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For several years, Europe has witnessed a significant dieback of diverse forest tree species, and the Norway
spruce, a common species across the continent, is no exception. The combination of drought events and bark
beetle infestations appears to play a significant role in these widespread diebacks, raising concerns about the
future viability of this species in some regions.

The Ardenne, located in southern Belgium where spruce is not native, has also experienced significant dieback
during the 2017-2022 period. An analysis of the drivers related to spruce bark beetle attacks was performed to
better anticipate probable future significant spruce dieback. The available cartographic data describing potential
climatic, growth-condition and management drivers influencing these diebacks have been gathered using GIS
tools (Geographic Information Systems) and linked with the Norway spruce health map that have been produced
using Sentinel-2 satellite imagery from our previous research, helping to identify affected areas. Lidar flights
conducted prior to the outbreak provide detailed descriptions of the forest stands. All our analysis were con-
ducted with a huge quantity of cartographic and remote sensing data covering the entire Belgian spruce forest
(120,000 ha).

A random forest analysis followed by a profile model assessment, was employed to pinpoint the key drivers
contributing to dieback. Statistical analysis showed that stands with greater dominant height and closer distance
from bark beetle hotspots in previous years were associated with higher dieback intensity. Stands located in
bioclimatic zones characterized by low altitude, or those with climatic conditions marked by a summer water
deficit (P-ETP) or a more rapid decrease in summer water deficit during the 2010-2021 period, were associated
with increased damage in Norway spruce stands. These results were interpreted to propose management
guidelines for limiting the impact of future bark beetle outbreaks in spruce stands, which will be increasingly
stressed in this century’s climate. High-resolution remote sensing data can identify variations within seemingly
uniform forests, providing insights into disease outbreak patterns.

1. Introduction

Over the last decade, European Norway spruce (Picea abies (L.) H.
Karst.) forests have suffered from bark beetle infestations (Barta et al.,
2021; Dalponte et al., 2022; Gilles et al., 2024; Nardi et al., 2023;
Saintonge et al., 2022). This pest has caused the loss of millions of cubic
meters of timber across Europe (Patacca et al.,, 2023). The spruce
dieback raises concerns about the future of this widespread and
economically important tree species. It is essential to identify the drivers
contributing to dieback and assess the viability of timber production for
this species. Where possible, silvicultural practices need to be adapted to
reduce the impact of future disturbances on spruce stands.
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The Norway spruce is endemic to the Alpine, Hercynian-Carpathian
and Nordic-Baltic regions (Jansen et al., 2017). In its natural range, this
tree species is able to grow on a wide range of sites as long as it has
sufficient water supply. Due to its high plasticity and economic versa-
tility, it has been introduced into many regions outside its natural range
(Spiecker, 2003), even in plains, and covers an area of 30,000,000 ha in
Europe (Klimo, 2000). In this area, the main bark beetle problems are
caused by Ips typographus (Hlasny et al., 2021; Seidl et al., 2008), which
attacks preferentially Norway spruce. A theoretical model, first pro-
posed by Berryman (1978) and later expanded by Christiansen et al.
(1987), links the population-level threshold for successful bark beetle
attacks to the vigour of individual trees or stands. This model is based on
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two hypotheses: i) the occurrence of bark beetle outbreaks is contingent
upon population levels exceeding a critical threshold, whereby positive
feedback, such as mass attacks and reproduction, becomes predominant
over natural controls including predation and host resistance and ii) the
more vigorous the tree, the larger the beetle population required to
overcome its defences. Indeed, healthy trees have been shown to repel
beetle colonization through the production of resin, the release of
chemical defences, and the rapid closure of wounds, even in the pres-
ence of moderate infestations. Conversely, stressed or weakened trees (e.
g., due to drought, ageing, or prior damage) demonstrate reduced
defensive capacity, thereby effectively lowering the beetle threshold
density. Consequently, a small beetle population can initiate mass at-
tacks of considerable success, thus leading to epidemic dynamics
(Hlasny et al., 2021).

When Ips typographus populations are at low levels, they only target
weakened trees (Hlasny et al., 2021). However, when conditions are
favourable for bark beetle development, such as high temperatures
(Annila, 1969; Baier et al., 2007), the availability of a large number of
weakened trees due to windthrow (Hrosso et al., 2020; Karvemo et al.,
2014; Mezei et al., 2017) or drought events (Seidl et al., 2011), the bark
beetle populations can explode and also attack healthy trees, and
causing massive dieback.

The study of drivers causing spruce dieback highlights a complex
process involving climatic, environmental and silvicultural aspects
(Lausch et al., 2011) which have an effect on forest stands, individual
trees, insects, and their interaction. Numerous studies have been con-
ducted on this topic in Germany (Kautz et al., 2013; Lausch et al., 2011;
Seidl et al., 2009), France (Nardi et al., 2023; Piedallu et al., 2023),
Slovakia (Hrosso et al., 2020; Jakus, 1995; Mezei et al., 2017; Potterf
et al., 2019), Italy (Faccoli, 2009), Sweden (Karvemo et al., 2014) and
Russia (Trubin et al., 2022). The main environmental stressors of spruce
lack of water supply due to climatic events such as rainfall deficit
(Marini et al., 2017; Piedallu et al., 2023), high temperatures increasing
water demand (Mezei et al., 2017) or both (Trubin et al., 2022), that are
often approximated with altitude (Faccoli, 2009; Nardi et al., 2023;
Potterf et al., 2023), as well as windstorms (Hrosso et al., 2020; Karvemo
et al., 2014; Mezei et al., 2017). Furthermore, local site factors can
exacerbate water deficit as the environmental drivers influencing spruce
dieback include altitude (Faccoli, 2009; Nardi et al., 2023; Potterf et al.,
2023), low soil water reserve conditions (Nardi et al., 2023; Piedallu
et al., 2023), slopes through their draining effect or the increased radi-
ation and soil dryness (Nardi et al., 2023; Piedallu et al., 2023) and
potential radiation (Kautz et al., 2013; Mezei et al., 2014, 2019). In
addition, at the stand level, silvicultural drivers influenced by forest
management can also weaken spruce stands and predispose them to bark
beetle attacks. They include the share of spruce in the stand composition
(Faccoli, 2009; Jactel et al., 2021; Jakus, 1995; Nardi et al., 2023; Pie-
dallu et al., 2023; Potterf et al., 2023), the lack of stand structure (Jactel
et al., 2021; Piedallu et al., 2023), or exposed forest edges (Kautz et al.,
2013; Piedallu et al., 2023; Stribrska et al., 2022). Old trees are also
more susceptible to bark beetle attacks (Piedallu et al., 2023; Potterf
et al., 2023). There are very few ways of limiting bark beetle outbreaks.
They consist of salvage logging and sanitary felling to limit the emer-
gence of new infestation spots (Dobor et al., 2020; Stadelmann et al.,
2013). Conversely, the use of pheromone traps to minimize infestations
has been shown to be ineffective during severe outbreaks (Kuhn et al.,
2022). Subsequently, push-and-pull method performed well in
post-windthrow conditions (Deganutti et al., 2024) but show ineffec-
tiveness during severe outbreak (Jakus et al., 2022). Preventive mea-
sures would therefore be more useful than curative methods.

In Belgium, Norway spruce stands cover nowadays around
120,000 ha, mostly in the Ardenne ecoregion which contains 80 % of the
resource area of Belgium, where climate and soil conditions correspond
to the autecology of the species. However, between 2017 and 2022, they
were affected by a bark beetle outbreak. This is not the first time that
such an event has occurred since the introduction of Norway spruce in
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the Ardenne. Major dieback has been recorded in several periods,
including 1887-1900 (Carle, 1975), as well as 1911 (Barbey, 1923),
1921 (Barbey, 1923), 1976 after the driest year of the century (Lévieux
et al., 1985) and 1990-1993 period following the severe windthrows of
1990 (Grégoire and De Proft, 1996).

The Belgian spruce area decreased by 10 % (13,000 ha) during the
last bark beetle outbreak from 2017 to 2022 (Gilles et al., 2024). The
lowlands, below 300 m in altitude, were severely affected, with mor-
tality rates around 35-40 %, but the damages became less severe as the
altitude increased. Indeed, a preliminary study at a regional scale
(Wallonia and north-eastern France) has shown that the intensity of the
dry and warm events of the 2017-2020 period was the most important
explanatory factor for the outbreak at the regional scale. Consequently,
in the Ardenne plateau, which lies between 300 m and 700 m in altitude
and is the main spruce-growing region of Belgium, the mortality rate
was lower than at lower altitudes, ranging from 5 % to 13 % depending
on elevation (Gilles et al., 2024).

The last major bark beetle outbreak and spruce dieback provide an
opportunity to highlight the environmental and silvicultural stresses
that make spruce forests vulnerable to infestation, and to develop stra-
tegies to mitigate future damage.

Our hypothesis is that during the stressful climatic event of
2018-2021, the development of the outbreak may have been favoured
by various factors linked to the local site, the tree, the stand and its
management.

The large number of attacked stands in the Ardenne, combined with
the wide availability of cartographic and remote sensing data should
make it possible to identify, through statistical analysis at a regional
scale, the most significant factors in the development of the outbreak.
This study aims then to identify the drivers over which the forester can
have an influence through their action to prevent bark beetle damage in
the future.

Indeed, in southern Belgium, the democratization of satellite data,
such as freely available 10-meter resolution Sentinel-2 imagery, has
enabled the production of Norway spruce health maps (Gilles et al.,
2024). Combined with the availability of a Digital Terrain Model (DTM),
a Canopy Height Model (CHM), and a high-resolution digital soil map at
a 1:20,000 scale, these data facilitate a comprehensive regional analysis.
These resources support the investigation of spatial drivers contributing
to Norway spruce dieback across 120,000 ha in southern Belgium from
2017 to 2020. This is an unprecedented achievement, as it marks the
first time worldwide that a bark beetle outbreak has been analysed at a
regional scale using only digital soil and topographic data, combined
with freely available 10-meter resolution satellite imagery.

2. Material and methods
2.1. Study area

In order to focus this analysis on these local drivers, the study was
limited to the ecoregion of the Ardenne (south-eastern of Belgium)
which is relatively homogeneous in terms of soil and climate and is quite
favourable to spruce in terms of climate (Fig. 1). Indeed, even though the
Ardenne is included in the temperate oceanic bioclimatic zone (Lindner
et al., 2010), its climate shows a mountain influence with an annual
rainfall of around 1114 mm and an average temperature of 8.7°C (data
from IRM for the period 1991-2020). This ecoregion is part of the
Hercynian Massif, with acidic soils and a poor nutrient status. According
to the Walloon forest inventory (Alderweireld et al., 2015), the Ardenne
forest covers 290,600 ha (58 % of the region’s area) and is dominated by
conifers (64 %). The main tree species are Norway spruce (45 %), mostly
in even-aged stands (95 %), oak (11 %) and European beech (10 %).
Norway spruce was introduced in the region at the end of the 19th
century. The Ardenne has since become the main spruce producing re-
gion of Belgium. A significant amount of cartographic data information
is readily available for this region. Climate data are available from
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Fig. 1. Location of the study area (black slant lines) and the proportion of damage sustained by Norway spruce stands in the Ardenne between 2018 and 2020. The
location of the study area corresponds to the old Hercynian plateau of the Ardenne where the altitude varies between from 200 m in the valleys to 700 m on the high

eastern plateau near Germany.

gridded observations (pixels of 5 km of resolution) of the Royal Mete-
orological Institute of Belgium (RMI). The aerial laser survey (LiDAR)
carried out between 2013 and 2014 provides a detailed description of
the topography and information on the height and density of forest
stands. A Soil map at a scale of 1:20,000 is also available for the entire
region (Legrain et al., 2014). All these cartographic data allow for a
detailed description of forest areas and the characteristics of forest
stands.

To determine the influence of spatio-temporal drivers on spruce
dieback in the Ardenne during the period 2018-2020, three Norway
spruce health status maps (one per year) (Gilles et al., 2024) were used
to distinguish areas of stands affected by bark beetle infestation from
those that remained healthy during this period. By linking all the
cartographic data with the dieback data, the main drivers contributing
to these extensive diebacks can be identified. Consequently, with its
relatively homogeneous soil and climate and the wide availability of
high-quality environmental data, the Ardenne region offers ideal con-
ditions for identifying the drivers related to Norway spruce bark beetle
damage.

2.2. Overall methodology

The analytical process consists of 3 steps (Fig. 2): i. the plots gen-
eration focusing on selecting appropriate areas of spruce stands; ii. the
production of potential explanatory variable maps derived from other
maps (DTM, CHM, soil map, meteorological data); and iii. the selection
of the best predictive variables and the analysis of their importance.
These three steps are described in detail below.

2.2.1. Plots selection
Dieback intensity was determined for all spruce stands in the Belgian

Ardenne using annual health maps from our previous research (Gilles
et al., 2024). The health maps were produced by detecting the vegeta-
tion anomalies in time series analysis of Sentinel-2 satellite imagery.
Five liveliness states were considered: green live spruce, spruce suffering
dieback during the current year, older dieback, harvest cutting, and
sanitary cutting. Due to the magnitude of the outbreak, all observed
cases of Norway spruce dieback are, for the purposes of this study,
attributed to bark beetle infestation. The spatial resolution is 10 m.
There are three maps, one per year during the period 2018-2020. In this
study, spruce stands were considered as a continuous squared area of
0.49 ha (Fig. 3), resulting in a ground square sample of 70 x 70 m. This
resolution reflects both forest stand and forest site (environmental
conditions) with relatively homogenous characteristics.

The 101,780 ha of spruce forest were thus gridded into square plots
and those presenting at minimum 50 % of forested area with at least
33 % of spruce cover in the stand were considered, resulting in 209,644
observations. For each year of the 2018-2020 period, the dieback in-
tensity was then calculated for each square plot using the spruce health
maps. The dieback intensity was computed as the proportion of surface
of the spruce impacted by dieback during the current year on the total
surface of healthy spruce at the beginning of the year (values between
0 and 1).

To ensure balanced class representation and the proper functioning
of the random forest algorithm, we divided the data into 12 distinct
classes. For each combination of year (2018, 2019, 2020) and damage
percentage (0-0.25, 0.25-0.5, 0.5-0.75,0.75-1) (Table 1), we randomly
retained either the minimum number of observations per class or a
maximum of 1,000 observations per class. This classification process
resulted a refined dataset comprising 13,460 observations, which was
subsequently used for statistical analysis.

Each plot corresponded only to one year, the year of the maximum
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Fig. 2. Workflow illustrating the analyses process. The categories I, II, III, IV and V refer to the categories of Table 2.

dieback. Plots that never affected by bark beetle attacks during the
period from 2018 to 2022 are considered as healthy plots and were
randomly and evenly distributed between the three years.

2.2.2. Potential drivers of the dieback

An extensive description of the forest stands and forest sites was
carried outby extracting various types of information from available
cartographic layers covering the whole region of interest (Table 2). For
each plot, long-term climatic, and soil and topographic potential drivers
were estimated. Spruce stands were also described in terms of maturity
and composition. In addition to these potential drivers of the dieback
that are relevant during the entire outbreak, inter annual characterisa-
tion was performed for climatic conditions and proximity to the nearest
infested spot.

3. Climate conditions

Mesoclimate of forest sites is defined by the bioclimatic zones of the
Ardenne, which separate low Ardenne, central plateau and high plateau
(Van der Perre et al, 2015). The daily time series of climate
gridded-observations (5 km resolution) from the RMI (Journée et al.,
2019) was used to characterise forest site. The CDO software
(Schulzweida and Quast, 2015) was used to process temperature, pre-
cipitation, solar radiation, potential evapotranspiration and wind speed
variables. Past and long-term period of 1960-2021 and 2010-2021 were
considered to assess the evolution of summer climatic water deficit, a
comprehensive proxy for water availability. Slope coefficient from
linear regression fitted the annual time-series P-ETP was computed for
these two periods, according to Piedallu (2023).
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Fig. 3. Illustration of square plots of 70 m by 70 m with an orthophoto plan of 2019 (A) and the Norway spruce health map of 2018 (B) (Gilles et al., 2024).

Table 1

Number of plots by status and by year.
Year Healthy observations Dieback intensity class observations Total

1 %-25 % 25 %-50 % 50 %-75 % 75 %-100 % total

2018 48,654 29,594 5,085 1,677 3,343 39,699 88,353
2019 48,654 4,956 1,049 557 1,993 8,555 57,209
2020 48,656 10,902 1,906 865 1,753 15,426 64,082
Total 145,964 45,452 8,040 3,099 7,089 63,680 209,644

3.1. Inter-annual climatic indices

To account for inter-annual variations of climate during the bark
beetle outbreak, diverse indices were computed from the daily time
series of climate observation. The same climatic indices were computed
for plot considering current and previous climatic conditions. For
instance, "y-2" corresponds to the two years before the bark beetle
attack, e. g., if the attack occurs in 2020, "y-2" refers to the climatic
conditions in 2018. The climate indices were also computed for different
time periods: the entire year, spring period (March to June) and summer
period (June to September). This approach enables the analysis of how
climatic conditions during specific periods affect spruce mortality.
Additionally, the summer climatic water deficit (petp_5_9) was also
computed. Various other indices derived from rainfall data were
generated: total rainfall by season and for the year(rf), rainfall anoma-
lies (rf_ano), consecutive dry days (dry_day), and consecutive wet days
(wet_day). Rainfall anomalies were computed following the eql.

__ Summer_rainfall,,.,, — P_90_summer_rainfall ;7o 1000,
P_90_summer rainfall ;97,1990

rf_ano €))

Temperature-related potential drivers were generated using the CDO
software (Schulzweida, 2023). These potential drivers include the
annual average daily temperature, maximum spring temperature,
maximum summer temperature, minimum spring temperature, annual
temperature anomalies compared to the 1970-1999 baseline, degree
days, and the number of frost days.

Consecutive dry days index (dry_day), consecutive frost days
(frost_day), consecutive wet days (wet_day), and frost days (frost_day)
were calculated according to the CDO definition.

3.2. Forest site: soil and topography

The Digital Soil Map of Wallonia (Legrain et al., 2014) and the LiDAR

CHM were used to describe the forest sites across the study area. For
each plot, five topographic variables were derived from DTM: elevation,
aspect, slope, radiative exposition and potential radiation.

The soil map of Wallonia comes from a campaign of soil measure-
ments based on an average of two hand augerings per hectare and
extensive field observations, subsequently digitized. Forest sites were
characterized by the soil properties that express the availability of
water, nutrients and oxygen, but also by other properties such as soil
depth, texture, stone content, traces of hydromorphy (Lisein et al.,
2022). These variables were completed by the forest site types identified
in the Ardenne (Tossens et al., 2024).

The old-growth forests map of Wallonia (Kervyn et al., 2014) was
used to discern whether a plot of land has been continuously covered by
forest since the 18th century or if it was recently utilized as farmland.
Farmland has received considerable amount of nutrient input, which is
likely to increase the vulnerability of spruce trees to damage from Het-
erobasidion annosum (Delatour, 1972), thereby potentially making
spruce more attractive to bark beetles (Wahlman et al., 2025).

3.3. Spruce stand

Maturity and composition of forest spruce stands were also
described. The dominant height was used as a proxy for the stand
maturity. It was computed as the average height of the 50 tallest trees
present in each squared plot (DHM of 2014), composition was grasped
through the percentage of spruce and through the broadleaved area.
Both were derived from the species proportion map of Wallonia (Bolyn
et al., 2022). The proportion of spruce in each plot is number of
10 m x 10 m pixels classified as Norway spruce in the plot divided by
number number of pixels classified as forest in the plot. The proportion
of broadleaves is calculated with the same process.

The gap area in the plot was calculated using the same DHM as the
sum of all gaps surface within the plot. The forest edge corresponds to
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Table 2

List of the 79 potential explanatory variables. The y-1 and y-2 correspond to the year respectively 1 or 2 years before the bark beetle attack year (for example: if the year
of attack is 2018, the y-2 corresponds to the year 2016). The spring season runs from March to May, and summer from June to September.

Short names Variables Resolution
Category I: climate conditions (long term)
Mesoclimate zbio Bioclimatic zones 100 x 100
Climate trends trend1_petp Trend of summer P-ETP during the period 1961 and 2021 5000 x 5000
trend2_petp Trend of summer P-ETP during the period 2010 and 2021 5000 x 5000
Category II: climate (inter-annual variation)
Time
Comprehensive indicator petp 59 v,y-1,y- Difference of the precipitation and evapotranspiration during the growing period (may- 5000 x 5000
2 September)
Rainfall of v,y-1,y- Sum of rainfall for one year 5000 x 5000
2
rf_spring y,y-Ly- Sum of spring rainfall 5000 x 5000
2
rf_ summer v,y-1,y- Sum of summer rainfall for the year 5000 x 5000
2
rf_ano v,y-1,y- Summer rainfall anomaly of the summer compared to the 1970-1999 period 5000 x 5000
2
dry_day y,y-1,y- Consecutive dry days index 5000 x 5000
2
wet_day v,y-1,y- Consecutive wet days index per time 5000 x 5000
2
Temperature tg v,y-1,y- Average of daily mean temperature of the year 5000 x 5000
2
t_x_spring v,y-1,y- Maximum of spring temperature of the year 5000 x 5000
2
t_x_summer v,y-L,y- Maximum of summer temperature of the year 5000 x 5000
2
t_n_spring y,y-1,y- Minimum of spring temperature of the year 5000 x 5000
2
temp_ano v,y-1,y- Summer temperature anomaly of the year compared to the 1970-1999 period 5000 x 5000
2
dd v,y-1,y- Accumulation of degree-day (basis 8,3°C) with daily mean temperature of the day of the 5000 x 5000
2 year
frost_day v,y-1,y- Number of frost day 5000 x 5000
2
Radiation solar_rad_spring v,y-1,y- Solar radiation of the spring for the year 5000 x 5000
2
solar_rad_summer y,y-1,y- Solar radiation of the summer for the year 5000 x 5000
2
Wind max_wind v,y-1,y- Maximum of windspeed 5000 x 5000
2
wind_speed v,y-1,y- Average windspeed 5000 x 5000
2
Category III: forest site (soil and topography)
Soil soil_depth Soil depth 10 x 10
moisture Soil moisture regime 10 x 10
water_flow Water supply 10 x 10
water_capacity Soil water capacity 10 x 10
oxygen_regime Soil oxygen deficiency 10 x 10
nutrient_regime Soil nutrient regime 10 x 10
farmland_soil Age of continuous forest cover 10 x 10
Topographic data derived from alti Altitude 10 x 10
DTM topo Topographic position 10 x 10
slope Slope 10 x 10
thermal_sector Radiative exposition 10 x 10
topo_radiation Potential radiation 10 x 10
Forest site types forest_site Forest site types 10 x 10
Category IV: spruce stand
Maturity height Dominant height of the stand (m) 1x1
Composition compo_spruce Spruce cover in the plot 10 x 10
compo_bl Broadleaves cover in the plot 10 x 10
Structure forest_gap Gap area in the plot 1x1
forest_edge Presence of forest edges 10 x 10
Forest Management asf African swine fever area 10 x 10
public_prop Percentage of public property in the plot 10 x 10
Category V: bark beetle infestation
dist_bb_hotspot_minus_1 Distance to the previous year’s bark beetle hotspot 10 x 10

year year
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the importance of canopy discontinuities in each plot. It has been
determined based on the 2016 Digital Surface Model to which we apply
a Gaussian smoothing followed by a Sobel filter of the EdgeExtraction
application of OTB (Grizonnet et al., 2017). A higher forest edge value
indicates a more abundant the canopy discontinuity.

During the 2018-2020 period, the Walloon wild boar population was
affected by an outbreak of African swine fever in the southern Ardenne.
To prevent the spread of the disease during the summer of 2018 and
until 2019, the forest was fenced off and closed to all traffic, including
logging activities (Licoppe et al., 2023). These measures have also pre-
vented the sanitary felling that could have controlled the bark beetle’s
development. The plot is located in an area that is either infected or not
infected by African swine fever. Consequently, a binary variable was
used.

The percentage of public ownership in the parcel is the percentage of
forest area managed by the public service in the forest area of the plot.
Indeed, public managers are expected to monitor forest health more
closely.

3.4. Bark beetle outbreak

The distance to the previous year’s bark beetle hotspot was calcu-
lated as the minimum distance between the edge of a plot and the
boundary of the nearest pixel identified as a bark beetle hotspot in the
previous year. These distances were calculated using Norway spruce
health maps from 2017, 2018, and 2019 using a chamfer distance filter.

3.5. Selection of important variables and dieback modelling

After selecting the plots attacked by bark beetles and the plots that
remained alive or vital during the disturbance period, potential climatic,
site, stand and bark beetle outbreak drivers were extracted for each plot
using the terra package in R (Core Team, 2023). For categorial variables
(e. g., forest site types), the majority class was retained. The resulting
dataset consists of 79 potential drivers for 209,644 observations. The
intensity of bark beetle damage serves as the continuous response var-
iable to be explained.

To reduce the number of variables before modelling, a pre-selection
was conducted through a correlation analysis (using continuous vari-
ables only) with the R package FuzzySim (Barbosa, 2015). The most
explanatory were then selected from the remaining continuous variables
and the other factorial variables using the R package VSURF (Genuer
et al., 2015). VSURF algorithm was used to efficiently select the most
relevant variables for prediction, improving model interpretability and
performance. VSURF is a variable selection algorithm using multiple
random forests designed to identify the most relevant features for pre-
diction. The ranger R package (Wright and Ziegler, 2017) was used as
the backend for the VSURF algorithm.

After variable selection, a final random forest model was built with
the most predictive remaining variables. To interpret the model, and
analyse the variable importance and partial dependencies the DALEX R
package (Biecek, 2018) and the hstats R package (Friedman and
Popescu, 2008) were used.

3.6. Model validation

The final model was validated through spatial cross-validation using
the BlockCV R package (Valavi et al., 2019). Ten folds were considered.
The area was split into 94 hexagons, with centres positioned 10,000 m
apart (Fig. 4).
4. Results

4.1. Selection of important potential drivers

An analysis of correlations between variables led to the elimination
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Fig. 4. The study area (Ardenne) is split into 10 folds composed of hexagons in
order to test the spatial independence of our Random Forest model predicting
intensity of bark beetle damage.

of 24 out of the 79 variables due to high intercorrelation. Following this
step, the VSURF algorithm (Genuer et al., 2015) was applied to identify
key variables. Two variables from the long-term climate (Category I) and
spruce stand (Category IV) categories were retained, while one variable
from the inter-annual variation climate (Category II) and bark beetle
infestation (Category V) categories was also selected. However, no
variable from the forest site category (Category III) was selected. The
selected variables, in order of importance included: dominant height
(height), the distance to the previous year’s bark beetle hotspot (dis-
t_bb_hotspot_minus_1), summer water deficit during the year of attack
(petp_5_9_y), the forest edge presence (forest_edge), bioclimatic area
(zbio) and the trend of summer P-ETP during the 2010-2021 period
(trend2_petp) (Fig. 5).

5. Model of damages intensity

The final model achieved an R? of 0.37 and the k-fold cross validation
confirmed a good performance with R? values ranging from 0.233 to
0.438 depending across the 10 folds with an average R? of 0.3 + 0.053
(Table 3).

5.1. Effect of the variables

Spruce damage intensity is strongly influenced by the dominant tree
height. Damage remains consistently low and stable for trees with
heights up to 15 m. However, as the dominant height approaches 20 m,
damage begins to increase noticeably. The intensity of damage seems to
reach its highest value for trees exceeding 30 m in height (Fig. 6A).

A second variable influencing spruce mortality in our model is the
distance to the previous year’s bark beetle hotspot. Damage is most
severe in plots located closer to the hotspot, with significant damage
observed within 100 m (Fig. 6B).

Climate potential drivers also play a significant role. Lower summer
P-ETP values for the year increase damage, with P-ETP below ~150 mm.
Above -150 mm, the damage level is lower (Fig. 6C). The trend in
summer climatic water deficit (P-ETP) during the 2010-2021 period
shows that plots with greater decrease are more affected than those with
less variation in P-ETP over this period (Fig. 6F). The presence of forest
edge increases dieback intensity, and its absence mitigates the damage
(Fig. 6D).

Bioclimatic zone of the high plateau of Ardenne has the weakest
partial dependence, followed by the central plateau and the low Ard-
enne (Fig. 6E).
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Fig. 5. Relative Permutation importance of the six most important variables selected (importance extracted from the final ranger model). The colours refer to the
category of the potential drivers in Table 2 (red: cat I, blue: cat II, orange: cat IV, black: cat V).

Table 3
The R? of the model across the different folds.

Folds number R?

0.288
0.303
0.337
0.312
0.233
0.285
0.438
0.273
0.284
0.302
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6. Discussion

The analysis identified several potential drivers from a wide range of
potential influencing factors; however, only a limited number were
retained in the final model with predictive value for bark beetle attacks
in the Ardenne ecoregion. The most relevant variables affecting damage
in Norway spruce (Picea abies) stands include dominant tree height,
proximity to the previous year’s bark beetle hotspots, distance to forest
edges, summer climatic water deficit (precipitation minus potential
evapotranspiration, P-ETP) during the attack year, the trend in climatic
water deficit from 2010 to 2021, and the bioclimatic zone. These vari-
ables together offer key insights into the spatial and climatic vulnera-
bility of spruce forests to bark beetle infestations.

The Random Forest model predicting area of bark beetle damage
achieved a R? of 0.37. However, we have confidence in this result. If the
use of cartographic variables instead of traditional field measurements
may introduce some inaccuracy, this is mitigated by the large number of
plots included in the study. The use of remote sensing and GIS tools has
resulted in a substantial number of observations, the data balancing and
cross-validation process increase the robustness of the model.

However, it is surprising that site potential drivers known to be
stressful for spruce, such as soil drought or overexposure to radiation on
hot slopes, were not more decisive. The examined variables were not
significant predictors of spruce bark beetle attacks in the Ardenne study
area. However, drought-related parameters were found to play a notable
role in influencing infestation risk. It highlights the limited room for
manoeuvre that foresters have to prevent or limit bark beetle outbreaks
in established pure spruce stands and the high level of monitoring that
such stands require.

6.1. Dominant height

Several studies suggest a positive relationship between Norway
spruce dieback and tree height (Kaminska et al., 2021; Karvemo et al.,
2014), a trend that our results also support. In our study, dominant
height serves as a proxy for stand age, as taller trees tend to be older.
Stand age has been recognized as a critical factor influencing tree
mortality in various regions, including the Vosges near the Ardenne

(Piedallu et al., 2023), Slovakia (Potterf et al., 2023), the Tatra Moun-
tains (Mezei et al., 2014), and the Bialowieza Forest (Kaminska et al.,
2021; Sterenczak et al., 2020). Mature Norway spruce trees are partic-
ularly vulnerable to bark beetle attacks, as these insects rely on large
trees with sufficiently thick phloem to thrive and reproduce successfully
(Lausch et al., 2011).

6.2. Distance to the previous year’s bark beetle hotspot

Our results confirm that proximity to a previous bark beetle hotspot
significantly increases the risk of dieback. While spruce bark beetles are
able of flying over several kilometres (Nilsen, 1984;Forsse and Solbreck,
1985; Inward et al., 2024), our results indicate that the highest risk
occurs within 100 m of the previous year’s outbreak site. This supports
the observation that most bark beetles make short flights when potential
host trees are abundant nearby, as noted by Kautz et al. (2011) and
Wichmann and Ravn (2001). Similar findings were reported by Potterf
(2019), who also identified elevated damage within 100 m of active
infestations.

This localized damage can also be attributed to adult beetles re-
emerging in search of a second host, often flying shorter distances
(Zolubas and Byers, 1995) and potentially producing a sister generation
nearby. The large number of beetles generated by these sister genera-
tions may explain the significant presence of bark beetles near the pre-
vious year’s hotspots. If infested trees from the prior year are not felled
then debarked or removed from the forest, they can serve as a reservoir
for an even larger population in the following year.

Additionally, bark beetle attacks near previous hotspots create more
favourable microclimatic conditions. If sanitary logging is conducted
before swarming, it often results in the creation of new gaps with fresh
forest edges within the stand. Norway spruce trees located along these
new edges are more vulnerable to fresh bark beetle attacks (Kautz et al.,
2013), as the increased temperature and solar radiation create stressful
conditions for these trees.

6.3. Forest edge

The impact of forest edges on Norway spruce dieback has been
demonstrated in previous research (Mezei et al., 2011; Stribrska et al.,
2022). Edges are areas where trees are more vulnerable to disturbances
and stressors, such as wind and solar irradiation (Donis et al., 2018;
Jonsson et al.,, 2007). The microclimatic conditions at forest edges
enhance bark beetle dispersal and flight, increase emissions of volatile
organic compounds (VOCs) that attract beetles, and weaken tree defence
mechanisms (Kautz et al., 2013).

6.4. Summer climatic water deficit (P-ETP) of the attack year

The climatic water deficit during summer is the most impactful cli-
matic variable in the model. During summer, this water deficit is
generally associated with heat and drought events that increase
evapotranspiration while water availability in the soil is low. These
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Fig. 6. The following graphs illustrate the partial dependence of bark beetle infestation on the selected variables. Spruce dieback caused by bark beetle attacks
increases with greater dominant stand height within the plot (height) and with closer proximity to a bark beetle hotspot from the previous year (bb_hotspot_y -
minus1). The presence of forest edge (forest_edge) in the plot increases the dieback intensity. In contrast, dieback intensity tends to decrease with higher current-year
(petp_5_9_y) and long-term P-ETP values (trend2_petp), as well as when the plot is located in the High Ardenne region (zbio).

conditions stress the Norway Spruce, increasing emissions of volatile
organic compounds (VOCs) that attract beetles, and weaken tree defence
mechanisms (Kautz et al., 2013; Netherer et al., 2015, 2019). On the
other hand, these warmer conditions favour the development of several
generations of bark beetles (Annila, 1969; Baier et al., 2007; Jakoby
et al., 2019) and the low precipitation levels allows easy swarming of
bark beetle and an increase in flight activity.

6.5. Trend of the climatic water deficit over the 2010-2021 period

The trend observed in P-ETP over the 2010-2021 period highlights
the accelerating decrease of summer P-ETP over this timeframe. Under
conditions of water deficiency, the stands experiencing more intense
decrease also exhibit greater damage, indicating that these stands are
more severely destabilised. The stress endured by trees under these
conditions exacerbates their vulnerability, making them more suscep-
tible and attractive to bark beetles. Piedallu et al. (2023) found similar
relationships in the Vosges with other indices that represent the summer
soil water deficit.

The variable "Trend2-petp” illustrates the evolution of the climatic
water deficit over an eleven-year period. Areas with smaller changes in
the climatic water deficit are less affected by bark beetle attack
compared to those experiencing significant shifts. Trees in drier forest
sites generally exhibit less pronounced climate-related changes than
those in wetter forest sites. Norway spruce in drought-prone areas
appear to acclimatize to these conditions and suffer less damage

(Netherer et al., 2019). Conversely, Norway spruce in wetter, more
favourable sites, where the climatic water deficit worsens, tend to
experience greater damage (Nardi et al., 2023).

6.6. Bioclimatic zones

The Ardenne region is divided into three bioclimatic zones defined
by a combination of potential climatic drivers associated with
orographic effects (Van der Perre et al., 2015): the high plateau, above
500 m in altitude with a climate showing a significant montane trend,
the central plateau, and the low Ardenne with a milder Atlantic climate.

The colder climate of the high plateau is more favourable for Norway
spruce and less hospitable for bark beetles. Conversely, heat waves are
more severe in the milder climate of the low Ardenne.

However, the majority of the Norway spruce stands of the Ardenne
are located above 400 m in altitude (central plateau) and are less
affected by extreme heat waves than those in the low Ardenne (Gilles
et al., 2024). Moreover, the public forest districts, located at the higher
altitudes are experienced in managing large areas of spruce, with a
well-established tradition of proactive health management strategies
that limit bark beetle development. These strategies include early
detection with regular marking of affected trees, followed by their rapid
felling and removal. This proactivity in the higher altitude districts may
also help explain the lower damage observed at this altitude.
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6.7. Management guidelines

Our analysis of bark beetle outbreaks due to the extreme climatic
conditions during the 2017-2020 period which were stressful for Nor-
way spruce highlighted some local potential drivers favouring bark
beetle attacks. However, their influence on damage is secondary to the
severe climatic events, such as high temperatures or high climatic water
deficit, which are assumed to have both weakened spruce and favoured
bark beetle outbreaks. Forest managers therefore have little room for
manoeuvre, but they can control some of the identified predisposing
factors.

Old stands in the study area were significantly more susceptible to
bark beetle attack, especially trees over 30 m tall. It is advisable to limit
the age at which spruce trees must be harvested, especially as it limits
the period during which they are exposed to the risk of ever-increasing
climatic hazards. Moreover, spruce trees close to bark beetle hotspots
are at high risk of being affected, especially within a radius of a hundred
metres. This means that affected trees must be identified by monitoring
and quickly removed from the forest before the beetle’s emergence. This
should help to limit the extent of the outbreak and the resulting eco-
nomic losses. The presence of forest edges also increases the intensity of
damage. Stands with canopy discontinuities should be prioritized for
monitoring to detect trees attacked by bark beetles and to ensure
windthrown trees are removed before spring.

Additionally, climatic conditions are reliable indicators of bark
beetle outbreak risks. Our study showed that a summer P-ETP below
-150 mm is associated with a high outbreak potential. Furthermore, the
P-ETP trend from 2010 to 2021 indicates that stands subjected to an
increasing summer water deficit trend experience greater damage
compared to those in regions with more stable summer water deficit
conditions.

Regarding the effect of mesoclimatic region (bioclimatic area) on the
impact of bark beetle attacks, further preservation of spruce mono-
cultures is discouraged in low Ardenne. On the central and high pla-
teaus, spruce stands have held up relatively well against the bark beetle
attacks of the 2017-2020 period, although some of this resilience ap-
pears to be due to close stand monitoring and prompt felling of attacked
trees.

All these high-risk situations call for careful monitoring to promptly
detect the presence of bark beetle attacks, especially when weather
conditions are favourable for the development of insect populations.
Forest monitoring and hygiene then become essential to limit the impact
of a bark beetle outbreak.

To increase the resilience of the Ardenne Forest to climate change, a
significant change in forest management is needed to transform the
spruce monocultures into structurally and species-rich mixed forests
(Jactel et al., 2021).

Nevertheless, considering climate change, it is clear that all these
risks will increase in the future, and that the suitable altitudinal limit for
spruce forestry will move towards the Ardenne high plateau over the
next few decades. Gradually, climate and bark beetles will act together
to weaken spruce stands and complicate their silviculture in the Ard-
enne, as several models have already predicted for the end of this cen-
tury (Falk and Hempelmann, 2013; Hanewinkel et al., 2013).

7. Conclusion

The relationships between potential climatic, environmental and
silvicultural drivers and forest dieback are a complex subject of study,
which continues to emerge from one bark beetle outbreak to the next.
However, advances in remote sensing technologies for forest dieback
characterisation and forest environment modelling now make it possible
to carry out comprehensive research over entire regions. The Ardenne
region is gathering all the necessary conditions to conduct a study aimed
at analysing the main potential drivers contributing to spruce dieback
between 2018 and 2020. Remote sensing is a powerful tool for
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understanding the complex causes and patterns of forest dieback.

During the drought event of 2018 and 2020, spruce forests in the
Ardenne experienced significant dieback, as revealed by damage map-
ping using Sentinel-2 imagery. This mapping helped highlight a number
of key variables that can help foresters to manage bark beetle attacks
expected during the future severe climatic events. Indeed, although
climatic events were the main cause of mortality, there are also some
stand characteristics that predispose trees to bark beetle attacks. At the
same time, it is essential to monitor existing pure stands and remove
attacked trees immediately in order to prevent outbreaks from spiralling
out of control. A new management approach for spruce stands, favour-
ing mixed and structurally diverse compositions, is needed particularly
at lower altitudes.
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