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A B S T R A C T   

In the recent decades, Norway spruce forests (Picea abies Karst.) in Europe have been subject to large-scale tree mortality caused by the spruce bark beetle (Ips 
typographus L.). The outbreaks were induced by storm-felling events and periods of drought, which are becoming increasingly frequent due to climate change. 
Because storms and droughts spatially affect forests differently, the infestation patterns and configuration of the bark beetles might differ between storms and 
drought. In this study, we examined local and landscape factors associated with bark beetle-caused tree mortality after one storm (2005) and one drought-induced 
spruce bark beetle outbreak (2018), both occurring in southern Sweden. A total of 13,192 infested one-ha pixels after the storm and 6,425 one-ha pixels after the 
drought (in total 19,617) were compared regarding differences in infestation occurrence and size and associated forest structures and climate between the two 
different outbreaks, using a generalized linear model (GLM) approach. Based on our findings, we discovered that the allocation of infestation patch sizes (including 
four classes: 5–10, 11–25, 26–50 and >50 infested trees) for the two outbreaks were quite similar with a large proportion (>0.6) of small groups (≤10 trees). 

However, the outcomes from this study demonstrate that the drivers behind the spatial configuration of bark beetle infestations can differ considerably between 
outbreaks triggered by storms and droughts, and the main cause seems to be linked to the spatial distribution of susceptible trees. The most consistent differences for 
both occurrence and infestation size were that storm-induced infestations increased more with spruce volumes and area of protected forests (nature reserves) in the 
landscape; whereas for the drought-induced infestations, occurrence and size increased more with clear-cuts in the landscape and spruce heights across spatial scales. 
Soil moisture and mean drought index (SPEI; May-July) were important for both outbreaks, but generally more important for the infestation sizes after droughts than 
after storms and may involve a time-lagged effect. 

The reasoning behind the differences between storms and droughts may be that during storm-induced outbreaks, when the wind-felled trees are removed or not 
suitable anymore, bark beetles need to find specific susceptible standing trees, while after drought all trees are more or less stressed, which results in a selection of 
large trees in dry and warm landscapes as they have more resources and favorable reproduction conditions. Finally, we show that the previous infestation size 
influenced the later infestation size negatively within landscapes of 25 ha and this seems to be related to depletion of susceptible host trees. 

These results are important for the assessment of more specific outbreak predictions, which should be integrated in future risk mapping of bark beetle outbreaks.   

1. Introduction 

Together with drought, wildfires and storms, tree-killing bark beetles 
are the most important biotic disturbances that affect temperate forests 
globally (Sommerfeld et al., 2018; Senf and Seidl, 2021). In western USA 
between 2002 and 2012, tree-killing bark beetles damaged more forests 
than wildfires, resulting in extensive carbon emissions (Berner et al., 
2017). In Europe, the spruce bark beetle (Ips typographus L.) is the most 
important forest pest of Norway spruce (Picea abies Karst.) and outbreaks 
have increased vastly in recent years due to climate change (Hlásny 
et al., 2021a). Various tree stressors may provide the bark beetles with 
susceptible breeding material with weak defenses, which may cause 
eruptive population outbreaks resulting in increased colonization 

success. This positive feedback is enhanced by a substantial number of a 
new generation of beetles that increase the probability of overcoming 
the tree defense, thus causing extensive tree mortality across time and 
space. The stressors initiating the outbreak could have both abiotic (e.g. 
storms, droughts, fires, snow breakages, avalanches) and occasionally 
biotic origins (e.g. intensive thinning, clear-cutting, harvesting, and 
defoliation of other pests) (Wermelinger and Jakoby, 2022). 

Drought and wind-felling are recognized as the two most important 
factors affecting spruce bark beetle outbreaks in Europe (Marini et al., 
2017), which are both expected to increase with climate change 
(Haarsma et al., 2013; Seidl et al., 2017; Jactel et al., 2019). 

Historically, most spruce bark beetle outbreaks in Europe have been 
triggered by storms, although drought-induced outbreaks have 

* Corresponding author. 
E-mail address: simon.karvemo@slu.se (S. Kärvemo).  

Contents lists available at ScienceDirect 

Forest Ecology and Management 

journal homepage: www.elsevier.com/locate/foreco 

https://doi.org/10.1016/j.foreco.2023.121255 
Received 14 April 2023; Received in revised form 14 June 2023; Accepted 4 July 2023   

mailto:simon.karvemo@slu.se
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2023.121255
https://doi.org/10.1016/j.foreco.2023.121255
https://doi.org/10.1016/j.foreco.2023.121255
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2023.121255&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Forest Ecology and Management 545 (2023) 121255

2

increased in recent years (Hlásny et al., 2021a; Hlásny et al., 2021b). For 
example, in 2018, an extensive drought - with warmer temperatures and 
lower rainfall - occurred across Europe, resulting in the largest spruce 
bark beetle outbreak ever recorded (Hlásny et al., 2021a). While 
droughts commonly affect host susceptibility and thus bark beetle out-
breaks across large regional scales, storms generally operate in 
geographically smaller and more isolated areas (Seidl et al., 2016; 
Hlásny et al., 2021b; Wermelinger and Jakoby, 2022). To some extent 
storm-induced bark beetle infestations are more associated with the 
spatial distribution of the wind-felled trees (Hedgren el al., 2003), 
particularly at the early phase of the outbreaks (Kärvemo et al., 2014a; 
Økland et al., 2016; Schroeder, 2010) and when large amounts of the 
wind-felled trees have not been cleared from the forest due to logistical 
reasons (Schroeder et al., 2006; Marini et al., 2017; De Groot et al., 
2021). In addition, since a much lower proportion of stressed standing 
trees are found during storm-induced outbreaks, at least at a landscape 
level, the bark beetles may be more associated with specific host trees 
with reduced resistance and areas with larger local bark-beetle pop-
ulations. Consequently, indirect drivers of the spatial pattern of in-
festations may differ between storm and drought-induced outbreaks. 

Previous landscape studies performed after storm-induced outbreaks 
have found that infestations are strongly associated with wind-felled 
spruces (Kärvemo et al., 2014a), host-tree volumes (Pasztor et al., 
2014; Kärvemo et al., 2016), host age (Brůna et al., 2013), neighboring 
infestations (Stadelmann et al., 2014) and factors associated with 
aridity, such as slope, elevation, solar radiation (Netherer and Nopp- 
Mayr, 2005; Stadelmann et al., 2014; Sproull et al., 2017; Blomqvist 
et al., 2018), and temperature (Mezei et al., 2017). For drought-induced 
outbreaks, forest characteristics such as volume (Netherer et al., 2019), 
height (Müller et al., 2022) and age of the host tree (Overbeck and 
Schmidt, 2012), as well as neighboring infestations (Stereńczak et al., 
2020) have been demonstrated to be important for infestation risks. As 

sanitation cuttings are conducted to a greater extent in managed forests 
compared to unmanaged forests, there might in some cases, be a higher 
population density in spruce dominated nature reserves due to migra-
tions from the managed forests (Montano et al., 2016, but see Som-
merfeld et al., 2018; Potterf et al., 2023). Even though the importance of 
some forest conditions may overlap between storm and drought-induced 
outbreaks, the general differences are poorly investigated. 

Bark-beetle infestations are commonly spatially arranged in 
different-sized spots or patches of killed trees across landscapes and 
regions (e.g. Kärvemo et al., 2014b; Ayres et al., 2011). Previous studies 
have investigated how infestation patterns relate to forest characteristics 
between epidemics and endemics (e.g. Lausch et al., 2011; Stadelmann 
et al., 2014; De Groot et al., 2019) as well as forest resistance and dif-
ferences between storms and droughts per se (e.g. Schlyter et al., 2006; 
Csilléry et al., 2017; Jactel et al., 2017). However, this is the first large- 
scale study to compare storm and drought-induced outbreak patterns 
across the same region. The aim of this study is to compare factors 
associated with the occurrence and infestation sizes between a storm 
(2005) and a drought-induced (2018) outbreak in southern Sweden. 
Kärvemo and Schroeder (2010) reported that the storm-induced 
outbreak resulted in just over 3 million m3 of trees killed by the bark 
beetles. However, the more extensive outbreak caused by the drought 
has resulted in 32 million m3 of bark-beetle killed trees so far (Swedish 
Forest Agency). This indicates that at a larger scale, there is only a minor 
interaction between the two outbreaks. 

The specific research questions are: (i) does the importance of 
various forest characteristics differ between occurrences of storm and 
drought-induced infestations? (ii) How are infestation sizes influenced 
by the forest characteristics during the two different outbreaks? (iii) Is 
the local spatial configuration of infestation sizes from the recent 
outbreak influenced by the previous one? 

Both storm intensities and elevated temperatures with subsequent 

Fig. 1. The study area with infestation occurrences in southern Sweden, where gray dots represent data from the storm-induced outbreak (2006–2007) and black 
dots represent data from the drought-induced outbreak (2018–2019). 
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bark-beetle outbreaks have increased and will become more frequent in 
the future due to climate change (Venäläinen et al., 2020). A comparison 
of different drivers behind storm and drought-induced outbreaks will 
contribute to a more precise knowledge about the forest stands at 
highest risk of infestations. Current mapping of infestation risks is 
commonly based upon stand characteristics and climate data, including 
information from both storms and/or droughts, and this should be taken 
into consideration when applying indices to predict infestation risks. 
Therefore, it is important to gain an understanding of the differences in 
drivers between storm and drought-induced infestations to be better 
prepared in the future in order to mitigate any adverse effects on forest 
loss. 

2. Material and methods 

2.1. Study area 

The two largest bark-beetle outbreaks recorded in Sweden erupted 
after a winter storm in January 2005 and a drought in 2018, both 
located in the southern parts of Sweden (Fig. 1). The mean elevation in 
the study area is 151.8 m with a standard deviation of ±68.2 (U.S. 
Geological Survey’s EROS Data Center; https://databasin.org/). The 
storm in 2005 felled 50–75 million m3 of forests (Kärvemo and 
Schroeder, 2010) and large management efforts were taken to salvage 
the wind-damaged trees before the spring swarming. However, such 
large volumes are impossible to remove within the first year (Økland 
et al., 2016) and tens of millions of wind-felled trees remained in the 
forest during the following summer, which provided the spruce bark 
beetle with a surplus of suitable breeding material. Consequently, due to 
the high population density emerging from the wind-felled trees, the 
spruce bark beetles were able to kill >3.2 million m3 of healthy spruce 
trees during the next years; mostly in two counties in the west and 
central parts of southern Sweden. After the drought in 2018, an exten-
sive bark beetle-induced spruce mortality occurred because of stressed 
trees with reduced defense capacity. So far (2018–2022), 32 million m3 

of Norway spruce has been killed across >10 counties in southern 
Sweden (Wulff and Roberge, 2021). 

2.2. Outbreak data 

In this study, we used infestation patch data from 2006 to 2007 and 
2018 to 2019. This corresponds to a similar outbreak phase, i.e., the 
first–second year of attacks on healthy standing trees (Modlinger and 
Novotný, 2015, Schroeder and Lindelöw, 2002). Trees killed by the 
spruce bark beetle were surveyed by helicopter in September 2007 and 
categorized into one of four group size classes: 5–10, 11–25, 26–50 and 
>50 trees (cf. Kärvemo et al., 2014b, 2016). The helicopter data was 
validated from the ground in November 2007 (163 infested groups) and 
the result showed that of 1620 checked spruces, 1347 (83%) were 
confirmed to have been attacked by the spruce bark beetle in the same 
year (Kärvemo et al., 2016), indicating that a potential problem of false 
positives from the storm-induced outbreak is small in our data. The 
potential problem of false negatives should also be small because groups 

of killed trees are very apparent from helicopter at the low flying alti-
tude and high density of transects used in the survey. We assume that a 
large proportion of the surveyed infestation patches were from 2006, as 
this was the peak year of the outbreak (Kärvemo and Schroeder, 2010). 
Data available from additional helicopter surveys in 2008 (~3 million 
ha) and 2009 (130,000 ha) were included when analyzing the de-
pendencies of infestations between the storm and drought-induced 
outbreaks (see below). Data of individual bark beetle infested trees 
from 2019 were sampled from harvester machines equipped with global 
navigation systems (Södra skog; cf. Müller et al., 2022). Based on color 
changes in the infested tree crowns infested pixels-derived from satellite 
images (multi-temporal Sentinel-2) with a resolution of 10x10 m2 – we 
can confirm an infestation patch accuracy of 79%, obtained from 126 
infestation patches (Persson et al., 2022). As 34% of the infested trees 
were harvested before August 2019, when the majority of the trees had 
not yet changed crown color, we assume that these trees were infested in 
2018. The infested trees from 2018 to 2019 were converted to equiva-
lent infestation patch classes as the storm-induced outbreak. This was 
done via the Aggregate points function in ArcMap (ArcGIS 10; ESRI, 
Redland, California, USA), with a group distance limit of 10 m, to 
correspond to a similar visual separation and spatial accuracy of infes-
tation patches from the helicopter data. For statistical modelling, the 
infestation patch classes from both outbreaks were converted to geo-
metric means for the four classes (7.1, 16.6, 36.1 and 71.4, respectively), 
summed up in each of the 100x100 m pixels (see Forest characteristics). 
Geometric means were used because the distribution within each class 
was skewed toward small numbers (cf. Kärvemo et al., 2016). To ensure 
comparability with the harvest data exclusively collected from produc-
tion forests, storm-induced infested pixels within nature reserves (1.5% 
of the total) were excluded from the data. The final number of infested 
pixels summed up to 13,192 pixels for the storm data and 6,425 for the 
drought data (Fig. 1.). The bark beetle infestation data from both out-
breaks are distributed across 10 million hectares of land in Sweden. Of 
this, the 2007 helicopter data represents 6.7 million hectares and the 
2019 harvesting data represents 9.2 million hectares, and 6.3 million ha 
overlaps spatially between the data of the two outbreaks. 

2.3. Forest characteristics 

The predictors for comparing infestation occurrence and magnitude 
from the two different outbreaks were six local variables and five 
landscape variables reflecting the forest composition in the surround-
ings. All predictor variables were aggregated by means for spruce vol-
ume and height and summed pixel area for clear-cuts and nature 
reserves (Table 1) to a resolution of 100x100 m2, to facilitate data 
processing. The local variables were spruce volumes, spruce heights, 
areas with clear-cuts, soil moisture, and drought (standardized 
precipitation-evaporation index (SPEI)) from both the first and second 
year of standing tree mortality. Due to the strong correlation between 
forest age and height (r = 0.94), age was not evaluated. The forest 
predictors in the surrounding landscape (conducted with “moving 
windows” of 2x2 km2 within the raster package (Hijmans, 2020)) were 
spruce volume, spruce height, clear-cut edges, nature reserves and soil 

Table 1 
Forest variable statistics for each of the studied outbreak areas 2006–2007 and 2018–2019 (of which 63% was overlapping), including units, modelled spatial scales - 
local (Lo) and landscape (La) - and in which models where the variable was evaluated, i.e., infestation occurrence model (Occ) or size (Size). SFM: SLU Forest Map; SFA: 
Swedish Forest Agency; LSS: Land Survey of Sweden; SMM: Soil Moisture Maps; CCKP: Climate Change Knowledge Portal.  

Variables Outbreak 06–07 Outbreak 18–19 Unit Explanation Scale Models Source 

Spruce volume 79.8 (±60.1) 61.9 (±78.1) m3 ha− 1 mean (±SD) Lo,La Occ, Size SFM 
Spruce height 12.8 (±5.5) 11.1 (±6.6) m mean (±SD) Lo,La Occ, Size SFM 
Clear-cuts 6.4 5.8 % area Lo,La Occ, Size SFA 
Nature reserves 1.4 2.1 % area La Occ, Size LSS 
Soil moisture 34.5 (±25.7) 32.7 (±25.1) index mean (±SD) Lo, La Occ, Size SMM 
SPEI first year − 0.795 − 1.738 index drought Lo Size CCKP 
SPEI second year 0.955 0.009 index drought Lo Size CCKP  
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moisture. In addition, a distance-weight function was added to each 
landscape variable by applying a Gaussian kernel filter within the 2 × 2 
km2 “moving window” using the “focalWeight” function in the R 
package “raster”(Hijmans, 2020). A sigma value of 400 was chosen to 
correspond to a typical normal-distribution curve within the 4 km2 

window and was based on information of flight distances from previ-
ously reported studies, i.e., within 1000 m (Kautz et al., 2011; Kärvemo, 
2015; Økland et al., 2016). Data of spruce volumes and heights were 
accessed from the 2005 and 2015 maps of forest land in Sweden (Reese 
et al., 2003). Spruce height was created by exclusively using forest 
height pixels with spruce (>100 m3). As trees in newly exposed stand 
edges (facing fresh clear-cuts) experience an increased risk of in-
festations, clear-cut edges were assessed from satellite images of har-
vested forest conducted by the Swedish Forest Agency within the 
preceding five years for each outbreak, i.e., 2002–2006 and 2014–2018, 
respectively. Clear-cut polygons were rasterized and the number of 
pixels were summed in the landscape. The clear-cut layers were addi-
tionally used to mask out harvested pixels in 2005–2006 and 
2014–2018, from the spruce volume and height 2005 and 2015. Vector 
data of all existing nature reserves as of 2007 and 2019 were derived 
from the Land Survey of Sweden (https://www.lantmateriet.se/en/) 
and converted to raster data. Mean soil moisture was extracted from a 
national-scale raster mapping (ranging from 0 to 100, 10-m resolution), 
based on digital terrain indices and ancillary environmental information 
(Ågren et al., 2021). Here, values > 98 were removed as they commonly 
indicate water bodies and thus non-forest. Historic reference climatic 
data for the SPEIs were assembled from the World Bank Climate Change 
Knowledge Portal (The World Bank, 2022) for the period 2000 to 2020. 
Annual mean temperatures and total precipitation were used for 
generating the SPEIs, conducted with the packages ncdf4 (Pierce, 2021), 
fields (Nychka et al., 2017) and raster (Hijmans, 2020) in program R. 
The monthly (May, June and July) SPEIs by Thornthwaite were calcu-
lated as the difference between precipitation and potential evapotrans-
piration. Mean May-July SPEI’s from 2006 (first year) and 2007 (second 
year) were analyzed for the storm model, whereas mean May-July 
SPEIs’ from 2018 (first year) and 2019 (second year) were analyzed 
for the drought model. 

2.4. Statistical analyses 

Analyses were performed with the statistical software R (ver. 4.0.3; R 
Core Team, 2020) and model assumptions were visually tested by 
comparing the standardized deviance residuals to the predicted counts. 
We confirmed that no explanatory variables correlated with each oth-
er using Pearson’s correlation coefficients in a correlation matrix for 
each of the main models (Table 1), and all variables qualified with r <
0.7 (Dormann et al., 2013). 

2.4.1. Occurrence of infestations 
Differences in the occurrence of infestations and associated forest 

structures between storm and drought-induced outbreaks were statisti-
cally evaluated by generalized linear models (GLM) with binomial error 
distribution (Table 1). This means, given a specific condition, that there 
is either a higher probability to have a drought-induced or a storm- 
induced infestation. At both local and landscape scales, the forest vari-
ables considered in the analyses were spruce volume, spruce height and 
clear-cut edges. We analyzed the data with separate GLMs for local and 
landscape variables due to overfitted models, resulting in convergence 
issues. In addition, the areas of nature reserves were evaluated at the 
landscape scale. SPEIs were not included in the occurrence models due 
to complete separation, resulting in convergence issues (Albert and 
Anderson, 1984). Landscape variables were evaluated with non- 
weighted functions. All continuous variables were standardized to a 
mean of 0 and a standard deviation of 1, prior to the GLM analysis. 
However, odds ratios (odds that an outcome will occur given inclusion 
of the variable) were calculated from unstandardized variables to esti-
mate true unit changes. 

2.4.2. Infestation size 
Evaluation of infestation sizes (sum of geometric means of infested 

trees per pixel) and associated forest structures were analyzed with 
separate GLMs for the storm- and drought- induced outbreaks (Table 1). 
Because of overdispersion when fitting the models with Poisson distri-
butions, we modelled infestation frequencies using negative binomial 
error structures – function glm.nb from the MASS package in program R 

Fig. 2. The proportion of infestation patch sizes (classification of number of trees from original group size classes) between storm and drought-induced outbreak.  
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(Venables and Ripley, 2002). The best- fitted models were selected from 
AER::dispersiontest (Kleiber & Zeileis, 2008). As for the Occurrence 
models, local and landscape variables were analyzed separately 
including the same standardized variables, with the addition of SPEIs 
(drought index) representing the first and second year of the storm 
(2006 and 2007), and drought-outbreak models (2018 and 2019). 

To evaluate the effects of distance-weight for the landscape vari-
ables, (i.e. when giving occupied pixels further away than the closer 
ones a lower weight) differences between AICs were evaluated by 
replacing the non-weighted variable one-by-one with the weighted 
variable. Due to collinearity, spruce height was not evaluated. 

2.4.3. Dependencies between the outbreaks 
Previous outbreak experience may involve dampening of infestation 

risks due to changes in forest conditions (Sommerfeld et al., 2021), or 
possibly a “vaccination” effect (Christiansen and Krokene, 1999). The 
association between infestation sizes from the storm-induced outbreak 
(data: 2007–2009) and the drought-induced outbreak was analyzed at 
different spatial scales by multiple GLMs with negative binomial error 
structures (MASS::glm.nb: Venables and Ripley, 2002). Five regressions 
between infestation sizes from both outbreaks within 300 to 1100 m 
moving-window side length (200 m stepwise) were modelled separately. 
This corresponds to summed infestation sizes from the two outbreaks 
within windows of 9, 25, 49, 81 and 121 ha, respectively. The sum of 
geometric means of infestation patch sizes from the drought-induced 
outbreak were the response variable, whereas the sum of geometric 
means of infestation patch sizes from the storm-induced outbreak were 

the explanatory variable. An additional set of models were run, where 
spruce volumes were added as an offset variable in the models, which 
resulted in a rate-dependent response, i.e., we controlled for spruce 
forest variations. 

3. Results 

Despite the different methods of collecting data for the two out-
breaks, the results show relatively similar proportions with a higher 
frequency of small-sized infested patches, with > 80% of the patches 
containing<25 trees (Fig. 2). 

The sum of patches within pixels indicated a higher patch density of 
the drought-induced outbreak compared to the storm-induced outbreak. 
For the drought data, more than one patch was found in 43% of the 
pixels, whereas for the storm data, only 4% of the pixels contained more 
than one patch. 

3.1. Occurrence of infestations 

The importance of forest conditions influencing the occurrence of 
infested patches differed considerably between the storm and drought- 
induced outbreak (Fig. 3; A1-A2). Except for large differences in SPEI 
where drought-induced infestations occurred at drier locations 
(Fig. A1d-f), the most important variables that differed between the 
outbreaks were spruce volume and tree heights in the landscape. 
Moreover, in comparison to the drought-induced outbreak, there was a 
higher probability of finding storm-induced infestations with increasing 

Fig. 3. Logistic regression results (GLM, by using drought and storm-induced infestation occurrence as a binary variable) from the local and landscape models, 
including estimates, confidence intervals and odds ratios above the point estimates, between the storm and drought-induced outbreak. 
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areas of nature reserves and increasing soil moisture in the landscape. 
Clear-cuts in the landscape were more important for the drought- 
induced outbreak. However, if soil moisture was excluded from the 
model, clear-cuts were more important for the storm-induced outbreak 
(Estimate = 0.12; p=<0.001). This phenomenon, called Simpson’s 
paradox is well known in statistics (Simpson, 1951) and may occur when 
variables are interacting, although the correlation coefficient (r) be-
tween clear-cuts and soil moisture was only 0.39. No other variable 
changed substantially if the variables were removed one-by-one from 
the models. The two most important local variables for the storm- 
induced outbreak were clear-cuts and soil moisture, while spruce 
height and volume were more important for the drought-induced 
outbreak. 

3.2. Infestation size 

The forest condition variables that influenced the sum of infestation 
patch sizes within one-ha pixels differed between storm and drought- 
induced outbreaks (Fig. 4). The models for each of the outbreaks indi-
cate that clear-cuts in the landscape and drought (SPEI) in the first 
outbreak year increased infestation sizes. However, the clear-cuts for the 
storm-induced outbreak and the SPEI for the drought-induced outbreak 
were only marginally significant (p = 0.08, p = 0.09, respectively). 
Conversely, in the second year, areas with less drought (SPEI) were 
associated with increased infestation sizes. Moreover, increased soil 
moisture at both local and landscape scale seems to reduce infestation 
sizes. Spruce volumes and heights in the landscape models had a direct 
opposite relationship when comparing storm and drought-induced 
outbreaks. During the drought-induced outbreak, taller spruce trees 
were found to increase infestation sizes, while larger spruce volumes in 
the landscape were found to decrease infestation sizes. Conversely, 
storm-induced infestations sizes decreased with taller spruce trees and 
increased with spruce volumes in the landscape. 

Another important landscape variable for the storm-induced 
outbreak, positively associated with infestation sizes, was area of na-
ture reserves, whereas no effect of these was found for the drought- 
induced outbreak. Local spruce volumes were not significantly associ-
ated with infestation sizes for any of the outbreaks. 

Distance effects for the landscape variables within moving-windows 
of 2x2 km2 were exclusively important for clear-cuts. The inclusion of 
the distance-weight for this variable reduced the AIC by 9 and 10 for the 

Fig. 4. Model estimates (95% confidence intervals) for infestation spot sizes after storm and drought-induced outbreak and associations with forest characteristic 
variables at different spatial scales. Black bold dashed line separates local and landscape variables while dashed grey line indicate zero threshold for significance. 

Fig. 5. Location-based coefficient outcomes (with confidence intervals) of 
infestation sizes between the drought-induced (response) and the storm- 
induced (predictor) outbreak across different spatial scales. 
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storm and drought models respectively. 
The main landscape model of the drought-induced outbreak was 

additionally performed by excluding all infestation data from the 
overlapping storm-outbreak area, indicating a situation where drought 
infestations were probably less affected by the storm-induced in-
festations. Considering the small sample size (N = 832; 13%), the results 
were comparable to those of the full model that included all infestations 
with no impact of nature reserves (Estimate = -0.007, p = 0.805), a 
positive estimate of height (Estimate = 0.0451, p = 0.15), a negative 
estimate of spruce volume (Estimate = -0.039, p = 0.20) and a positive 
estimate of clear-cuts (Estimate = 0.140, p < 0.001). 

3.3. Dependencies between the outbreaks 

The generalized regression models of infestation sizes from the two 
outbreaks were negative within the two smallest scales (Fig. 5), i.e., 
window lengths of 300 and 500 m (i.e. 9 and 25 ha), indicating lower 
risk of large drought-induced infestations where large storm-induced 
infestations occur. However, no correlations were found at larger 
scales. When spruce volume was included as an offset in the model (i.e. 
rate of attacks based on spruce availability), no negative correlations 
remained (Fig. A3). Instead, positive correlations between infestation 
sizes were found at the largest spatial scales, i.e., >700x700 m2 (49 ha). 

4. Discussion 

Large forest disturbances such as storms, droughts and subsequent 
bark beetle outbreaks play major roles in forest ecosystems. Identifica-
tion of bark beetle damage risks following different triggers and asso-
ciated forest conditions are important to provide information needed for 
future development of bark-beetle outbreak prediction, risk indices of 
infestations and prioritization for forest management. We compared a 
storm and drought-induced outbreak after the second year of standing 
tree mortality, which corresponds to the second highest year of tree 
mortality across the phases of both outbreaks. The outcomes from this 
study demonstrate that the spatial configuration of bark beetle in-
festations after storms and droughts differs considerably and the main 
cause seems to be linked to the spatial distribution of susceptible trees. 
The storm-induced infestation probability (in relation to the drought- 
induced outbreak) and size increased more with spruce volumes and 
nature reserves in the landscape, whereas the drought-induced infesta-
tion probability (in relation to the storm-induced outbreak) and size 
increased more with clear-cuts in the landscape and spruce heights 
across spatial scales. We also demonstrate that infestation sizes of the 
second outbreak were locally negatively influenced by the infestation 
sizes of the first outbreak and that this phenomenon occurred within a 
landscape size of 25 ha (500x500 m2). This negative relationship dis-
appeared when controlling for spruce volumes and was therefore most 
likely influenced by a local depletion of susceptible host trees or an 
increased tree species diversity, which provided an important damp-
ening feedback from the first outbreak (Sommerfeld et al., 2021). In 
addition, from the landscape infestation-size model, when removing 
areas apparently affected by both outbreaks, it appears that the forest 
variables that influenced the drought-induced outbreak were not 
considerably impacted by the previous outbreak caused by the storm. 

The strong positive association between spruce volumes in the 
landscape, storm infestation occurrences (relative to drought) and 
infestation sizes may be caused by pure stands of Norway spruce, which 
increase the risk of storm-felling (Mezei et al., 2014; Roessiger et al., 
2020). Thus, a higher population density of bark beetles occurs in these 
landscapes (Kärvemo et al., 2014b). The positive relationship between 
spruce volumes in the landscape and infestation risks after storm felling 
is supported by previous studies (Kärvemo et al., 2014a, 2016). The area 
of nature reserves in the landscape increased the infestation occurrence 
and size after the storm, whereas a relatively lower risk of occurrence 
and no difference in infestation size were found for nature reserves after 

the drought. In comparison with drought, when all trees are more or less 
affected by stress, trees retained after a storm may attract more bark 
beetles from the landscape and thus infested patches will increase in size 
due to relatively fewer susceptible trees in the landscape (Montano et al., 
2016). This is additionally supported by large-scale removal of wind- 
felled spruce trees in the managed forest during the first year after the 
storm (Schroeder et al., 2006), while removal of trees in nature reserves 
was limited. In contrast, after the drought-induced outbreak, sanitary 
cutting may not be implemented to the same extent, mainly due to 
difficulties in locating infested trees showing almost no signs of in-
festations during spring and early summer. Furthermore, during the 
drought outbreak tree stress was affecting more trees across a larger 
region. This may have influenced the stronger impact of nature reserves 
in the landscape on storm-induced infestations compared to drought. It 
is important to note that the forest variables, such as spruce volume and 
height in the landscape, clear-cuts, drought index (SPEI) and soil 
moisture locally had a greater or similar effect on the occurrence and 
size of storm-induced infestations when compared to nature reserves, 
according to the models. Furthermore, it is crucial to consider the 
causative factors behind this relationship, as all types of nature reserves 
were incorporated into the models regardless of variables such as 
infestation rates and forest characteristics. 

The association between infestation occurrence and clear-cuts at a 
local scale (and at the landscape scale when excluding soil moisture 
from the model) was relatively stronger for storm-induced outbreak 
compared to the drought and this may also be related a narrower range 
of host-tree choices. Clear-cuts at the landscape scale were more posi-
tively associated with infestation sizes after the drought. As the drought 
in 2018 started at the same time (May) as the first swarming period of 
the spruce bark beetle, these trees adjacent to clear-cuts may be the most 
susceptible due to a warmer microclimate (resulting in increased flight 
capacity, tree stress and volatile emissions), functioning as stepping- 
stones in the landscape for later attacks (Kautz et al., 2013). The 
reduction of AIC when including the distance-weight function revealed 
that distances closer to the clear cuts (< ~1 km) explained infestation 
size variation even better. This may be explained by the effect of the 
microclimatic functions at the edge of the clear-cuts (see above), linked 
to increased infestation risks and stepping stone functions. 

In relation to storm-induced outbreak, local spruce heights for the 
drought-induced outbreak were more important for infestation occur-
rence and size. In general, the spruce bark beetle prefers to colonize 
larger (Jakuš et al., 2011; Mezei et al., 2014) or older trees (Overbeck 
and Schmidt, 2012; but see Hutchison and Reid, 2022) as they have a 
thicker phloem (food source) and a greater area for colonization. At the 
same time more beetles are needed to overcome the stronger defense 
from larger trees (Boone et al., 2011; Jakuš et al., 2011; Hutchison and 
Reid, 2022). As drought lowers vitality of the standing host trees at a 
larger scale than storms, greater amounts of taller trees are susceptible 
for bark beetle attacks after droughts where they also can reproduce 
more efficiently (Kärvemo, 2015). A relatively lower impact of local tree 
heights and a higher influence of spruce volumes for the storm-induced 
outbreak may be related to a higher discrimination of host trees due to a 
relatively lower number of large susceptible trees. Instead, variables 
related to reduced defenses such as clear-cut edges at a local scale and 
soil moisture across scales may be more important for the occurrence of 
infestation after storms, which is supported by the occurrence model 
results. However, when infestations are caused by drought, they tend to 
increase in size to a greater extent when the soil has low moisture levels 
and there are more clear-cuts in the surrounding landscape, as compared 
to when infestations occur due to storms. 

Soil moisture reduced the occurrence of storm-induced infestation to 
a higher degree than drought-induced outbreak, whereas areas with 
more soil moisture reduced infestation sizes to a higher degree for the 
drought-induced infestations. The reason for a lower occurrence in 
wetter areas after the storm may be that the forests were not suffering 
from such an extreme drought as in 2018, which means that more water- 
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deficient spruce stands were at a relatively lower risk of colonization 
during the storm-induced outbreak. Commonly wetter areas were rela-
tively drier after the drought in 2018, resulting in a more even and thus 
reduced influence of soil moisture on drought-induced infestation oc-
currences. This is in accordance with previous studies demonstrating 
relatively higher infestation risks at low elevation sites or mesic topo-
graphic positions after drought-induced outbreaks (Lausch et al., 2011; 
Harvey et al., 2021; Nardi et al., 2023). Still, compared to the storm, the 
drought-induced infestations were even more limited in size at these 
sites, possibly due to a higher probability of finding even better host 
trees in nearby stands. 

For the drought-induced outbreak, the drought index (SPEI) data for 
both 2018 and 2019 were generally lower compared to the storm- 
induced outbreak 2006 and 2007 (Fig. A1e-f). The mean weather con-
ditions in May-July 2006 and especially 2018 were drier than the long- 
term average (indicated by negative SPEI values) and drier sites had 
larger infestation sizes for both outbreaks. In contrast, the years 2007 
and 2019 had a higher or similar drought index than the average, and 
surprisingly, the relatively wetter sites during those years were associ-
ated with larger infestation sizes. This may be a result of a mismatch 
between first and second infestation years and first and second-year SPEI 
data. In order to better understand this, the first and second-year harvest 
data of trees killed during the drought outbreak were analyzed sepa-
rately (i.e. infestations harvested between Jan-July with the assumption 
that they were mainly infested in 2018, as spruce generally does not 
show signs of infestations until the autumn). Models from this filtered 
data (results not shown) revealed that the main results derived from the 
infestations in 2019 were similar, whereas infestations from 2018 were 
not significantly associated with SPEI 2018. A stronger impact of the 
drought year (i.e., SPEI 2018) on infestations in 2019 compared to 2018 
indicates a strong lagged effect of drought. The main drought in 2018 
started in May during the main swarming period, with a continuation in 

June and was particularly pronounced in July (Swedish Meteorological 
and Hydrological Institute); such a prolonged drought may have caused 
a strong lagged effect on the vitality of the Norway spruce in 2019 
(Bigler et al., 2007). This theory is supported by previous studies 
demonstrating a time-lagged effect of drought on bark beetle-induced 
tree mortality (Lloret and Kitzberger, 2018; Müller et al., 2022). The 
significance of larger infestation sizes with less drought indicates that 
areas which have generally wetter conditions can be more sensitive to 
bark beetle attacks when experiencing extensive droughts (Nardi et al., 
2023). The reason for this may be related to differing root lengths in 
different soil conditions. Spruce in wetter areas with less experience of 
drought develop shorter roots (Puhe, 2003), which makes them more 
susceptible to extreme droughts. 

It is important to stress that the underlying data used in this study 
were intended for practical forest management planning. It was not 
sampled for scientific purposes and it is therefore exposed to some 
subjectivity, which in addition to errors from harvest or flight inter-
pretation of infestations can lead to inconsistencies when linked 
together or summed up within pixels. 

5. Conclusions 

The results of the present study have implications for prediction of 
infestation risks of the spruce bark beetle. Bark beetle outbreaks are 
expected to increase with climate change, particularly those induced by 
drought. To predict high-risk areas, it is important to understand the 
differences between storm and drought-induced infestations. With the 
intense development of high-resolution satellite data of forest charac-
teristics, technology and AI in the last decade, the number of risk index 
applications of bark beetle infestations is increasing rapidly. These 
predictions are commonly based on stand variables (e.g. spruce volume, 
age and size, soil moisture, terrain and stand densities) and climatic data 

Fig. A1. Occurrence of bark-beetle infestation after drought and storm-induced outbreaks and associations with local variables, including (a) spruce volume, (b) 
spruce height, (c) proportion of pixels including clear-cut edges, (d) soil moisture and drought index (SPEI) during the (e) first and (f) second year of the outbreaks. 
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Fig. A2. Occurrence of bark-beetle infestations after drought and storm-induced outbreaks and associations with landscape variables within a 2x2 km “moving 
window” including, (a) means of spruce volume, (b) means of spruce height, (c) sums of clear-cut edge pixels, (d) mean hectares of nature reserves, and (e) mean 
soil moisture. 

Fig. A3. Scale-based correlation outcomes of infestation spot sizes between the drought-induced (response) and the storm-induced (predictor) outbreak across 
different spatial scales, when controlling for spruce volumes as an offset in the models. 
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from empirical outbreak data triggered either from storms, droughts or a 
combination of these (Netherer and Nopp-Mayr, 2005; Yu et al., 2019; 
Nordkvist et al., 2023). However, the present study shows that forest 
stand variables and relationships with the occurrence and magnitude of 
infestations differ considerably between storms and drought. This must 
be taken into account in order to increase the precision of infestation 
prediction. The results indicate that areas with a high risk of large bark 
beetle infestation sizes following both storms and drought are typically 
located in dry areas and soils and with clear-cuts at a landscape scale. 
However, most variables included in this study differed considerably 
between storm and drought-induced outbreaks and the most consistent 
differences in risks for both infestation occurrence and size were spruce 
volumes, heights and nature reserves in the landscape. After the storm, 
spruce volume and nature reserves were positively associated with in-
festations size and occurrence (in relation to drought-induced outbreak). 
Nevertheless, due to the lack of certainty regarding the causation be-
tween nature reserves and infestations, these findings should be 
considered as a starting point, guiding future research to explore the 
mechanisms responsible for this relationship. 

The results show that the underlying outbreak trigger and landscape 
factors, as well as drought levels and previous outbreak infestations 
locally, should be considered when applying indices to predict future 
infestation risks in time and space. 
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Olsson, H., 2003. Countrywide estimates of forest variables using satellite data and 
field data from the national forest inventory. Ambio 32, 542–548. 

Roessiger, J., Kulla, L., Sedliak, M., 2020. A high proportion of Norway spruce in mixed 
stands increases probability of stand failure. Cent. Eur. For. J. 66, 218–226. 

Schlyter, P., Stjernquist, I., Bärring, L., Jönsson, A.M., Nilsson, C., 2006. Assessment of 
the impacts of climate change and weather extremes on boreal forests in northern 
Europe, focusing on Norway spruce. Clim. Res. 31, 75–84. 

Schroeder, L.M., 2010. Colonization of storm gaps by the spruce bark beetle: influence of 
gap and landscape characteristics. Agric. For. Entomol. 12, 29–39. 

Schroeder, L.M., Mitsell, N., Turesson, T. 2006. Granbarkborrens utnyttjande av 
vindfällen under första sommaren efter stormen Gudrun. (The spruce bark beetle in 
wind-felled trees in the first summer following the storm Gudrun). – Skogsstyrelsen, 
Rapport 15 (2006), Jönköping. 
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