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Abstract

Context Historically, large-scale outbreaks of the
European spruce bark beetle were initiated mainly by
windthrows. However, after 2018, a severe drought
triggered the hitherto largest bark beetle outbreak
observed in Europe, signalling a major shift in the
disturbance regime.

Objectives Develop and test an approach that allows
simulating this novel disturbance dynamics and eval-
uate landscape-scale compound impacts of wind- and
drought-initiated outbreaks throughout the twenty-
first century.
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Methods We incorporated drought-initiated out-
breaks into the forest landscape simulation model
iLand, using critical values of vapour pressure deficit
as the outbreak trigger. Forest management records
and remote sensing-based disturbance maps were
used to derive model parameters and evaluate simu-
lated dynamics in a Central European forest land-
scape (41,000 hectares). The period 1961-2021 was
used for model evaluation, and the years until 2100
for scenario analysis.

Results Incorporating drought as outbreak trigger
led to a notable decoupling of wind and bark beetle
disturbances, which have historically formed a typi-
cal disturbance cascade in European forests. While
forest growing stock and species composition were
resilient to a wind-dominated disturbance regime, this
resilience diminished under the compounded impact
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of wind- and drought-triggered disturbances. The
new disturbance regime caused a persistent decline in
Norway spruce and resulted in an overall decrease in
landscape-level growing stock.

Conclusions Our findings underscore the urgent
need for new approaches to evaluate increasingly
complex disturbance dynamics and suggest that the
future impacts of bark beetles on forest landscapes
may be greater than previously anticipated.

Keywords Forest disturbance - Climate change -
iLand model - Ips typographus - Norway spruce

Introduction

After 2018, Europe has experienced an unprecedented
wave of tree mortality that significantly departed
from the historical dynamics in many regions (Senf
and Seidl 2021). This disturbance pulse was spatially
aligned with soil moisture and vapour pressure defi-
cit anomalies, implying an increasing role of drought
in disturbance regimes (Senf et al. 2020). Drought
legacy effects observed in the following years suggest
that physiological recovery processes were impaired,
and trees were prone to secondary impacts from pests
and pathogens (Schuldt et al. 2020).

The most severe and widespread disturbances in
European forests have been caused by the European
spruce bark beetle (Ips typographus L.), which pri-
marily affects Norway spruce (Picea abies (L.) H.
Karst.), a species constituting approximately 25% of
the total growing stock in Europe’s forests (Hlasny
et al. 2021). 1. typographus belongs to the subfam-
ily Scolytinae (Coleoptera: Curculionidae) and is
one of the few bark beetle species exhibiting erup-
tive population dynamics, capable of rapidly increas-
ing in number and causing extensive tree mortality
(Raffa et al. 2008). During outbreaks, enlarged bee-
tle populations overwhelm tree defences through
mass attacks, coordinated by chemical signalling that
guides individuals to specific host trees (Raffa et al.
2016). The beetle typically targets trees older than
60 years and with diameter exceeding 20 cm (Wer-
melinger 2004). Under outbreak conditions and high
population densities, smaller and younger trees may
also be colonized. Factors such as a high proportion
of spruce, high stand density, advanced stand age,
and the presence of forest edges are among the key
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conditions that predispose bark beetle infestation on
the stand level (Netherer and Nopp-Mayr 2005).

L. typographus possesses several traits regulated by
temperature and photoperiod, such as spring swarm-
ing, generation timing, and voltinism, which allow it
to adapt its life cycle across a broad geographic range
(Baier et al. 2007; Bentz et al. 2019). In many parts
of Europe, where the annual heat sum is sufficient, /.
typographus can produce more than one generation
per year (Jonsson et al. 2009). While warmer climate
increases the number of annually completed bark bee-
tle generations and extends the beetles™ flight period
(Jakoby et al. 2019), heat and drought spells compro-
mise the defence mechanisms of host trees (Huang
et al. 2020), Netherer et al. 2021. Specifically, spruce
cannot tolerate a drop in plant water potential below
a certain limit (Schumann et al. 2024), at which
point it closes stomata to prevent further water loss.
This stomatal closure, typical of spruce’s isohydric
strategy, helps protect the tree against hydraulic fail-
ure, but also limits photosynthesis and thus the pro-
duction of defence compounds against bark beetles
(Hartmann et al. 2018; Huang et al. 2020). Hot and
dry conditions can thus boost population growth of 1.
typographus.

Historically, large outbreaks of I typographus
were mainly initiated by windthrows, which gener-
ated pulses of breeding material that boosted beetle
population growth (Wermelinger 2004). Upon suc-
cessful colonization of windfelled trees, the enlarged
beetle populations typically expanded into the sur-
rounding forests and caused tree mortality that often
exceeded the impact of the initial windthrow (Mezei
et al. 2017). The outbreaks triggered by windthrows
typically declined after several years due to the
exhaustion of local resources and other mechanisms,
such as decreasing fitness of individual beetles, intra-
specific competition, increasing levels of antagonists,
defence priming of host trees and changes in symbi-
ont communities (Biedermann et al. 2019).

The recent emergence of drought-initiated out-
breaks occurring in the absence of windthrows rep-
resents a distinct change away from the historical
disturbance regime. Such drought-induced outbreaks
have occurred across a range of environments and for-
est types in recent years, including lowland and mon-
tane forests of Czechia, Germany, Austria, France,
Italy, and Sweden (Hlasny et al. 2021; Kirvemo
et al. 2023; Washaya et al. 2024). They have severe
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ecological and socio-economic consequences, includ-
ing accelerated species turnover, reduced forest car-
bon stocks and increased rate of carbon release to the
atmosphere, compromised cultural ecosystem values
and increased timber price fluctuations (Buras et al.
2020; Hlasny et al. 2021; Asada et al. 2023). While
climate projections do not indicate any clear trend
in windspeed (Seneviratne et al. 2021), suggesting
a relatively stable frequency of outbreaks induced
by windthrows, a strong trend in climate aridifica-
tion throughout the distribution of Norway spruce
(Vicente-Serrano et al. 2013) suggests an increasing
frequency of drought-induced outbreaks. The ampli-
fying effect of climate change on outbreak size and
severity together with the increased incidence of trig-
gering events can thus lead to a substantial increase in
forest disturbance by bark beetles. However, the pos-
sible future trajectories and their implications for the
provisioning of ecosystem services remain unclear.

Dynamic vegetation models are important tools
for understanding ecosystem dynamics under climate
change (Blanco and Lo 2023; Rammer et al. 2024).
However, models are challenged by the emergence
of novel process interactions and feedbacks, which
require a continuous evaluation of model structure. In
the context of 1. typographus dynamics, models exist
for simulating the interaction between windthrows
and outbreaks, for example, PICUS, ilLand, and
LandClim (Temperli et al. 2013; Maroschek et al.
2015; Rammer et al. 2024). Water limitation typi-
cally serves as predisposing or amplifying factor
in these models but is not considered as an inciting
factor (sensu Manion 1981) of large-scale outbreaks.
Given the experiences of years following 2018 and
the expected future increase in drought frequency and
severity, this design element of current models could
lead to a considerable underestimation of bark beetle
dynamics under climate change. Considering drought
as predisposing, amplifying, and inciting factor of
outbreaks explicitly could thus significantly improve
simulations of climate change-induced shifts in dis-
turbance regimes.

Here, our objectives were to (i) develop an
approach that incorporates drought-induced bark
beetle outbreaks into the forest landscape and distur-
bance model iLand (Seidl et al. 2012; Rammer et al.
2024); (ii) test whether this approach is able to cap-
ture important characteristics of the recent bark beetle
outbreak in Central Europe; (iii) analyze simulations

incorporating the compound effects of wind- and
drought-initiated outbreaks throughout the twenty-
first century considering scenarios of climate change;
and (iv) assess their impact on forest species compo-
sition and growing stock.

Methods
Simulation model

iLand is a process-based forest landscape model that
simulates forest dynamics at the level of individual
trees for landscapes spanning several thousands of
hectares (Seidl et al. 2012; Rammer et al. 2024). The
model accounts for continuous processes such as
tree growth, mortality, and regeneration, and discon-
tinuous processes such as natural disturbances and
forest management. iLand operates in a multiscale
hierarchical framework, with large-scale processes
forming constraints for processes at finer scales, and
the dynamics at fine scales feeding into processes at
higher scales.

iLand dynamically simulates the regeneration,
growth and mortality of individual trees, as influenced
by climate, soil, initial state of the vegetation and
disturbance. The spatial resolution of forest dynam-
ics simulations is 2X2 m, while element cycles and
environmental constrains related to energy, water and
nutrients are considered at the scale of 100X 100 m.
iLand is driven by daily climate data, i.e., minimum
and maximum air temperature, precipitation, radia-
tion, and vapour pressure deficit. Production physiol-
ogy is modelled using a light-use efficiency approach,
driven by environmental conditions and species traits
(Landsberg and Waring 1997). Carbohydrate alloca-
tion in trees is calculated annually based on allomet-
ric ratios and is sensitive to a tree’s competitive sta-
tus. Tree regeneration is modelled at an annual time
step in 2x2 m? grid cells. Seed dispersal, climate-
dependent establishment, and seedling and sapling
growth are driven by species-specific traits. The mor-
tality probability of a tree is influenced by its carbon
balance, size, and age.

Management is simulated using iLand’s Agent-
Based Management Engine (Rammer and Seidl
2015), which employs so-called Stand Treatment Pro-
grams (STPs) to execute a series of silvicultural oper-
ations throughout the course of stand development.
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STPs include planting, thinning and harvesting of
trees. The adaptive elements of STPs include modi-
fying the timing of thinning based on the actual
stand density, replanting disturbed sites depending
on the state of natural regeneration, and resetting the
sequence of operations if a stand experiences severe
disturbance.

Wind disturbances are simulated based on maxi-
mum wind speed, wind direction, and storm dura-
tion (Seidl et al. 2014). Impacts are simulated with
a dose-response model, accounting for the vertical
wind profile and resulting turning moment (Gardiner
et al. 2000), and for local sheltering by neighbour-
ing trees as well as the size of upwind gaps. Wind
disturbances are initiated in locations where vertical
differences between the top heights of neighbouring
grid cells exceed 10 m, i.e., at forest edges (Blennow
and Sallnids 2004). Critical wind speeds are calculated
separately for stem breakage and uprooting based
on Gardiner et al (2000). Wind impacts are simu-
lated iteratively during an individual event, with for-
est structure being updated after each iteration. The
model was tested, for example, in Sweden following
the storm Gudrun (2005), displaying good corre-
spondence of observed and predicted wind damage
patterns (Seidl et al. 2014).

iLand includes an advanced submodule for simu-
lating European spruce bark beetle (Ips typographus
L.) dynamics. The module considers the phenology
and development of beetles, their spatially explicit
dispersal, host tree colonization and defence, and
temperature-related overwintering success (Seidl
and Rammer 2017). Beetle development is simu-
lated using a phenology-based process model (Baier
et al. 2007), accounting for life-stage specific thermal
requirements for beetle development and determining
the number of generations and sister broods the insect
can complete per year. Host trees are Norway spruce
trees with a diameter at breast height of > 15 cm.
Concerning dispersal, the model tracks beetle cohorts
defined as the minimum number of beetles needed to
colonize a tree. Every brood tree disperses a number
of beetle cohorts determined by the reproductive rate
of the beetles, estimated to range between 4 and 24
(Wermelinger and Seifert 1999). Dispersal consists
of two stages: a passive flight simulated with a sym-
metrical dispersal kernel and an active flight where
beetles look for suitable host trees within a 3030 m
search window (Kautz et al. 2014). Host colonization
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success depends on the defense capacity of the host
tree that is approximated by non-structural carbohy-
drate reserves (Huang et al. 2020). While bark bee-
tle population size fluctuates depending on meteoro-
logical conditions, outbreaks are mainly triggered by
windthrows, which provide a surplus of breeding
material (Wermelinger 2004). Removal of windfelled
trees can thus exert a strong dampening effect on bark
beetle outbreaks (Dobor et al. 2020a; Augustync-
zik et al. 2021). Model simulations were previously
tested against independent data by Sommerfeld et al.
(2021), who found good correspondence of simulated
levels of infestation and spatial infestation patterns.
The model code and executable as well as an exten-
sive online documentation are available at https://
iland-model.org/.

Implementation and testing of drought-initiated
outbreaks

In the absence of windthrow, bark beetle infestations
are initiated in iLand based on a parameter determin-
ing the probability of a forest patch to be infested,
represented as the annual outbreak probability per
hectare. This initial probability (IP) is a user param-
eter with a default value of 0.000685, which has been
estimated based on an empirically determined distur-
bance rotation period of 365 years and a mean distur-
bance size of 4 ha (Thom et al. 2013; Thom and Seidl
2016). The IP is modified by a climate-sensitive mod-
ifier that represents the deviation of summer precipi-
tation in the actual year from the historical average
conditions for which the IP has been specified (Seidl
et al. 2016). While these fluctuations can mimic the
variation in the size of endemic bark beetle popula-
tions (i.e., in a non-outbreak phase), they are unable
to initiate large-scale outbreaks.

We build on the existing iLand bark beetle mod-
ule — as described above — for incorporating drought
as an inciting factor of bark beetle outbreaks. Since
research on drought-induced outbreaks of spruce
bark beetle remains scarce (but see Hlasny et al.
2021; Kidrvemo et al. 2023; Washaya et al. 2024), we
used a semi-empirical model formulation, combin-
ing fundamental ecological understanding with lim-
ited observational data (Jorgensen and Bendoricchio
2001). Specifically, we introduced a mechanism for
drought-initiated outbreaks using Vapour Pressure
Deficit (VPD) as an indicator for drought, as VPD
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is a strong driver of tree mortality (Park Williams
et al. 2013; Hartmann et al. 2018). Moreover, VPD
is readily available within iLand, as it affects stoma-
tal conductance and primary production in the model
(Rammer et al. 2024). We introduced a new func-
tion to the module, the OutbreakClimateMultiplier
(OCM), which increases IP during heavy droughts.
Specifically, the function transforms VPD into an
OCM value, which is then used to scale IP multi-
plicatively (Fig. 1, Eq. 1). Rather than using mean
annual VPD, we used the biologically more relevant
June-July mean VPD (VPDjj), roughly correspond-
ing to the time of year when the second bark beetle
generation emerges in Central Europe (Holusa et al.
2012), i.e., during a period when increased climatic
stress to trees can critically boost beetles™ coloniza-
tion success and population growth. As the interan-
nual fluctuations in VPDjj led to unrealistic model

behaviour and to consider the effect of multi-year
droughts we applied a weighted VPDJj, using 70%
from the current year and 30% from the previous year
(VPDjj=0.7*VPDjjyey i+0.3*VPDjjyey i.)- This
aligns with documented effects of multiyear droughts
on tree defence, although critical drought duration
thresholds remain unclear (Peltier et al. 2023; Neth-
erer et al. 2024). The modification of IP by the OCM
is applied in a spatially explicit manner at the level of
iLand resource units (i.e., 1-ha grid cells seamlessly
defining environmental conditions across the study
landscape). Once an outbreak is initiated, its further
development is governed by the processes described
earlier. Hence, once triggered, drought-induced out-
breaks in the model follow a development pattern
similar to wind-induced outbreaks.

The transformation of VPDjj into the OCM is con-
ducted by means of a sigmoidal function:
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Fig. 1 A scheme for calculating the Outbreak Climate Multi-
plier (OCM) used to initiate bark beetle outbreaks in iLand. a
Time series of mean June-July vapour pressure deficit (VPDjj)
for the period 1961-2100, consisting of observed data until

2021 and climate projections produced by the model EC-
EARTH_RACMO22E driven by greenhouse gas concentration

2100

1961 2000 2050 2100

scenarios RCP4.5 and RCP8.5 afterwards. b A sigmoidal func-
tion transforming VPDjj into the OCM. The vertical dashed
line represents the critical VPDjj value initiating the outbreaks,

here set to 0.84 kPa. ¢, d Resulting OCM time series indicating
conditions with elevated potential for the outbreaks
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1

OCM = km (l)
where OCM is the Outbreak Climate Multiplier, b is
a critical VPD value defining the function's inflec-
tion point, a is the slope of the function (Fig. 1), k
is a multiplier to scale OCM to result in a maximum
outbreak probability that corresponds to that of wind-
felled trees, and x is VPDJj.

To address the uncertainty of parameter defini-
tions, we represented each parameter in Eq. 1 as a
distribution function:

kNN(l’lk’ O-]%)’ aNN(MLp 0-2)9 b NN(ﬂb7 6]3)

where N(u,, 6,%) represents a normal distribution of
parameter k, with i, as the mean and 6, as the vari-
ance. The same notation applies to the parameters a
and b. In each simulation, a parameter value is ran-
domly drawn from the corresponding distribution and
translated into the OCM. This procedure is applied
individually to each 1-hectare resource unit, for
which environmental constraints, including climate,
are defined.

Fig. 2 The position of the
study landscape in Europe
(a white square), forest
cover of the landscape and
the extent of bark beetle
disturbance between 2018
and 2021 identified based
on classification of satellite
data

The function parameters were estimated based on
an analysis of observed bark beetle disturbance data
from our study region (see Fig. 2 and details below),
specifically: (i) the annual timber volume of trees
killed by bark beetles and salvaged during the period
2000-2021, and (ii) forest area affected by bark bee-
tles identified through the classification of remote
sensing data for the period 2000-2021 (Washaya et al.
2024) (Fig. 3). By iteratively comparing simulations
to observed data we determined a VPDJj of 0.84 kPa
to result in the best model performance (parameter b
in Eq. 1). As the slope parameter a had only minor
effects on simulated outbreak dynamics (see sensitiv-
ity analysis in Online appendix E), we arbitrarily set
it to -80 (Fig. 1). Finally, we set k to 438, which, after
multiplying with the baseline infestation probability
of 0.000685, yields the value of 0.3. This represents
the upper limit of infestation probability, indicating
that drought-stressed trees were equally susceptible
to infestation as windfelled trees. As the data required
to parameterize distribution functions of the param-
eters of Eq. 1 are currently lacking, we demonstrated
the effect of parameter uncertainty by using the ear-
lier described parameter values as py p, and py, and

[ ] forest area
I disturbed areas
— rivers
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Fig. 3 Comparison of simulated bark beetle disturbance data
with observed disturbance data. Two simulation outcomes are
presented: one considering only wind-incited outbreaks (origi-
nal model implementation, blue), and another considering both
wind- and drought-related outbreaks (orange). The observed
disturbance data are based on remote sensing (forest area

defining the oy, 6,, and o, as 10% of the respective p
value.

To understand how individual parameters affect
simulated bark beetle dynamics, we conducted a
sensitivity analysis (Online appendix E) evaluating
spruce mortality under a broad range of parameter
values. Simulations for the sensitivity analysis did
not assume any windthrows and were driven by a set
of climatic scenarios from 1961-2100 (Table 1). The

Table 1 Projected changes in climate for 2051-2100 accord-
ing to three climate models driven by two Representative
Concentration Pathway scenarios relative to average climatic
conditions for the study landscape in period 1961-1990

affected) and field assessments (growing stock affected by bark
beetles and salvage logged) in the study area. The annual per-
centage of spruce growing stock (from simulations and ground
data) and of spruce area (from remote sensing data) affected
by bark beetles is presented. The simulations were driven by
observed climate data from the study landscape

response variable used was the total spruce growing
stock affected by bark beetles during the simulation.
We calculated the first derivative of the resulting
response functions (i.e., disturbed growing stock over
the range of considered parameter values) to evaluate
which parameter value produces the greatest effect.
The simulated dynamics was tested against the ear-
lier described disturbance data, aiming at the ability
of the model to reproduce the forest mortality wave

(Mean temperature (MT): 8.05 °C; Mean annual precipita-
tion sum (AP): 650 mm; Mean annual Vapour Pressure Defi-
cit (VPD): 0,62 kPa)

Climatic Models / (2051-2100) vs. MT - RCP4.5 MT -RCP8.5 AP -RCP4.5 AP-RCP8.5 VPD-RCP4.5 VPD -RCP8.5
(1961-1990) (T (T (%) (%) (%) (%)
EC-EARTH-RACMO22E-r1 +2.5 +3.8 - 3.7 +1.1 +23 +27

(hot-wet)
HadGEM2-CCLM (hot-dry) +3.4 +5.0 -79 —-6.8 +34 +53
MPI-CCLM +2.4 +3.7 -3.1 -24 +24 +31
(cool-dry)
Average +2.8 +4.2 -49 -2.7 +27 +47
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triggered after 2018 (Fig. 2) in terms of its onset,
duration and termination as well as the total pro-
portion of spruce growing stock and area affected.
Although independent data would be desirable for
model testing, they were not available here. We, how-
ever, note that only the critical VPD value (param-
eter b) was estimated based on observations, and
the remaining metrics analysed in the evaluation are
emergent properties of the simulation.

Climate data and pattern of outbreak-triggering
drought events

To simulate the transition from historical climatic
conditions (i.e., without the occurrence of outbreak-
triggering droughts) to future climates (with a more
prominent role of drought) we conducted simulations
for the period 1961-2100. Climate data represent-
ing the period 1961-2021 (including daily minimum
and maximum temperature, and precipitation) were
measured at a meteorological station located in the
study landscape (Source: Czech Hydrometeorological
Institute). The measured data were downscaled to the
100x 100m grid cells using the MT-CLIM software
(Hungerford 1989), applying lapse rate calculated
from twelve weather stations in the surrounding of
the study region. Vapour pressure deficit was calcu-
lated based on temperature and relative humidity data
(Murray 1967). Solar radiation was derived using
MT-CLIM for each grid cell based on geographical
position and topography.

Climate for the period 2022-2100 was extracted
from the FORESEE 4.0 database (Kern et al. 2024),
which provides bias corrected climate projections
for Central Europe based on the CORDEX ini-
tiative (Jacob et al. 2014). The daily data from the
nearest grid cell (0.1°x0.1°) were downscaled to
each 100X 100m grid cell. Future climate was repre-
sented by the result of 14 climate models driven by
two Representative Concentration Pathways, RCP4.5
and RCP8.5 (Moss et al. 2010). To drive the simula-
tions with iLand, we selected three of the original 14
climate models that captured significant proportion of
temperature—precipitation conditions projected in the
ensemble (Online appendix B). As each model was
driven by two RCP forcings, we considered a total of
six distinct climatic trajectories (Table 1). To under-
stand the evolution of outbreak triggering conditions
across the twenty-first century, we examined the
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frequency of critical VPD anomalies (i.e., with VPDjj
exceeding 0.84 kPa) across all 14 climate models.
Specifically, we calculated the proportion of above-
threshold climate models for each year from 2022 to
2100, which represent the probability of occurrence
of outbreak-triggering conditions.

Study landscape

The study landscape is located in the Czech Repub-
lic, Central Europe (Fig. 2). The size of the land-
scape is 40,928 ha with 45% forest cover (18 500 ha).
The elevation range is 240-540 m a.s.l., and the
mean annual air temperature and precipitation sum
ranges are 7.8-9.2 °C and 604-683 mm, respectively
(1961-2018 data). Forests in the study landscape
have been intensively managed for timber production,
which resulted in a widespread occurrence of Norway
spruce, mostly growing outside of its realized niche.
Except for Norway spruce (57.7%), the current tree
species composition mainly consists of Scots pine
(Pinus sylvestris L.; 10.7%), European beech (Fagus
sylvatica L., 7.6%), and oaks (Quercus spp.; 8.8%).
The dominant management system is shelterwood
(i.e., an even-aged silvicultural system that harvests
trees in several progressive steps, leading to the estab-
lishment of a new cohort of trees under the shelter of
the remaining mature trees) with an average rotation
length of 120 years.

After 2018, the landscape was affected by a severe
outbreak of spruce bark beetle that was initiated by
an extended period of drought (Fig. 2) (Washaya
et al. 2024). The outbreak affected 40.6% of spruce
growing stock between 2018 and 2021, representing
the most severe disturbance in the recorded history
of the landscape. The recent disturbance dynamics
of the study landscape aligns well with the dynam-
ics observed across the entire country (Washaya et al.
2024) and parts of Europe (Patacca et al. 2023).

Experimental design

Initial forest conditions were defined based on stand-
scale data seamlessly covering the landscape (Source:
Forest Management Institute, Czech Republic), which
were recorded in the field between 2010 and 2014.
The data include the average characteristics of forest
stands (i.e., polygons with an average size of 1.04 ha),
specifically tree species composition, stand age, and
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basal area (see Dobor et al. 2024, for more details).
To evaluate the transient change in forest dynamics
from 1961 to 2100, we used these forest conditions
as a starting point for simulations. Simulated man-
agement closely resembled the practices applied by
managers in the landscape over the past 30 years. It
involved a shelterwood cutting system with rotation
lengths of 80-140 years, depending on site condi-
tions and tree species. Management was implemented
through five site-specific STPs (Rammer and Seidl
2015), which included sequences of operations such
as planting after harvests and disturbances, a series
of thinning operations, and final harvesting. Unlike
current management practices, we did not apply
any salvage logging of windfelled trees which serve
as breeding substrate for bark beetles (Dobor et al.
2020b, a).

To discern the effect on simulated disturbances
resulting from the introduction of drought-induced
outbreaks, we compared simulated forest dynamics
under wind-induced outbreaks (previous model ver-
sion) with the new regime that contained the com-
bination of wind- and drought-initiated outbreaks.
Given the high climatic sensitivity of bark beetle out-
breaks and the anticipated increase in drought condi-
tions under climate change, we assessed simulated
disturbance dynamics under climate change in scenar-
ios derived from three climate models for two RCP
scenarios (Table 1). Because the parameters in Eq. 1
are represented as probability distributions, each sim-
ulation was replicated 30 times with randomly drawn
parameter values from these distributions. Altogether,
the simulation experiment consisted of 186 runs:
[(simulation containing wind trigger only)+ (simula-
tion containing drought and wind triggers X 30 repli-
cates of the Eq. 1 parameters)] X (3 RCMs x 2 RCPs).

All simulations were driven by an identical wind
sequence representing the timing of windstorms,
wind speed, wind direction, and windstorm dura-
tion (Seidl et al. 2014). The 140-year long sequence
(1961-2100) consisted of a number of minor wind
events and six more significant storms (Online appen-
dix D). Wind speed and wind duration parameters
were iteratively adjusted to reach the average impact
of around 0.5% of the growing stock affected annu-
ally within the simulation period 1961-2021, which
was the observed level of disturbance in the period
1980-2010. The most severe windstorm occurred in
the year 2070, serving to assess the effects of previous

forest development driven by different climates and
outbreak dynamics on future wind vulnerability of
forest growing stock. We note that although all simu-
lations were exposed to the same wind sequence, the
simulated impact differs between scenarios because it
is an emergent property of the interaction of wind and
vegetation conditions.

Results
Model testing

There was no significant windthrow in the study
landscape during the period 2000-2021 (Fig. 3).
After 2017, both remote sensing-based forest change
maps and salvage logging data indicated a substantial
increase in tree mortality associated with bark bee-
tle outbreaks. During the peak period from 2018 to
2021, between 9 and 13% of spruce growing stock
(according to salvage logging data) or spruce area (as
indicated by remote sensing) was affected annually.
Cumulatively, 44 and 46% of the initial spruce grow-
ing stock and spruce area, respectively, were affected
between 2000 and 2021.

In simulations using the previous model version
(wind-triggered outbreaks only), spruce mortality
due to bark beetles slightly increased between 2017
and 2020, peaking at 1.8% of spruce growing stock
affected by bark beetles annually. However, this
increase was not sufficient to initiate an outbreak, and
tree mortality declined as soon as the climatic stress
was alleviated. The total affected spruce growing
stock between 2000 and 2021 was 6.6% in these sim-
ulations. In contrast, spruce mortality caused by bark
beetles exhibited a sharp increase post-2018 in simu-
lations which involved a drought trigger (new model
version), closely aligning with observed mortality
patterns (Fig. 3). The total affected spruce grow-
ing stock between 2000 and 2021 was 47.5%, which
closely corresponds to observations. Despite substan-
tial difference in the total outbreak impact between
the two simulations, the correlations of annual values
of simulated tree mortality with observed tree mortal-
ity were high in both cases: The R? was of 0.72 with-
out drought trigger and 0.86 with drought trigger.

Finally, while the observed outbreak collapsed
after a single culmination year, the simulated out-
break culminated over several years. This is likely
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the result of the specified outbreak duration in iLand
(Kautz et al. 2011; Lausch et al. 2013; Seidl et al.
2016), but could also result from active risk man-
agement measures that were not considered in the
simulation.

Temporal pattern of future droughts inciting bark
beetle outbreaks

The distribution of VPDJj values differed significantly
between the observed climate of the past and climate
projections, as well as between RCP scenarios. Under
RCP4.5, the median projected VPDjj for 2021-2050
(0.77 kPa) was similar to that for 2071-2100
(0.76 kPa) but higher than the observed median
of 0.62 kPa for 1961-1990 (Fig. 4a, b). In contrast,
under RCP8.5, the median VPDjj for 2071-2100
(0.83 kPa) was higher than for 2021-2050 (0.75 kPa).
In the period 1961-1990, no year exceeded the out-
break threshold of 0.84 kPa. Under RCP4.5, an aver-
age of 24% of years (inter-model range: 7-38%) dur-
ing 2021-2050 and 19% (0-47%) during 2071-2100
surpassed this threshold. Under RCP8.5, these pro-
portions were 18% (7-27%) and 46% (17-83%),
respectively.

Based on agreement across the 14 climate mod-
els (Online appendix B), the annual probability of
exceeding the outbreak threshold of 0.84 kPa differed
between RCP scenarios (Fig. 4c, d). Under RCP4.5,
the probability peaked around 2060 at an average of
25%, with some years reaching up to 50%. Under
RCPS8.5, this proportion steadily increased after 2021,
reaching 50% by 2100.

Simulated disturbance dynamics

In simulations considering only wind as outbreak
trigger, bark beetle outbreaks were closely related
to windthrows (Fig. 5). Outbreak peaks were higher
under RCP8.5 than under RCP4.5 in the second half
of the century, when the difference in warming levels
between the two RCPs was more pronounced (Online
appendix A). The cumulative disturbance impact
from 1961 to 2100 ranged between 5,909 and 7,631
thousand m?, depending on the climate model (6,323
thousand m?, on average) (Fig. 6).

In simulations considering drought as outbreak
inciting factor, outbreak size increased, mainly
between 2020 and 2060, and outbreaks become
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distinctly decoupled from wind disturbances. The
cumulative disturbance impact exceeded the wind-
only scenario by 36.1%, with damage ranging from
8,140.8 to 9,638.8 thousand m’. Although out-
break-triggering droughts were more frequent under
RCP8.5 than under RCP4.5 (Fig. 4), the difference in
outbreak dynamics between the RCP scenarios was
only moderate. This is the result of a rapid deple-
tion of host trees for bark beetles even under RCP4.5
(see Sect. “Disturbance effects on growing stock and
tree species composition”), constraining disturbance
activity across both scenarios, particularly in the sec-
ond half of the century.

The combined wind- and drought-induced out-
breaks reduced wind impacts in the second half of
the twenty-first century (Fig. 5) by depleting wind-
prone mature spruce trees, which were replaced by
more wind-resistant species (Fig. 9). This suggests a
transition from wind- to drought-driven disturbance
dynamics in the twenty-first century. This transi-
tion was also confirmed by the substantially smaller
impact of the major windthrow event simulated
in 2070 and the subsequent outbreak (in the years
2070-2075) in simulations considering wind- and
drought-induced outbreaks compared to those with
wind-induced outbreaks only (Fig. 7).

Disturbance effects on growing stock and tree species
composition

While the proportion of Norway spruce was relatively
stable between 1961 and 2022, it declined in the
remaining period under simulations with both model
versions. In the wind-only case, the reduction was
significantly accelerated after 2050, when progres-
sive climate change amplified the outbreaks initiated
by windthrows (Fig. 8a). The mean spruce reduction
by 2100 was 43.1% relative to initial conditions, with
an inter-climate model range of 10.2 — 72.1%. This
represents a decrease from the initial spruce growing
stock of 188 m? ha™' to 106.9 m® ha™' (52.4 — 168.8
m? ha™! range). The variation between climate mod-
els was substantial. The most extreme scenario, rep-
resented by the hot-dry HadGEM2_CCLM model
under RCP8.5, led to a sharp reduction in spruce
after two consecutive windthrows around 2050, i.e.,
already before the major windthrow in 2070 (Online
appendix C). This reduction persisted until the end
of the simulation period. In the less extreme climate
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Fig. 5 Simulated disturbance dynamics in the period 1961—
2100. Two simulations are presented: ‘Wind,” which includes
only wind-initiated bark beetle outbreaks, and ‘Wind-Drought,’
which combines wind and drought as outbreak triggers. In
‘Wind-Drought’, bark beetle activity is increasingly inde-
pendently from windthrows as triggers. Climate in the period

scenarios the reduction in spruce was effectively
offset by the ingrowth of other tree species, notably
European beech and Scots pine, maintaining the over-
all growing stock at a stable level (Fig. 9). This com-
pensatory dynamic was pronounced under RCP8.5,
supported by the stronger fertilization effect of ele-
vated atmospheric CO, concentrations.

Simulations also considering drought-incited
bark beetle outbreaks (Fig. 8, 9) caused an abrupt
reduction of spruce already between 2018-2027,
when the first outbreaks triggered by drought
emerged. By 2100, 91.7% (range of 88.8—95.5%)
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1961-2021 was defined based on local meteorological data.
Climate in the period 2021-2100 was defined based on the cli-
mate model HadGEM2_CCLM (hot-dry) driven by the green-
house gas concentration pathways RCP4.5 and RCP8.5. Simu-
lations driven by other climate model projections can be found
in online Online appendix C

of the initial spruce growing stock was lost. Despite
the high climate sensitivity of bark beetle distur-
bances and higher frequency of VPD events above
the outbreak threshold under RCP8.5 (Fig. 4),
there was no significant difference between the
RCP scenarios (Fig. 8b). This can be attributed to
the already severe disturbance conditions under
RCP4.5, which led to rapid spruce depletion and
thus negative feedbacks on disturbance activity. In
these simulations, the landscape was transformed
into the beech-pine ecosystem, with admixed
spruce, larch, and oaks (Fig. 9).
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Fig. 6 Cumulative dis-
turbed growing stock in the Wind
period 1961-2100 under
different disturbance and
climatic scenarios. ‘“Wind,’
includes only wind-initiated
bark beetle outbreaks.
‘Wind-Drought’ considers
both wind and drought as
outbreak triggers. Mini-
mum-maximum envelopes
arise from the combination
of three climate models
nested within RCP4.5 and
RCP8.5 climate forcings.

In the case of the Wind-
Drought scenario, a portion
of variability is attributed 2500
to the twenty replicates
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triggering function (Eq. 1)
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growing stock during

the period 2070-2075
encompassing the major
windthrow in year 2070 and
the subsequent outbreak.
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the minimum-maximum
ranges are presented.
‘Wind,” includes only
wind-initiated bark beetle
outbreaks. ‘Wind-Drought’
combines wind and drought
as outbreak triggers. The
variation arises from the
combination of three cli-
mate projections and twenty
replicates of each
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Discussion

Here, we developed a parsimonious approach that
enables the simulation of transitions from wind-
to drought-driven bark beetle outbreak dynamics

RCP8.5 RCP4.5 RCP8.5

within the forest landscape model iLand (Rammer
et al. 2024). The proposed approach can be used to
explore, for example, the compounding effects of
outbreaks initiated by wind and drought, an interac-
tion expected to become increasingly frequent in
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Fig. 8 Development of
spruce growing stock under Wind
different disturbance and
climatic scenarios. Mean
and minimum-maximum
envelopes of simulations
driven by three climate

models within each RCP
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Fig. 9 Development of tree species composition simulated
with different model versions under different climatic sce-
narios. ‘Wind,” considers only wind-initiated bark beetle out-
breaks. ‘Wind-Drought’ considers both wind and drought
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as outbreak triggers. Vertical dashed lines indicate the tran-
sition from observed climate data (1961-2021) to climate

projections. RCM1: EC_EARTH_RACMO22E rl,

HadGEM2_CCLM, RCM3: MPI_CCLM (Table 1)

RCM2:
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the future. We demonstrated that the improved bark
beetle module can reliably reproduce observed local
outbreak dynamics and generate plausible outcomes
in decadal-scale simulations. Given the projected
increase in drought conditions under climate change,
our approach represents an important contribution to
more robust simulations of future disturbance dynam-
ics. In the following, we discuss the limitations of the
proposed framework and the potential ecological
implications of the presented simulation outcomes.

Simulation of bark beetle outbreaks

Like several other ecosystem models simulating
spruce bark beetle dynamics (Temperli et al. 2013;
Maroschek et al. 2015), iLand includes windthrows as
an inciting factor for outbreaks. Drought, on the other
hand, has typically acted as amplifying factor for bark
beetle infestations, modulating disturbance severity
rather than triggering large-scale, self-sustaining out-
breaks. However, the recent surge in drought-initiated
bark beetle outbreaks across Europe underscored the
emerging role of severe drought as a primary trig-
ger. In response, we developed and tested a model-
ling approach capable of initiating outbreaks follow-
ing such extreme drought events. We chose VPD as
an outbreak trigger due to the growing evidence for
its significant effects on tree physiology and mortal-
ity (Park Williams et al. 2013; Hartmann et al. 2018).
Additionally, VPD is employed in iLand to modulate
stomatal conductance and primary production, which
ultimately determine the availability of non-structural
carbohydrate reserves and hence tree defence against
bark beetles (Rammer et al. 2024). Although incit-
ing factors, as defined by Manion (1981), operate on
a short time scale, such as windthrows, we utilized a
two-year weighted average of June-July VPD as out-
break trigger in the simulations. This allowed us to
capture the effect of multi-year droughts, which can
impair tree physiological processes, including pro-
duction of secondary metabolites essential for tree
defence (Gely et al. 2020). Nonetheless, we note that
the degree to which biotic mortality agents are linked
to stress physiology is highly variable and insuffi-
ciently understood (Trugman et al. 2021), limiting
the implementation of these interactions in ecosys-
tem models. For example, legacy effects of previous
drought exposure, gradual depletion of non-structural
carbohydrate reserves under multiyear droughts, and

the relationships between primary and secondary
metabolism and their responses to drought, remain
insufficiently understood, yet they are essential for
improving the modelling of tree-bark beetle inter-
actions (Netherer et al. 2015; Huang et al. 2020).
Advances in empirical understanding of these interac-
tions are essential for replacing prevalent, simplified
representations (such as the one presented here) with
more sophisticated, process-based approaches (Huang
et al. 2020). Unless such knowledge is available, the
proposed approach, which substitutes complex pro-
cess understanding with an empirical relationship
between changing climate and outbreak risk, provides
a practical means to simulate transient disturbance
dynamics, with potential applicability beyond bark
beetle outbreaks.

We fitted parameter values of the function trans-
lating VPD to infestation probabilities, achieving a
good match between observed and simulated out-
break dynamics. We note, however, that this param-
eterization mainly focused on high local accuracy,
and that its ability to generalize should be tested in
future works. The fact that the dynamics observed for
our study landscape aligns well with developments
observed across the Czech Republic (Washaya et al.
2024) and Central Europe (Senf et al. 2020) could
be a first indication for broader applicability of the
approach presented here. Future work should focus
especially on refining the VPD outbreak threshold,
identified as the most influential parameter in our
sensitivity analysis (Online appendix E). To account
for uncertainty in outbreak-triggering conditions due
to factors such as variable forest age structure, spruce
proportion and distribution, and site conditions, we
represented each parameter using probability distri-
butions. Due to limited empirical data, these distri-
butions were defined arbitrarily in the current study.
However, recent advancements in the use of remote
sensing for research on biotic disturbances in forests
(Senf et al. 2017) could help identify drought-ini-
tiated bark beetle outbreaks across Europe and thus
improve the generality of model parameterizations,
including parameter uncertainty ranges.

Uncertainty remains regarding the duration of
drought-driven bark beetle outbreaks, which may dif-
fer from that of wind-driven outbreaks due to different
resource distributions (Karvemo et al. 2023). Moreo-
ver, our understanding of the underlying processes
causing outbreaks to subside remains insufficient,
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even for wind-initiated outbreaks (Biedermann et al.
2019). While the outbreak observed in our study
landscape peaked in a single year (2019), the simu-
lated tree mortality level remained high until the end
of the simulation in 2021. An improved process-
based understanding of processes driving the col-
lapse of bark beetle outbreaks could further improve
the robustness of simulated trajectories of bark beetle
disturbance. In this context, future research should
specifically examine how drought- and wind-trig-
gered outbreaks differ in terms of the mechanisms
that dampen outbreak dynamics (Biedermann et al.
2019; Schroeder et al. 2025).

Despite the limitations of the proposed framework,
our results demonstrate the applicability of iLand and
the improved bark beetle module to simulate local
developments with high accuracy, and make mean-
ingful decadal-scale projections of landscape trajec-
tories. Although the changes made to the model are
parsimonious, they are embedded in a complex simu-
lation framework that incorporates climate-sensitive
bark beetle development and tree defence, community
level vegetation feedbacks, and possible interactions
with other disturbance agents (Honkaniemi et al.
2021), and is thus able to simulate dynamic feedbacks
between climate, vegetation and disturbances.

Effect of drought-initiated outbreaks on forest
dynamics

The consideration of drought-induced bark beetle out-
breaks significantly amplified simulated bark beetle
disturbances after 2018, as the critical VPD thresh-
old was increasingly exceeded. Considering wind-
and drought-triggered outbreaks jointly resulted in a
persistent reduction of growing stock already in the
coming decades. This suggests that while growing
stock was resilient to a wind-dominated disturbance
regime, this resilience diminished under the com-
pounded impact of wind- and drought-triggered dis-
turbances, even under the moderate climate change
represented by RCP4.5. This result aligns with pre-
vious studies which indicated low resilience of for-
est carbon and biomass to novel disturbance regimes
under climate change (Turner and Seidl 2023), with
potentially strong consequences for bioeconomy and
climate change mitigation (Dye et al. 2024; Heteméki
et al. 2024). The simulated magnitude of bark beetle
impact also corresponds well to recent observations
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from Central Europe: For instance, spruce growing
stock in the Czech Republic declined by approxi-
mately 20% from 2017 to 2022, with certain regions
experiencing reductions of 40 to 60% (Washaya et al.
2024).

Incorporating drought as a trigger for bark beetle
outbreaks led to a notable decoupling of wind and
bark beetle disturbances. Moreover, we observed
an overall transition from wind- to drought-driven
dynamics in the twenty-first century, with a nota-
bly smaller impact of the 2070 windthrow under the
combined effect of wind and drought-initiated out-
breaks (Fig. 5 and 7). The underlying mechanisms
were complex, involving an increasing frequency of
critical VPD conditions while windthrow frequency
remained stable (Seneviratne et al. 2021), and vegeta-
tion feedback characterized by an increase in species
which are less wind-prone than spruce (Wallentin
and Nilsson 2014), and which are not suitable hosts
for the European spruce bark beetle. These findings
confirm the ability of our new module to simulate
transient ecosystem dynamics and help understand
changes in disturbance regimes in Europe caused by
climate change.

Regarding tree species composition, spruce
remained dominant when solely considering wind-
driven bark beetle outbreaks, except in the most
severe scenarios of climate change (Fig. 9). The
incorporation of drought-incited outbreaks signifi-
cantly reduced spruce on the landscape, with the
major drop occurring between 2030 and 2040, even
under the moderate climate scenario represented by
RCP4.5. Subsequently, species such as European
beech and Scots pine gained dominance. The direc-
tion of this transformation aligns well with previous
empirical and modelling studies, which indicated
the increase in drought tolerant and warm-adapted
tree species under climate change, such as European
beech at the expense of Norway spruce (Hanewinkel
et al. 2013; Kasper et al. 2022). Nevertheless, the high
pace of the transition identified here suggests that pre-
vious studies may have underestimated the impact of
natural disturbances amplified by climate change and
their catalyzing effect on forest transformation (Thom
& Seidl 2016).

Finally, the two model variants (i.e., with and
without considering drought-induced bark bee-
tle outbreaks) resulted in distinctly different vari-
ability in simulation outcomes, driven primarily
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by differences among climatic scenarios. In the
wind-only simulations, variability remained high
because a substantial amount of mature spruce
stands persisted throughout the simulation period,
allowing for varied disturbance dynamics under dif-
ferent climatic conditions. Conversely, under the
compounding impacts of wind- and drought-initi-
ated outbreaks, spruce growing stock was rapidly
depleted—even under RCP4.5—thereby narrow-
ing the simulated range of variability. Hence, while
simulations with outbreaks triggered by wind-only
suggest that spruce could be maintained and related
management objectives achieved under -certain
conditions, simulations considering both wind and
drought as outbreak triggers invariably predict a
critical decline of spruce. Since the compounding
impacts of wind and drought-triggered outbreaks
are likely to become the new normal in the future,
these outcomes warrant critical consideration in
management planning in spruce dominated forests
of Central Europe.

Conclusion

Modelling novel disturbance dynamics is among the
key challenges for current ecosystem modelling, as
it is essential for both projecting future ecosystem
trajectories and for robustly informing ecosystem
management and forestry policy-making. Here, we
developed and tested an approach addressing one
of the most distinct examples of such an emerging
disturbance regime change in Europe: The transi-
tion from wind-driven to drought-driven dynamics
of the European spruce bark beetle. We introduced
this novel outbreak type into an existing simulation
framework, and demonstrated that our approach sim-
ulates the compound impact of the historically domi-
nating wind-initiated outbreaks and the emerging
drought-initiated outbreaks as well as their feedbacks
and interactions. While our study contributed a novel
approach to simulate bark beetle outbreaks, it also
revealed severe limitations in data and system under-
standing that limit process-based bark beetle model-
ling. Our work highlighted that the structure of pro-
cess-based models needs to be continuously evaluated
and potentially updated as novel process-interactions
emerge under climate change.
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