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»  Temperatures in the Northern Baltic Sea area will reach new and higher levels in all studied
climate change scenarios, speeding up the development of the European spruce bark beetle.

*  Unless greenhouse gas emissions are reduced rapidly, more frequent droughts will facilitate
spruce bark beetle outbreaks, especially in Sweden and, to a lesser extent, in Estonia and in
Southern Finland.

European spruce bark beetle (Ips typographus [L.]; SBB) damage has reached extreme and
unprecedented levels in East Central Sweden, likely driven by increasing temperatures and severe
drought due to climate change. However, SBB outbreaks have been less severe on the eastern side
of the Baltic Sea, in Estonia and Finland, than in Sweden. This study investigated how precipita-
tion, temperature sum, and droughts (hydrothermic index) have varied in land areas surrounding
the Baltic Sea. We studied past meteorological observations from 1950 to 1999. We modeled the
effect of climate change on precipitation and temperature using three representative concentration
pathway (RCP) scenarios for greenhouse gas emissions (RCP2.6, RCP4.5, and RCP8.5) and mul-
tiple (17-23) climate models. Future climate projections (up to 2100) were made for Southeastern
Estonia, Southern Finland, and East Central Sweden. Weather data showed that temperature sums
had been high and droughts severe in the 2010s, particularly in East Central Sweden, where SBB
outbreaks have been a more significant problem than on the eastern shores of the Baltic Sea.
Future climate projections suggest that increases in temperature sum will further enhance SBB
reproduction, especially in the RCP4.5 and RCP8.5 scenarios. In all climate change scenarios,
drought continues to be a problem in East Central Sweden, potentially facilitating SBB outbreaks.
In addition, moderate and severe droughts may become more frequent in Southeastern Estonia
and Southern Finland if climate change proceeds as predicted in the RCP4.5 or RCP8.5 scenarios.
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1 Introduction
1.1 Climatic drivers

For at least 100 years, European spruce bark beetle (Ips typographus [L.]; hereafter SBB) outbreaks
have been common in Central Europe. However, only occasional larger epidemics have occurred
in Norway and Sweden in Northern Europe. In addition, north of the 60° N latitude, in Finland
and Northwest Russia, the epidemics have been rare and much less damaging than in Southern
(S) Sweden. A decreasing trend in temperature sum with increasing latitude appears to be one key
factor limiting the growth rate of European SBB populations, creating a large-scale geographic
pattern in epidemic severity. The ability of the SBB to produce second or even third generations
in warm years (bivoltinism and trivoltinism) emphasizes the pivotal role of temperature sum in the
growth rate of the SBB population; the higher the annual temperature sum, the higher the number of
successfully developing SBB offspring (Annila 1969; Baier et al. 2007; Ohrn et al. 2014). Histori-
cally, the temperature sums have been so low that bivoltinism in Northern Europe has been very
rare or impossible (Jonsson et al. 2011; Romashkin et al. 2020). In Central and Northern Europe,
cool summers and the depletion of susceptible trees have ended epidemics, followed by periods
of low population densities without substantial damage to standing forest tree stocks.

The second prerequisite for population growth is the availability of susceptible trees for
colonization by SBB, which is often connected to heavy storms (Marini et al. 2017). Strong winds
generated in low-pressure cyclones and downbursts of thunderstorm cells can create vast amounts
of damaged Norway spruce (Picea abies [L.] H. Karst.; hereafter spruce) trees, which cannot
be salvaged quickly. In Northern Europe, storm damage and SBB epidemics have been closely
correlated. Storm damage is considered a necessary precursor of SBB population increases and
subsequent outbreaks in standing living trees (Eriksson et al. 2005; Marini et al. 2013; Neuvonen
et al. 2014). However, low temperature sums can limit the occurrence of outbreaks in standing
trees even after large-scale wind damage (Annila and Petéisto 1978).

Healthy and vigorous standing spruce trees can better resist SBB attacks than wind-damaged
trees. Under normal growing conditions, spruce trees can eliminate SBB intrusion using voluminous
resin flow and by activating associated induced defense mechanisms, which damaged trees, such
as windthrows or otherwise weakened or stressed trees, cannot do (Eriksson et al. 2005; Komonen
et al. 2011; Schiebe et al. 2012; Matthews et al. 2018). Furthermore, drought stress, which limits
induced resin flow in attacked trees, is considered a factor that makes spruce vulnerable to colo-
nization by SBB (Matthews et al. 2018). However, the effect of drought on the susceptibility of
trees to SBB attacks is not straightforward. Moderate water stress is hypothesized to improve tree
resistance to the SBB, and chronic drought can make trees less favorable hosts for them (Kolb et
al. 2016); however, acute severe droughts can make otherwise vigorous spruce trees more vulner-
able to colonization (Netherer et al. 2019; Nardi et al. 2022).

In recent decades, climate change and warming temperatures have increased the frequency
and severity of SBB epidemics in Europe (Hlasny et al. 2019). Rising temperatures and lower pre-
cipitation have caused drought stress in spruce forests beyond the natural range of Norway spruce.
These trees now suffer from unprecedently high mortality due to SBB outbreaks in lowland areas
of Central Europe. Reports are documenting that spruce forests are suffering and dying due to SBB
attacks in many parts of Central, Eastern, and Western Europe, such as Austria, Czechia, France,
Germany, Poland, Russia, and Slovenia (de Groot et al. 2019; Hlasny et al. 2019, 2021a; Netherer
et al. 2019; Romashkin et al. 2020; Seidl et al. 2016; Sterenczak et al. 2020; Nardi et al. 2022).
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1.2 Recent history of SBB outbreaks in the Baltic Sea area

In the Southern Baltic Sea area, SBB outbreaks have intensified dramatically in the past ten years.
In the state forests of Mecklenburg Vorpommern, Northeast (NE) Germany, from 1998 to 2015,
the annual average amount of trees damaged by the SBB was 5700 m3, excluding the peak years
2003/04 when >20 000 m? was damaged (AFZ der Wald 1999-2016). More recently, from 2016 to
2020, annual SBB damage increased to 19000 m? before soaring to 195000 m? (AFZ der Wald 2017,
Jansen 2021). Additionally, there has been a parallel development in Eastern Poland. In Bialowieza,
frequent low- to medium-level damage has been caused by the SBB since the 1990s. Between
1992 and 2012, the yearly volume of damaged trees varied between 5000 m? and 100 000 m?3, with
1995, 2003, and 2008 being the peak years (Brzeziecki et al. 2018). The damage rocketed after
2012, peaking close to 480000 m?3 in 2016, and has remained high thereafter (Brzeziecki et al.
2018; Sterenczak et al. 2020).

In the western part of the Baltic Sea, S Sweden has also experienced a rise in SBB outbreaks.
For example, the cyclone Gudrun hit in 2005 and was followed by a second storm in 2007. As
a result, the two storms blew down a massive amount of timber (87 million m?) and facilitated
a major SBB epidemic (Bengtsson and Nilsson 2007; Lindelow and Schroeder 2008). The total
number of standing trees damaged by the SBB was approximately 3.5 million m? (Lindelow and
Schroeder 2008). Even more significant SBB damage was seen very recently. Since 2018, East
Central (EC) Sweden has suffered SBB outbreaks of unprecedented scale, with damage in terms
of dead spruces exceeding millions of cubic meters annually. It was estimated that the volume of
trees killed by the SBB was 3.5 million m? in 2018 and 8.0 million m? in 2020 (Schroeder 2019;
Waulff and Roberge 2020). Furthermore, a storm event was not behind this SBB epidemic; the cause
was the weakening of spruce trees due to severe drought (Schroeder 2019).

In the north and east of the Baltic Sea, SBB outbreaks have been less damaging than in the
south and west in past decades. For example, in Lithuania, Stakénas et al. (2012) analyzed forest
inventory data from 1989 to 2010 and reported SBB damage in spruce forests throughout the
country from 1993 to 1997. This damage occurred concurrently with the peak in damage observed
in the Biatowieza forest (Brzeziecki et al. 2018) and in Kaliningrad Oblast, Russian Federation
(Romashkin et al. 2020). Unfortunately, recent official information from large-scale SBB outbreaks
in Baltic countries was unavailable. However, outbreaks appear to have increased in the past few
years, such as in Estonia (ERR 2020).

Until 2000, the risk of SBB damage to living trees was considered very low in Finland. For
example, in their two-year study in severe wind-damaged areas in Western Finland, Annila and
Petdjistd (1978) did not find signs of SBB outbreaks damaging standing living trees. However, the
situation changed in November 2001, when two major storms hit S Finland; in the following sum-
mers, SBB attacks killed standing trees surrounding the gaps created by the storms (Eriksson et al.
2005). Ten years later, from 2010 to 2013, there was a substantial increase in local SBB outbreaks
after big storms and exceptionally warm summers (Neuvonen et al. 2014; Viiri et al. 2019). While
outbreaks of this scale had not been recorded previously in Finland, the total volume of damaged
spruce logs was probably minor compared to the previous damage in Sweden or Central Europe
(the volume of damaged trees was not recorded). After 2014, the frequency of salvage loggings
due to SBB outbreaks decreased in Finland from 1800 in 2013 to 100-200 at the end of the decade
(Metsakeskus 2022).
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1.3 Future trends in climate and outbreak susceptibility

Using the climate change and SBB phenological models, Jonsson et al. (2011) showed the enhanc-
ing effect of rising temperatures on the voltinism (number of distinct generations per year) of the
SBB in Central and Northern Europe. Since then, new generations of climate models and path-
ways for atmospheric greenhouse gas concentrations have been developed and made available
to climatologists. Moreover, recent SBB epidemics emphasize that, in addition to the projected
increase in temperature, drought stress can also play a significant role in the emergence of SBB
epidemics and the decline of coniferous forests (Kolb et al. 2016; Seidl et al. 2016; Jabtonski et al.
2019; Netherer et al. 2019; Hlasny et al. 2021a). Therefore, besides temperature sums, the effect
of climate change on precipitation and drought stress risk should also be investigated to obtain a
more complete picture of future SBB outbreak risks (Marini et al. 2017).

This study compared historical differences in precipitation, temperature sum, and hydro-
thermic (drought) index between high and low outbreak frequency areas around the Baltic Sea.
Multiple recent-generation climate models were then used to create projections for future climatic
conditions under three representative concentration pathway (RCP) scenarios around the Northern
Baltic Sea area. More specifically, climate projections covering the period of 1900 to 2100 were
made for four exact locations in Southeastern (SE) Estonia, S Finland, and EC Sweden. This study
aimed to determine the differences in the climatic parameters (temperature sum and drought risk
index) that might explain the observed regional variation in the occurrence and severity of SBB
epidemics. Moreover, it investigated whether future climatic conditions in the mid and late 21st
century favor the development of SBB epidemics in areas where SBB outbreaks have been less
damaging.

2 Materials and methods
2.1 Past climate data for the period of 1950-1999

This work focused on three locations in the Northern Baltic Sea area (NBSA), specifically the
historically low outbreak frequency areas of SE Estonia and S Finland, and EC Sweden, which has
experienced epidemic conditions since the mid-2010s. Two separate (dist. 75-120 km) weather
stations with long and continuous climate data series (>60 years) were selected from each location
to study climatic conditions in these areas. For reference, two stations (Teterow, NE Germany, and
Biatystok, NE Poland) were selected from the Southern Baltic Sea area, where SBB outbreaks
have been historically more common than in the NBSA. Altogether, past climate data from 1950 to
1999 for eight weather stations around the Baltic Sea area (Fig. 1; Table 1) were used. The weather
data came from the KNMI Climate Explorer (ECA&D 2021), an open data bank maintained by
the Royal Dutch Meteorological Institute and World Meteorological Organization. However, the
Finnish Meteorological Institute (FMI) had a more extended time series in their archives than was
available in the KNMI Climate Explorer. Therefore, we used data directly from the FMI for the
two Finnish locations.

The past climate analysis focused on the weather of the potential growing season (i.e., April
to September) when the SBB is most active and Norway spruce is growing. From October to the
end of March, the accumulation of temperature sum is very low, and late-year precipitation does not
affect the resistance of Norway spruce to the SBB as much as summer precipitation (Netherer et al.
2019). Annual precipitation from April to September was the sum of rainfall (in mm) in the same
period. Because daily values were unavailable in older Finnish meteorological data (1930-1959),
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Fig. 1. The Baltic Sea area and the weather station locations (Table 1) whose data were used in this
study (upper panel). Box plot graphs (below) show April to September medians and 25th and 75th
percentiles (error bars: 10th and 90th percentiles) of (A) precipitation, (B) temperature sum, and (C)
hydrothermic index (HTI) values at the given locations in the period 1950-1999. Different letters above
the boxes indicate significant differences (LSD post hoc comparison P < 0.05) between locations. The
future climate projections were made for four locations in Finland ([1] Hyvinkaé, [2] Anjala), Sweden
([4] Norrkoping), and Estonia ([5] Tarto) (red circles in the map refer to red boxes in A, B, and C). Ad-
ditional locations from Sweden and Estonia (squares; [3] Vésterds and [6] Valga) provide supportive
climate data. The two weather stations in the Southern Baltic Sea area ([7] Teterow, NE Germany, and
[8] Biatystok, NE Poland) are located in current Ips typographus epidemic areas (2018-2020), as are
the Swedish stations (3 and 4).
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Table 1. The names and coordinates of the weather stations (Fig. 1) whose data was used in this study, as given in the
European Climate Assessment & Dataset (Climate Explorer, ECA&D 2021).

Country Station name Coordinates (deg) Altitude (m a.s.l.)
1 Finland HYVINKAA HYVINKAANKYLA 60.60N, 24.81E 86
2 Finland KOUVOLA ANJALA 60.70N, 26.81E 33
3 Sweden VASTERAS 59.62N, 16.55E 10
4 Sweden NORRKOPING-SORBY 58.61N, 16.12E 21
5 Estonia TARTU_ORAVERE* 58.26N, 26.46E 70
6 Estonia VALGA 57.79N, 26.04E 65
7 Germany TETEROW 53.76N, 12.56E 38
8 Poland BIALYSTOK 53.11N, 23.16E 148

* Meteorological data from years 1964-2021; older data (1866—1996) available from nearby TARTU station (58.30N, 26.73E; 58 ma.s.l.).

we used monthly mean values to calculate the annual temperature sum (cumulative temperature
sums > +5 °C; degree days [DDs]) from April to September. Using monthly instead of daily means
does not cause significant errors in temperature sum values (Romashkin et al. 2020).

Furthermore, April to September precipitation and temperature sum were used to calculate
the annual hydrothermic index (HTT; Eq. 1), one modification of Selyaninov’s hydrothermic coef-
ficient (Afonin et al. 2005).

HTJ = precipitation,,

@

temperature sumpp /10

The HTI is a meteorological drought index describing the level of evapotranspiration. Low
HTI values indicate dry and/or warm growing seasons, and high HTI values indicate wet and/
or cold growing seasons. Differences in past climate (precipitation, temperature sum, and HTT)
between the eight weather stations were tested with one-way analysis of variance (ANOVA) using
log-transformed values and the IBM SPSS 27.0 statistical software.

2.2 Future climate projections based on CMIP5 RCP scenarios

To analyze potential changes in climatic drivers for SBB outbreaks by 2100, we used data from
a total of 23 general climate models (GCMs) from the Coupled Model Intercomparison Project
phase 5 (CMIPS; Taylor et al. 2012) under the three RCPs as listed in Table 2. The model simu-
lations used covered the period from 1900 to 2100. The simulations forced by the observational
greenhouse gas concentrations extended to the end of 2005, and they were combined with those
forced by the RCPs from 2006 onwards. However, as shown in Table 2, the availability of model data
varied among the RCPs, and thus, depending on the RCP scenario, 17-23 GCM simulations were
used. An overview of the RCPs is presented by van Vuuren et al. (2011a), and the used RCPs (i.e.,
RCP2.6, RCP4.5, and RCPS8.5) are discussed in more detail by van Vuuren et al. (2011b), Thomson
etal. (2011), and Riahi et al. (2011), respectively. Briefly, the RCP2.6 represents a pathway to limit
the increase in global mean temperature to 2 °C compared to the preindustrial era. This pathway
relies on a rapid decrease in global greenhouse gas emissions after the 2020s. In the less ambitious
RCP4.5, global greenhouse gas emissions peak before 2050, and the radiative forcing caused by the
emissions stabilizes by 2100. The RCP8.5 represents a pathway of increasing global emissions of
greenhouse gases throughout the 21st century. The 2.6, 4.5, and 8.5 labels after the RCP acronym
refer to the radiative forcing in the upper atmosphere in W m2 around the year 2100 compared to
the preindustrial era. At first, the warming is similar among the different RCPs, but the pathways
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Table 2. The Coupled Model Intercomparison Project phase 5
(CMIPS) models and representative concentration pathway (RCP)
scenarios used in this study. More information about the models can
be found in Flato et al. (2013).

Model RCP2.6 RCP4.5 RCP8.5

ACCESSI.0
BCC-CSM1.1 X
CanESM2

CCSM4

CMCC-CM
CMCC-CMS
CNRM-CMS5
EC-EARTH
GFDL-CM3
GFDL-ESM2M
GISS-E2-R
HadGEM2-CC
HadGEM2-ES
INM-CM4
IPSL-CMS5A-LR
IPSL-CM5A-MR
MIROCS5
MIROC-ESM
MIROC-ESM-CHEM
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
NorESM1-M
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begin to diverge during the 2020s, and the differences become particularly significant after 2050.
By the 2080s, the increase in annual mean temperature in Finland, for example, is most likely
>5 °C compared to the climate of the late 20th century under the RCP8.5, approximately 3—4 °C
under the RCP4.5, and slightly <2 °C under the RCP2.6 (Ruosteenoja et al. 2016a).

Since the climate model data is presented on a relatively coarse grid, and it is generally
biased relative to the observed climate, we performed a combined statistical downscaling and
bias correction to the model data using weather observations from the four locations in Estonia
(Tartu: 58.26N, 26.46E), Sweden (Norrkoping: 58.61N, 16.12E) and Finland (Anjala: 60.70N,
26.81E; Hyvinkdi: 60.60N, 24.81E), as shown in Fig. 1. Particularly common model biases in NE
Europe include too cold winter temperatures, too high precipitation levels in winter and spring,
and modeled summer temperatures mostly being too low in Finland and Sweden (Cattiaux et al.
2013; Lehtonen and Jylhd 2019; Demory et al. 2020). The statistical downscaling and bias correc-
tion of the model data was performed by applying a quantile mapping technique using smoothing
(Raisénen and Rty 2013; Rity et al. 2014). In quantile mapping, cumulative probability distribu-
tions of simulated time series of weather variables are fitted to the observed distributions within
the calibration period separately for each month. Then, the data for the rest of the simulation
period are adjusted similarly. Because of the strong spatial autocorrelation of climatic parameters
(shown in regression analyses summarized in the Supplementary file S1: Table S1, available at
https://doi.org/10.14214/s£.23003) and the relatively flat landscape of the NBSA, the simulation
results calculated for the four locations (Fig. 1) can be considered to represent climatic conditions
in nearby areas around the stations as well (i.e., SE Estonia, S Finland, and eastern parts of Central
Sweden around Ostergotland).
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Daily mean temperature and precipitation observations from 1965 to 2005 were used for the
calibration data. Since the bias correction was performed separately for each station, the corrected
daily distributions of mean temperature and precipitation matched with the observed distributions
at each location by definition during this period. Finally, the monthly values for temperature and
precipitation for 1900 to 2100 were constructed from the corrected daily values.

The differences in annual means of GCM predictions of precipitation (mmap-sep), tempera-
ture sum (DDapsep), and HTT in Tartu, Estonia; Anjala, Finland; and Norrk6ping, Sweden were
tested using generalized linear model (GenLM) analyses (normal distribution and identity as link
function) and the IBM SPSS 27.0 statistical software. The GenLM analyses used location, 33-year
period, and RCP simulation as predicting factors.

Eleven-year moving averages of GCMs predictions were drawn for the graphical analysis
of changes in temperature sum and HTI in Tartu, Estonia; Anjala and Hyvink&d4, Finland; and
Norrkdping, Sweden, and reference lines were established, showing potential critical limits of
temperature sum and HTI. The annual life cycle of the SBB starts from the spring swarming
and egg laying of over-wintering adults, followed by egg, larval, and pupal stages, and ends
with the emergence of new adults (Annila 1969). Completing the reproduction cycle takes an
average of 625-750 DDs (Jonsson et al. 2007). New adults may start to reproduce if climatic
conditions have been favorable for their development, but their reproduction is genetically regu-
lated with substantial latitudinal variation (Schroeder and Dalin 2017). We used the temperature
sum of 1500 DD as a proxy for the emergence of bivoltine and 2250 DD for trivoltine popula-
tion dynamics (Jonsson et al. 2011; Romashkin et al. 2020). In summers when the temperature
sum was <1500 DD, univoltine population dynamics prevail (Jonsson et al. 2011). By bivolt-
ine and trivoltine population dynamics, we refer to the climatic potential for the reproduction
of filial F1 and F2 beetle generations originating from the spring emerging parent population
within the same season, regardless of the size and number of associated sister broods. To assess
the risk of droughts, we examined the observed HTI values in recent SBB epidemic zones
(means for 2011-2020 of 1.75 in Teterow, NE Germany, and 1.85 in Norrkdéping and 2.05 in
Visteras, EC Sweden; ECA&D 2021). Based on these values, a reference line for HTI of 2.00
was drawn, indicating a rough threshold for drought stress in Norway spruce; HTI values lower
than this facilitate SBB epidemics. These reference lines should not be considered as exact
thresholds for the occurrence of SBB epidemics but as approximations intended to help assess
the results.

3 Results
3.1 Past climate from 1950 to 1999

In the past climate period of 1950 to 1999, there were apparent differences in the climatic param-
eters of different locations within the Baltic Sea area (P<0.001 in all cases; Table 3). Precipitation
levels were higher at locations eastward (Estonia, Finland, and Poland) than westward (Germany,
Sweden) of longitude 20° E. The highest April to September precipitation levels were recorded
in SE Estonia and NE Poland, and the lowest in EC Sweden. The highest median precipitation
(386 mm) was in Valga, SE Estonia, and it was 33% higher than the lowest median precipitation,
which was in Norrképing, EC Sweden (289 mm; Fig. 1A). Furthermore, the temperature sum
increased along the north-south gradient. The highest median temperature sum was recorded in
Teterow, NE Germany (1580 DD), and in Biatystok, NE Poland (1578 DD), which were 32% higher
than the lowest median temperature sum (1199 DD) in Hyvinkéé, S Finland (Fig. 1B).
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Table 3. One-way ANOVA results for precipitation (mmap,sep), temperature sum (DD apr_sep), and hydrothermic index
(HTI) between different locations in the Baltic Sea area for the period 1950-1999 (Fig. 1). The tested climate param-
eters are log-transformed.

Precipitation (mmap;—sep) Temperature sum (DD apr_sep) HTI
df MS F P df MS F P df MS F P

Between groups 7 0.085 8.83 <0.001 7 0.085 52.53 <0.001 7 0.165 12.10 <0.001
Within groups 371 0.010 371 0.002 371  0.014

Total 378 378 378

The HTI values were high in the northeast (Estonia and Finland) and low in the west and
south of the Baltic Sea area (Germany, Poland, and Sweden). The highest median HTI value of
2.79 was in Valga, SE Estonia, which was 35% higher than the lowest median HTI value of 2.06
in Teterow, NE Germany (Fig. 1C).

3.2 Simulated climate from 2001 to 2099
3.2.1 Projected changes in precipitation, temperature sum, and HTI

Based on the GCM simulations, April to September precipitation (median of model values) in all
three RCP scenarios in the NBSA increased slightly from 2001-2033 to 2064-2099 (Fig. 2A—-C;
Period [P<0.001] but no Location x Period interaction [P>0.05]; Table 4). The increase was
2%—5% in Tartu, Estonia, and Anjala, Finland. In Norrk&ping, Sweden, the increase was 2% in the
RCP2.6 scenario and 6% in the RCP4.5 scenario but only 1% in the RCP8.5 scenario (Location
x RCP interaction [P=0.001]; Table 4). Overall, precipitation was higher in Tartu than in Anjala
or Norrkoping (Fig. 2A—C; Location [P<0.001]; Table 4.). In the RCP2.6 and RCP4.5 scenarios,
most (58%—70%) GCMs predicted a slight increase in precipitation. In RCP8.5 scenarios, the pro-
portion of models predicting a decrease in precipitation was similar to those predicting an increase
in precipitation (50%—-55%).

The April to September temperature sum (median of model values) increased markedly
from 2001-2033 to 20642099 in the different RCP scenarios (Fig. 2D—F). The level of increase
was very similar in Tartu, Anjala, and Norrkoping; 5%—6% in RCP2.6, 16%—19% in RCP4.5, and
36%—38% in RCP8.5 scenarios (no Location x Period or Location x RCP interactions; Table 4).
Throughout 2001-2033, 2034-2066, and 2064-2099, the temperature sums were higher in Tartu
and Norrk6ping than in Anjala (Location [P<0.001]; Table 4). In all RCP scenarios and locations,
GCMs predicted an increase in temperature sums, except for two models (GFDL-ESM2M and MPI-
ESM-MR, Table 2), which predicted almost no change in the temperature sum in RCP2.6 (<2%).

HTI values for April to September (median of model values) decreased from 2001-2033
to 2064-2099 in the NBSA in RCP4.5 (—16%— —13%) and RCP8.5 scenarios (—26%— —24%;
Fig. 2G-I). In the RCP2.6 scenario, the decrease in HTI was slight or nonexistent (—3%— 0%;
Period x RCP interaction [P<0.001]; Table 4). In all RCP scenarios, the HTI value remained much
lower in Norrkdping than in Anjala or Tartu (Location [P<0.001]; Table 4).
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Fig. 2. Global circulation model (GCM) predictions for precipitation (mmap.sep), temperature sum (DD apr.sep), and
hydrothermic index (HTI) for three 33-year periods of the 21st century in Tartu, Estonia (EE); Anjala, Finland (FI);
and Norrkdping, Sweden (SE) under the three representative concentration pathway (RCP) simulations. Open symbols
indicate values of the median (¢), maximum (V), and minimum (A) climate models. Boxplots show the pooled data
of 33 annual predictions of #n climate models (# = the number of models; RCP2.6: n = 17; RCP4.5: n = 23; RCPS.5:
n =22). Boxplot: median and 25th and 75th percentiles (box), Sth and 95th percentiles (bars), and 1st and 99th percen-
tiles (circles).
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Table 4. Generalized linear mixed model (GenLM) analysis results for the effects of Location, Period, and RCP (repre-
sentative concentration pathway) scenario on global circulation model (GCM) prediction of precipitation (mmap-sep),
temperature sum (DDapr.sep), and HTT (Fig. 2). Locations (L): EE Tartu, FI Anjala, and SE Norrkdping; Periods (P):
2001-2033, 2034-2066, and 2067-2099; RCP scenarios: RCP2.6, RCP4.5, and RCP8.5. The test parameter was the
annual mean of n GCM predictions (n = the number of models; RCP2.6: n = 17; RCP4.5: n = 23; RCP8.5: n = 22).
Numbers in bold are statistically significant.

Precipitation Temperature sum HTI
Wald 2 df P Wald > df P Waldy?  df P
(Intercept) 334308.6 1 <0.001 583098.7 1 <0.001 2032413 1 <0.001
Location 2667.5 2 <0.001 1085.7 2 <0.001 1701.0 2 <0.001
Period 59.2 2 <0.001 3736.5 2 <0.001 765.2 2 <0.001
RCP scenario 42.8 2 <0.001 1693.1 2 <0.001 5259 2 <0.001
LxP 1.6 4 0.806 4.0 4 0.407 43 4 0.372
L x RCP 19.0 4 0.001 2.0 4 0.737 11.9 4 0.018
P x RCP 20.0 4 <0.001 1297.1 4 <0.001 290.4 4 <0.001
L xPxRCP 2.4 8 0.966 1.0 8 0.998 1.0 8 0.998

3.2.2 Temperature sum and HTI values from 1900 to 2100

The three climate change scenarios differed in the pattern of future increases in temperature sums
(Fig. 3, multi-year moving average). The RCP2.6 scenario predicted that the increase in temperature
sum would peak in the 2020s and then plateau in the 2050s (Fig. 3A). In this scenario, the average
temperature sum was approximately 400 DD higher at the end of the 21st century than at the start
of the 20th century. Further, the RCP4.5 scenario predicted that temperature sums would continue
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———————————— Proxy for 3" gen.

Fig. 3. Temperature sums (DD pr.sep) for the period 1900-2100 in the Northern Baltic Sea Area under the (A) RCP2.6,
(B) RCP4.5, and (C) RCP8.5 climate change scenarios. Graph lines show 11-year moving averages calculated from the
annual averages of 17 models in the RCP2.6 scenario, 23 in the RCP4.5 scenario, and 22 in the RCP8.5 scenario. Loca-
tions (EE Tartu, FI Anjala, FI Hyvinkd4, and SE Norrképing) are shown in Fig. 1. The annual temperature sums needed
for the development of second (1500 DD) or third (2250 DD) generations (straight horizontal lines) of Ips typographus
are based on the results of Annila (1969), which showed that approximately 750 DD is needed for the development of

a single generation. The temperature sum lines of Tartu and Norrkdping overlap in the graphs. RCP = representative
concentration pathway.

11



Silva Fennica vol. 57 no. 3 article id 23003 - Tikkanen et al. - Changing climatic drivers of European spruce bark...

to increase steadily throughout the 21st century. Therefore, the temperature sums are approximately
500 DD higher at the end of the 21st century than at the start of the 20th century (Fig. 3B). Finally,
the RCP8.5 scenario predicted a steep increase in temperature sums throughout the 21st century,
reaching 1000 DD by the end of the 21st century compared to the average temperature sum for
most of the 20th century (Fig. 3C).

The multi-year average annual temperature sum (DDapsep) exceeded the threshold of
1500 DD (potentially allowing bivoltine SBB population dynamics) around the year 2000 in
Tartu, Estonia, and Norrkoping, Sweden (Fig. 3). In Anjala and Hyvinka4, S Finland, the 1500 DD
threshold was reached approximately 20 years later than in Tartu or Norrkdping. The threshold
of 2250 DD (potentially allowing trivoltine SBB population dynamics) was not surpassed in the
RCP2.6 and RCP4.5 scenarios at any location (Fig. 3A—B). However, in the RCP8.5 scenario, this
threshold was surpassed at the end of the 21st century in Tartu and Norrkoping, and temperature
sums in Anjala and Hyvinkéd were close to reaching this threshold (Fig. 3C).

HTI values showed a declining trend throughout the 21st century in the NBSA, indicating
an increasing probability of severe droughts (Fig. 4, multi-year moving average). However, unlike
the other RCP scenarios, in the RCP2.6 scenario, HTI values first declined and then started to
rise towards the end of the 21st century due to slightly decreasing temperatures compared to the
2050s (Fig. 4A). In the RCP4.5 scenario, the decrease in HTI values stopped after the 2050s due
to slower temperature increases. However, it remained at low levels until 2100 (Fig. 4B). In the
RCP8.5 scenario, the steep decline in HTI values that started in the late 20th century continued
throughout the 21st century (Fig. 4C).

HTI values in Norrkdping were much lower than in Tartu, Anjala, or Hyvinké&é in all years
and for all RCP scenarios (Fig. 4). In Norrkoping, most years after 2020 were dry (HT1<2.00) and
largely very dry (HT1<1.75) in the RCP4.5 and RCPS8.5 scenarios (Table 5). The RCP8.5 scenario
also predicted frequent moderate to severe droughts for Tartu, Anjala, and Hyvink&4a. In Norrkdping,
multi-year average HTI values dropped below 2.0 in all scenarios in the first decades of the 21st
century. Moreover, in Tartu, Anjala, and Hyvinkdi, multi-year average HTI values dropped close
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Fig 4. Hydrothermic index (HTI) values for the period 1900-2100 in the Northern Baltic Sea Area under the (A)
RCP2.6, (B) RCP4.5, and (C) RCP 8.5 climate change scenarios. Graph lines show 11-year moving averages calculated
from the annual averages of 17 models in the RCP2.6 scenario, 23 in the RCP4.5 scenario, and 22 in the RCP8.5 sce-
nario. Locations (EE Tartu, FI Anjala, FI Hyvinkdd, and SE Norrkdping) are shown in Fig. 1. Values from the known
current outbreak epidemic areas within the Baltic Sea Region were used to estimate the drought risk threshold (horizon-
tal straight line), indicating suboptimal conditions for Norway spruce and increased risk of widespread Ips typographus
epidemics (see Fig. 1 and Material and methods).
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Table 5. Percentage of years with moderate (HTI < 2.00) or severe (HTI < 1.75) drought
risk under the three RCP climate change scenarios in the period 2020-2100. Percentages
were calculated from annual values (multi-model mean of HTT) for each studied location.
The indicative drought risk threshold (HTI < 2.00) was estimated from observed HTI
values during recent SBB epidemics in NE Germany and EC Sweden (see Methods and
Suppl. file S1: Fig. S2). HTI = hydrothermic index. RCP = representative concentration

pathway.
Climate change scenario HTI Estonia Finland Finland Sweden
Tartu Anjala Hyvinkdd  Norrkdping

RCP2.6 <2.00 2 5 0 79
<1.75 0 0 0 15

RCP4.5 <2.00 6 14 5 94
<1.75 0 0 0 38

RCP8.5 <2.00 56 64 43 98
<1.75 17 30 14 72

to but not below 2.0 in the RCP4.5 scenario. In the RCP8.5 scenario, there was a steady and deep
decline in HTI values in all locations, and multi-year average HTI values dropped well below 2.0
not only in Norrk&ping but also in Tartu, Anjala, and Hyvinkaa after the 2050s.

4 Discussion
4.1 Climate and recent occurrence of SBB epidemics in the NBSA

Our results showed differences in temperature sum and drought index at locations within the
NBSA, which may explain why there has recently been a large-scale SBB epidemic in Sweden,
on the western side of the NBSA, but not in Estonia or Finland, on the eastern side of the NBSA
(Fig. 1). Since 2000, the extreme rise in average temperature sums, well above 1500 DD, have
favored the reproduction and growth of SBB populations in EC Sweden (Annila 1968; Baier et
al. 2007; Jonsson et al. 2007), where high temperatures have co-occurred with abnormally acute
drought stress (Netherer et al. 2019; Nardi et al. 2022). Additionally, these results are consistent
with the analyses of Aalto et al. (2021), which indicated significant changes in thermal growing
seasons since 1950 in Northern Europe.

Very low HTI values indicate a combination of high temperature sums and low precipitation
in EC Sweden (Suppl. file S1: Fig. S2), which have made local Norway spruce forests susceptible
to SBB outbreaks (Netherer et al. 2019; Hlasny et al. 2021a; Nardi et al. 2022). Indeed, in the past
five years, the HTI values in EC Sweden have been very low (Suppl. file S1: Fig. S2), even with
the standards of the Southern Baltic Sea area in Germany and Poland (Fig. 1), where spruce forests
have suffered more chronically from SBB epidemics than in the NBSA.

While the temperature sums have been equally high in SE Estonia and EC Sweden, the
precipitation has been higher in SE Estonia. One possibility is that the effect of droughts in the
2010s on spruce forests in Estonia has generally not been as severe as in Sweden, which may have
helped save Estonia from a large-scale SBB epidemic (see also Suppl. file S1: Fig. S2). However,
precipitation has been higher and the temperature sums have been much lower in S Finland than in
EC Sweden. Under these conditions, SBB population growth should have been much lower than
in EC Sweden or Estonia, and drought stress of spruce trees has been less severe than in Sweden,
as suggested by results from earlier empirical studies (Annila 1969; Ohrn et al. 2014; Matthews
et al. 2018; Netherer et al. 2019; Nardi et al. 2022).
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Our analysis used a meteorological drought index (HTI) describing evapotranspiration using
the relationship between precipitation and temperature sum. It can be used to analyze differences
in drought risk between climate regimes. Declines in the multiannual average of HTI values
reflect changes in precipitation and temperature, which are likely associated with an increase in
the frequency of years when extreme drought events can occur. However, like all meteorological
drought indices, HTT ignores site factors. A hydrological drought index accounting for soil moisture
and other site factors may be better for spatially more explicit risk mapping than a meteorological
drought index. At the spruce stand level, the realized drought risk was affected not only by precipi-
tation and temperature but also by site factors, including topography, soil texture, and stoniness
(Kosunen et al. 2019). Variation in groundwater level also needs to be considered. Netherer et al.
(2019) found that SBB damage risk was higher in sites suffering from acute water stress, whereas
spruce trees growing in chronically dry soils may be less favored as host trees. Furthermore, the
physiological interactions among drought, a host tree’s carbon-based defenses, pathogens, and SBB
outbreaks are complex and uncertain: there are both positive and negative feedback mechanisms
(Kolb et al. 2016; Huang et al. 2020). Numerous North American cases generally show that drought
increases bark beetle outbreak risk (Kolb et al. 2016).

As mentioned, the average annual temperature sum has reached 1500 DD, which can be
considered a necessary precondition for the SBB epidemics (Jonsson et al. 2011) in the early
2000s in EC Sweden and SE Estonia. A similar substantial increase in temperature sums after
2000 and northward movement of the 1500 DD isocline have been reported in European Russia
(Romashkin et al. 2020). However, in S Finland, where only some years have been warm
(>1500 DD), unfavorable weather for SBB reproduction has been more common, limiting SBB
population growth. For example, the heat and storms in 2010 and 2011 caused an SBB outbreak
epidemic in SE Finland from 2012 to 2014, fading after cool summers from 2015 to 2017 (J.A.
Pulgarin et al., unpublished).

Based on models (e.g., Jonsson et al. 2011), experiments (Ohrn et al. 2014; Lindman et
al. 2023) and supporting field observations (SBB outbreaks and 2nd generation were found after
very warm and dry summers with >1500 DD and HTI <2.0 in NBSA; Pouttu and Annila 2010;
Schroeder 2019) we have relatively good overview about the increasing effect of high temperatures
on reproduction rate of SBB in North Europe. However, extensive long-term studies of population
dynamics or outbreak frequency are rare. Marini et al. (2013) analyzed long term pheromone trap
data (1995-2011) and concluded that storms are the main drivers of population growth of SBB in
southern Sweden, but this study was done before the recent dramatic rise of temperatures. New
time series studies, which analyze the effect of temperature and precipitation (drought) on occur-
rence of SBB outbreaks, would greatly help to improve the accuracy of predictions of future SBB
outbreak risks in North Europe.

The mean periodic temperature sum of April to September was used as an SBB outbreak
risk proxy. It is known that springtime swarming conditions and timing and their subsequent
effect on SBB diapause, sister broods, and voltinism impacts the reproduction of SBB popula-
tions (Baier et al. 2007; Jonsson et al. 2011; Ohrn et al. 2014). Because of substantial annual
variation in spring weather, including swarming conditions is particularly important if the aim is
to analyze year-to-year variation in reproductive success. However, the overall positive relation-
ship between the annual temperature sum and the number of warm days in spring (Romashkin
et al. 2020) suggests climate warming will generally favor earlier SBB swarming in the NBSA.
Moreover, the annual precipitation will increase in winter, but the solar radiation will not change
much in spring (April to May; Ruosteenoja et al. 2016a). This pattern suggests that swarming
will be promoted by earlier springs with favorable temperatures more frequently in the future
than in the current climate.
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Large-scale storm damage is likely to occur throughout the NBSA in the future. Current
climate analyses suggest only minimal changes in future wind speeds, but due to warmer winters,
a shorter cold period when the soil is frozen will further increase the risk of tree uprooting (Peltola
et al. 2010; Venéldinen et al. 2020). Marini et al. (2017) concluded that storms as driving factors
of SBB epidemics are unrelated to the two other drivers of temperature and drought. However,
as the mean temperature sums rise well above 1500 DD in the NBSA, it is very likely that after
large-scale storms, there will be a more rapid shift from the endemic to epidemic phase in SBB
population dynamics.

4.2 Trends in future climatic conditions favoring SBB epidemics in the NBSA

Future climate projections predicted the average changes in precipitation and temperature for the
studied locations (Tartu, Anjala, Hyvinkdd, and Norrkdping). The high spatial autocorrelation of
climatic parameters between neighboring weather stations and the relatively flat landscape of the
NBSA allows us to generalize the simulation results (based on station-level weather data) to cli-
matic conditions in somewhat larger areas (e.g., the area between two stations of the same country;
Fig. 1; Suppl. file S1: Figs. S1, and S2; Aalto et al. 2021).

In their benchmark study, Jonsson et al. (2011) predicted that SBB populations in the Baltic
countries, S Sweden, and southernmost Finland will change from univoltine to bivoltine popula-
tion dynamics by the end of the 21st century. However, the more recent climate models used in
this analysis suggest that the change from univoltine to bivoltine population dynamics has already
occurred in the Baltic countries and S Sweden. Southernmost Finland will follow soon, regardless
of the RCP climate scenario used in the modeling. This conclusion is supported by the simulations,
recent field observations (Kosunen et al. 2019; Pouttu and Annila 2010; Schroeder 2019; Wulff
and Roberge 2020), and meteorological data (ECA&D 2021).

The future rise in temperature sums is evident, which predicts an increase in SBB reproduc-
tive capacity. The probability of severe droughts, which decrease the ability of spruce to defend
against SBB attacks, is higher in the RCP4.5 and RCP8.5 scenarios than in the RCP2.6 scenario,
which is unsurprising. From the perspective of forest health, the increase in temperatures in the
RCP2.6 scenario suggests a slightly higher future outbreak epidemic risk in the NBSA compared
to the current situation. However, both RCP4.5 and RCP8.5 scenarios predict significant escalation
and worsening of SBB epidemic risk in the latter half of the 2 1st century. The following paragraphs
outline the potential development of the SBB epidemic risk in the NBSA for different climate
change scenarios. These predictions cover only the studied locations and nearby areas with the
same climatic regime and large proportion of mature spruce forests in the landscape.

4.2.1 EC Sweden

In the best scenario (RCP2.6), the rapid increase in temperature sum and decrease in HTI will stop
between 2020 and 2050. However, both remain at a more dangerous level than in the historical
period, suggesting that SBB outbreaks continue to be a significant threat to the health of spruce
forests throughout the 21st century in EC Sweden. After periods of dry and warm years, drought-
driven SBB epidemics similar to those seen recently may occur (Schroeder 2019; Wulff and Rob-
erge 2020). The realization of RCP4.5 and RCP8.5 climate change scenarios would predict even
higher outbreak risks and wider scale damage than previously observed. In the RCP8.5 scenario,
the temperature sum will surpass the threshold of 2250 DD at the end of 2100’s, potentially allow-
ing for trivoltine SBB population dynamics.
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4.2.2 SE Estonia

SE Estonia is in the same latitude as EC Sweden. Therefore, temperature sums follow a similar
trajectory in SE Estonia and EC Sweden. However, the higher precipitation found in SE Estonia
may lower the risk of droughts compared to EC Sweden. Because of high precipitation, the drought
stress risk (HTI) likely remains moderate until 2100 in the RCP4.5 scenario and is high only after
2040 in the RCP8.5 scenario. Furthermore, in the RCP4.5 and RCP8.5 scenarios, increasing tem-
perature sums put extra pressure on outbreak risk. In the RCP8.5 scenario, the temperature sum
will surpass the threshold of 2250 DD at the end of 2100’s, potentially allowing for trivoltine SBB
population dynamics.

4.2.3 S Finland

In S Finland, the temperature sums are lower than in SE Estonia, but precipitation is only slightly
lower. Therefore, the risk of drought stress in different climate change scenarios is similar to that
in SE Estonia. However, the low temperature sums suggest that the overall risk for future SBB
epidemics is lower in S Finland than in SE Estonia. The temperature sums generally increase in
S Finland in all climate change scenarios, making the future conditions favorable for increased
SBB reproduction (including the change from univoltine to bivoltine population dynamics) and a
higher SBB outbreak risk.

5 Conclusions

Climate simulations indicated similarities in future climate trends but continued climatic differ-
ences between the studied areas within the NBSA. The potential for drought stress (low HTI) will
make the spruce forests of EC Sweden vulnerable to SBB outbreaks in all studied climate change
scenarios. While drought stress is not such an imminent threat on the eastern side as on the west-
ern side of the NBSA, temperatures have already risen to a new level in the entire area. Increases
in temperature sums enhance SBB reproduction substantially, especially in EC Sweden and SE
Estonia, and are also expected in S Finland later in the 21st century. In the new warmer climate,
SBB populations can rapidly grow to outbreak densities after large-scale storm events. As in the
RCP8.5 scenario, uncontrolled climate change predicts an ever-worsening SBB outbreak risk in
the whole NBSA throughout the 21st century. In response to increasing SBB outbreak risk in the
NBSA and its apparent adverse effects on ecosystem services and forest economies, detailed spa-
tial risk analyses (e.g., similar to those performed in Central Europe; de Groot et al. 2019; Hlasny
et al. 2021a; Netherer et al. 2019; Nardi et al. 2022) simulating future climatic conditions are in
demand. The larger and very urgent goal should be to develop and update SBB outbreak manage-
ment practices and policy, including changes in forest structure to make them less susceptible to
SBB attacks, so that society can respond to the multiple challenges created by increased SBB
outbreak frequency (Hlasny et al. 2021Db).

Supplementary files

S1.pdf. Background information and additional results (Table S1 and Figures S1-S3), available
at: https://doi.org/10.14214/s£.23003.
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