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ABSTRACT 
 
Large-scale damage caused by the European spruce bark beetle (SBB; Ips typographus L.) 
to Norway spruce (Picea abies (L.) H. Karst.) forests have increased in recent decades. This 
thesis evaluate how stand, landscape and climatic attributes contribute to SBB damage and 
its spatial distribution in Finland. Sub-study I analysed the differences between SBB-
damaged and undamaged stands, and the contribution of landscape attributes to the formation 
of new SBB damage. Sub-study II examined the spatial patterns of SBB damage and the 
contribution of stand and landscape attributes to the formation of SBB damage hotspots. Sub-
study III developed spatially explicit probability models of SBB damage, considering stand, 
landscape and climatic attributes. The studies covered the southern Finland (11.4 million ha 
with more than two million Norway spruce stands) and utilised forest-use notifications of 
salvage loggings during 2012–2022, and Norway spruce forest stock data (Sub-study II).  

Chi-squared and Mann-Whitney U tests were used to analyse differences between SBB-
damaged and undamaged stands. Generalised linear mixed effects models were used to 
analyse the contribution of landscape attributes to the formation of new SBB damage (Sub-
study I) and SBB-damage hotspots (Sub-study II), as well as to predict the probability of 
stand-level SBB damage (Sub-study III). Local Moran’s I was used to identify hotspots.  

Mature Norway spruce stands with higher age and mean diameter, and those near recent 
clear-cuts, wind and SBB damage were most susceptible to SBB damage (Sub-study I) and 
those near recent SBB damage were most prone to form hotspots (Sub-study II). The best 
predictors of SBB damage were proximity to clear-cuts, mean stand diameter, distance to 
previous SBB damage and the number of consecutive days above 25°C (Sub-study III). 
Based on these findings effective proactive risk management options are needed to tackle the 
increasing risk of SBB damage under climate change.  
 
Keywords: salvage logging; forest protection; quantitative and occurrence modelling; boreal 
forest; areal data; evidence-informed decision-making. 
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1 INTRODUCTION 
 
 

1.1 Increasing damage by the European spruce bark beetle  
 
Insect pests like the European spruce bark beetle (Ips typographus L.; SBB) – the most 
damaging insect pest to Norway spruce (Picea abies (L.) Karst.) – have been expanding their 
ranges due to climate change (Hlásny et al. 2021; Melin et al. 2020; Pulgarin et al. 2022). 
Large-scale SBB outbreaks have caused severe damage in Norway spruce forest across 
Europe, as environmental conditions favouring outbreaks are becoming more common 
(Økland et al. 2015; Tikkanen and Lehtonen 2023). Although SBB-related damage in Finland 
currently remains modest compared to Central Europe, an increasing number of SBB-
damage-induced salvage loggings reports in Southern Finland since the 2010s signal an 
alarming increase in SBB risk (Figure 1 and Figure 2). This escalation in damage highlights 
an urgent need for improved proactive risk management strategies to increase forest 
resilience, which will require a better understanding of how various stand, landscape and 
climatic attributes contribute to the likelihood of SBB damage and its spatial distribution, 
complements existing knowledge from Central Europe at the northern distribution limit. 

 
 

1.2 Stand, landscape and climatic attributes affecting SBB damage risk 
 

Several climatic, stand and landscape attributes have been reported to affect the risk of SBB 
damage. Low temperatures have historically limited beetle development and reproduction 
(Annila 1969; Doležal and Sehnal 2007; Økland et al. 2015). However, under a warming 
climate, favourable conditions for SBB development and damage are becoming more 
frequent. During heat waves, oviposition and population growth reach their maximum 
(Grodzki et al. 2006), beetles fly further and more frequently (Funke and Petershagen 1994; 
Hinze and John 2019; Wermelinger and Seifert 1999) and dispersal flights synchronise. This 
increase in the number of simultaneous beetle attacks can overwhelm host tree defences 
(Wermelinger 2004). Higher thermal sums also increase the probability that two generations 
per year and/or sister broods occur (Jönsson et al. 2007; Marini et al. 2017). When heat 
weaves are combined with drought, Norway spruce defences are substantially weakened and 
the species’ susceptibility to SBB increases, creating favourable conditions for the 
development of SBB epidemics (Netherer et al. 2015, 2024; Schiebe et al. 2012). 

Among forest stand attributes, the diameter at breast height strongly affects SBB host 
selection, meaning mature Norway spruce stands (with larger diameters) are more prone to 
SBB damage (Wermelinger 2004). Whereas Norway spruce stands growing on soils under 
chronic stress tend to experience fewer SBB attacks (Netherer et al. 2019).  

Different landscape attributes, such as forest diversity and proximity to recent 
disturbances (e.g. clear-cuts, wind damage, earlier beetle damage), also affect the spatial 
patterns of SBB damage (Eriksson et al. 2007; Klapwijk and Björkman 2018) and the SBB 
population levels (Gohli et al. 2024). Forest diversity, both in tree species composition and 
structural characteristics, may decrease susceptibility to SBB damage (de Groot et al. 2023; 
Felton et al. 2016). Previous studies have indicated that greater forest diversity improves soil 
moisture retention, creating greater natural enemy activity, physical barriers to beetle 
movement and disrupted olfactory cues (Jactel et al. 2021; Kozhoridze et al. 2024). Because   
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Figure 1. Salvage loggings reported in Finland due to Ips typographus (SBB) damage 
during 2012–2022. The timeline of studies in this dissertation is shown underneath. Data 
from forest-use notifications are freely available from the Finnish Forest Centre (see Section 
2.1 for details). 

 
mature Norway spruce stands are the most susceptible to SBB damage, a diverse forest 
structure where not all stands are mature disperses the risk of damage (de Groot et al. 2023; 
Klapwijk and Björkman 2018). In contrast, clear-cuts due to salvage logging or other forestry 
operations can increase the probability of SBB damage by exposing forest edges and 
weakening tree resistance there (de Groot and Ogris 2019; Kautz et al. 2013; Kozhoridze et 
al. 2024; Stříbrská et al. 2022). Trees in forest edges are exposed to new conditions, such as 
direct sun heat and wind force, especially those facing southward (Lindman et al. 2023), 
which cause stress and increase suitability to SBB attacks. 
 
 
1.3 Stand, landscape and climatic attributes affecting SBB damage distribution  
 
Proximity to wind damaged areas increases the likelihood of new SBB damage, as wind 
damage creates ideal beetle breeding habitats (Louis et al. 2015). Similarly, prior beetle 
damage increases the probability of subsequent attacks (Økland et al. 2016). Although 
salvage logging of wind- and SBB-damaged stands has commonly been used to prevent 
further SBB damage in nearby forests (Hlásny et al. 2021; Wermelinger 2004), it often 
triggers new SBB damage, especially if the stand is only partially salvaged.   
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Figure 2. Spatial distribution of loggings due to Ips typographus (SBB) damage in the southern 
half of Finland during 2012–2022. Data from forest-use notifications are freely available from 
the Finnish Forest Centre (see Section 2.1 for details). Regions in the map include Etelä-
Karjala (E-Karj), Etelä-Pohjanmaa (E-Pohj), Etelä-Savo (E-Savo), Kanta-Häme (K-Häme), 
Keski-Pohjanmaa (K-Pohj), Keski-Suomi (K-Suom), Kymenlaakso (Kyme), Päijät-Häme (P-
Häme), Pirkanmaa (Pirk), Pohjanmaa (Pohj), Pohjois-Karjala (P-Karj), Pohjois-Savo (P-
Savo), Satakunta (Sata), Uusimaa (Uusi) and Varsinais-Suomi (V-Suom). 
 

The population dynamics of SBB include an epidemic (high density) and endemic (low 
density) phases. The epidemic phase occurs when favourable weather conditions, such as 
high temperatures, coincide with an abundance of weakened host trees. Often this happens 
near areas that have been previously damaged (Hlásny et al. 2021; Wermelinger 2004) and 
is especially intensified by drought (Müller et al. 2022). During epidemics, beetles disperse 
over short distances (0–500 m; Kärvemo et al. 2014; Kautz et al. 2011) and attack Norway 
spruce trees regardless of their size or vitality (Hlásny et al. 2021). Damage typically forms 
spatial clusters, as illustrated in Etelä-Karjala region in Figure 2. Aggregation of SBB damage 
has previously been reported  (Kamińska 2022; Lausch et al. 2013; Stereńczak et al. 2019), 
albeit based on studies conducted at relatively small spatial scales. 

The endemic phase occurs when natural enemies are abundant, breeding material is 
scarce, and weather conditions are unfavourable (Hlásny et al. 2021; Wermelinger 2004). In 
this phase, beetles mainly attack weakened trees, windthrows or old trees with low vigour, 
causing limited mortality (Louis et al. 2015). Because suitable hosts are less common, beetles 
disperse over further distances than they do during epidemics  (Hlásny et al. 2021; Netherer 
et al. 2019). 

Although our understanding of SBB damage patterns and drivers has significantly 
improved in recent years, the influence of different stand, landscape and climatic attributes 
on SBB hotspot formation and damage likelihood remains underexplored across broad 
regions (e.g. countrywide). Advancing this knowledge can help identify areas prone to 
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damage (Økland et al. 2015), improve forest health monitoring and operational planning, 
allowing forest managers to prioritise high-risk regions for intervention (de Groot and Ogris 
2019; Hlásny et al. 2021; Kuhn et al. 2022). It could also support the development of forest 
simulators, to assess how controlling key drivers of damage using proactive risk management 
strategies may affect the provision of ecosystem services such as timber yield, carbon stocks 
and the recreational value of forests (Potter et al. 2016; Tobin, Haynes and Carroll 2023).  

The lack of this knowledge across country regions is primarily driven by methodological 
challenges, including limited access to fine-scale infestation data (Fernández-Carrillo et al. 
2024; Nardi et al. 2023; Seidl et al. 2011). Among the relatively few available studies, de 
Groot and Ogris (2019) introduced an early warning system to facilitate timely risk 
management responses. Müller et al. (2022) analysed how environmental factors affect forest 
susceptibility to beetle damage. Kovárník et al. (2025) assessed the role of stand, tree, and 
climate attributes in Norway spruce survival under SBB attack, while Jönsson et al. (2012) 
focused on the likelihood of damage occurrence. Blomqvist et al. (2018) investigated the 
susceptibility of an urban forests to SBB in southern Finland. Modelling studies have 
included the phenology of SBB at the landscape level using mechanistic models (Baier et al. 
2007), and the effects of climatic conditions on the host (Pirtskhalava-Karpova et al. 2024).  

Examining how various attributes affect Norway spruce susceptibility to SBB at the 
northern distribution margin, covering countrywide study areas, offers a basis for comparison 
with Central Europe, where damage has intensified in recent years. Developing a national 
risk model for Finland would thus extend existing Central European knowledge by 
identifying both common and region-specific risk factors across Europe. A better 
understanding of the spatial and temporal drivers of SBB damage remains crucial for 
proactive risk management and the identification of long-term solutions when integrating risk 
analyses into forest simulators.  

 
 

1.4 Objectives 
 

This dissertation, consisting of three sub-studies, aimed to evaluate how various stand, 
landscape and climatic attributes contribute to SBB damage and its spatial distribution in 
Finland. Sub-study I analysed the differences between SBB-damaged and undamaged stands 
and the contribution of landscape attributes to the formation of new SBB damage. Sub-study 
II examined the spatial distribution of SBB damage and the contribution of stand and 
landscape attributes to the formation of SBB damage hotspots. Sub-study III developed 
spatially explicit probability models and maps for SBB damage, considering stand, landscape 
and climatic attributes. 

The study area for all sub-studies consisted of the southern half of Finland (below 64°N). 
The studies employed forest-use notifications of salvage loggings during 2012–2022 as a 
proxy for wind and SBB damage and forest stock data for Norway spruce-dominated forests 
for timber production. This open-access forest stock data and up-to-date, spatially accurate 
nationwide salvage logging data offered a unique opportunity to develop a better 
understanding of how various stand, landscape and climatic attributes contribute to the 
probability of SBB damage and its spatial distribution.   
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2 METHODS 
 

 
2.1 Study area and datasets 

 
The study area used in this dissertation covered the southern half of Finland (Figure 2), 
encompassing 11.4 million ha of forestry land used for wood production, of which 78% is 
privately-owned (Korhonen et al. 2021).The region includes southern and middle boreal zone 
vegetation, with hemiboreal and boreal forests (Ahti et al. 1968). Productive forests in this 
area are mainly composed of Pinus sylvestris L., Picea abies (L.) H. Karst., Betula pendula 
Roth and Betula pubescens Ehrh. (Korhonen et al. 2021). 

Data were collected from two publicly available spatial datasets covering privately-
owned forests, provided by the Finnish Forest Centre (Metsäkeskus). The first includes 
forest-use notifications made by the forest owners, indicating harvesting operations, such as 
salvage loggings from wind or SBB damage (Metsäkeskus 2025). These notifications serve 
as a proxy for actual wind and SBB damage, identifying areas – either whole stands or partial 
cuts – harvested in response to these disturbances, which is the standard forestry management 
practice in Finland. This dataset represents the only extensive, spatially detailed record of 
salvage logging in Finland that specifically pinpoints areas cleared in response to SBB 
damage. The second dataset contains detailed forest structure information at the stand level, 
derived from remote sensing and field assessments (Metsäkeskus 2025). An overview of the 
methodological workflow for Sub-studies I–III is presented in Figure 3 (additionally, see 
Figure 2 in Sub-study I, Figure 2 in Sub-study II and Figure 3 in Sub-study III). 

Forest-use notification data were downloaded on 18 October 2021 for Sub-studies I and 
II and 26 June 2023 for Sub-study III. Norway-spruce-dominated stands harvested due to 
wind or SBB damage were selected from this data for further analyses. The dataset indicated 
damage aggregated at the stand level, and the dataset did not include salvage logging volumes 
or counts of individual damaged trees. Sub-studies I and II used damage data from 2012 to 
2020, and Sub-study III damage data from 2020 to 2022, as Sub-study III required a different 
methodological approach (see Section 2.3.3 for details).  

The forest structure dataset used in all three sub-studies to identify Norway spruce-
dominated stands susceptible to SBB damage and recent clear-cuts was initially downloaded 
on 18 November 2021. Susceptible stands were defined as those with a mean stand diameter 
at breast height greater than 15 cm and a mean age greater than 25 years in 2021, which are 
typical thresholds for SBB damage in Finland, based on results from Sub-study I. Recent 
clear-cuts were also identified as potential drivers of SBB damage, due to the resulting edge 
creation (Kautz et al. 2013). Stands younger than five years in a study year were identified 
as clear-cuts. An updated dataset was downloaded for Sub-study III on 3 January 2024.  
 
 
2.2 Data analysis 
 
2.2.1 Stand and landscape attributes contributing to SBB damage (Sub-study I) 
 
The stand attributes used to examine the differences between Norway spruce stands with and 
without SBB damage included site fertility class, stand development class, soil type, mean 
stand diameter at breast height and mean stand age (see Table 1 in Sub-study I). The 
landscape attribute considered was the distance from each stand to the nearest disturbance  
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Figure 3. Workflow for identifying the stand, landscape and climatic attributes influencing the 
probability of Ips typographus (SBB) damage and its spatial distribution in Finland. 
 
(i.e. clear-cut, previous-year wind or SBB damage). The number of SBB-damaged stands 
was modelled using a generalised linear mixed model (GLMM) with a negative binomial 
distribution, log link and year of damage (2012–2020) as random effects. Fixed effects 
included distance class (from 0 to 1500 m, at 100 m intervals) for each disturbance type and 
their interactions. Overdispersion was assessed by the dispersion statistic (Pearson X² divided 
by the residual degrees of freedom). 
 
2.2.2 Spatial patterns of SBB damage (Sub-study II) 
 
To analyse the spatial distribution of SBB damage in Sub-study II, two squared grids with 
cell sizes of 500 × 500 m and 1000 × 1000 m were laid over the study area. The 4,579 SBB 
damage notifications occurring during the study period (2012–2020) were then assigned to 
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the grid cells. Global Moran’s I (Moran 1950) was used to examine the spatial autocorrelation 
between SBB-damaged stands. Neighbourhoods were defined using two approaches. The 
first considered all adjacent cells, while the second used distance thresholds: cells within 
1000 m formed the neighbourhood for the 500-m grid and within 2000 m for the 1000-m 
grid. The weights were assigned to decrease with increasing distance, reflecting the lower 
probability of damage farther from prior infestations (Kautz et al. 2011; Müller et al. 2022; 
Stereńczak et al. 2019). 

Local Moran’s I (Anselin 1995) was used to identify SBB damage hotspots based on the 
500-m grid and the queen contiguity method, which best represents SBB dispersal 
(Wermelinger 2004). For this, annual damage notifications were grouped into three 3-year 
time windows (2012–2014, 2015–2017, 2018–2020), following earlier bark beetle studies 
(e.g. Potter et al., 2016). Then, each SBB-damaged stand was classified based on whether its 
centroid fell within a hotspot cell (see Figure 2, part 3 in Sub-study II).  

To investigate the effect of stand-level and forest disturbances on hotspot formation, two 
binary GLMMs were used. The first model evaluated the probability of a damaged stand 
becoming a hotspot, while the second assessed the probability of a hotspot recurring. Stand-
level predictors included mean stand diameter at breast height, age, site fertility class and 
development class. The Euclidean distances from each damaged stand to the nearest SBB-
damaged stand from the previous two years and the nearest clear-cut, were the landscape 
predictors. Model fit was assessed using the dispersion statistic, the sample variogram to test 
the spatial autocorrelation of the residuals and the Durbin–Watson test to assess the temporal 
autocorrelation over simulated residuals. 

 
2.2.3 Modelling the probability of SBB damage (Sub-study III)  
 
Sub-study III developed probability models for SBB damage by employing two binary 
GLMMs. The dataset used in Sub-study III integrated newly observed SBB damage from 
2020–2022 that was not previously analysed in Sub-studies I and II. It offers extensive spatial 
coverage of both infestation and non-infestation records with accurate stand-level 
geolocation and incorporates a set of predictors not considered in the earlier sub-studies.  

Fourteen independent predictors were used: one stand attribute, seven landscape 
attributes and six climatic attributes (Table 1 in sub-Study III). The stand attribute was mean 
stand diameter at breast height. The landscape attributes included the Euclidean distance from 
target stands (i.e. SBB-damaged or susceptible Norway spruce) to the nearest forest 
disturbance (i.e. clear-cut, wind and SBB damage from the previous two years), as well as 
the volume of Norway spruce within a 500-m buffer around each target stand and the volume 
of other tree species within the same buffer. The climatic attributes, measured from May to 
August, were extracted from climatic rasters produced by the Finnish Meteorological 
Institute (Aalto et al. 2016). They included the maximum number of consecutive hot days 
(>25°C), total precipitation and cumulative thermal sum above 5°C. To address 
overdispersion in a countrywide model, the study area was split into southern and northern 
sub-areas for modelling purposes. The southern sub-area included the regions with the 
highest number of SBB damage and hotspots between 2012 and 2020, according to Sub-
study II. The model fit was assessed as in Sub-study II. All data processing was done in 
RStudio v.2023.12.0+369 (RStudio Team 2023), with the specific packages used described 
in each Sub-study.   
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3 RESULTS 
 
 

3.1 Stand and landscape attributes contributing to SBB-damage  
 

Between 2012 and 2022, a total of 22,897 salvage logging operations due to SBB damage 
were recorded in Finland (Figure 1 and Figure 2). Annual SBB damage events first peaked 
in 2013 and declined before peaking again in 2021 (Figure 4 in Sub-study I). Most SBB 
damage occurred in southeastern Finland between 60° and 62°N (Figure 2). SBB damage 
was not randomly distributed among Norway spruce-dominated stands, as the characteristics 
of damaged stands (i.e. mean stand diameter, mean stand age, fertility class, stand 
development class and soil type) differed from undamaged Norway spruce stands (Figure 4; 
Table 2 in Sub-study I). Most SBB damage occurred in Norway spruce stands on mesic heath 
or herb-rich heath forests (Figure 4) and in stands located on semi-coarse or coarse and fine-
grained heath forest soils. SBB damage generally occurred also in mature, older stands, with 
a mean stand diameter of 20–35 cm, peaking at 27.5 cm (Figure 7 in Sub-study I).  

Proximity to clear-cuts clearly increased the number of new SBB-damaged stands, but 
previous-year wind and SBB damage had a weaker effect (Figure 5; Table 3 in Sub-study I). 
Damage peaked at 450–600 m from the clear-cuts, while the effects of previous-year wind 
and SBB damage were stronger at greater distances. 
 
 
3.2 Spatial patterns of SBB damage 
 
The results of Sub-study II exposed low-to-moderate statistically significant spatial 
autocorrelation in the distribution of SBB-damaged stands (Table 1 in Sub-study II), 
confirming a robust spatial signal. SBB damage formed statistically significant hotspots, 
concentrated in the southeast of Finland (Figure 6), present throughout the study period but 
less common during the 2018–2020 period. The proximity to SBB-damaged stands in the 
previous two years affected both the formation of hotspots and their recurrence (Tables 3–4 
in Sub-study II). From them, distance to previous-year SBB damage was the most influential 
attribute, with probabilities dropping sharply beyond 500 m. The probability of hotspot 
formation also increased with stand age. When assessing the overall effect of site fertility 
class and stand development class, only the effect of the latter was statistically significant 
and only in the recurrent hotspots model.   
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A  B 

C  

Figure 4. Fraction of Ips typographus (SBB)-damaged and non-damaged Norway spruce 
stands in Finland between 2012 and 2020, categorised by (A) site fertility class, (B) stand 
development class and (C) soil type. Adapted from Sub-study I, Pulgarín et al., (2024), 
figure licence CC BY SA. 
 
 
3.3 Probability of SBB damage  
 
In Sub-study III, the probability of a Norway spruce stand becoming SBB-damaged was low, 
ranging from 0 to 0.125 (mean = 0.00034; Figure 7). The most influential attributes on the 
probability of SBB damage in both sub-areas were distance to clear-cuts and the mean stand 
diameter at breast height. Also, the maximum number of consecutive hot days in the current 
year greatly affected the probability of SBB damage in the northern sub-area (Table 2 in Sub-
study III). In the southern sub-area, the volume of Norway spruce slightly increased the 
probability of SBB damage. Meanwhile, in the northern sub-area, the probability of SBB 
damage increased with both a greater number of consecutive hot days during the study year 
and shorter distance to wind damage from two years before. In the southern sub-area, the 
distance to earlier wind- and SBB-damaged areas, volume of other tree species, precipitation 
in the previous year, precipitation in the current year and the number of consecutive hot days  
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Figure 5. Mean number of Ips typographus (SBB)-damaged stands based on the distance 
from clear-cuts, previous year SBB damage (SBBy−1) and previous year wind damage 
(WDy−1), according to the generalised linear mixed model developed in Sub-study I. Shaded 
areas indicate the 95% Wald-type confidence intervals for the predicted mean count. 
Adapted from Sub-study I, Pulgarín et al., (2024), figure licence CC BY SA. 
 
in the previous year had reduced the probability of SBB damage. In the northern sub-area, 
distance to earlier SBB-damage and clear-cuts, the volume of other tree species and 
precipitation in the current year had similar negative effects on the probability of SBB 
damage. 

The probability of SBB damage declined sharply as the distance from clear-cuts 
increased, with the highest probabilities occurring within 0.5 km (Figure 4 and Figure 5 in 
Sub-study III). The small area depicted in Figure 8 illustrates the spatial distribution of forest 
disturbances (i.e. wind damage, beetle damage, other clear-cuts) and highlights the complex 
spatial patterns of SBB damage. It shows how highly susceptible Norway spruce stands are 
often located close to clear-cuts. 
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Figure 6. Norway spruce stands (green), hotspots (red) and recurrent hotspots (purple) of Ips 
typographs (SBB) damage in Finland. Adapted from Sub-study II, Pulgarín et al. (2025), figure 
licence CC BY. 
 

 
4 DISCUSSION   

 
 

4.1 Effects of stand attributes on SBB damage 
 
In Sub-study I, SBB-damaged stands were concentrated in mature, older stands with a larger 
mean stand diameter at breast height. This is likely because trees with thicker bark and more 
phloem offer better conditions for larval development than younger or slower-growing trees 
(Kärvemo et al. 2014; Wermelinger 2004). However, small stands with low mean diameters 
were also affected, which may indicate epidemic population levels, where even smaller-
diameter trees succumb (Hlásny et al. 2021) 

The formation of hotspots in Sub-study II was similarly found to be affected by the stand 
age. After SBB damage, susceptible mature Norway spruce stands form subsequent hotspots. 
A similar pattern has been observed for Dendroctonus ponderosae Hopkins (Coleoptera: 
Curculionidae; Nelson and Boots, 2008). In Sub-study III, mean stand diameter was the 
second most important predictor of SBB damage, and its importance has been emphasised in 
earlier studies (Göthlin et al. 2000; Wermelinger 2004). Tree size and age are closely 
correlated, which may partially explain the concentration of SBB damage and their hotspots 
in mature stands. Also, diameter is closely related with height, though these two relationships 
can be influenced by factors such as site quality and stand density. Similar to tree diameter, 
greater tree height increases the likelihood of SBB attack (Müller et al. 2022). Nevertheless,   
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Figure 7. Predicted probability of Ips typographus (SBB) damage in Norway spruce stands in 
southern and northern sub-areas. The probability is indicated by colour intensity, with most 
stands showing low values (green). Adapted from Sub-study III (manuscript under review). 
 
during epidemic population levels even younger, smaller trees may also be attacked (Hlásny 
et al. 2021). 

In Sub-study I, SBB-damaged stands tended to occur on the most prevalent site fertility 
types (i.e. mesic heat and herb-rich forest), but were comparatively rare on dry, nutrient-poor 
sites. Observed SBB damage has similarly been lower in soils with limited water retention 
(Netherer et al. 2019). Especially when linked to soil wetness, as low wetness predispose the 
Norway spruce to SBB attack (Müller et al. 2022). 
 
 
4.2 Effects of landscape attributes on SBB damage 

 
Sub-studies II and III evaluated the probability of hotspot formation and SBB damage, 
respectively, across the entire beetle-affected area of Finland, what includes its northernmost 
distribution limit of the species (Romashkin et al. 2020). The studied landscape attributes, 
namely proximity to forest disturbances, were important in explaining SBB damage. 
Proximity to clear-cuts was the strongest driver in Sub-studies I and III. Contrary to 
expectations, however, clear-cuts were not associated with hotspot formation or recurrence 
(Sub-study II). The effect of clear-cuts on SBB damage exceeded the combined effect of 
earlier wind and SBB damage, or other attributes considered in Sub-studies I and III.   
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Figure 8. Detailed area of Uusimaa region showing the predicted probability of Ips 
typographus (SBB) damage in Norway spruce stands. The data for clear-cuts stands are from 
2017–2022, while data from wind- and SBB-damaged stands are from 2021 and 2020. 
Adapted from Sub-study III (manuscript under review). 
 

In Sub-studies I and III, clear-cut influence peaked around 500 m. This aligns with 
previous studies where new SBB damage appeared within 200–500 m of clear-cuts (Kärvemo 
et al. 2014; Müller et al. 2022). The likely reason behind this effect is that the new edges 
created by clear-cuts provide favourable conditions for beetle reproduction, facilitating new 
attacks (Stříbrská et al. 2022). Higher edge temperatures accelerate beetle development, 
increase flight activity and dispersal and enhance the synchrony and intensity of mass attacks 
(Funke and Petershagen 1994; Hinze and John 2019; Wermelinger and Seifert 1999).  In 
addition, trees on new edges are commonly weaken and wind-damaged (Louis et al. 2015). 
Together, these conditions improve the beetles’ ability to attack and overcome host defences.  

The proximity to earlier SBB damage also influenced the occurrence of new SBB damage 
in Sub-study III and was the main driver of hotspot formation and recurrence in Sub-study 
II. This reflects the typical spread of SBB damage during epidemic conditions, where beetles 
attack new hosts close to previously infested trees  (Hlásny et al. 2021; Netherer et al. 2019). 
This pattern has also been observed in D. ponderosae (Nelson and Boots 2008). The spatial 
extent of the effects of previous SBB damage varied among sub-studies. In Sub-study I, 
previous SBB damage increased the amount of new damage up to 1500 m, with a modest 
effect. In Sub-study II, however, earlier SBB damage had a strong effect on hotspot formation 
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and recurrence within 500 m. This finding was consistent with Sub-study III, which also 
showed an elevated probability of SBB damage within 500 m. Earlier research has reported 
distances ranging from 213 m (Stereńczak et al. 2019) to 750 m (Müller et al. 2022). These 
is consistent with the epidemic phase of population dynamics (Hlásny et al. 2021; 
Wermelinger 2004). 

In Sub-studies I and III, the effect of previous wind damage and SBB damage on new 
infestations was weaker than the influence of clear-cuts. These disturbances are closely 
linked: salvage of wind- or SBB-damaged stands often results in new clear-cuts, which in 
turn promote further SBB damage. This feedback loop, found in Sub-studies I and III, and 
illustrated in Figure 9, highlights the interconnected role of these disturbances in sustaining 
outbreaks. 

Sub-study III showed that the volume of growing stock (i.e. Norway spruce vs. other tree 
species) had a relatively small effect on SBB probability compared with other stand and 
landscape attributes. However, the probability of SBB damage decreased as the volume of 
other tree species increased. Other studies have similarly observed that greater Norway 
spruce volume increases damage probability, while the presence of other species reduces it 
(de Groot et al. 2023; de Groot and Ogris 2019; Felton et al. 2016). In an equivalent way, 
Norway spruce volume is positively related to higher SBB population (Gohli et al. 2024), 
Mixed-species stands may reduce susceptibility to SBB damage through several mechanisms, 
including enhanced natural enemy activity, diverse fungal associates, physical barriers to 
beetle movement and disrupted olfactory cues (Felton et al. 2016; Klapwijk et al. 2016; 
Kozhoridze et al. 2024; Zhang and Schlyter 2004).  

In Sub-study II, proximity to previous SBB damage was the most important attribute 
related to hotspot formation. Similar formation of SBB hotspots has been reported (Kamińska 
2022; Stereńczak et al. 2020). Hotspots and recurrent hotspots were particularly common in 
southeast Finland, with additional dispersed hotspots elsewhere. The peak hotspot period (i.e. 
2012–2014) may be explained by previous severe windstorms in southeast Finland and a 
warm summer with above-average temperatures (Tikkanen and Lehtonen 2023; Viiri et al. 
2019), which triggered extensive SBB damage. Conversely, the low recurrence of hotspots 
suggests that the conditions required for persistent clusters were rarely met in Finland during 
the study period. These results indicate that while spatial clustering occurs, it is generally 
transient or dynamic rather than stable over time. 
 
 
4.3 Effects of climatic attributes on SBB damage 

 
Sub-study III revealed that climatic attributes played only a minor role in predicting the 
probability of SBB damage. The effects of temperature conditions on SBB damage (Annila 
1969; Økland et al. 2015) and the combined effect of temperature and drought on beetle 
attacks (Funke and Petershagen 1994; Hinze and John 2019; Wermelinger and Seifert 1999) 
have also been well-documented in previous studies. The weak or non-existent influence of 
climatic attributes in Sub-study III may reflect non-linear effects, masking by random 
variables or interactions not captured in the models. Additionally, their reduced significance 
could result from the inclusion of other variables. Even though, climatic conditions, 
specifically low thermal conditions, have historically limited SBB development in our study 
area  (Annila 1969; Tikkanen and Lehtonen 2023), also in locations where temperatures are 
higher than in our study area (Kovárník et al. 2025; Wermelinger 2004).  
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Interactions between climatic attributes, such as periods of high temperature combined 
with low precipitation, play a particularly important role in influencing SBB damage 
(Netherer et al. 2015; Potterf et al. 2025). The mechanism behind the effect of hot droughts 
is driven by the positive effect of high temperatures on the beetle population and the negative 
effect of droughts on the Norway spruce defence system (Netherer et al. 2015). Offering 
support for the effect of hot droughts, the number of consecutive hot days was the most 
influential climatic attribute in Sub-study III, what is explained by the increasing attack 
success that higher temperatures have (Funke and Petershagen 1994; Hinze and John 2019; 
Wermelinger and Seifert 1999). However, the conflicting north–south influence that number 
of consecutive hot days have on the probability of SBB damage suggests complex thermal 
responses, warranting further study. Precipitation had little effect on SBB probability in Sub-
study III, although low precipitation has previously been linked to beetle damage (Grodzki 
et al. 2006; Kozhoridze et al. 2024). However, it is possible that drought-induced weakening 
of Norway spruce has a lag of up to three years (Netherer et al. 2015; Økland et al. 2015). 
 
 
4.4 Forest risk management implications 
 
Diversified forest structure (i.e. tree species composition and age) may reduce SBB damage 
risk at the forest landscape level. The findings of all three sub-studies suggest that reducing 
the proportion of mature Norway spruce stands and increasing both species and age diversity 
can reduce forest vulnerability to SBB damage. This is especially relevant in southern 
Finland, where mature Norway spruce is widespread and SBB hotspots are concentrated 
(Korhonen et al. 2021). 

In the coming years, climate warming is expected to increase the susceptibility to both 
wind and SBB damage (Venäläinen et al. 2022). Wind and SBB damage can initiate new 
SBB outbreaks, fostering hotspot formation and recurrence. In Finland, the usual response to 
wind and SBB damage is salvage logging, which creates new clear-cuts. Although clear-cuts 
can limit beetle spread in some situations (Wermelinger 2004; Hlásny et al. 2021), Sub-
studies I and III showed that they are also drivers of new SBB damage (Figure 9). Infested 
trees should instead be managed in ways that reduce outbreak likelihood. One alternative is 
timely selective removal – removing infected trees on time, before completing the 
development of the new beetle generation. This may help to reduce vulnerable forest edges 
and lower infestation probability (Komonen et al., 2020). However, selective removal can 
also increase harvesting damage (Hantula et al. 2025; Nevalainen 2017) and reduce the long-
term wood supply, which can have a negative impact on financial revenues (Brunner et al. 
2025). 

Considering the forest areas vulnerable to SBB attacks, annually updated risk maps, 
similar to the ones produced in Sub-study III, can help identify areas requiring monitoring or 
intervention (Figure 7 and Figure 8). Risk maps can support operational forest management 
planning by helping identify and prioritise cuttings of the stands most vulnerable to SBB 
outbreaks. This can significantly increase the effectiveness of detection efforts, whether 
conducted manually (Kautz et al. 2023), with scent detection dogs (Vošvrdová et al. 2023) 
or with large-scale aerial remote sensing technologies (Turkulainen et al. 2025). The 
identified hotspots highlight areas where SBB activity tends to cluster, enabling forest 
managers to prioritize surveillance and reduce the need for blanket monitoring across large 
regions. This approach also supports more efficient allocation of limited resources, such as 
personnel, machinery, and funds, to the areas of greatest concern. 
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4.5 Advantages, limitations and future research 
 
The data and methodology used in Sub-studies I-III were selected to progressively build a 
comprehensive understanding of the studied phenomena. The datasets used in all sub-studies 
generated robust findings, including damage risk maps, given the huge amount of national 
stand-level data they provided (11.4 million ha with more than two million Norway spruce 
stands). Such data is not commonly available for forest health studies countrywide 
(Fernández-Carrillo et al. 2024; Nardi et al. 2023; Seidl et al. 2011). Other key advantages 
of the spatial datasets used are that they signal the agent causing the damage and are publicly 
available (Metsäkeskus 2025). This is in contrast to aerial imagery data, where it can be 
difficult to identify the agent causing the damage (Junttila et al. 2024).  

However, the forest-use notifications dataset based on salvage logging may contain time 
gaps. Because records precede logging, some operations may not have been executed, some 
damage may have gone unreported and older damage may have been misclassified. A major 
shortcoming of this dataset is the absence of damage intensity data (e.g. timber volume or 
affected area), which could improve the inference of SBB damage levels (Hlásny et al. 2021; 
Kautz et al. 2011). Damage intensity can be derived from remotely sensed data, but such data 
are costly and not always readily accessible for analysis. Future efforts integrating remote 
sensing with ground-based observations may help fill gaps in damage intensity information 
and improve overall assessment accuracy. It should also be noted that the soil-type data used 
in this study were not based on thorough field inventories, which is a limitation for assessing 
the role of soil type in the damage events. 

Future studies on hotspot formation may include attributes based on climate, soil and 
beetle population levels to better explain hotspot formation and recurrence. Similarly, future 
modelling endeavours may include data on combined heat and drought effects and beetle 
population levels, which may result in better-fitting models at the national level.  

The developed models explained a substantial portion of the variation in SBB damage 
probability, but system complexity, multiple drivers and the large study area left some 
variation unexplained. Possible additional explanations include unconsidered local factors 
such as microclimate, beetle populations, soil conditions, prior tree health and unreported 
disturbances. For example, root rot (Heterobasidion spp.) also predisposes trees to SBB 
attacks (Wahlman et al. 2025) but sufficient data on root rot occurrence is unavailable. Full-
area probability models may become feasible with longer time series, additional predictors 
for local conditions and higher spatial resolution of SBB damage. More advanced 
approaches– such as geographically weighted regression, Bayesian spatial models, or other 
modelling techniques – could also be valuable for developing a comprehensive, full-area 
model (Seidl et al. 2011).  
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Figure 9. Self-reinforcing sequence of Ips typographus (SBB) damage. Wind or SBB 
damage leads to the removal of affected trees. This is typically carried out through salvage 
logging, which may involve clearing entire stands or portions of them. However, such 
interventions can inadvertently promote further bark beetle outbreaks and contribute to the 
development of damage hotspots. 
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5 CONCLUSIONS  
  
 

This comprehensive dissertation showed how forest stand, landscape and climatic attributes 
strongly influence SBB damage and its spatial distribution in Finland. Sub-study I showed 
that SBB damage was concentrated in mature, older stands with greater mean stand diameter 
at breast height and that nearby disturbances (i.e. wind and SBB damage) also increased the 
number of SBB-damaged stands. Sub-study II showed that hotspots were more frequently 
formed in southeastern Finland and were linked to stand age and proximity to recent SBB 
damage. Recurrent hotspots correlated with stand development class and proximity to older 
damage. Sub-study III showed that the probability of SBB damage was primarily driven by 
proximity to clear-cuts, mean stand diameter at breast height and consecutive hot days above 
25°C, with higher probabilities in the southern study sub-area. The findings show that as 
Norway spruce stands mature and get older, they become more vulnerable to beetle attacks, 
which is further exacerbated by hot days. Mature stands not only attract infestations but also 
foster the formation of damage hotspots and their recurrence, especially when located near 
areas previously affected by SBB.  

The typical response to SBB damage is salvage logging the affected stand, either fully or 
partially, creating clear-cuts. However, this may trigger new outbreaks, as proximity to clear-
cuts contributes to SBB damage. In the short term, risk maps can guide forest managers to 
harvest high-risk stands and enable targeted monitoring and timely, cost-effective 
intervention. In the long term, SBB risk will depend on the structural and compositional 
diversity of forests. Further research is needed to identify which kind of proactive 
management options are most effective under future climatic conditions. To tackle the 
increasing risk of SBB outbreaks and damage under climate change, it is crucial to improve 
forest health monitoring and management to reduce the likelihood of future large-scale SBB 
outbreaks. 

 
 

REFERENCES 
 
 
Aalto J, Pirinen P, Jylhä K (2016) New gridded daily climatology of Finland: 

Permutation-based uncertainty estimates and temporal trends in climate. J Geophys 
Res Atmos 121: 3807–3823. https://doi.org/10.1002/2015JD024651 

Ahti T, Hämet-Ahti L, Jalas J (1968) Vegetation zones and their sections in northwestern 
Europe. Ann Bot Fenn 5: 169-211. 

Annila E (1969) Influence of temperature upon the development and voltinism of Ips 
typographus L. (Coleoptera, Scolytidae). Ann Zool Fennici 6: 161-208. 

Anselin L (1995) Local Indicators of Spatial Association—LISA. Geogr Anal 27: 93–
115. https://doi.org/10.1111/j.1538-4632.1995.tb00338.x 

Baier P, Pennerstorfer J, Schopf A (2007) PHENIPS—A comprehensive phenology 
model of Ips typographus (L.) (Col., Scolytinae) as a tool for hazard rating of bark 
beetle infestation. For Ecol Manag 249: 171–186. 
https://doi.org/10.1016/j.foreco.2007.05.020 

Blomqvist M, Kosunen M, Starr M, Kantola T, Holopainen M, Lyytikäinen-Saarenmaa 
P (2018) Modelling the predisposition of Norway spruce to Ips typographus L. 



25  

infestation by means of environmental factors in southern Finland. Eur J For Res 
137: 675–691. https://doi.org/10.1007/s10342-018-1133-0 

Brunner A, Valkonen S, Goude M, Hanssen KH, Erefur C (2025) Definitions and 
Terminology: What Is Continuous Cover Forestry in Fennoscandia? In: Rautio P, 
Routa J, Huuskonen S, Holmström E, Cedergren J, Kuehne C (eds) Continuous 
Cover Forestry in Boreal Nordic Countries. Springer, Cham, pp 11-43. 
https://doi.org/10.1007/978-3-031-70484-0_2, pp 11–43 

de Groot M, Ogris N (2019) Short-term forecasting of bark beetle outbreaks on two 
economically important conifer tree species. For Ecol Manage 450: 117495. 
https://doi.org/10.1016/J.FORECO.2019.117495 

de Groot M, Ogris N, Diaci J, Castagneyrol B (2023) When tree diversity does not work: 
The interacting effects of tree diversity, altitude and amount of spruce on European 
spruce bark beetle outbreaks. For Ecol Manag 537: 120952. 
https://doi.org/10.1016/j.foreco.2023.120952 

Doležal P, Sehnal F (2007) Effects of photoperiod and temperature on the development 
and diapause of the bark beetle Ips typographus. J Appl Entomol 131: 165–173. 
https://doi.org/10.1111/j.1439-0418.2006.01123.x 

Eriksson M, Neuvonen S, Roininen H (2007) Retention of wind-felled trees and the risk 
of consequential tree mortality by the European spruce bark beetle Ips typographus 
in Finland. Scand J For Res 22: 516-523. 
https://doi.org/10.1080/02827580701800466 

Felton A, Nilsson U, Sonesson J, Felton A, Roberge J, Ranius T, Ahlström M, Bergh J, 
Björkman C, Boberg J, Drössler L, Fahlvik N, Gong P, Holmström E, Keskitalo C, 
Klapwijk M, Laudon H, Lundmark T, Niklasson M, Nordin A, Pettersson M, 
Stenlid J, Sténs A, Wallertz K (2016) Replacing monocultures with mixed-species 
stands: Ecosystem service implications of two production forest alternatives in 
Sweden. Ambio 45: 124–139. https://doi.org/10.1007/S13280-015-0749-
2/FIGURES/3 

Fernández-Carrillo Á, Franco-Nieto A, Yagüe-Ballester MJ, Gómez-Giménez M (2024) 
Predictive Model for Bark Beetle Outbreaks in European Forests. Forests 2024, Vol 
15, Page 1114 15: 1114. https://doi.org/10.3390/F15071114 

Funke W, Petershagen M (1994) Zur Flugaktivität von Borkenkäfern*. Jber naturwiss 
Ver Wuppertal 47: 5–10 

Gohli J, Krokene P, Heggem ESF, Økland B (2024) Climatic and management-related 
drivers of endemic European spruce bark beetle populations in boreal forests. J 
Appl Ecol 61: 809–820. https://doi.org/10.1111/1365-2664.14606 

Grodzki W, Jakuš R, Lajzová E, Sitková Z, Maczka T, Škvarenina J (2006) Effects of 
intensive versus no management strategies during an outbreak of the bark beetle Ips 
typographus (L.) (Col.: Curculionidae, Scolytinae) in the Tatra Mts. in Poland and 
Slovakia. Ann For Sci 63: 55–61. https://doi.org/10.1051/forest:2005097 

Hantula J, Elfstrand M, Hekkala A-M, Hietala AM, Honkaniemi J, Klapwijk M, Koivula 
M, Matala J, Rönnberg J, Siitonen J, Widemo F (2025) Forest Damage. In: Rautio 
P, Routa J, Huuskonen S, Holmström E, Cedergren J, Kuehne C (eds) Continuous 
Cover Forestry in Boreal Nordic Countries. Springer, Cham, pp 221-241. 
https://doi.org/10.1007/978-3-031-70484-0_12, pp 221–241 

Hinze J, John R (2019) Effects of heat on the dispersal performance of Ips typographus. 
J Appl Entomol 144: 144–151. https://doi.org/10.1111/jen.12718 



26 

Hlásny T, König L, Krokene P, Lindner M, Montagné-Huck C, Müller J, Qin H, Raffa 
KF, Schelhaas MJ, Svoboda M, Viiri H (2021) Bark beetle outbreaks in Europe: 
State of knowledge and ways forward for management. Curr For Rep 7: 138-165. 
https://doi.org/10.1007/s40725-021-00142-x 

Jönsson A, Schroederb L, Lagergrena F, Anderbrant O, Smitha B (2012) Guess the impact 
of Ips typographus—An ecosystem modelling approach for simulating spruce bark 
beetle outbreaks. Agric For Meteorol 166– 167: 188– 200. 
https://doi.org/10.1016/j.agrformet.2012.07.012 

Jönsson AM, Harding S, Bärring L, Ravn HP (2007) Impact of climate change on the 
population dynamics of Ips typographus in southern Sweden. Agric For Meteorol 
146: 70–81. https://doi.org/10.1016/j.agrformet.2007.05.006 

Junttila S, Blomqvist M, Laukkanen V, Heinaro E, Polvivaara A, O’Sullivan H, Yrttimaa 
T, Vastaranta M, Peltola H (2024) Significant increase in forest canopy mortality 
in boreal forests in Southeast Finland. For Ecol Manag 565: 122020. 
https://doi.org/10.1016/J.FORECO.2024.122020 

Kamińska A (2022) Spatial autocorrelation based on remote sensing data in monitoring 
of Norway spruce dieback caused by the European spruce bark beetle Ips 
typographus L. in the Białowieża Forest. SYLWAN 11: 719–732. 
https://doi.org/10.26202/sylwan.2022072 

Kärvemo S, Van Boeckel TP, Gilbert M, Grégoire JC, Schroeder M (2014) Large-scale 
risk mapping of an eruptive bark beetle–importance of forest susceptibility and 
beetle pressure. For Ecol Manag 158-166. 
https://doi.org/10.1016/j.foreco.2014.01.025 

Kautz M, Dworschak K, Gruppe A, Schopf R (2011) Quantifying spatio-temporal 
dispersion of bark beetle infestations in epidemic and non-epidemic conditions. For 
Ecol Manag 262: 598–608. https://doi.org/10.1016/J.FORECO.2011.04.023 

Kautz M, Schopf R, Ohser J (2013) The “sun-effect”: microclimatic alterations 
predispose forest edges to bark beetle infestations. Eur J For Res 132: 453-465. 
https://doi.org/10.1007/s10342-013-0685-2 

Kautz M, Peter FJ, Harms L, Kammen S, Delb H (2023) Patterns, drivers and detectability 
of infestation symptoms following attacks by the European spruce bark beetle. J 
Pest Sci 96: 403–414. https://doi.org/10.1007/S10340-022-01490-8/FIGURES/6 

Klapwijk MJ, Björkman C (2018) Mixed forests to mitigate risk of insect outbreaks. 
Scand J For Res 33: 772-780. https://doi.org/10.1080/02827581.2018.1502805 

Klapwijk MJ, Bylund H, Schroeder M, Björkman C (2016) Forest management and 
natural biocontrol of insect pests. Forestry 89: 253–262. 
https://doi.org/10.1093/FORESTRY/CPW019 

Korhonen KT, Ahola A, Heikkinen J, Henttonen HM, Hotanen J-P, Ihalainen A, Melin 
M, Pitkänen J, Räty M, Sirviö M, Strandström M (2021) Forests of Finland 2014–
2018 and their development 1921–2018. Silva Fenn 55: 49. 
https://doi.org/https://doi. org/10.14214/sf.10662 

Kovárník R, Hampel D, Janová J (2025) Modelling the impact of stand type, tree traits, 
and temperature on norway spruce survival under bark beetle attack in Germany. 
For Ecol Manag 586: 122713. https://doi.org/10.1016/J.FORECO.2025.122713 

Kozhoridze G, Korolyova N, Komarek J, Kloucek T, Moravec D, Simova P, Jakuš R 
(2024) Direct and mediated impacts of mixed forests on Norway spruce infestation 
by European bark beetle Ips typographus. For Ecol Manag 569: 122184. 
https://doi.org/10.1016/j.foreco.2024.122184 



27  

Kuhn A, Hautier L, Martin GS (2022) Do pheromone traps help to reduce new attacks of 
Ips typographus at the local scale after a sanitary cut? PeerJ 10: e14093. 
https://doi.org/10.7717/PEERJ.14093/FIG-6 

Lausch A, Heurich M, Fahse L (2013) Spatio-temporal infestation patterns of Ips 
typographus (L.) in the Bavarian Forest National Park, Germany. Ecol Indic 31: 
73–81. https://doi.org/10.1016/J.ECOLIND.2012.07.026 

Lindman L, Ranius T, Schroeder M (2023) Regional climate affects habitat preferences 
and thermal sums required for development of the Eurasian spruce bark beetle, Ips 
typographus. For Ecol Manage 544: 121216. 
https://doi.org/10.1016/j.foreco.2023.121216 

Louis M, Dohet L, Grégoire J (2015) Fallen trees’ last stand against bark beetles. For Ecol 
Manage 359: 44–50. https://doi.org/https://doi.org/10.1016/j.foreco.2015.09.046 

Marini L, Økland B, Jönsson AM, Bentz B, Carroll A, Forster B, Gregoire JC, Hurling 
R, Nageleisen LM, Netherer S, H.P., Weed A, Schroeder M (2017) Climate drivers 
of bark beetle outbreak dynamics in Norway spruce forests. Ecography 40: 1426–
1435. https://doi.org/10.1111/ecog.02769. 

Melin M, Viiri H, Tikkanen OP, Elfving R, Neuvonen S (2020) From a rare inhabitant 
into a potential pest–status of the nun moth in Finland based on pheromone 
trapping. Silva Fenn 54: 1–9. https://doi.org/10.14214/sf.10262 

Metsäkeskus (2025) Metsävaratiedon laatu [Quality of forest resource information (in 
Finnish)]. https://www.metsakeskus.fi/fi/avoin-metsa-ja-luontotieto/tietojen-
yllapito/tiedon-laatu. Accessed 5 March 2025 

Moran P (1950) Notes on continuous stochastic phenomena. Biometrika 37: 17–23. 
https://doi.org/10.1093/biomet/37.1-2.17 

Müller M, Olsson P, Eklundh L, Jamali S, Ardö J (2022) Features predisposing forest to 
bark beetle outbreaks and their dynamics during drought. For Ecol Manage 523: 
120480. https://doi.org/https://doi.org/10.1016/j.foreco.2022.120480 

Nardi D, Jactel H, Pagot E, Samalens J, Marini. L (2023) Drought and stand susceptibility 
to attacks by the European spruce bark beetle: A remote sensing approach. Agric 
For Entomol 25: 119-129. https://doi.org/10.1111/afe.12536 

Nelson TA, Boots B (2008) Detecting spatial hot spots in landscape ecology. Ecography 
31: 556-566. https://doi.org/10.1111/j.0906-7590.2008.05548.x 

Netherer S, Matthews B, Katzensteiner K, Blackwell E, Henschke P, Hietz P, 
Pennerstorfer J, Rosner S, Kikuta S, Schume H, Schopf A (2015) Do water‐limiting 
conditions predispose Norway spruce to bark beetle attack? New Phytol 3: 1128-
1141. https://doi.org/10.1111/nph.13166 

Netherer S, Panassiti B, Pennerstorfer J, Matthews B (2019) Acute drought is an 
important driver of bark beetle infestation in Austrian Norway spruce stands. Front 
For Glob Change 2: 21. https://doi.org/10.3389/ffgc.2019.00039 

Netherer S, Lehmanski L, Bachlehner A, Rosner S, Savi T, Schmidt A, Huang J, Paiva 
MR, Mateus E, Hartmann H, Gershenzon J (2024) Drought increases Norway 
spruce susceptibility to the Eurasian spruce bark beetle and its associated fungi. 
New Phytol 242: 1000–1017. https://doi.org/10.1111/nph.19635 

Nevalainen S (2017) Comparison of damage risks in even- and uneven-aged forestry in 
Finland. Silva Fenn 51: 1741. https://doi.org/10.14214/sf.1741 

Økland B, Netherer S, Marini L (2015) The Eurasian spruce bark beetle: the role of 
climate. In: Björkman C, Niemelä P (eds) Climate change and insect pests. pp 202-
219. https://doi.org/10.1079/9781780643786.0202 



28 

Økland B, Nikolov C, Krokene P, Vakula J (2016) Transition from windfall-to patch-
driven outbreak dynamics of the spruce bark beetle Ips typographus. For Ecol 
Manag 363: 63-73. https://doi.org/10.1016/j.foreco.2015.12.007 

Pirtskhalava-Karpova N, Karpov A, Trubin A, Koreň M, Blaženec M, Holuša J, Jakuš R 
(2024) Spruce bark beetle phenological modelling and drought risk within 
framework of TANABBO II model. Ecol Modell 496: 110814. 
https://doi.org/10.1016/J.ECOLMODEL.2024.110814 

Potter KM, Koch FH, Oswalt CM, Iannone B V. (2016) Data, data everywhere: detecting 
spatial patterns in fine-scale ecological information collected across a continent. 
Landsc Ecol 31: 67-84. https://doi.org/10.1007/s10980-015-0295-0 

Potterf M, Frühbrodt T, Thom D, Lemme H, Hahn A, Seidl R (2025) Hotter drought 
increases population levels and accelerates phenology of the European spruce bark 
beetle Ips typographus. For Ecol Manag 585: 122615. 
https://doi.org/10.1016/J.FORECO.2025.122615 

Pulgarin JA, Melin M, Tikkanen O (2022) Thermal sum drives abundance and 
distribution range shift of Panolis flammea in Finland. Scand J For Res In press. 
https://doi.org//10.1080/02827581.2022.2060303 

Pulgarín JA, Melin M, Ylioja T, Lyytikäinen-Saarenmaa P, Peltola H, Tikkanen O-P 
(2024) Relationship between stand and landscape attributes and Ips typographus 
salvage loggings in Finland. Silva Fenn 58: 23069. 
https://doi.org/10.14214/sf.23069 

Pulgarín JA, Pérez-Pérez J, Melin M, Peltola H, Tikkanen O-P (2025) Assessing the 
impacts of forest stand structure and landscape on the formation of Ips typographus 
damage hotspots in Finland. Forestry. https://doi.org/10.1093/forestry/cpaf058 

Romashkin I, Neuvonen S, Tikkanen O (2020) Northward shift in temperature sum 
isoclines may favour Ips typographus outbreaks in European Russia. Agric For 
Entomol 22: 238–249. https://doi.org/10.1111/afe.12377 

RStudio Team (2023) RStudio: Integrated Development Environment for R. 
Schiebe C, Hammerbacher A, Birgersson G, Witzell J, Brodelius PE, Gershenzon J, 

Hansson BS, Krokene P, Schlyter F (2012) Inducibility of chemical defenses in 
Norway spruce bark is correlated with unsuccessful mass attacks by the spruce bark 
beetle. Oecologia 170: 183–198. https://doi.org/10.1007/S00442-012-2298-
8/FIGURES/5 

Seidl R, Fernandes PM, Fonseca TF, Gillet F, Jönsson AM, Merganičová K, Netherer S, 
Arpaci A, Bontemps JD, Bugmann H, González-Olabarria JR, Lasch P, Meredieu 
C, Moreira F, Schelhaas MJ, Mohren F (2011) Modelling natural disturbances in 
forest ecosystems: a review. Ecol Modell 222: 903–924. 
https://doi.org/10.1016/J.ECOLMODEL.2010.09.040 

Stereńczak K, Mielcarek M, Modzelewska A, Kraszewski B, Fassnacht FE, Hilszczański 
J (2019) Intra-annual Ips typographus outbreak monitoring using a multi-temporal 
GIS analysis based on hyperspectral and ALS data in the Białowieża Forests. For 
Ecol Manag 442: 105-116. https://doi.org/10.1016/j.foreco.2019.03.064 

Stereńczak K, Mielcarek M, Kamińska A, Kraszewski B, Piasecka Ż, Miścicki S, Heurich 
M (2020) Influence of selected habitat and stand factors on bark beetle Ips 
typographus (L.) outbreak in the Białowieża Forest. For Ecol Manag 459: 117826. 
https://doi.org/10.1016/J.FORECO.2019.117826 

Stříbrská B, Hradecký J, Čepl J, Tomášková I, Jakuš R, Modlinger R, Netherer S, Jirošová 
A (2022) Forest margins provide favourable microclimatic niches to swarming bark 



29  

beetles, but Norway spruce trees were not attacked by Ips typographus shortly after 
edge creation in a field experiment. For Ecol Manag 506: 119950. 
https://doi.org/10.1016/J.FORECO.2021.119950 

Tikkanen O, Lehtonen I (2023) Changing climatic drivers of European spruce bark beetle 
outbreaks: A comparison of locations around the Northern Baltic Sea. Silva Fenn 
57: 23003. https://doi.org/10.14214/sf.23003 

Tobin PC, Haynes KJ, Carroll AL (2023) Spatial Dynamics of Forest Insects. In: Allison 
JD, Paine TD, Slippers B, Wingfield MJ (eds) Forest Entomology and Pathology: 
Volume 1: Entomology. Springer, Switzerland, pp 647-668. 
https://doi.org/10.1007/978-3-031-11553-0_18 

Turkulainen E, Hietala J, Jormakka J, Tuviala J, de Oliveira RA, Koivumäki N, Karila K, 
Näsi R, Suomalainen J, Pelto-Arvo M, Lyytikäinen-Saarenmaa P, Honkavaara E 
(2025) Towards scalable wide area UAS monitoring of forest disturbance using 
hydrogen powered airships. Int J Remote Sens 46: 177–204. 
https://doi.org/10.1080/01431161.2024.2399327 

Venäläinen A, Ruosteenoja K, Lehtonen I, Laapas M, Tikkanen O-P, Peltola H, 
Venäläinen A, Ruosteenoja · K, Lehtonen · I, Laapas · M, Tikkanen O-P, Peltola · 
H (2022) Climate Change, Impacts, Adaptation and Risk Management. In: 
Hetemäki L, Kangas J, Peltola H (eds) Forest Bioeconomy and Climate Change. 
Springer, Cham, pp 33-53. https://doi.org/10.1007/978-3-030-99206-4_3 

Viiri H, Viitanen J, Mutanen A, Leppänen J (2019) Metsätuhot vaikuttavat Euroopan 
puumarkkinoihin – Suomessa vaikutukset toistaiseksi vähäisiä [Forest damage 
affects the European timber market – in Finland the effects are minor so far (in 
Finnish)]. Metsätieteen aikakauskirja 2019: 7. https://doi.org/10.14214/MA.10200 

Vošvrdová N, Johansson A, Turčáni M, Jakuš R, Tyšer D, Schlyter F, Modlinger R (2023) 
Dogs trained to recognise a bark beetle pheromone locate recently attacked spruces 
better than human experts. For Ecol Manag 528: 120626. 
https://doi.org/10.1016/J.FORECO.2022.120626 

Wahlman W, Kasanen R, Lappalainen L, Honkaniemi J (2025) Root rot increases the 
vulnerability of Norway spruce trees to Ips typographus infestation. For Ecol 
Manag 577: 122409. https://doi.org/10.1016/J.FORECO.2024.122409 

Wermelinger B (2004) Ecology and management of the spruce bark beetle Ips 
typographus— a review of recent research. For Ecol Manage 202: 67–82. 
https://doi.org/10.1016/j.foreco.2004.07.018 

Wermelinger B, Seifert M (1999) Temperature-dependent reproduction of the spruce bark 
beetle Ips typographus, and analysis of the potential population growth. Ecol 
Entomol 24: 103–110. https://doi.org/10.1046/J.1365-2311.1999.00175.X 

Zhang QH, Schlyter F (2004) Olfactory recognition and behavioural avoidance of 
angiosperm nonhost volatiles by conifer-inhabiting bark beetles. Agric For 
Entomol 6: 1–20. https://doi.org/10.1111/j.1461-9555.2004.00202.x 

  


	ABSTRACT
	ACKNOWLEDGEMENTS
	LIST OF ORIGINAL ARTICLES
	1 INTRODUCTION
	1.1 Increasing damage by the European spruce bark beetle
	1.2 Stand, landscape and climatic attributes affecting SBB damage risk
	1.3 Stand, landscape and climatic attributes affecting SBB damage distribution
	1.4 Objectives

	2 METHODS
	2.1 Study area and datasets
	2.2 Data analysis
	2.2.1 Stand and landscape attributes contributing to SBB damage (Sub-study I)
	2.2.2 Spatial patterns of SBB damage (Sub-study II)
	2.2.3 Modelling the probability of SBB damage (Sub-study III)


	3 RESULTS
	3.1 Stand and landscape attributes contributing to SBB-damage
	3.2 Spatial patterns of SBB damage
	3.3 Probability of SBB damage

	4 DISCUSSION
	4.1 Effects of stand attributes on SBB damage
	4.2 Effects of landscape attributes on SBB damage
	4.3 Effects of climatic attributes on SBB damage
	4.4 Forest risk management implications
	4.5 Advantages, limitations and future research

	5 CONCLUSIONS
	REFERENCES

