 25
replications and an initial spacing of 1,8 x 1,8 m. Seeds were collected
from 6 Swedish provenances and 12 East-European provenances in the
spring 2000 (Table 1). The seedlings were grown in the nursery at
Skogforsk (Forestry Research Institute of Sweden) research station
Ekebo for two years (2000-2001). The trial’s establishment year, 2002,
was considered as the first growth season. The provenances used
(Table 1) are assumed to be autochthonous, though the background of
the provenance Istebna is partly unclear.

2.2. Data on timing of bud burst, tree height and frost damage

Data from the field sites have been collected over the years by
Skogforsk. The bud burst and shoot development were assessed in the
spring of 2004, during the third growth season, for each individual tree
according to Krutzsch scale (Krutzsch, 1973). The stage 0 was consid-
ered as corresponding to dormant bud, stage 3 to bud burst, and stage 8
to fully differentiated shoots with full-fledged basal needles. The ob-
servations were made on May 24, May 23, and May 21 in Toftaholm,
Sund and Skarsnas, respectively. The timing of the observations was
selected to capture the whole span of phenologic variation (i.e. to enable
monitoring of both early and late flushing provenances at the same
time), aiming for the stages to be normally distributed (i.e. with a few



T. Svystun et al.

—

Y

625°N

C

v

60.0° N ) @1

i“%
@2 ”’y
” V\ @8 @ Toftaholm /

‘E) [ ] kal sna
S o o

575°N =

@10

&

150" E

—~

55.0°N :i>//

100" € 125°E

Fig. 1. Field sites with phenology assessments and temperature logger data in southern Sweden, years -

observations in stages 0 and 8).

Spring frost damage was noted at the same time as phenology ob-
servations in two of the sites, Toftaholm and Skarsnas. The frost damage
was assessed for each individual tree according to the binary scale of
0 (no damage) and 1 (damage) at the same time as phenology assess-
ments. The tree was considered damaged when the apical shoot and at
least 30% of all shoots from that year were visibly damaged, i.e. brown
and dying. The dataset also included assessments of height growth in the
autumn of 2007 (after 6 growth seasons) at all sites, and autumn of 2014
(after 13 growth seasons) at Toftaholm only.

2.3. Climate data

This study included three sets of climate data with information on
both daily mean temperature and daily minimum temperature (details
below). To link the field observations with observed temperature con-
ditions, gridded observed temperature data (E-OBS) were used (Cornes
et al., 2018), as none of the field sites with phenology assessments were
equipped with temperature loggers. To discuss the potential influence of
systematic and random differences between local climate conditions and
gridded data, data from ten field sites with temperature loggers (Fig. 1)
were compared with the corresponding gridded observed data.

To generate reference simulations and future projections of bud burst
and risk of frost, we used gridded climate model data covering southern
Sweden (Giorgi et al., 2009). The transient simulations, 1989-2100,
were all based on bias corrected climate model data. That is, the climate
model data provided had been adjusted using gridded observed climate
data (MESAN 1989-2010) (Haggmark et al., 2000), to be fully repre-
sentative of the regional climate conditions. The climate model data for
this period are however still based on model simulations only. The data
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® Field sites with temperature loggers
® Field sites with phenology assessments

Name Years
1 Edeback 2013-2018
2 Hallefors 2013-2018
6{?‘, 3 Grimso 2013-2018
4 Snippen 2015-2017
5 Malmeslatt 2013-2018
6 Kongsryd 2013-2018
7 Ingatorp 2014-2018
8 Haknaryd 2013-2018
9 Tostarp 2013-2018
10 Kallstorp 2013-2018

200" E

data collected between these years.

are thus not representative of the observed weather and could not be
used in chronological comparisons with field data. The gridded observed
data (E-OBS) were therefore used in all such comparisons.

2.3.1. Gridded observed temperature data

Gridded observed temperature data for the period 1989-2018 were
derived from the European gridded observational dataset (E-OBS
version 20e), with a spatial resolution of 0.1-degree regular latitude/
longitude grid. E-OBS is generated from the interpolation of station-
derived meteorological observations by the European Climate Assess-
ment & Dataset (ECA&D) project. The E-OBS version 20e provides an
improved estimation of interpolation uncertainty compared to the
original E-OBS data set (Haylock et al., 2008) through calculating a 100-
member ensemble of each daily field (Cornes et al., 2018).

2.3.2. Temperature logger data

From 2013, Skogforsk has installed temperature stations in all newly
established tree breeding field sites. At each field site a temperature
station consisting of two temperature loggers at 0.5 m and 1.8 m above
ground was established at a central position of the trial. The loggers used
are HOBO Water Temperature Pro v2 Data Logger - U22-001 from Onset
Computer Corporation (US) and each logger was installed in a solar
radiation shield (RS-1). The loggers assessed the temperature at both
heights every 30 min. In this study, we compiled the data from ten field
sites (Fig. 1) and calculated the site specific daily mean and minimum
temperatures, to enable a comparison with the corresponding gridded
observed dataset.

2.3.3. Climate model data
Climate model temperature data for the period 1989-2100 were
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Table 1

Provenances included in this study, Swedish and East-European groups, with
information on the latitude and longitude of the place of origin, and the country
of origin.

Name Group Latitude Longitude Country of
(°N) (°E) origin

Angelsfors ~ Swedish 60.54 16.14 Sweden

Laxarby Swedish 59.02 12.32 Sweden

Bollebygd Swedish 57.71 12.5 Sweden

Ramkvilla Swedish 57.2 14.85 Sweden

Emmaboda  Swedish 56.63 15.57 Sweden

Rezekne 1 East- 56.5 27.35 Latvia
European

Hallaryd Swedish 56.47 13.9 Sweden

Malta East- 56.25 27.25 Latvia
European

Istra East- 56.25 27.83 Latvia
European

Rezekne 2 East- 56.08 27.42 Latvia
European

Svente East- 55.83 26.25 Latvia
European

Ignalina East- 55.4 26.38 Lithuania
European

Vitebsk East- 55.2 30.25 Belarus
European

Trakai East- 54.58 24.75 Lithuania
European

Punia East- 54.53 24.05 Lithuania
European

Minsk East- 53.9 27.55 Belarus
European

Bialystok East- 53.12 23.17 Poland
European

Istebna East- 49.57 18.89 Poland
European

obtained from CORDEX project, with a spatial resolution of 0.11-degree
latitude/longitude in a rotated pole grid. To account for uncertainties
associated with climate model data, three datasets were included
(Table 2). The datasets consisted of data from one regional climate
model SMHI-RCA4, that had been driven by CERFACS-CNRM-CM5,
IPSL-CM5A-MR and M—MPI-ESM—LR global climate models, all rep-
resenting concentration pathway RCP8.5, and bias adjusted with a
distribution-based scaling method using data from MESAN 1989-2010
(Haggmark et al., 2000).

To capture a transient effect of temperature rise, the climate model
data were split into three 30-year periods: 1989-2018 (reference
period), 2021-2050 (near future) and 2071-2100 (far future). All var-
iables were calculated for each climate model data set separately, and an
average of the model output was used in this study.

2.3.4. Comparison of gridded observed temperature data and temperature
logger data

To compare the gridded observed temperature data (representing the
temperature at 2 m above ground) with the logger temperature data (0.5
and 1.8 m above ground), Cumulative Density Functions (CDFs) were
created for the months of January to June, i.e. the time period of rele-
vance for bud burst and spring frost events. This method, developed for
the purpose of bias correction, provides a non-linear comparison of

Table 2
Full names of the climate model datasets included in the study.

Dataset

tasAdjust EUR-11_CNRM-CERFACS-CNRM-CM5_rcp85_r1ilpl_SMHI-RCA4 v1-SMHI-
DBS45-MESAN-1989-2010_day

tasAdjust_EUR-11_IPSL-IPSL-CM5A-MR _rcp85_r1ilpl_SMHI-RCA4_v1-SMHI-DBS45-
MESAN-1989-2010_day

tasAdjust_ EUR-11_MPI-M-MPI-ESM-LR rcp85_r1ilpl_SMHI-RCA4_vla-SMHI-DBS45-
MESAN-1989-2010_day
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systematic differences between data sets (Brocca et al., 2011; Drusch
et al., 2005). In this study, the gridded data were rescaled so that their
CDF matches the CDF of the logger data, and then both were ranked and
plotted against relative temperature (mean and minimum), to enable a
visual comparison of datasets.

2.4. Analysis of temperature sum and chilling differences among sites and
provenances

2.4.1. Calculation of temperature sums

For each individual tree, the temperature sum (TS) needed to reach
bud burst was calculated as an accumulation of daily mean temperature
above a threshold value (Eq. (1)):

TS — IZI{ Tmezm(t - Tlhreshnld-, imeezm(t) 2 Tlhresho]d (1)

)

=t 07 ifT,m,,,,,(l) < Tlhresho]d
where TS is the temperature sum requirement for bud burst (growing
degree-days, GDD), Tmean(t) is the daily mean temperature (°C) on day t,
Tihreshold iS the threshold temperature (°C), t, is the starting day for
temperature sum accumulation, t; is the day of bud burst (day of the
year, DOY). Tiesnola Was set to +5 °C, as it has been found to be optimum
for predicting the timing of bud burst in Norway spruce in Sweden
(Hannerz, 1999). The choice of a starting day for the temperature sum
accumulation within the first three month of the year in southern
Sweden under current climate conditions has been shown to not
significantly affect the calculations, as the contribution of this period to
the temperature sum has been rather small (Hannerz, 1999). In our
study, the starting day was set to January 1, to ensure that the climate
change signal can be fully captured, as a starting day in March can be too
restrictive. In addition, two ways of calculating the temperature sum
were compared, starting from 1) January 1 and 2) onset of vegetation
period (the first day of year after four consecutive days with a daily
mean temperature above +5 °C). The average difference between two
methods was small, 12 + 6 GDD, and in all further analysis the tem-
perature accumulated from January 1 was used.

2.4.2. Estimation of the date of bud burst

Since the dataset on bud burst and shoot development only included
one observation of shoot development per tree, the date of bud burst
(stage 3) had to be estimated for some trees, following the method in
Hannerz (1999). This was done by using the temperature sum require-
ment of 40 GDD (+5 °C) per stage of shoot development. This value was
obtained from the slope of the regression line of shoot development
stages 2-6 (according to Krutszch scale) on temperature sum (Hannerz,
1999). For the trees observed that had not reached stage 3, the 40 GDD
were multiplied by the number of stages remaining to reach stage 3, and
the day of bud burst was calculated by adding the number of days
needed to accumulate this to the date of observation. For the trees that
had passed stage 3, the 40 GGD were multiplied by the number of stages
exceeding the stage 3, and the day of bud burst was calculated by sub-
tracting the time needed to accumulate this from the timing of obser-
vation. For shoot development stages below 2 and above 6, a linear
approximation was assumed to be valid based on the figures of mean bud
and shoot development presented by Langvall and Lofvenius (2019) for
different sites representing a latitudinal gradient from 57°N to 64°N.

2.4.3. Calculation of chilling

To assess if the trees were exposed to a sufficient amount of chilling
prior to the start of temperature sum accumulation (i.e. before January
1), the accumulation of chilling was calculated for autumn/ winter 2003
for each field site using two methods, i.e. as a number of chilling days
(Eq. (2)) and a number of chilling units (Eq. (3)).

The number of chilling days (CD) was calculated as the number of
days with a mean temperature below a threshold value (Cannell and
Smith, 1983) (Eq. (2)):
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1 .
— 1! lmeean (t) < Tlhreshold
b= Z{ 0, ifToean(t) > Tinreshola @

t=to
where CD is the number of chilling days, Tmean(t) is the daily mean
temperature (°C) on day t, Tinreshoia iS the threshold temperature (°C), ty is
the starting day for chilling accumulation (September 1), t; is the last
day for chilling accumulation (December 31). Tieshola Was set to +5 °C.

The number of chilling units (CU) was calculated according to the
triangular function (Sarvas, 1974) (Eq. (3)):

Tean(t) = T1 .
#7 lle S Tmean (t) S Tupl
f Topl - T]
CU=Y T~ Talt) . 3
purn ﬁ7 ifTop < Tean(t) < T
0, otherwise

where CU is the accumulated chilling units, T; is the minimum tem-
perature threshold (°C), T,y is the optimum temperature (°C), T is the
maximum temperature threshold (°C). Tmean(t), to and t; are the same as
above (Eq. (2)). The parameter values developed by (Hanninen, 1990)
for Finnish forest tree species, including Norway spruce, were used in
the computations: Ty = —3.4 °C, Toy = +3.5 °C, To = +10.4 °C.

Previous studies suggested that the chilling requirement for Norway
spruce is between 20 and 40 chilling units or approximately the same
number of chilling days (Hannerz, 1998; Hannerz et al, 2003;
Hanninen, 1996). Hannerz et al. (2003) has found the chilling require-
ment to be lower for the northern Swedish provenances, representing
continental type of response, intermediate for the southern Swedish
provenance (Emmaboda), and higher for Belarus provenance (Vitebsk).
In this study, the accumulated amount of chilling was separately
compared with 40 chilling units and 40 chilling days, the upper limits of
the chilling requirement, to ensure that the entire range of chilling re-
quirements is fulfilled.

2.4.4. Statistical analysis

To compare the absolute temperature sum requirements of the in-
dividual trees (Eq. (1)), the effects of field site, provenance and block
were analysed with two-way analysis of variance (ANOVA). In addition,
we analysed the relative temperature requirements in a similar way, to
account for that the use of gridded observed temperature data may
induce artificial differences among sites, caused by biases between grid
cell averages and local climate conditions. The relative temperature
sums (delta GDD) were obtained by comparing the individual temper-
ature sums with a base line, calculated as the mean value of the
Angelsfors provenance.

To explore the variation in temperature sum requirement along cli-
matic gradients, two linear regression lines were derived with temper-
ature sum requirement as a function of latitude and longitude of the
provenance origin. A multiple linear regression was carried out to
analyse the relationship with both latitude and longitude.

2.5. Analysis of frost risk differences among sites and provenances

2.5.1. Calculations of frost events

Frost risk was assessed by the occurrence of frost events, defined as
days with minimum temperature below —2 °C and 0 °C. The threshold of
—2 °C was chosen to represent the temperature at which plant cells start
to freeze (Jonsson et al., 2004), as the freezing point of the cell sap is
lowered by solutes (Larcher, 2003). The threshold of 0 °C was used for a
comparison.

For each field site, site specific risk of frost was calculated as the
annual average number of frost events occurring between January 1 and
June 29 (DOY 180) over a 30-year period (1989-2018).

At each field site, provenance specific risk of frost was calculated as
the cumulative number of spring frost events between bud burst and
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June 29 during 2002-2007 and 2002-2014, to be compared with the
height measurements after 6 and 13 growth seasons, respectively, to
enable a comparison with the data on frost damage. For those years,
where no observations on bud burst were done, the timing of bud burst
was estimated from the temperature sum requirement for bud burst (Eq.
(1.

For 2004, the year when frost damage assessments were made in
Toftaholm and Skarsnas, two measures of frost severity were calculated
for each individual tree: the number of frost events during the frost
susceptible period (defied as a period between bud burst and frost
damage assessment day, to enable a comparison with the data on frost
damage) and the lowest minimum temperature during the frost event.

2.5.2. Statistical analysis

To assess the impact of frost damage on tree height after 6 and 13
growth seasons, the average height of frost damaged trees was compared
to the average height of non-damaged trees within the groups of Swedish
and East-European provenances at Toftaholm and Skarsnas. The signif-
icance of difference in height between frost-damaged and non-damaged
trees and between the groups of Swedish and East-European prove-
nances at an individual tree level was tested with two-way ANOVA. To
analyse the influence of additional factors on height development, the
effects of spring frost events, temperature sum requirement for bud burst
(Eq. (1)), site, provenance, and block were tested at an individual tree
level using ANCOVA (Im function in R).

To evaluate the relationship between frost damage and exposure to
the lowest minimum temperature during the frost susceptible period, the
Pearson’s correlation was used.

2.6. Climate change impact assessment

To assess the climate change impact on tree’s phenological responses
and associated risk of frost damage under warmer climate conditions,
the simulations of the timing of bud burst and occurrence of spring frost
events were performed over 30-year periods using regional climate
model data. All calculations were made for the three climate data sets
separately, and the presented results represent ensemble averages.

The climate signal was expressed as the annual average number of
frost events between January1 - June 29. The exposure to chilling before
the start of temperature sum accumulation was examined by calculating
the annual average number of chilling days (Eq. (2)) and chilling units
(Eq. (3)) between September 1 - December 31. The date of bud burst was
predicted by the temperature sum requirement for bud burst (Eq. (1)).
The provenance specific risk of frost was assessed by calculating the
cumulative number of spring frost events with threshold of —2 °C be-
tween bud burst and June 29 and the lowest minimum temperature
during the frost event.

The outputs were illustrated by maps. For each field site and prov-
enance trial the output variable value was calculated as the weighted
average of each grid cell and the 8 surrounding grid cells, to get esti-
mates representative of the regions. The climate change signal was
calculated by comparing the near future (2021-2050) and far future
(2071-2100) with the reference period (1989-2018). The results for
southern Sweden for two contrasting Norway spruce provenances,
Angelsfors and Minsk, representing Swedish and East-European groups,
respectively, were displayed in the result section, and results for the
other 16 provenances are provided in Appendix S3 (Figs. C1-C16).
Detailed results of simulations with the climate model data for each field
site and provenance trial are provided in Appendix S3 (Tables C1-C4).

3. Results

3.1. Chilling and temperature sums differences among sites and
provenances

The three sites had slightly different temperature conditions in
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autumn/winter 2003. However, the chilling requirement of 40 chilling
units and 40 chilling days was met by the beginning of December at all
sites. The accumulated number of chilling units was the same in Tofta-
holm and Sund, 60 units, but chilling expressed as chilling days was
higher at Sund than at Toftaholm, 68 compared with 63 days. Skarsnas
had a slightly less amount of chilling compared to the other sites, 57
chilling units and 48 chilling days.

There were only minor differences in the provenance specific tem-
perature sum requirement for bud burst between the sites (Table 3). The
earliest and latest bud burst took place at 133-243 GDDs at Sund,
131-257 GDDs at Skarsnas, and 132-266 GDDs at Toftaholm. Northern
provenances had in general lower temperature sum requirements
compared to more southern provenances, with Laxarby having the
lowest temperature sum, and Minsk and Punia the highest. Istebna, the
southernmost provenance, deviated from the latitudinal pattern with a
temperature sum requirement close to the general average. A two-way
ANOVA revealed significant effects of field site (p < 0.05) and prove-
nance (p < 0.001) on the absolute temperature sums required for bud
burst, with no significant block effect. When re-calculated based on
relative temperature sums, the temperature differences among sites
were removed, and only the provenance effect turned out as significant
(p < 0.001). The absolute temperature sums, calculated as the average of
the three sites, were used in all further analysis.

There was a clear difference between the two groups of Swedish and
East-European provenances, with the latter having higher temperature
sum requirement determined by the more southern latitudinal origin

Table 3

Mean temperature sum requirements for bud burst, expressed as growing degree
days (GDD) above + 5 °C, and standard deviation for different Norway spruce
provenances.

Provenance  Toftaholm Sund Skarsnas
No. of GDD No. of GDD No. of GDD
trees trees trees
Angelsfors 36 159 + 38 153 + 48 154 +
57 43 49
Laxarby 35 132 £ 39 133 + 46 131 +
48 43 45
Bollebygd 42 154 + 41 151 + 49 157 +
54 53 56
Ramkvilla 39 159 + 39 142 + 47 154 £
45 37 45
Emmaboda 30 193 + 38 181 + 49 189 +
56 56 61
Rezekne 1 35 198 + 34 200 + 49 199 +
62 60 66
Hallaryd 34 156 + 28 174 + 43 136 +
65 53 43
Malta 34 240 + 35 216 + 49 227 +
38 40 53
Istra 40 234 + 36 219 + 47 224 +
56 49 57
Rezekne 2 35 208 + 32 193 + 46 200 +
60 55 50
Svente 32 224 + 25 227 + 31 214 +
53 44 56
Ignalina 30 233 + 25 237 + 42 240 £+
52 36 56
Vitebsk 33 224 + 36 223 + 47 230 +
52 45 49
Trakai 34 244 + 35 220 + 45 234 +
42 48 57
Punia 31 259 + 31 243 + 47 257 +
36 27 43
Minsk 30 266 + 30 240 + 45 251 +
32 27 33
Bialystok 32 230 + 33 237 + 44 242 +
61 35 53
Istebna 27 201 + 32 206 + 41 221 +
78 56 66

Average 206 200 203
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(Fig. 2). Within the East-European group, provenances with more con-
tinental origin usually exhibited lower temperature sum requirement
compared to those closer to coast. Istebna, a provenance from the
mountain range area of southern Poland, stands out in terms of having
an intermediate requirement in combination with the lowest latitude of
origin. There were significant correlations between the provenance-
specific temperature sum requirement for bud burst and the lat-
itudinal (R? = 0.43, p < 0.001, Fig. Ala) and longitudinal (R? = 0.71, p
< 0.0001, Fig. A1b) gradients, and with both latitude and longitude (R
= 0.84, p < 0.001) in a multiple linear regression.

3.2. Frost risk differences among sites and provenances

At all sites, the number of frost events continuously decreased as the
day of the year progressed and the accumulated temperature sum
increased (Fig. 3). Toftaholm had more late frost events compared to the
other sites, especially at threshold 0 °C. Laxarby, the provenance with
the earliest bud burst, was more likely to experience frost damage in
Toftaholm than in Sund or Skarsnas. At the average timing of bud burst,
the number of frost events was close to zero at Sund and Skarsnis,
whereas Toftaholm displayed a risk of frost events below 0 °C.

Spring frost events after bud burst below 0 °C were more frequent
than below —2 °C at all three field sites during all growth seasons
(Table 4). The trees experienced the highest number of spring frost
events in Toftaholm, and fewer events in Sund. In Skirnas, the trees
rarely experienced any spring frost event. Due to an earlier timing of bud
burst, Swedish provenances experienced more spring frost events than
the East-European provenances. Laxarby was most exposed to spring
frost, followed by Hallaryd, Bollebygd, Anglesfors and Ramkvilla.
Minsk, Punia, and Trakai were least exposed to spring frost.

The average tree height after 6 growth seasons for Sund, Toftaholm
and Skarsnas was 205 cm, 238 cm and 254 cm, respectively, and 687 cm
after 13 growth seasons for Toftaholm. The average height of frost
damaged trees was lower compared to non-damaged trees for Swedish
and East-European provenance groups at Toftaholm and Skarsnas after 6
growth seasons, and at Toftaholm after 13 growth seasons (Fig. A2).
Both factors, the frost damage and provenance group had a significant
effect on height, with p < 0.0001 and p < 0.05, respectively. Tree height
and cumulative number of spring frost events after 6 growth seasons
displayed a significant relation, when data from all sites at threshold
—2 °C were analysed separately for Swedish and East-European prove-
nances (Table 5). In Toftaholm, the site that was most frost prone, sig-
nificant relations were observed for Swedish provenances after 6 growth
seasons at both thresholds, and for all provenances after 13 seasons. In
most cases the relations were positive, negative effect was displayed for
Toftaholm after 13 growth seasons. When analysing the effect of tem-
perature sum at timing of bud burst on tree height, similar significant
relations were observed, although the model coefficients mainly dis-
played the opposite sign.

The provenances with most frost-damaged trees in the spring of 2004
in Toftaholm were Angelsfors, Ramkvilla, Bollebygd, Laxarby and Hal-
laryd (Table 6). During the frost susceptible period, the same prove-
nances experienced more frost events compared to the others at both
thresholds. Also in Skarsnas, with less severe frost events than Tofta-
holm, the Swedish provenances were more frost-damaged than the East-
European provenances. The correlation between exposure to the lowest
minimum temperature during frost susceptible period and occurrence of
frost damage was —0.31 in Toftaholm and 0.04 in Skarsnas, indicating
that the selection of provenance is more critical at frost prone sites. This
was further explored by plotting the percentage of frost-damaged trees
in Toftaholm versus the provenance specific temperature sum require-
ment (Fig. 4). Provenances with lower temperature sums had higher
percentage of frost-damaged trees.
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Fig. 2. Provenance-specific temperature sum requirements for bud burst. Each symbol represents the provenance, with numbers representing the average tem-

perature sum of the three field sites, expressed as growing degree days above +5 °C.
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Fig. 3. The annual average number of frost events between January 1 - June 29 (DOY 180) below 0 °C and —2 °C over 30 years (1989-2018), calculated from EOBS
data: a) in relation to the day of the year, b) in relation to the accumulated temperature sum, expressed as growing degree days (GDD) above +5 °C. Dashed vertical
lines indicate the average temperature sum required for bud burst in two different provenances: Laxarby (with the earliest date of bud burst) and Angelsfors (most
northern origin). Solid vertical lines indicate the average temperature sum required for bud burst at the three different sites, given all individual trees.

3.3. Analysis of gridded observed temperature data and data from
temperature loggers

A comparison between ten site specific CDFs of gridded temperature
data and logger data at 0.5 m and 1.8 m indicated that gridded data were
a good approximation of the mean temperature at all sites (Figs. B1-
B10). The comparison between gridded and observed minimum tem-
perature indicated that the gridded observed data tended to over-
estimate the local minimum temperature, i.e. warmer than observed
(Figs. B12-B20), in particular in comparison with the 0.5 m logger. Only
for one out of ten sites, Edeback, did the gridded observed data provide
an underestimate of the minimum temperature compared to local ob-
servations (Fig. B11). In appendix, results from January to June are
shown, as this period is of relevance for calculating the onset of

vegetation period and bud burst. Similar results were however obtained
also for July to December.

3.4. Climate change impact assessments

For the reference period 1989-2018, the number of frost events be-
tween January 1 - June 29 increased along the latitudinal gradient of
Sweden (Fig. 5), ranging between 30 and 130 events per year below
0 °C, and between 25 and 120 events per year below —2 °C. The number
of frost events will decrease in response to climate change. A decrease
within the range of 5-20 frost events per year was projected for the near
future, 2021-2050, with a relatively homogeneous pattern across
southern Sweden. A reduction of 25-50 events per year below 0 °C and
by 15-50 events per year below —2 °C was projected for the end of the
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Table 4
Provenance specific frost risk, i.e. cumulative number of spring frost events below 0 °C and —2 °C occurring between bud burst and June 29 (DOY 180) during 6 and 13
growth seasons (GS) at the three different field sites.

Provenance Toftaholm Sund Skérsnis
6 GS 13 GS 6 GS 13 GS 6 GS 13 GS
<0°C <-2°C <0°C <-2°C <0°C <-2°C <0°C <-2°C <0°C <-2°C <0°C <-2°C
Angelsfors 13.3 2.3 31.2 9.3 2.7 0.3 7.3 1.1 0.5 0.2 3.4 0.4
Laxarby 17.1 3.2 41.6 13.3 4.2 0.5 11.6 2.2 0.8 0.2 5.8 0.6
Bollebygd 14.0 2.5 33.0 10.0 3.3 0.4 9.1 1.7 0.5 0.1 3.9 0.4
Ramkvilla 12.5 1.7 29.0 7.8 3.3 0.3 8.9 1.2 0.3 0.0 3.1 0.2
Emmaboda 8.1 1.0 19.9 4.9 2.0 0.2 5.2 0.8 0.1 0.0 2.0 0.1
Rezekne 1 8.2 1.1 20.0 5.2 1.4 0.2 3.9 0.7 0.3 0.1 2.3 0.2
Hallaryd 14.2 2.7 33.5 10.4 2.4 0.6 6.6 2.0 0.7 0.2 4.8 0.5
Malta 3.2 0.2 9.0 1.8 0.5 0.0 1.2 0.0 0.1 0.0 0.8 0.1
Istra 4.5 0.5 12.2 2.9 0.7 0.0 1.7 0.1 0.1 0.0 0.9 0.1
Rezekne 2 6.9 0.7 17.0 4.1 1.4 0.2 3.9 0.6 0.1 0.0 1.0 0.1
Svente 5.2 0.5 13.1 3.0 0.5 0.0 1.3 0.2 0.0 0.0 0.7 0.0
Ignalina 4.1 0.4 11.6 2.6 0.2 0.0 0.6 0.0 0.0 0.0 0.6 0.0
Vitebsk 4.8 0.4 12.8 2.8 0.5 0.0 1.3 0.1 0.0 0.0 0.3 0.0
Trakai 3.1 0.1 8.4 1.5 0.6 0.0 1.5 0.1 0.1 0.0 0.8 0.1
Punia 2.3 0.1 7.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0
Minsk 1.8 0.0 6.3 1.1 0.1 0.0 0.2 0.0 0.0 0.0 0.1 0.0
Bialystok 5.1 0.7 13.7 3.7 0.3 0.0 0.6 0.0 0.0 0.0 0.5 0.0
Istebna 9.1 1.8 23.0 7.2 1.1 0.1 3.1 0.5 0.2 0.0 1.3 0.1
Average 7.6 1.1 19.0 5.2 1.4 0.2 3.8 0.6 0.2 0.0 1.8 0.2
Table 5

ANCOVA table describing the relation between tree height and exposure to spring frost events (FE) occurring between bud burst and June 29 (DOY 180), growing
degree days (GDD) at timing of bud burst (BB) and provenance (prov.). Model significance (p-values) and coefficients (COEFF) for all provenances, Swedish prove-
nances (Swe) and East-European provenances (EE) after 6 growth seasons (GS) at all sites and Toftaholm, the most frost prone site, and after 13 growth seasons at
Toftaholm only.

Site Data (prov.) No. of GS Spring FE < 0 °C GDD at BB Prov. Spring FE < -2 °C GDD at BB Prov.
p COEFF p COEFF P p COEFF p COEFF p
All All 6 n.s. <0.01 —0.08 <0.0001 n.s. <0.001 —0.05 <0.0001
Swe n.s. <0.001 —0.14 <0.0001 <0.05 1.26 <0.001 —0.14 <0.0001
EE n.s. n.s. <0.0001 <0.01 2.0 <0.05 —0.001 <0.0001
Toftaholm All 6 n.s. <0.001 0.16 <0.0001 n.s. <0.0001 0.1 <0.0001
Swe <0.01 0.83 n.s. <0.001 <0.01 0.92 n.s. —0.06 <0.001
EE n.s. ns. <0.001 ns. <0.05 0.16 <0.001
Toftaholm All 13 <0.001 —0.03 n.s. <0.0001 <0.01 0.03 <0.01 0.02 <0.0001
Swe n.s. n.s. n.s. n.s. n.s. n.s.
EE n.s. n.s. <0.01 n.s. n.s. <0.01
Table 6

Percentage of frost-damaged trees for each provenance in spring 2004 (the third growth season) in Toftaholm and Skarsnas in comparison with different measures of
frost severity. The number of frost events (FE) and the lowest minimum temperature are calculated for the frost susceptible period (between bud burst and frost damage
assessment date), an average value for each provenance, based on 33 and 45 individual observations per provenance in Toftaholm and Skarsnas, respectively, is
displayed.

Provenance Toftaholm Skarsnas
Frost-damaged trees (%) T min (°C) FE Frost-damaged trees (%) T min (°C) FE
<0°C <-2°C <0°C <-2°C

Angelsfors 42 —2.42 3.6 1.3 2 1.64 0.0 0.0
Laxarby 32 -2.77 4.2 1.4 2 1.60 0.0 0.0
Bollebygd 36 -2.12 3.3 1.2 10 1.69 0.0 0.0
Ramkvilla 41 -2.39 3.3 1.0 9 1.79 0.0 0.0
Emmaboda 20 -1.06 2.0 0.6 8 1.84 0.0 0.0
Rezekne 1 24 -1.88 2.8 0.9 4 1.67 0.0 0.0
Hallaryd 29 —2.47 3.8 1.5 5 1.64 0.0 0.0
Malta 6 —-0.36 1.0 0.3 2 1.84 0.0 0.0
Istra 5 -1.36 2.1 0.6 0 1.84 0.0 0.0
Rezekne 2 21 -1.59 2.4 0.7 0 1.84 0.0 0.0
Svente 16 -1.75 2.4 0.7 0 1.84 0.0 0.0
Ignalina 3 —-0.73 1.6 0.4 0 1.84 0.0 0.0
Vitebsk 9 -1.02 1.8 0.5 0 1.84 0.0 0.0
Trakai 9 —0.63 1.2 0.4 2 1.84 0.0 0.0
Punia 0 —-0.78 1.3 0.4 0 1.84 0.0 0.0
Minsk 0 0.12 0.5 0.2 0 1.84 0.0 0.0
Bialystok 6 -1.89 2.9 1.0 2 1.84 0.0 0.0
Istebna 22 —2.69 4.2 1.6 0 1.70 0.0 0.0
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Fig. 4. Percentage of frost-damaged trees for each provenance, recorded in spring 2004 in Toftaholm, in relation to the provenance specific temperature sum
requirement for bud burst, expressed as growing degree days (GDD) above +5 °C. Grey line is the regression line.
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Fig. 5. The annual average number of frost events between January 1 - June 29 (DOY 180) below (a) 0 °C and (b) —2 °C in southern Sweden. The results are based on
temperature data from three climate models representing RCP8.5. Three time periods were assessed (i) 1989-2018, (ii) 2021-2050, (iii) 2071-2100. The climate
change signal was expressed as the difference between time periods, (iv) 2021-2050 and 1989-2018, (v) 2071-2100 and 1989-2018.

century, according to RCP8.5, with the eastern parts of the study area
displaying the most pronounced change.

During the reference period, the number of chilling days and chilling
units (calculated from September 1 till December 31) varied between 55
and 110 and 40-60 per year, respectively, over a major part of Sweden

(Fig. 6). The chilling days increased gradually from the south to north,
while the chilling units were more evenly distributed over the study
area. The model simulations indicated that a warmer climate will be
associated with a reduction in chilling days. Southern parts of the study
area will likely be experiencing a more pronounced reduction than
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(iv) Change 2021-2050 (v) Change 2071-2100

Fig. 6. (a) The annual average number of chilling days and (b) the annual average number of chilling units, representing the period September 1 till December 31, in
southern Sweden. The results are based on temperature data from three climate models representing RCP8.5. Three time periods were assessed (i) 1989-2018, (ii)
2021-2050, (iii) 2071-2100. The climate change signal was expressed as the difference between time periods, (iv) 2021-2050 and 1989-2018, (v) 2071-2100

and 1989-2018.

northern parts, up to 30 chilling days per year in the far future. The
chilling units displayed a mixed pattern of change in response to a
warmer climate, with a decrease of up to10 chilling units per year in the
south, and an increase of up to 15 chilling units per year towards the
north in the far future. The chilling requirement of 40 chilling units and
40 chilling days was fulfilled in all years during the reference period and
the near future. During the far future, in 30-40% of years the accumu-
lated amount of chilling over the southern coastal areas (which corre-
sponds to approximately 4% of gridcells) will be slightly lower than 40
chilling units or chilling days, i.e. 35 + 2 chilling days and 38 + 1
chilling units.

The timing of bud burst occurred predominantly in May and June
(DOY 120-180) in 1989-2018, following a latitudinal gradient (Fig. 7a).
For all provenances, the model simulations indicated a similar direction
of change in response to a warmer climate (Fig. 7a, Figs. Cla-C16a). Bud
burst was projected to occur about 10 days earlier in most parts of the
study area in 2021-2050 compared with 1989-2018. This corresponds
to DOY 130-160 for the Angelsfors provenance and DOY 140-175 for
Minsk. RCP8.5 assumes a stronger climate change signal in 2071-2100,
corresponding to about 30 days earlier bud burst over a major part of
southern Sweden, and up to 60 days earlier along the western coast. This
corresponds to DOY 120-135 for the Angelsfors provenance and DOY
130-140 for Minsk.

The exposure to spring frost varied between 0 and 17 spring frost
events per 30 years among provenances for the period 1989-2018, with
an average of 7 frost events (Fig. 7b). Provenances from northern
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latitudes were more exposed to spring frost events compared to those
from southern latitudes (Fig. 7b, Figs. C1b-C16b). The earliest prove-
nance may experience a substantially increased risk of frost exposure,
for Angelsfors up to 9 and 29 events for the periods of 2021-2050 and
2071-2100, respectively. The corresponding numbers for Minsk are
11-20 and 5 events.

During the reference period, the spring frost events were associated
with lower temperatures in the north of the study area than in the south
(Fig. 8, Figs. Clc-Cl6c). The exposure to low temperatures differed
among provenances, with the early bursting Angelsfors being more
exposed to frost episodes than late bursting Minsk (Fig. 8). Future pro-
jections illustrated that larger parts of the study area will be exposed to
spring frost events, along with trends toward less cold events in the
northern parts and colder events in the southern parts.

4. Discussion

In southern Sweden, the rotation period of Norway spruce is 60-90
years (Skogsstyrelsen, 2020), which means that trees currently planted
will be exposed to a different climate. In a future climate, the risk of frost
damage caused by spring frost events will potentially increase (Jonsson
and Barring, 2004; Langvall, 2011b). Recommendations of suitable seed
sources for deployment need to gradually consider the potential of
growth and frost avoidance in the current as well as future climate
conditions. To this end, we analysed the provenance specific timing of
bud burst in relation to the risk of spring frost damage, using a
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Fig. 7. (a) The average day of bud burst and (b) the cumulative number of spring frost events over 30 years with the threshold of —2 °C calculated from the day of
bud burst till June 29 (DOY 180) in southern Sweden. The simulations represent the earliest and latest Norway spruce provenances assessed in this study. Results for
the other provenances can be found in Appendix S3. The results are based on temperature data from three climate models representing RCP8.5. Three time periods
were assessed (i) 1989-2018, (ii) 2021-2050, (iii) 2071-2100. The climate change signal was expressed as the difference between time periods, (iv) 2021-2050 and
1989-2018, (v) 2071-2100 and 1989-2018.
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Fig. 8. The lowest minimum temperature during a spring frost event (between the day of bud burst and June 29, DOY 180) in southern Sweden for the earliest and
latest Norway spruce provenances assessed in this study. Results for the other provenances can be found in Appendix S3. The results are based on temperature data
from three climate models representing RCP8.5. Three time periods were assessed (i) 1989-2018, (ii) 2021-2050, (iii) 2071-2100. The grid cells without any spring

frost event are displayed in grey.

combination of statistical methods and phenological modelling
approaches.

Phenological models attempt to describe the interaction between
temperature and photoperiod in release of dormancy and regulation of
the timing of bud burst. The common temperature sum model has been
demonstrated to give the most robust predictions under current climate
conditions, outperforming chilling-forcing models and more complex
photoperiod-chilling-forcing models (Hannerz, 1999; Linkosalo et al.,
2008; Olsson and Jonsson, 2014). The photoperiod has been suggested
to have a role in enabling the initiation of bud burst in Norway spruce
(Partanen et al., 2001), with development before the winter solstice
being restricted (Partanen et al., 1998; Partanen et al., 2001). This is in
line with having January 1 as a starting date for temperature sum cal-
culations. The photoperiod may further influence the temperature
response. A phenology model assuming enhanced temperature response
by photoperiod when days become longer (Bliimel and Chmielewski,
2012) has been found to be as good as the temperature-sum model in
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simulating the timing of bud burst of Norway Spruce (Olsson and
Jonsson, 2014; Olsson and Jonsson, 2015). In this study, the simpler of
the two models was used, as information on provenance-specific re-
sponses to photoperiod in spring is lacking. The separate calculation of
chilling units and chilling days also indicated that the temperature sum
model with January 1 as the starting day was to be considered as reliable
for all provenances assessed, under both current and future climate
conditions. However, in an even warmer climate associated with a po-
tential lack of chilling, models with a chilling component should be
included. The temperature sum requirement for bud burst is then usually
assumed to increase with the decreasing amount of chilling (Heide,
1993; Kramer et al., 2017; Man et al., 2017).

4.1. Temperature sum differences among sites and provenances

In this study, the estimated temperature sum requirement for bud
burst was associated with model assumptions and uncertainties. The
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significant effect of provenance on the absolute temperature sum
requirement for bud burst of the individual tree indicated provenance
differentiation in this trait. There were no major differences in the
phenological responses among three field sites, the potential differences
between sites attributed to the usage of gridded observed temperature
data were accounted for by analysing relative temperature sums. This in
turn removed the effect of site on the temperature sum requirement for
bud burst, which enables the generalization of the provenance specific
temperature sums (expressed as an average value of three sites) for an
arbitrary site.

The provenance differentiation in the timing of bud burst along cli-
matic gradients was demonstrated by strong significant correlations
between temperature sum requirements for bud burst and latitude and
longitude. Spruce trees from East Europe require a higher thermal sum
before bud burst compared to spruce trees from northern Sweden, as the
seasonal temperature progression in the north occurs later and faster, in
response to the returning day light (Jonsson and Barring, 2011). The
effect of latitude was confounded with the longitudinal gradient, i.e.
within the East-European group provenances with more continental
origin tended to have lower temperature sum requirement compared to
those from western parts, influenced by oceanic conditions. Latitude and
longitude should be considered as a proxy for climatic conditions, with
latitude representing the onset of warm temperatures in spring and
differences in photoperiod, while longitude indicating the likelihood of
warm spells occurring in winter (Eysteinsson et al., 2009).

Despite the uncertainty related to temperature sum requirement
estimation based on single year observations, the sites average values
and the range of the accumulated temperature sums at bud burst were
close to the value estimated by Langvall and Lofvenius (2019) for Asa
site (i.e. 200 GDD on average with the range 146-246 GDD), located at
approximately the same latitude as sites in our study, 57°N. The varia-
tion among the provenances in the temperature sum requirement for
bud burst was within the ranges observed by earlier studies (Beuker,
1994; Hannerz, 1999; Hannerz et al., 2003). Compared to the prove-
nance specific values estimated by Hannerz (1994) from the studies in
Uppsala and Brunsberg, the temperature sum requirement in our study
was similar for the northern Swedish provenances, but about 70 and 90
GDD higher for the Belarus provenances, Vitebsk and Minsk, respec-
tively. To explain these differences, we compared the previous chilling
exposure between the studies. However, in relation to the specific years
with observations, the differences in the amount of chilling between
sites in our study and Uppsala/ Brunsberg were small, with the standard
deviation of 4 chilling units and 11 chilling days. In addition, by
comparing mean monthly temperatures in April-May of the year of bud
burst assessments at different sites, no relation between spring temper-
atures and the temperature sum for bud burst was found. Due to the
latitudinal differences between Uppsala/ Brunsberg (60°N) and sites in
our study (57°N), the variation in temperature sums required to reach
bud burst can be attributed to the effect of photoperiod on the temper-
ature sum requirement, i.e. faster increase of photoperiod after the
spring equinox at 60°N may promote earlier bud burst compared to
lower latitudes (Caffarra et al., 2011; Olsson and Jonsson, 2014).

4.2. Frost risk differences among sites and provenances

The likelihood of a frost event generally decreased as the accumu-
lated temperature sum increased. The local risk of frost was dependent
on the climate conditions at each field site, with the southernmost site
Skarsnas being the least frost prone. Since the sites are in southern
Sweden and to some extent are influenced by oceanic conditions from
the Baltic Sea and the Atlantic Ocean, the risk of occurrence of more
severe frost events below —2 °C was close to zero even at the earliest
timing of bud burst.

The risk of frost damage during a given year is influenced by several
factors, the ambient temperature influences the rate of dehardening,
development and bud burst, and a local frost episode must occur for the
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tree to get damaged (Augspurger, 2013). Frost damage had a major
impact on Norway spruce height development, while genetic prove-
nance specific differences seemed to have an additional effect on the
variation in height between individual trees. The start of the growing
season, as defined by timing of bud burst, thereby being related to the
risk of frost damage, can further modify the tree height development,
with the positive and negative model coefficients indicating a fine bal-
ance between the two factors frost events and growing degree days at
bud burst. The positive effect of growing degree days on height was
expected, since later bud burst is usually associated with later growth
cessation, thereby longer growing season. Later start of the growing
season is also linked to a lower risk of frost damage. However, a negative
effect of growing degree days on height may be related to a very late bud
burst, linked to a higher risk of autumn frost instead, creating a
hampered growth (Hannerz et al., 1999). The stochastic nature of frost
events may be the reason behind why the expected negative relation
between frost events (0 °C) and height was detectable only after 13 years
at the most frost prone site, Toftaholm. A possible explanation for the
positive relation between frost events (mainly —2 °C) and height is that
these were rare events, so in most years an early onset may provide a
growth benefit. An additional explanation is that the analysis was only
based on the living trees, excluding seedlings that have died in previous
seasons, e.g. due to severe frost damage. Early provenances with lower
temperature sum requirement for bud burst, including Swedish group
and Istebna provenance, had higher percentage of frost-damaged trees,
as they had been exposed to lower temperatures and more frequent frost
events during the frost susceptible period. This relationship has been
seen before, when trees with later bud burst suffered from less frost
(Danusevicius and Persson, 1998; Hannerz, 1994; Werner and Karlsson,
1983).

Comparison between temperature loggers and gridded data (E-OBS)
indicated that it is possible to use gridded mean temperature if data from
temperature loggers in the sites are not available. However, due to the
different datasets properties (gridded data have in general lower vari-
ability and fewer extremes than point measurements) (Director and
Bornn, 2015), the gridded data tended to overestimate the minimum
temperature, especially at 0.5 m, and this has to be taken into account
when interpreting the results. Thus, no direct link between the per-
centage of frost-damage trees in Skarsnas and different measures of frost
severity during frost susceptible period (Table 6) could be explained by
likely lower than calculated the actual minimum temperature experi-
enced by the young seedlings and higher frequency of frost events.

4.3. Climate change impact assessment

In this study the climate change impact on tree’s phenological re-
sponses and the associated risk of frost damage was assessed according
to RCP8.5 concentration pathway, which is characterised by the highest
increase in global mean temperature by 2100. However, similar tem-
perature changes are expected under RCP4.5, 6.0 and 8.5 by the mid-
century. Thus, by analysing the output of RCP8.5 at different time pe-
riods enables to capture a transient effect of temperature rise and to
consider all RCPs. The climate model data were indicated to over-
estimate the minimum temperature, as the site specific numbers of frost
events for the period 1989-2018 were generally about 5-11 events
lower when calculated from climate model data (Table C1) than E-OBS
data (Fig. 3a).

In response to a warmer climate, an overall reduction of frost events
between January 1 and June 29 was projected in southern Sweden.
Different parts of the study area will be affected slightly differently, with
regions in the north having more spring frost events than in the south.
There will also be local differences, as one site can be more frost prone
because of e.g. the topography of the site. The magnitude of projected
changes in the timing of bud burst is in line with Olsson et al. (2017),
which also used the RCP8.5 concentration pathway. Due to earlier bud
burst, all Norway spruce provenances assessed in this study will
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experience an increased risk of frost damage, as indicated by an
increased frequency and severity of frost events following bud burst. An
increased risk of frost damage to boreal trees associated with earlier
timing of bud burst and lower level of frost hardiness in a warmer
climate has been suggested by previous studies (Hanninen, 1991; Kel-
lomaki et al., 1995; Leinonen, 1996). Other studies indicated that future
changes in frost damage in response to phenological changes will differ
between species and populations (Hanninen, 2016; Morin and Chuine,
2014). In our study, the difference in frost risk between early and late
bursting provenances will remain, i.e. Angelsfors provenance will
experience more spring frost events with lower minimum temperature
compared to later bursting Minsk. Considering the overestimation of the
minimum temperature by the climate model data, the future projections
presented here are more likely to underestimate the local risk of frost.

4.4. Progress towards deployment recommendations

Future projections covering the 21st century and a strong climate
change signal (e.g. RCP 8.5) are useful for detecting and quantifying
spatial and temporal trends in risk of frost damage. Due to the inherent
uncertainties associated with future projections, and that young seed-
lings that are more susceptible to lethal frost damage than older trees,
the provenance specific deployment recommendations should be based
on the near-future simulations only. When choosing a robust strategy for
the selection of plant material, several aspects need to be considered. For
a secondary tree species like Norway spruce spring frost events tend to
be more frequent in forest practices using even-aged forest stands, clear-
cutting and planting without large sheltering trees. To reduce damage
due to spring frost events under such conditions, frost prone site need to
be identified and planted with seed sources with late bud burst (Hannerz
et al., 1999; Persson and Persson, 1992). The recommendation is in
general not associated with a trade off in terms of a lower growth po-
tential, as the late bursting trees usually also have a later bud set and can
use the whole growing season.

In this study, we showed that the provenance specific risk of being
exposed to spring frost events can be quantified and predicted for an
arbitrary site (at the grid cell level resolution) in southern Sweden. This
information could be included in current systems for deployment rec-
ommendations like Plantval (Skogforsk, 2020), to provide information
on what plant material to deploy in case you have a frost prone site and
still get a high gain in growth with low or no losses due to spring frost
events. This study is based on provenance trials, however, the domi-
nating source of forest regeneration material used in Sweden are seed
orchard material. To further apply the results to seed orchard material, a
link between growth rhythm (i.e. timing of bud burst) of provenances
and seed orchards is needed, as the susceptibility to spring frost events
may differ between the forest regeneration material groups (Hannerz
and Westin, 2000). The trials used in our study together with three more
trials in the same trial series contain material from currently available
seed orchards that could be used to establish such a link.

4.5. Implications for breeding and selection

The Swedish breeding program for Norway spruce is divided into 22
sub-populations, each defined by an adaptation profile consisting of a
combination of temperature and light conditions, and where a few also
have a specialized objective including phenology to resist frost (Danell,
1991; Danell, 1993). The provenances in this study provide a good
representative sample of the founders of the breeding sub-populations,
especially with regards to growth rhythm. Each sub-population is
genetically evaluated at four different sites, covering and going slightly
beyond the adaptation profile, to enable the selection of genotypes with
a stable performance across all sites (Rosvall, 2011). Thus, the selection
of sites should ideally be based on the environmental and climatic
conditions belonging to the adaptation profile of the sub-population in
question. In southern Sweden, several sub-populations are to be adapted
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to withstand damages of late spring frosts and therefore at least one of
the four test sites should be “frost prone” to provide performance under
such conditions. As this depends on both the material used and the site
conditions, an analysis like the one conducted in this study could
improve the selection of sites and consequently improve the selection for
those sub-populations.

5. Conclusions

In this study we demonstrated that the estimated provenance specific
temperature sum requirements for bud burst can be used to calculate the
risk of spring frost events for an arbitrary site in southern Sweden, to
provide guidance on the selection of a suitable seed material. Frost
damage had a main effect on tree growth, with provenance specific
differences and the start of the growing season being additional factors
influencing the tree height development. Provenances with earlier
timing of bud burst experienced a higher risk of frost damage, which is in
agreement with earlier studies.

The model projections representing RCP8.5 indicated a decrease in
the total number of frost events in southern Sweden in response to a
warmer climate, while an earlier timing of bud burst will be associated
with an increased frequency and severity of spring frost events following
bud burst. The gridded daily minimum temperatures tended to over-
estimate the local temperature data, indicating that the risk of frost
damage can be higher than calculated.

To apply the results of the study to seed orchard material, a link
between growth rhythm of provenances and seed orchards is needed.
Future modelling studies using provenance and seed orchard materials
in the same trials may elaborate the development of such a link.
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