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Norway spruce (Picea abies((L.)H.Karst)) is a tree species of great relevance to central and northern European
forests and forest management, mainly due to its production potential and its natural dominance on certain
higher altitude and latitude sites. However it is also prone to abiotic and biotic disturbances, frequently leading
to economic damage and management challenges. Storms, bark beetles and droughts, in particular, contribute
to such events. The European Spruce Bark Beetle (Ips typographus(L.)) has expanded its range, caused large
scale disturbances in recent years and is predicted to further expand its range and damage potential due to
climate change. Recent outbreak events are questioning the viability of spruce as a dominant forest tree species
across central Europe.

In order to investigate the probability of bark beetle induced damage occurrence and its contributing
factors in the predominantly secondary spruce stands in central Germany, we developed a model based on
forest management and environmental data. The predictor variables comprise stand, soil and climate quantities
as well as information on previous damage. We combined a large empiric data basis with the restrictive
application of prior knowledge to ensure ecological plausibility, which enhances the potential of generalization.
Our results indicate a limited mitigation potential of several proposed silvicultural counter measures in relation
to the estimated impact of climate factors. The model will be used to evaluate and map the current and future
risk of bark beetle induced damage in spruce stands, which can aid forest management in the prioritization

of counter measures and tree species selection.

1. Introduction

Norway spruce (Picea abies((L.)H.Karst)) is an important tree species
of central and northern European forests, but at the same time particu-
larly susceptible to abiotic and biotic disturbance. Norway spruce owes
its relevance mostly to its productive potential, which is based on fast
growth and high timber quality, but also to its robustness against frost
and browsing. Therefore, it has been widely planted outside its natural
range. Despite its economic benefits it is prone to storm and insect
damage, especially on those secondary sites where it does not occur
naturally (Seidl et al., 2007), and has been found to be particularly
susceptible to drought stress (Lévesque et al., 2013). In the last decades,
disturbance regimes in Europe have intensified, driven by changes of
climate and forest structure (Patacca et al., 2023; Seidl et al., 2011,
2014) and forest management needs to find ways to mitigate increasing
instability.

Among biotic disturbance agents bark beetle species are partic-
ularly important in central and northern Europe and the European
Spruce Bark Beetle (Ips typographus(L.)) dominates in terms of causing
tree mortality (Seidl et al.,, 2016). Major outbreaks occur especially
following storm damage or drought (Kdrvemo et al.,, 2023; Marini
et al.,, 2017). Storms may trigger outbreaks, as trees damaged in storms
constitute a superb breeding habitat for bark beetles and allow them
to raise population densities to epidemic levels, thus enabling them
to colonize living and healthy trees (Christiansen and Bakke, 1988;
Marini et al., 2013; Seidl and Rammer, 2017). Drought events can
impair the defense mechanisms of vital living trees, again enabling
bark beetles to overcome their defense mechanisms and to breed in
living trees (Christiansen and Bakke, 1988; Lexer, 1995; Marini et al.,
2012; Netherer et al., 2015, 2024; Rouault et al., 2006; Wermelinger
and Jakoby, 2019).
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Bark beetle outbreaks have been increasing sharply (Patacca et al.,
2023; Seidl et al., 2011, 2014) and this trend is likely to continue, both
in other parts of the world (Jonsson et al., 2009, 2011; Weed et al.,
2013) and in central Europe (Schelhaas et al., 2003; Seidl and Rammer,
2017; Seidl et al., 2014; Wermelinger, 2004). This is most likely related
to ongoing climate change (Seidl et al., 2011), as rising temperatures
accelerate the development of bark beetles (Wermelinger and Seifert,
1998, 1999), allowing for more generations to successfully develop per
year (Baier et al., 2007; Jonsson et al., 2007, 2009), while increasing
drought stress impairs defense mechanisms of host trees (Christiansen
and Bakke, 1988; Lexer, 1995; Marini et al., 2012; Netherer et al., 2015,
2024; Rouault et al., 2006; Wermelinger and Jakoby, 2019). The years
2018 to 2020 exhibited one of the most severe drought events in recent
European history, along with severe bark beetle calamities, temporarily
deforesting vast areas of formerly spruce dominated landscapes, ques-
tioning the future suitability of Norway spruce as a dominant forest tree
species on a wide range of sites. Several silvicultural approaches were
proposed to reduce the management risk imposed by bark beetle in-
duced disturbances, including reducing the target diameter or rotation
period length, promoting admixed species, establishing mixed stands
and, finally, replacing Norway spruce entirely by other tree species
that are less prone to major calamities (Marini et al., 2012; Schelhaas
et al., 2015; Seidl et al., 2008; Sonesson, 2004; Wermelinger, 2004).
The future of Norway spruce in central Europe seems uncertain and one
question arises: How effectively can proposed silvicultural strategies
mitigate the risk imposed by bark beetles under a warming climate?

Modeling the risk of bark beetle induced damage may aid forest
management by answering this question and estimating the current and
future risk imposed by bark beetles. Existing modeling approaches can
be divided into approaches based on bark beetle population ecology,
those targeting host tree predisposition and those considering both
perspectives simultaneously. Modeling approaches based on population
ecology revolve around predicting bark beetle phenology (Baier et al.,
2007), how many generations develop per year (Jonsson et al., 2007)
or the population density (Gohli et al., 2024; Marini et al.,, 2013).
However, when making deductions about damage potential, not only
bark beetle population ecology is relevant, but also the predisposition
of host trees toward successful bark beetle colonization. For that reason,
modules integrating bark beetle inflicted damage in simulation studies
frequently combine population ecology models with measures of pre-
disposition (Seidl et al., 2007; Temperli et al., 2013). Approaches of
evaluating the predisposition of spruce toward successful bark beetle
colonization are frequently based on prior knowledge (Netherer and
Nopp-Mayr, 2005; Nordkvist et al., 2023; Temperli et al., 2013). This
ensures ecological plausibility of their predictor variables, however
the magnitudes, patterns and relative weights of their effects often
lack a solid empiric basis. Statistical models directly targeting bark
beetle induced damage or disturbance offer an alternative to quantify
predisposition. Depending on the research question, some focus on
predictors either representing forest structure (Kdrvemo et al., 2014,
2016), or climatic factors (Marini et al., 2017). Therefore, they rarely
represent all groups of factors known to be relevant for predisposition
or their relative impact. They vary in scale, with observation units
sometimes as rough as forest districts (Stadelmann et al., 2013b) or
counties (Gumpertz et al., 2000). Models on the stand level are prefer-
able for some applications, as they can take into account smaller scale
variation in forest structure and site properties. Also decision making
concerning tree species selection usually takes place on the stand level.
Overbeck and Schmidt (2012) have proposed a model on the stand
scale, however, the highly relevant inter annual climate variability is
not taken into account, due to its 10-year temporal resolution. The
potential for generalization of many approaches is limited by either
geographically or temporally restricted data sets.

The objective of this study is to present a model of the probability of
bark beetle induced damage in central German Norway spruce stands
and to evaluate contributing factors in terms of their effects and relative
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Fig. 1. Study area: Gray lines indicate German federal state borders. Black
points indicate forest stands included in the data base.

importance. Future applications of the model involve estimating the
current and future risk in spruce stands imposed by bark beetles. To
allow such predictions, the model needs to fulfill several requirements:
(I) The predictor variables must be widely available at stand resolution;
(II) The predictor variables must cover as many relevant factors as pos-
sible, including stand characteristics, previous damage, soil and climate
parameters; (III) The model effects must be ecologically plausible; (IV)
Future conditions must be covered in the data as far as possible.

2. Material & methods
2.1. Study area

The study area comprises the uplands of the German federal states of
Lower Saxony, Saxony Anhalt and Hesse. It covers a wide range of site
conditions and landscapes with altitudes ranging from 38 m to 1141 m
and an area of about 33000 km? (Fig. 1). The climate is diverse with
annual average temperatures ranging from approximately 4 °C to 11°C
and annual precipitation sums between 520 mm and 1800 mm. Within
this area, spruce occurs naturally only on the highest ranges of the Harz
mountains, rendering most of the spruce stands secondary.

2.2. Data set and processing

The core data set is based on management data provided by the
public forest administrations of the three federal states involved and
combines timber harvest records with stand level information from
forest management planning. The timber harvest records include in-
formation on stand, year and extracted wood volume as well as infor-
mation on whether or not the harvest event was related to damages
induced by insects or storm. Stand information from public forest
management planning used in this study includes stand age, stand area,
partial area covered per tree species, stand volume per tree species
and the geographic location of forest management units. This data was
preprocessed and merged using a PostgreSQL 15.2 database with a
PostGIS3.3.2 extension. Further analysis was conducted in R version
4.4.1 (R Core Team, 2024).
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Only publicly owned forests, featuring any non-zero proportion of
spruce in the upper canopy layer, which are managed by the respective
state forestry administration, are considered. We excluded stands with
an age of less than 30 years. Uneven-aged stands were excluded from
the analysis, because they are not represented sufficiently in our data.
Harvest events that could not be assigned to a stand or harvest type
were filtered. After pre-processing and filtering, the data base contained
48 666 logging records from 1999 to 2019. In the federal state of Lower
Saxony the data set starts in 1999, in the federal state of Saxony Anhalt
in 2001, and in the federal state of Hesse in 2009. The first year of each
data set was not included in modeling, as one year preceding the focal
year was necessary for deriving information on previous damage. The
logging records stem from 27 154 stands totaling up to 152675 ha.

Within the study area it is common practice to conduct sanitary
cuttings whenever a notable amount of bark beetle induced damage
occurs. For that reason, harvest records alone cannot be considered
to be an unbiased sample in terms of bark beetle infestation, as the
probability of an observation being part of the data set increases
with the occurrence of bark beetle damage. Therefore, we filled in
observations for each stand represented in our data set in years without
harvest based on the assumption that any notable occurrence of bark
beetle infection would have resulted in a harvest event. Appendix 1
features a more detailed description of our approach. This resulted in
a total of 369 559 observations.

2.3. Response and predictor variables

We derived our response variable by classifying stands as infested or
not infested with an annual resolution based on the relative proportion
of harvested wood marked as harvested due to insect damage, with a
threshold of 1%. It is important to note that in the majority of harvest
events this value was either 0 %, or close or equal to 100 %, and varying
the threshold has a negligible effect on the model results.

Predictor variables contain information on forest structure, soil,
previous damage, weather, and climate (Table 1). The quadratic mean
diameter of a stand (QMD) is a variable that represents stand de-
velopment over time. It can generally be derived based on forest
management planning data. However, available information on the
QMD is based on rough estimates and for some stands it is unavailable.
Also extrapolation of the QMD would have been necessary, due to the
temporal distance between the surveys of forest management data and
observation years. In order to achieve consistent values for all stands,
the QMD was estimated using a hierarchical model chain, based on a site
index model (Schmidt, 2020) and a height-diameter model (Schmidt,
2009) for spruce. Both models are climate and site sensitive and were
parameterized on data from the German national forest inventory and
state forestry enterprise inventories. The prediction is done in two
essential steps: First, the site index model is used to estimate the HQ,
i.e. the stand height corresponding to the QMD, for a given age and
environmental conditions. This HQ is then used in an inverted version
of the height-diameter model to estimate the QMD. An alternative to
represent stand development over time would be stand age. Integrating
both QMD and age simultaneously is unfeasible, as they are highly
correlated and essentially both represent the stand development over
time. We assessed model prototypes including each of the two, but
effect shapes, sensitivity and model performance did not differ notably.
Unlike stand age the QMD is also sensitive to differences in site condi-
tions and management. Assuming this site dependence to be relevant,
we decided to use the QMD as a predictor variable instead of age.

The proportion of spruce at the stand level (variable sp_stand)
was calculated based on stand information from forest management
planning data by dividing the partial stand area of spruce by the total
stand area. The proportion of spruce within a 500 m buffer around
the stand centroid (sp_buffer) was calculated based on a map of
dominant tree species in Germany, which is based on satellite imagery
and maps the dominant species of the leading stand layer at a resolution
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Table 1

Metric predictor variables.
Predictor variable Min 5% Mean 95% Max

quantile quantile

QMD [cm] 17.3 21.8 36.6 54.1 70.7
sp_stand [%] 0.05 2.22 58.8 100 100
sp_buffer [%] 0 7.55 47.6 96.5 100
AWC [mm] 45 98 145 220 279
tsum [degree days (dd)] 1484 1982 2294 2621 3212
tsum_dif_py [4dd] —142 -27.9 136 379 441
psum [mm] 116 222 389 603 1080
psum_dif_py [4mm] 288 -136 228 203 541

of 10m (Blickensdorfer et al., 2022). We also tested buffers of 1000 m,
1500 m and 2000 m radius, but the 500 m buffer performed best in terms
of the deviance explained by the model. The available water capacity
(AWC) was taken from three sources, according to the federal state (for
Lower Saxony Overbeck et al., 2011, Hesse Ahrends et al., 2023 and
Saxony-Anhalt Ahrends et al., 2016; Buresch et al., 2023). A previous
damage indicator (prev_dmg) was deduced based on whether or not
there was a harvest record noting storm or insect damage for the focal
stand in the previous year. Where insect damage occurred, prev_dmg
assumes the value ‘bark beetle’, otherwise if storm damage occurred the
indicator assumes the value ‘storm’. If neither was noted, it indicates
‘no damage’.

Four weather and climate related predictor variables with annual
resolution were calculated based on summation of daily average tem-
peratures and precipitation within the vegetation period. Each cli-
mate sum was calculated based on daily weather station observations
(Deutscher Wetterdienst, 2024) and subsequently regionalized to a
50 m x50 m raster in case of the temperature sum (tsum) and a 100 m x
100m raster in case of the precipitation sum (psum) based on spatial
coordinates and elevation (Copernicus, 2020). The vegetation period
of spruce used for tsum and psum was calculated annually using the
‘vegperiod’ R-package (Nuske, 2017), determining the beginning of
the vegetation period for Norway spruce according to Menzel (1997)
and the end of the vegetation period according to Nuske (2017). For
the year preceding each data point we calculated detrended temper-
ature (tsum_dif_py) and precipitation (psum_dif_py) sums by
subtracting the stand specific 30 year moving averages of the respective
climate sum, where the 30 year reference period finishes in the year
preceding the observation. Considering the previous year’s weather
conditions serves two purposes: (I) It allows the model to take into
account possible lag effects, where the temperature and precipitation in
a particular year has an effect on the risk of bark beetle induced damage
in the following year, and (II) to better fit data with a potential delay
between bark beetle infection and harvest. Detrending the climate sums
in our case enables the use of climate sums in subsequent years, as
yearly weather parameters are usually correlated due to the underlying
climate trend.

We tested two different approaches to include topography. At first
we integrated a bark beetle specific implementation of a topographic
exposition index (Topex) (cf. Overbeck and Schmidt, 2012; Scott and
Mitchell, 2005). Assuming topography is linked to the risk of bark bee-
tle infection through its effect on temperature, we also tried correcting
the tsum and tsum_dif_py based on aspect and slope following the
approach presented by Schick et al. (2023). After applying the temper-
ature correction the effect of the Topex diminished, while switching
direction in a way that north facing slopes would be at higher risk,
which contradicts common knowledge and existing literature (Annila,
1969; Netherer and Nopp-Mayr, 2005). Accordingly we assume most
of the effect of topography is covered by the applied temperature
correction and dropped the Topex as a predictor variable.
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2.4. Model development

We fitted generalized additive mixed models (GAMMs) to model
the probability of bark beetle infection at the stand level, with an
annual resolution, on the basis of a Bernoulli distributed response
variable. An additive modeling approach allows us to cover potentially
occurring non-linearity of effects and enables the utilization of a spatial
smooth in order to handle spatial autocorrelation of the residuals.
This occurs frequently in large-scale inventory data, due to unobserved
site properties (Pya and Schmidt, 2016). Applying a mixed modeling
approach with a random intercept on forest districts takes into account
unknown confounding factors varying at the forest district level, such
as different management schemes. By applying both a spatial smooth
and a random effect on the forest district level, we follow the same
approach as Brezger and Lang (2006) and Pya and Schmidt (2016),
separating the overall spatial trend into a spatially structured and a
spatially unstructured effect (serving as proxies for unobserved factors
and reducing model bias). All other predictor variables were selected
to feature known causal relationships with the response variable, hence
we will call them causal variables.

y;; ~ Bernoulli ()

m; =E (v 1 x;5)

- iy
g<”[j) _ln<1 —”ij>

=Po+f1 (x155) + -+ fi (%) + Fenn (easting,.j,northing,.j)
+Zb,

(€8]

In Eq. (1), #;; represents the conditional expectation of the Bernoulli
distributed response variable y;; on predictor variable vector x;; for
observation i within forest district j, g() is the logistic link-function,
py is a global intercept, f, () are smooth functions representing the
effects of k causal predictor variables x, as well as the spatial effect,
fis1 (easting; ;- northing; j), and a random intercept term, Z;b;, for
forest district identity.

We started off, by fitting an unconstrained GAMM (model variant
A), using the R-package ‘mgcv’ (Wood, 2022), in order to establish gen-
eral effect sizes and shapes. We then fitted a version, that is constrained
in terms of function complexity (model variant B), by manually reduc-
ing the number of basis functions that are used to construct the spline
functions, that represent each predictor variables effect. This reduces
overfitting and helps isolating and visualizing meaningful signals in the
data, that were masked by high levels of wiggliness in some effects of
model variant A. Finally, we fitted a shape constrained GAMM (model
variant C (Eq. (2))) using the R-package ‘scam’ (Pya, 2021). Defining
shape constraints helps to prevent overfitting, improve the ecologic
plausibility of the model effects and thus improve generalizability (Pya
and Schmidt, 2016). In our case, shape constraints included fixing effect
functions of individual predictor variables to be strictly monotonously
increasing, decreasing or convex. These shape constraints were applied
individually to effects, where general trends observed in model variant
B were in line with the assumed underlying causal link over most of
the variable’s range, but the effect was implausibly changing direction
in other parts. This ensures that predictions and simulations based on
the model do not result in patterns, that contradict prior knowledge on
causal links.

g (my) =ho+ S1 (QMD;;) + f> (sp_stand,;) + f3, (sp_buffer;;)
+ f4,, (AWC;;) + prev_dmgly + fs (tsum;)

+ fo,, (tsum dif py;;) + f;  (psum;)
+ fy, (psumdif py,;) + fy (easting, ;. northing;;) + Z;b;

mdex

@
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Here, f,  represents a monotonously increasing function, f, kpg @
monotonously decreasing function, f, ~a convex function, f, —a
monotonously decreasing function that is convex and y the effect vector
of the categorical variable prev_dmg.

2.5. Sensitivity analysis

The relative importance of the effects of the causal variables was
investigated by conducting a sensitivity analysis. Each of them was
in turn varied while holding all other variables constant at a typical
value (i.e. ceteris paribus). For most of the causal variables this typical
value was represented by their respective empirical arithmetic mean
value, or in case of prev_dmg the mode value ‘no damage’. The forest
district and spatial smooth model terms were each set to the value
corresponding to the mean of all predicted values for the respective
model terms. This allowed ranking the causal variables according to
their impact on model predictions in the average case of conditions
represented by the data set.

To illustrate the model behavior when deviating from the aforemen-
tioned average case, as well as the proportion of sensitivity, that can
be attributed to extreme values, we also varied each of the other causal
variables in combination with the QMD. In this approach we varied the
QMD across its range in the data set in 100 equidistant steps, while
each of the other causal variables was varied in 3 or 5 steps depending
on data coverage. The QMD was chosen as the interaction variable in
the comparison of the other variables, because it represents the natural
development each spruce stand undergoes in the course of its lifetime.
Therefore, it is subject to a steady development over time, while other
variables are either rather stable (e.g. sp_stand, sp_buffer, AWC)
or exhibit a high inter-annual variability, such as the climate variables.

3. Results

The effect of the QMD shows an almost linear increase up to a QMD
of about 45cm, where the curve levels off. Past this point both the
unconstrained models variant A and variant B feature a negative effect,
while variant C features a plateau due to the application of a monotony
constraint. The effect of sp_stand displays a positive relationship,
gradually leveling off with increasing percentages of spruce. The three
model variants differ only concerning the notably wigglier curve for
the unconstrained variant A. Variable sp_buffer displays a positive
effect up to around 60 %. Past this point in variant A the effect becomes
extremely wiggly and in B it turns into a negative effect, while in
variant C it levels off due to the application of a monotony constraint.
The AWC has an overall negative effect, where model variants A and
B display a notable amount of wiggliness and rather wide confidence
bands, while in model variant C the effect of the AWC is linear with
slim confidence bands. The categorical variable prev_dmg expresses a
positive effect of previous storm damage and an even stronger positive
effect of previous bark beetle infections.

The effect of tsum is positive, however above a tsum of around
2250 degree days (dd) the slope of this effect decreases notably. In
variant B the effect essentially levels off to a plateau, while in variants
A and C the slope remains positive. In addition the effect has a notably
steeper slope but also wider confidence bands at values of tsum
below 1750 dd in model variant A, than in the other two variants.
Variable tsum_dif_py features a positive effect in the models with
the strongest effect beyond a difference of 250 dd above the 30 year
floating average. Variable psum has a negative effect, however it is
hardly discernible in model variant A, due to an extreme amount of
wiggliness. In variant B the effect has an overall negative effect but
switching direction twice midway, whereas variant C is much smoother
due to an applied monotony constraint, where the slope of the effect
decreases with increasing values of psum. The effect of psum_dif_py
is U-shaped with both very low and very high values resulting in higher
predicted values and a pronounced dip in the center. Variant A has a
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Table 2

Variable ranking based on the range of predicted probability of bark beetle
induced damage, due to the variation of each causal variable across (I) the
entire range of the variable and (II) the central 90 % from the 5 %-quantile to
the 95 %-quantile, ceteris paribus.

Variable Full range Central 90 % range
Prediction Rank Prediction Rank
range [%] range [%]

prev_dmg 10.0 1 10.0 1

tsum_dif_py 7.03 2 6.07 2

psum 3.22 3 1.43 5

psum_dif py 3.11 4 0.23 9

tsum 3.00 5 1.24 6

QMD 1.83 6 1.61 4

sp_stand 1.79 7 1.75 3

AWC 0.72 8 0.38 7

sp_buffer 0.58 9 0.36 8

much stronger effect, especially for extremely negative values, than the
two constrained variants. In the effects of all metric causal variables
the unconstrained model variant A features notably higher amounts
of wiggliness. This is more pronounced in the effects of variables
sp_buffer and AWC, which have a relatively small partial effect
range and also feature rather wide confidence bands. However, the
highest degrees of wiggliness are present in the effects of variables
tsum_dif_py, psum and psum_dif_py.

3.1. Model sensitivity

First, the relative importance of the causal variables in the model
was analyzed, based on the range of predictions resulting from varying
the predictor variable (Prediction range), ceteris paribus. Not all metric
predictor variables are equally well covered in our data (see Table 1).
Therefore we decided to conduct the variable ranking twice: (I) based
on the entire range of each of the predictor variables and (II) based
on the central 90 % of the data, ranging from the 5 %-Quantile to the
95 %-Quantile. The results of these two rankings vary markedly (Table
2). The tsum_dif_py loses most of its prediction range and drops
5 ranks, demonstrating that most of its effect occurs at the extreme
ends of its range. Also tsum and psum lose in prediction range and
drop in rank, while QMD, sp_stand, AWC and sp_buffer gain ranks,
indicating their effect is better covered by data across their entire value
range. Especially for QMD and sp_stand the prediction range remains
stable with changes of 0.22 % and 0.04 %, respectively.

In addition, the combined effect of varying the QMD in combination
with each of the other variables illustrates the effects of deviating from
average conditions and the proportion of their effect that is based
on extreme values (Fig. 3). When deviating from the average case
by variation of the other variables, the QMD-curves are compressed
when approaching predicted values of 0. The same compression effect
occurs when predicted values approach 1. This results in synergistic
interactions at the lower end of predicted values and antagonistic
interactions at the higher end of predicted values, which is an inherent
property of logistic models without explicit interaction terms, due to
the transformation through the link function.

4. Discussion

Beside the development of a model for predicting the probability of
bark beetle induced damage in central German Norway spruce stands,
another objective of this study was to evaluate its contributing factors
in terms of their effect and relative importance. This evaluation sheds
light on the potential impact of different mitigation strategies at hand.
One proposed intermediate-term approach to reduce the risk imposed
by bark beetles is reducing the target diameter or rotation period
length (Hlasny et al., 2021; Schelhaas et al., 2015). The model effect
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of the QMD supports this approach, as the risk increases with stand
development over time. As a consequence, harvesting trees at an earlier
stage leads to a reduced time in which stands are exposed to higher
levels of risk. Also, diversifying stand ages across the landscape is likely
to reduce the overall risk, as not all stands would be in their most
susceptible stage at the same time.

Reducing the percentage of spruce both at the stand level and within
a buffer of 500 m around the stand also reduce the risk imposed by bark
beetles in the model. Concerning species diversity, this supports Hlasny
et al. (2021) and Wermelinger (2004), who suggest a transformation of
pure homogeneous spruce stands toward stands with a higher diversity.
They do not only call for species diversity, but also for structural
diversity, but there was no information on this available in our data
set. Considering the shape and amplitude of the effect curves of the
percentage of spruce both on stand level as well as within the buffer
of 500m indicate a very limited mitigation potential of admixing or
promoting smaller shares of other species. Only a substantial reduction
of the share of spruce can notably reduce the probability of bark
beetle induced damage, because the mixture effect becomes stronger
the smaller the share of spruce.

Reducing the rotation period length and promoting admixed species
may help to reduce the probability of bark beetle induced damage,
however the results of the sensitivity analysis indicate, that climatic
factors have a much higher impact, than the considered stand prop-
erties. Therefore, in order to handle the risk imposed by bark beetles
on the large scale, the most promising approach is widely converting
spruce forests on climatically unfavorable sites to other tree species, an
approach that is frequently suggested (Marini et al., 2012; Schelhaas
et al., 2015; Seidl et al., 2008; Sonesson, 2004). Planting and regenerat-
ing new spruce forests should be limited to climatically favorable sites,
namely those with low temperature and high precipitation sums, which
are mostly restricted to high elevation sites in central Europe. Especially
north to east facing slopes appear more favorable in this regard, as they
exhibit lower temperatures than other expositions at the same elevation
and they are in most cases sheltered from winter storms, which mostly
come from western to south-western direction. Even on those sites
single extreme years with high temperatures, drought or extremely
low or high summer precipitation increase the risk imposed by bark
beetles decisively. This holds true even under recent conditions and
as climate change is expected to raise temperatures and increase the
frequency of extreme weather events like droughts (Intergovernmental
Panel on Climate Change, 2023), an increase of the already high risk
of bark beetle induced damages is expected in central Europe (Seidl
et al., 2014). Considering our findings, ongoing climate change, and
the significant delay between adaptive management and a reduction of
bark beetle induced disturbance (Seidl et al., 2009), the need for forest
conversion must be considered urgent.

4.1. Model effects and constraining their shapes

The QMD is closely linked to stand age, as both represent stand
development over time. The bark is simultaneously the initial point of
attack, the breeding habitat of bark beetles and features some of the
main defense mechanisms against bark beetles (Paine et al., 1997; Wer-
melinger, 2004). Therefore, changes in bark structure in the course of
stand development are likely the causal foundation to this relationship.
We found an increasing risk of bark beetle induced damage with rising
QMDs up to values of about 45 cm, which is in line with Lexer (1995),
Netherer and Nopp-Mayr (2005) and Overbeck and Schmidt (2012).
Past this point our results contradicts their findings, suggesting a neg-
ative effect, toward the end of stand development in model variants
A and B contradicts previous findings. Considering the fact that this
falling off toward the end is only covered by rather few extreme values
and features relatively wide confidence bands (see Table 1 and Fig. 2),
it is possibly coincidental or based on unobserved confounding factors.
For example, high QMD values can be associated with protected areas or
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Fig. 2. Term plots for causal variables and model variants: (A) is an unrestricted reference version, while (B) is restricted in terms of the number of basis functions
and (C) includes restrictions on the number of basis functions and shape constraints. Note that partial effects on the probability of bark beetle induced damage
are on the scale of the linear predictor. Hence, the term plots presented here are intended for the interpretation of function shapes, while their magnitude on the

scale of the response variable is addressed in Section 3.1.

inaccessible terrain and thus, with certain management restrictions or
other factors potentially related to the observed pattern. In this case the
negative effect toward the end of stand development lacks a causal link
between the QMD and the risk of bark beetle infection and could lead to
wrong conclusions, when assuming long rotation periods in predictive
application or simulations based on the model. Therefore, we decided
to apply a monotony constraint to this effect in model variant C.

The increasing risk with an increasing sp_stand is in line with
the findings of other studies (Lexer, 1995; Netherer and Nopp-Mayr,
2005; Overbeck and Schmidt, 2012). Our results also support existing
evidence that tree species diversity increases forest resistance to insect
pests and disturbances in general, particularly for specialized insect
pests (Jactel and Brockerhoff, 2007; Jactel et al., 2017, 2021). This is
plausible, because the proportion of spruce represents a higher density
and availability of the suitable host trees for bark beetles specialized
on Norway spruce. Admixed species in spruce forests may also distract
bark beetles by producing non-host volatiles potentially interfering
with the beetle’s pheromone system (Byers et al., 1998; Zhang et al.,
1999). Other studies have identified the volume of spruce trees as a
predictor variable (Kdrvemo et al., 2014, 2016; Nordkvist et al., 2023).
However, the volume of spruce is influenced both by the share of spruce

and the stand development over time. Thus, it does not allow for a
differentiation between the effects of tree species mixture and stand
development, which is why we opted for integrating sp_spruce and
the QMD separately, instead of spruce volume.

Much like the effect of sp_stand, sp_buffer expresses a pos-
itive effect on the risk of bark beetle induced timber in particular
within the range from 0 to 60%. The higher availability of primary
hosts in the closer surroundings can enable population densities of
bark beetles to rise to levels enabling an infestation of vital spruce
trees in focal stands. In model variants A and B, the effect switched
to a negative direction at high values of sp_buffer. One possible
explanation is that a higher availability of potential hosts in close
proximity to the focal stand can increase the probability of bark beetles
infesting a neighboring stand, instead of the focal stand, especially at
low population densities of beetles. However, it is generally assumed
that landscapes dominated widely by uniform stands of one species
are at a higher risk of catastrophic outbreak events (Marini et al.,
2022; Wermelinger and Jakoby, 2019). This is the main reason we
decided to include a predictor representing the share of spruce trees
in the forest surrounding the focal stand. Also, once a landscape-wide
outbreak occurs, higher shares of spruce result in a greater proportion
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of stands at risk within the forest landscape. Therefore, we decided to
apply a monotony constraint in variant C, which overrides the negative
effect at higher values of sp_buffer, resulting in a similar shape to
the effect of sp_stand.

The effect of prev_dmg is in line with common knowledge that
bark beetle induced damage is closely related to preceding storm
damage (Christiansen and Bakke, 1988; Marini et al., 2013, 2017;
Stadelmann et al., 2013a). Preceding damage by bark beetles may be
considered an indication of elevated population densities of beetles.
Therefore, the effect of previous beetle damage is plausible as well as
in line with previous findings (Karvemo et al., 2014; Stadelmann et al.,
2013b). It is important to note that the prev_dmg is a rather simple
indicator of factors related to population density. Previous damage is
only considered within the focal stand itself and not within the immedi-
ate surroundings. However, bark beetles may well spread across stand
borders, if neighboring stands feature spruce of suitable dimensions.
The restriction of the data set on publicly owned and managed forest
poses a major limitation in this regard, as continuous information on
previous damage across ownership types is missing. The model is highly
sensitive even to this simplified representation of previous damage.
This stresses the relevance of preceding storm damage as well as
population density for bark beetle calamities, but also the importance

of short term management approaches, that aim at reducing brood
material or population densities of bark beetles, such as salvage logging
or sanitary cuttings. These measures are common practice in managed
Norway spruce forests, however the efficiency of such measures greatly
depends on timing and diligence during their application (Wermelinger,
2004). Therefore, the risk of bark beetle damage is also related to the
diligence of local forest managers, the availability of machinery and
workforce, the quality of forest infrastructure and other factors, on
which no suitable data is available. These are some of the factors we
intend to capture in part by the integration of a random intercept at
the forest district level.

The remaining five predictors are all related to a key factor for
the risk of bark beetle infection: Drought stress weakening the defense
capacities of spruce trees against bark beetles (Christiansen and Bakke,
1988; Lexer, 1995; Marini et al., 2012; Netherer et al., 2015, 2024;
Rouault et al., 2006; Wermelinger and Jakoby, 2019). Temperature is
relevant for drought stress, because the vapor pressure deficit depends
on temperature and is itself one of the major drivers for evapotranspira-
tion and, thus, plant water demand (Allen et al., 2015). Precipitation on
the other hand is the main source of water for plants on most terrestrial
sites. This explains the positive effects of tsum and tsum_dif_py, as
well as the negative effect of psum. The effect of tsum match those of
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Overbeck and Schmidt (2012) and both the effects of tsum and psum
are in line with the results of Marini et al. (2017). However, they do
not find a similar effect of temperature in the previous year and their
indicator of rain in the previous year has a purely negative effect as
opposed to our U-shaped effect. Monotony constraints were applied for
tsum_dif_py and psum, as their effects were extremely wiggly in the
unconstraint model variant A. In model variant B, the effect featured
mid-range changes of direction, that are implausible in the light of
the assumed underlying causal links. Other studies have also found lag
effects of precipitation (Faccoli, 2009) and temperature on bark beetle
induced damage (Marini et al., 2012). Drought stress may prevail in
years after a drought event and elevated temperatures may lead to
a population build up of bark beetles taking effect in the following
year. One rather unexpected finding is that not only strongly negative
deviations of precipitation in the vegetation period increase the risk of
bark beetle infection in the following year, but also strongly positive de-
viations. This effect is only present at positive precipitation deviations
above 200 mm with higher impact at values around 400 mm,which are
covered only by a limited amount of data representing extremely wet
conditions in the vegetation period. Especially at higher temperatures,
an oversupply of water can cause oxygen limitation, potentially leading
to fine root damage (Drew, 1997), which may increase drought stress
in following years. As the overall effect of psum_dif_py was clearly
U-shaped with increased risk at both extremes, we decided to apply
a convexity-constraint in order to capture this overall shape while
reducing the amount of wiggliness present in the unconstraint variant
A. Including the AWC as a predictor is in line with Netherer and Nopp-
Mayr (2005), who state that any soil property influencing water supply
should have an impact on the risk of bark beetle attacks, due to the
relevance of drought stress for predisposition. The negative effect plau-
sibly reflects higher capacity of the soil to hold plant available water,
reducing drought stress and, thus, the risk of bark beetle infection.
Some studies use indicators of the current drought status of the soil
instead of the AWC. However, these are generally closely related and
correlated to precipitation and temperature, so we decided to include
climate information and the AWC, in order to capture the effects of
climate and soil separately.

The temperature sums are not only relevant through their influence
on drought stress, but also have a direct impact on the individual
development and population dynamics of bark beetles, as the beetles
are highly temperature dependent (Annila, 1969; Baier et al., 2007;
Wermelinger and Seifert, 1998, 1999). This means the effects of tem-
perature sums presented in this paper encompass a mix of two major
causal links working in the same direction, where higher temperatures
increase the risk of bark beetle induced damage. This further justifies
the applied monotony constraint for tsum_dif_py.

Previous work has considered topography to be a relevant factor,
usually relating its impact to higher temperatures due increased so-
lar irradiation on sun-exposed slopes (Annila, 1969; Christiansen and
Bakke, 1988; Netherer and Nopp-Mayr, 2005; Overbeck and Schmidt,
2012). Based on the assumed underlying causal link via temperature we
decided to include topography into the model indirectly by the correc-
tion of temperature sums accordingly. This results in the model being
sensitive to topography without adding another predictor variable.

4.2. Model limitations

Utilizing management data opens up an extensive pool of empiric
information, but also inherits challenges and imperfections. Forest
harvest information cannot be considered an unbiased sample with
respect to bark beetle infection. This issue was solved by filling in
years with no harvest as described in Section 2.2 and Appendix A.
Also harvest records can be faulty or in some cases they cannot be
assigned to a forest stand, in which case they had to be excluded.
Differences in booking behavior are in partly covered by the random
effect on forest district level. This help estimating unbiased predictor
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effects, however, the model will have to be marginalized when making
predictions, meaning that differences in the random intercept will not
be taken into account in predictions.

Another challenge is the potential temporal delay between the
infection of a stand with bark beetles and subsequent sanitation cutting.
Especially during greater bark beetle calamities it is possible that
infested stands cannot be harvested timely, so harvest events cannot
be reliably related to the time of infection and, thus, to the factors
favoring the infection. Especially bark beetle infections, which occur
later in the season are occasionally harvested in the following year.
This is one of the reasons why it was important to consider climate
variables from the previous year in our case, in addition to potential
causal lag effects, such as drought stress, prevailing beyond the time of
drought. That means that the model does not allow for discriminating
between causal lag effects and artifacts due to a delayed harvest. As a
consequence it seems advisable to aggregate the predicted risk over a
series of subsequent years in model application, rather than interpreting
the results for individual years, despite its annual resolution.

4.3. Conclusion

We modeled the probability of bark beetle induced damage in
central German Norway spruce forests using generalized additive mixed
models based on extensive management and environmental data.
Causal predictor variables cover the most important influential factors,
including stand characteristics, previous damage, soil and climate
parameters. The wide range and diversity within values of the predictor
variables, combined with the restrictive application of prior knowledge
through shape constraints, ensures the ecologic plausibility of the ef-
fects across a broad range of environmental conditions, which improves
the generalizability of the model.

Our results suggest, that the probability of bark beetle induced
damage is highly site dependent, especially regarding climatic factors.
Reducing target diameters or rotation period length as well as promot-
ing mixed species stands may help reducing this probability, however
climatic factors have a higher impact. Therefore, the share of spruce on
unfavorable sites should be reduced to amounts, that are acceptable to
lose at once. This holds true even under current conditions, however
shape and strength of the effects of climate variables hint toward a
sharp increase of the risk, imposed by bark beetles in the course of
climate change, which is in line with previous study results.

Future model applications will estimate the current risk in order
to guide the prioritization of countermeasures and predict the future
risk, to aid in the identification of favorable and unfavorable sites for
growing spruce in the context of tree species selection.
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