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Sanitation felling is considered as the main measure to protect managed forests from
damage due to outbreaks of the European Spruce Bark Beetle. In this study, we
investigate the effectiveness of sanitation felling on stopping the spread of a bark beetle
population from an un-managed to a managed forest area. For this, we advance an
individual-based dispersion model of Ips typographus by adding the influence of wind on
the beetle dispersion and by importing GIS data to simulate real world forests. To validate
the new model version and to find reasonable parameter values, we conduct simulation
experiments to reproduce infestation patterns that occurred in 2015, 2016, and 2017
within the national park Saxon Switzerland, Germany. With the then calibrated model
IPS-SPREADS (Infestation Pattern Simulation Supporting PREdisposition Assessment
DetailS), we investigate the impact of different factors such as the distance between
beetle source trees and the forest border on the amount of damage within the managed
forest stand and test the effectiveness of different levels of sanitation felling and its
point of action on reducing the amount of damaged trees. As expected, the results of
the model calibration show that the direction of wind plays an important role for the
occurring infestation patterns and that bark beetle energy reserve is reduced during
mass outbreaks. The results of the second experiment show that the main drivers for
the amount of damaged trees are the primary attractiveness and the distance to beetle
source trees. Sanitation felling effectiveness is highest when performed near the beetle
source trees, with considerably high felling intensities and if there is at least some distance
to the managed forest. IPS-SPREADS can be used in future studies as a tool for testing
further management measures (e.g., pheromone traps) or to assess the risk for bark
beetle infestations of forest areas near to wind-felled or already infested trees.

Keywords: Ips typographus, management, effectiveness, risk assessment, mass outbreak, active forest
protection, agent-based model, individual-based model

1. INTRODUCTION

There has been a strong increase of biotic (forest pest) and abiotic (droughts) disturbances in central
European forests in recent years. With the ongoing climate change and its expected influence on the
current and future disposition of these forests to disturbances, there is no weakening of the threat
to be expected (Senf et al., 2019). One of the main beneficiaries of climate change and past forest
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management decisions in Central Europe is the European Spruce
Bark Beetle Ips typographus L. 1758 that is currently exerting
a mass outbreak in Germany. While forest management is
constantly trying to minimize the impact of this catastrophe,
large areas of un-managed forests such as national parks (NLPs)
provide insights in natural factors that influence the starting
conditions as well as the development of such a bark beetle
mass outbreak (Lausch et al., 2011). On the other hand, forest
areas adjacent (ADJ) to such unmanaged areas with ongoing
mass outbreaks can be under risk of spreading infestations
and timber loss, for which reason an adaptive and thorough
management is needed (Zolubas and Dagilius, 2012; Mezei et al.,
2017). While sanitation felling can reduce the threat for such
forests close to unmanaged areas as it is a desirable measure in
regards to forest health, timber yield and economic profit, it is
inconsistent with most conservation goals (Kulakowski, 2016)
further emphasizing the tension field between large protected
areas and managed forest.

To assess the risks of infestations and to support the
management of protected area as well as managed forests, a
variety of simulation models for the system European spruce
bark beetle—Norway spruce tree are available. One main goal of
such models lies in the assessment of predisposition or infestation
risk ranging from single trees over forest stands up to whole
landscapes in dependence of influencing factors such as tree age,
soil water supply, or forest management regime (Dutilleul et al.,
2000; Netherer and Nopp-Mayr, 2005; Overbeck et al., 2011;
Jonsson et al., 2012; Thom et al., 2013; Seidl et al., 2016; Mezei
et al., 2017; Blomgqvist et al., 2018; Rammer and Seidl, 2019).
Other simulation models aim at reproducing and predicting
the dispersal and infestation patterns of I. typographus (Fahse
and Heurich, 2011; Stadelmann et al., 2013b; Kautz et al., 2014,
2016; Dolezal et al., 2016; Louis et al., 2016; @kland et al., 2016;
Honkaniemi et al., 2018; Koren et al., 2021), at the prediction
of the seasonal brood development (Baier et al., 2007; Jonsson
etal., 2007; Ogris et al., 2019) or at the assessment and prediction
of population dynamics and its impact as disturbance factor on
ecosystem levels (Seidl et al., 2007, 2008, 2009; Marini et al.,
2013; Temperli et al., 2013; Rammer and Seidl, 2015). Challenges
associated with modeling bark beetle infestation are as diverse
as the different model types used. Models on the individual
tree or even beetle level often times reach computational cost
that forbid their application on scales larger than the local scale
or for mass outbreak conditions. On the other hand, models
on a higher spatial scale need to make assumptions about
mean properties of forest stands, site conditions, or timing,
location, and type of forest management measures such as
sanitation felling. With all the mentioned simulation models,
there is still a lack for assessing the impact and possible
effectiveness of forest protection management against the spread
of I typographus on very small spatial and temporal scales. With
such a fine grained tool, it would be possible to investigate
planned management measures on previously assessed risk hot
spots in a quasi real time manner and to adapt the intended
protection strategy accordingly. To achieve this, we combined
the following well known and applied models into one: the pre-
disposition assessment systems PAS (Netherer and Nopp-Mayr,

2005), the phenology model PHENIPS (Baier et al., 2007) and,
the infestation pattern simulation IPS (Kautz et al., 2014, 2016).
PAS generates infestation risks for whole forest stands from forest
inventory data and of the forest soil, which can be used to
translate given GIS data into a primary attractiveness of spruce
trees for bark beetles. PHENIPS estimates the start and duration
of I typographus life stages for varying spatial resolutions and can
be utilized to calculate the onset of beetle swarming in spring. IPS
simulates the beetle dispersal and their infestation pattern in a
artificial forest on the individual-based level.

The so derived model is called IPS-SPREADS (Infestation
Pattern Simulation Supporting PREdisposition Assessment
DetailS) and can be used to simulate the dispersal and infestation
of bark beetles within a real forested landscape on the individual-
based level on a small spatial resolution (5 x 5 m) under varying
management strategies. To calibrate and test ISP-SPREADS,
data on infestation patterns of the Saxon Switzerland NLP in
Germany is used to reproduce those patterns from 2015, 2016,
and 2017. Furthermore, simulation experiments are presented
which assess the impact of sanitation felling on the infestation
risk of forests adjacent to the NLP on five different research
areas as felling infested trees is considered to be one of the
main measures against the spread of L typographus (Jonsson
etal,, 2012; Kulakowski, 2016). For our study, we formulated two
hypotheses which we want to investigate: (1) IPS-SPREADS is
capable of reproducing the severity and direction of infestation
development as observed within the Saxony Switzerland NLP
from 2015 to 2017. (2) Sanitation felling at the border of the
NLP can effectively reduce the damage in adjacent managed
forest areas.

2. MATERIALS AND METHODS

2.1. Model Description: Summary ODD

Protocol

A complete, detailed model description, following the ODD
(Overview, Design concepts, Details) protocol (Grimm et al.,
2006, 2010, 2020) can be found in Supplementary Material 1.
The overall purpose of our model is to understand and investigate
the impact of individual traits of beetles and trees as well as
measures of bark beetle management (e.g., sanitation felling)
on the spatial pattern of infestations of the Spruce Bark Beetle
(I typographus). Specifically, we are addressing the following
questions: Which are the main drivers of Spruce Bark Beetle
infestation patterns? How does sanitation felling impact the
spreading of Bark Beetles to other forests? To consider our model
realistic enough for its purpose, we use patterns of location,
number and progression from 2015, 2016, and 2017 of infested
spruce trees (Picea abies) within the Saxon Switzerland NLP
located in the East of Germany.

The model includes the following entities: patches, bark beetles
and volatiles. The state variables characterizing these entities are
listed in Table 1. The global environment (a forested area) is
characterized by wind speed and direction. Patches represent
5 x 5 m areas containing one spruce, one pheromone trap
or are empty if neither a spruce tree nor a trap is present.

Frontiers in Forests and Global Change | www.frontiersin.org

July 2021 | Volume 4 | Article 704930


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles

Pietzsch et al.

Modeling Felling Against Ips typographus

TABLE 1 | Entities and state variables of the IPS-SPREADS model.

Agent Variable Description Unit
Patches Infestlev Infestation level (e.g., O if non-infested) Number
Primattract Kairomone-induced attractiveness Number
Secattract Pheromone-induced attractiveness Number
Totalattract Sum of prim- and secattract Number
Npmin Minimum threshold for successful infestation Number
Nrmax Capacity for infesting beetles Number
Height Tree height Meter
Nstart Capacity for emerging beetles Number
Nstay Beetles attacking the tree Number
Ninf Beetles infesting the tree Number
Niock Beetles trapped number
tre€pnfestaist Distance to nearest beetle source Meter
Spruceprop Proportion of spruce trees %
Delay Day number of first beetle flight wave (1st of April = O etc.) Number
Wave-count Counter for sprouted beetle flight waves Number
Inf Period of real world infestation (e.g., 1 if year before) Number
Infestday Day number of modeled infestation (1st of April = 0) Number
Local-speed Wind speed reduced by forest canopy %
Roughness Canopy flow index based on tree species Number
Neighbor-height Mean height of surrounding trees Meter
Beetles Status Life status (e.g., dispersing or infesting) Category
Energy Individual energy supply at the beginning of dispersal flight Number
t_dispers Time since dispersal flight began Ticks
Staytime Time since the beetle attacked a tree Ticks
Efficiency Energy efficiency Number
Flightdist Distance flown Meter
Starttime Time when the beetle began its flight Tick
Driftdist Distance drifted by wind Meter
Traveldist Sum of drift- and flightdist Meter
Airline Distance between starting point and final destination Meter
Origin Patch that sprouted the beetle ID
Volatiles Flightdist Distance flown Meter
Driftdist Distance drifted by wind Meter
Traveldist Sum of drift- and flightdiist Meter
Voattract Attractiveness of volatile Number
Origin Patch that sprouted the volatile ID

Characteristics of these patches include their primary and
secondary attractiveness for bark beetles, a capacity for infesting
and emerging beetles and, a level of infestation: Not infested,
infested or, fully occupied. Patches are squares in the horizontal
plane with information about tree height stored within, uniform
size and shape. Beetles have unique values of energy level and
energy efficiency. Volatiles are emitted by beetles infesting trees
or by pheromone traps and carry information about the location
and the total attractiveness of their source at the time of emission.
The spatial extent depends solely on the extent of the imported
GIS data. If a mass outbreak of I. typographus is to be simulated, a
maximum extent of a quarter square kilometer is advised. The
temporal resolution of IPS-SPREADS is defined by time steps,
where 200 steps resemble 1 day in reality. The overall length of the

simulation depends on the chosen parameter settings (e.g., if one,
two, or three generations are to be simulated). The simulation
ends as soon as all beetles emerged from the beetle source trees
and no more dispersal flight or tree attacks are taking place.

The most important processes of the model, which are repeated
every time step (Figure 1), are the emission of volatiles by infested
trees and pheromon traps, the beetle flight, the beetle decision to
attack a patch and the defense of trees that are attacked by beetles.
Each simulation begins with the model setup during which GIS
data like tree height or the begin of beetle flight is imported and
used to create the model world by distributing spruce trees and
beetle source trees. After the artificial environment is set up, the
first day of the simulation starts with the generation of beetles
on all beetle source trees and the updating of all plots in the
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FIGURE 1 | Flow chart showing the schedule for IPS-SPREADS. A new day begins every 200 time steps.
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model interface. Then, on each time step, volatiles are emitted by
infested trees as well as deployed pheromone traps and the beetles
are moved either to the source tree of the most attractive volatile
within the beetles perception range or to a neighboring patch
using a correlated random walk. After all beetles were moved, it
is checked if the beetles energy reserve is higher than the total
attractiveness of the beetles current patch. If so and if the current
patch is a pheromone trap, the beetle is killed by the trap. If
the target is an already infested tree, the beetle is added to the
infesting beetles on this patch. Otherwise, the beetle will wait
on the given tree for 1 day (200 time steps). If enough further
beetles attack the same tree within this 1 day, the tree defense
will be overcome and the tree will be infested. Otherwise, all
beetles waiting on the patch are killed by the tree defense. Every
time 1 day (200 time steps) has passed, it is checked if all beetles
of the given beetle generation were generated and dispersed.
If this is not the case, the next day starts with the generation
of beetles and the update of all plots. Otherwise (if the whole
beetle generation was simulated), bark beetle management is
taking place and the predefined proportion (e.g., 50%) of infested
trees is removed from the model world by sanitation felling. If
more than one beetle generation was defined, all infested trees
that were not removed by sanitation felling are shifted to beetle
source trees for the next beetle generation. After this, a new
day with the same schedule of actions as described above begins
(generation of beetles, update of plots, emission of volatiles,
movement of beetles and so on). If the predefined amount of
generations was simulated and the sanitation felling for each of
those generations took place, the model results are calculated,
the pattern of infested trees is exported as a raster layer (.asc file)
and, the simulation stops.

The most important design concepts of the model are
adaptation, sensing and interaction. Dispersal and infestation
patterns are the key results of IPS-SPREADS, which are
strongly influenced by the beetles’ decision when to attack an
attractive patch (adaptation), their sensing of susceptible trees
as well as the interaction with other beetles already infesting
such trees and fully occupied trees (repelling further attacking
beetles). Furthermore, the secondary attractiveness of trees is
adapted (zero at the beginning of each simulation) according
to the number of beetles attacking (weak increase) or infesting
(strong increase) the given tree. If the capacity for infesting
beetles of a tree is reached, its primary, secondary and total
attractiveness is set to zero, which repels further beetle attacks
representing the production of anti-aggregation pheromones by
the infesting beetles.

Model dynamics are driven by input data representing (1) the
location (derived from forest inventory data), size (derived from
the digital elevation and surface model provided by the NLP) and
attractiveness (calculated with PAS Netherer and Nopp-Mayr,
2005 using stand and site data from the NLP) of susceptible
spruce trees; (2) location of beetle source trees (provided by the
NLP), (3) day of beetle flight begin [calculated with PHENIPS
(Baier et al., 2007) using the digital elevation model provided
by the NLP as well as daily air temperature and radiation which
were obtained from several climate stations of Germany’s federal
weather service DWD].

TABLE 2 | Characteristics of research areas used for the calibration of
IPS-SPREADS.

Area Year Beetle source trees Target trees Beetles
chr n n n n

A 2016 55 186 782,016
B 2016 108 101 1,244,308
C 2016 141 697 1,722,322
D 2017 111 133 1,292,530

The amount of targets refers to the amount of trees infested in the real world on each
site. The number of simulated beetles refers to the amount of individuals during the first
generation only.

2.2. Model Calibration: Reproduction of

Infestation Patterns

To calibrate and test the newly build IPS-SPREADS model, four
different study sites with characteristic infestation patterns from
the Saxon Switzerland NLP in 2016 and 2017 were selected
(Table 2) and imported into IPS-SPREADS (Figure 2). These
research areas were chosen so that a group of infested trees was
in the center, no further infested tree groups were within a 500 m
radius and the real world infestations of the following year were
completely within a 250 m radius.

After testing the impact of all model parameters on the
amount and pattern of infested trees (global sensitivity analysis,
Supplementary Material 2), the parameters swarming time,
mean beetle energy, amount of beetle generations, wind direction
and speed were investigated during the calibration of IPS-
SPREADS as they are the main drivers for the resulting
infestation patterns. The range of values for these parameters was
retrieved from literature (Table 3). The duration of swarming and
the amount of generations for the experiments were derived from
the application of PHENIPS (Baier et al., 2007) for the NLP in the
investigated years 2015-2017. All other parameters received their
standard values (Supplementary Material 1: ODD Protocol). To
achieve a reasonable trade off between amount of simulated
parameter combinations and the high computational cost of
IPS-SPREADS for the mass outbreak conditions investigated, a
random sampling was performed: 200 simulation experiments
for each research area were run, where for each run a random
value for each parameter out of the displayed ranges was
sampled using a uniform distribution. This resulted in 200
different parameter combinations for each site and a total of
800 simulation experiments for the calibration of IPS-SPREADS.
All simulation experiments were performed on the high-
performance computing machines of the TU Dresden using the
BehaviorSpace-Tool of NetLogo version 6.0.4 (Wilensky, 1999).

To calculate the deviation between the model prediction and
the real world infestation patterns (the white patches in Figure 2),
following measure of error was calculated:

n_inf_real n_inf_model

1-— >
[+ n_inf_match )
(1

%] = 50 * (|1 —
e [%] ( n_inf_match
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FIGURE 2 | Infestation patterns chosen (research sites A-D) for the calibration of IPS-SPREADS. Brown, beetle source trees; green, susceptible spruce trees; white,
spruces infested in reality (target trees); black, other (for example other tree species, roads, or rivers).

n_inf_match is the number of infested trees within the model
that match the real world data, n_inf_model is the total number
of infested trees within the model and, n_inf_real is the number
of trees infested in the real world. If no trees infested within the
model run matched the real world data (n_inf_match = 0), the
error e was set to 100%. The focus of this particular measure of
error was to achieve high numbers of infested trees that match
the real world data while keeping the total number of infested
trees as low as possible. Other measures of error which focused

more or only on the number of matching trees resulted in three
or four times the total amount of infested trees within the model.
On the other hand, a measure of error focusing on the smallest
possible amount of falsefully infested trees resulted in model
runs with only one to 10 trees in total. The measure of error
(Equation 1) was then used to find the parameter combination
with the highest agreement between model prediction and real
world data on each research site. Furthermore, this measure
was used to derive parameter values for swarming time, beetle
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TABLE 3 | Parameter settings for IPS-SPREADS during the model calibration
experiments with a reference for the chosen ranges.

Parameter Unit Setting Reference
Swarming d 7 56 Baier et al. (2007)
Meanenergy - 6 14 Kautz et al. (2014)
Generations n 1 2 Baier et al. (2007)
Winddirection ° 0.0 360.0 -

Windspeed o 0.0 5.5 Hurling (2002)

Parameters not listed received their standard values as listed in the model description.

TABLE 4 | R packages used for the calibration and application of IPS-SPREADS.

R Package Version References Usage

rgdal 1.5-23  Bivand et al. (2021) Processing GIS data
rgeos 0.5-56 Bivand and Rundel (2020) Processing GIS data
raster 3.4-5 Hijmans (2020) Processing GIS data
maptools 1.0-2 Bivand and Lewin-Koh (2020)  Processing GIS data
ggplot2 3.3-3 Wickham (2016) Visualization of results

energy and wind speed, which provided the highest fits across all
research sites. For this, scatter plots and locally estimated scatter-
plot smoothing was utilized. To test the robustness of the so
derived parameter values, one model run was performed on each
research site using these values and the achieved prediction error
was compared to the best fit during the random sampling. For
all analyses described, the free statistical environment R (R Core
Team, 2020) in version 3.6.3 and a variety of packages were used
(Table 4).

2.3. Model Application: Testing Sanitation

Felling Against the Spread of Ips
typographus

To investigate the impact of sanitation felling onto the risk of
spreading of infestations from NLP to AD]J, five research areas
were chosen and imported into IPS-SPREADS (Figure 3). The
areas were chosen so that the center was defined by a group of
infested trees and the shortest distance to the outer NLP border
was equal or less to 500 m. Possible further cohorts of beetle
source trees were removed on each site to set the focus only on
the cohort in the center of each research area. The amount of
beetle source trees, the amount of beetles starting within the first
generation, the direction and distance of the nearest AD] as well
as the susceptibility of the spruces inside and outside the NLP
varied between the selected research sites (Table 5).

Parameters which were reported as insignificant
during  the  sensitivity  analysis of  IPS-SPREADS
(Supplementary Material 2) received their standard values.
Influencing factors with a high influence on beetle infestation
success as well as on the amount, direction and the distance
of infested trees were given values fitted during the model
calibration (section 3.1). This included wind speed, beetle
swarming time and mean beetle energy. The wind direction and

the amount of beetle generations was set to impose a worst case
scenario for the forest protection management of the NLP on
each investigated research site (Table 6).

To depict different scenarios of forest protection management
(e.g., a forest protection buffer zone which could be placed
inside, outside or on both sides of the border), the intensity
of sanitation felling was varied from 0 to 100% in 25% steps.
Additionally, the felling intensity inside and outside the NLP was
varied simultaneously leading to a total of 25 combinations to
be modeled. By repeating each combination 40 times to account
for the high stochasticity of individual-based models such as
IPS-SPREADS and by using five different research areas, a total
amount of 5,000 simulation experiments had to be carried out
for the investigation. We chose to simulate 40 repetitions of each
combination based on the assumption that the probability of a
41st run to lie outside the range of the previous 40 is 2.5 % (1/40).

To investigate the impact of varying properties of the research
sites on the amount of damaged trees without any sanitation
felling, the mean amount of trees killed outside the NLP without
sanitation felling taking place was used to generate a point plot
in dependency of those properties (amount of beetle source trees,
amount of beetles within the first generation, distance between
beetle source trees and the ADJ, mean primary attractiveness of
AD]J as well as NLP). To assess the impact of each property, a
linear model was fitted and validated using an ANOVA.

In order to assess the impact of sanitation felling on the
amount of damaged trees outside the NLP, the effectiveness after
Abbott (1925) was calculated and visualized as tile plot for each
research area. For this, we calculated the mean amount of trees
killed outside the NLP when no felling took place and used this
as the control variant for the calculation of effectiveness. We
then calculated the mean number of trees killed outside the NLP
for each combination of sanitation felling intensity as well as its
point of action and used this number as the treatment for the
effectiveness of Abbott (1925). This calculation was done for each
of the five research sites individually.

For the experimental setup and all analysis, the free statistical
environment R (R Core Team, 2020) in version 3.6.3 and the
same packages as during the calibration of IPS-SPREADS were
used (Table 4).

3. RESULTS

3.1. Model Calibration: Reproduction of

Infestation Patterns

While IPS-SPREADS can easily predict the correct amount of
infested trees on each investigated research area, predicting the
correct location comes along with nearly the same amount
of wrongly infested trees even on the best fitting parameter
combinations during the random sampling (first four rows of
Table 7). Nevertheless, the predicted infestations of the fitted
parameter values agree well enough with the observed patterns
to be used as base setting of IPS-SPREADS during the sanitation
felling tests in the second part of this study as they do not
underestimate the threat of spreading bark beetle infestations.
Interestingly, best agreements between model and reality were

Frontiers in Forests and Global Change | www.frontiersin.org

July 2021 | Volume 4 | Article 704930


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles

Pietzsch et al.

Modeling Felling Against Ips typographus

FIGURE 3| Representation of the five research sites (labeled A-E) used for the application of IPS-SPREADS. All spruces outside the NLP (national park) are colored
purple. Green, spruce trees inside NLP; brown, beetle sources; black, everything else (meadow, roads, other tree species).

TABLE 5 | Properties of the five research sites investigated during the test of sanitation felling effectiveness on the spread of |ps typographus from the national park (NLP)

to the adjacent forest area (ADJ).

Area Sources Beetles Direction Distance Attractiveness ADJ Attractiveness NLP
chr n n ° m n In

A 35 457,571 135.0 192.10 3.99 4.10

B 24 393,372 315.0 128.55 3.27 4.32

C 45 508,346 0.0 149.15 4.76 415

D 53 489,970 225.0 29.15 5.02 3.28

E 63 861,765 90.0 152.30 3.87 3.26

Distance and direction of the ADJ are related to the center of the beetle source tree cohort. The attractiveness of ADJ and NLP refers to the mean primary attractiveness of all spruces

within the respective areas.

achieved on all sites with decreased beetle energy levels and high
swarming durations. The amount of beetle generations varied
throughout the investigated research areas, where one generation
scored best on sites with fewer and nearer follow-up infestations
and vice versa for two generations. The wind speed intensity
seems to play only a minor role for the correct reproduction of
infestation patterns, but it is still of great importance as it affects
the direction of infestation the most.

Using scatter plots and locally estimated scatter-plot
smoothing (Supplementary Material 3), same parameter values

on all sites for beetle energy, beetle swarming duration, and wind
speed were chosen (last four rows of Table7) and simulated
once on each research area (Figure 4). In combination with the
best value for wind direction and beetle generation amount on
each research site during the random sampling, these derived
parameter values scored roughly the same prediction errors as
the best fits during the random sampling. With these chosen
and robust parameter values for beetle energy, beetle swarming
duration and wind speed, simulation experiments investigating
the effectiveness of sanitation felling could than be carried out.
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Beetle generations and wind direction as varying parameters
were set to impose a worst case scenario on each of the given
research sites during the model application.

3.2. Model Application: Testing

Management Measures
The mean amount of damaged trees outside the NLP of all 40
repetitions of the control variant (no sanitation felling applied)
on each research site revealed a high influence of mean primary
attractiveness and distance between beetle source trees and ADJ
(Figure 5). The amount of beetle source trees as well as the
primary attractiveness of spruces within the NLP had only a small
impact while the amount of beetles emerging within the first
beetle generation had none at all. Performing a ANOVA analysis
on the displayed linear models revealed that only for the primary
attractiveness of ADJ a significant influence on the amount of
damaged trees without sanitation felling could be proven.

The calculated effectiveness highlights the possible reduction
of damaged trees outside the NLP by applying sanitation felling

TABLE 6 | The settings of all parameters with high influence on direction, distance
and amount of infested trees as used for the simulation experiments on testing the
effectiveness of sanitation felling.

Parameter Unit Site Setting
Wind direction © A 315.0
B 135.0
C 180.0
D 45.0
E 270.0
Wind speed a - 4.0
Generations n - 2
Swarming d - 56
Mean energy - - 8.0

The wind direction was varied between all sites to always exhibit a worst case scenario
(drifting the beetles directly to the nearest forest area outside the NLF, Figure 3).

after each beetle generation (Figure 6). While felling infested
trees inside the NLP always exhibited a strong reduction of
damaged trees, felling outside the NLP was only effective on 60%
of all sites. This behavior is in direct relationship to the amount
of NLP forest area between the beetle source trees and ADJ: On
sites B and E, where the sanitation felling outside the NLP has
no impact at all, there is some distance with spruces between
the beetle source trees and the NLP border. On sites with no
NLP forest between the beetle sources and AD]J, the sanitation
felling outside the NLP becomes much more important and
reaches reduction levels of up to 69% without felling a single
tree inside the NLP. The overall mean effectiveness (bottom
right panel of Figure 6) shows that only with the removal of
75% or more of infested trees inside the NLP or in combination
with felling outside the NLP can achieve noteworthy damage
reduction effects.

4. DISCUSSION

In this study, we introduce the newly developed IPS-SPREADS,
a combination of three well accepted models on the European
spruce bark beetle (I. typographus): the predisposition assessment
systems PAS (Netherer and Nopp-Mayr, 2005), the phenology
model PHENIPS (Baier et al., 2007) and, the individual-based
model IPS (Kautz et al., 2016). By incorporating the ability to
utilize GIS data, IPS-SPREADS is applicable on any real world
landscape and is capable of investigating the impact of different
management measures as well as climate change on the dispersal
and infestation patterns of I typographus. By using patterns
of real world infestations of a NLP inside Germany, we test
our model (sensitivity analysis), calibrate its most important
parameters and investigate the effectiveness of sanitation felling
against the spread of the European spruce bark beetle. In the
following paragraphs, the results of the model calibration as well
as its application are discussed.

Decreased energy due to high intra-specific competition plays
a major role in populations of I typographus (Salle et al,
2005). Results of Botterweg (2009) show that the mean relative

TABLE 7 | Parameter combinations with the lowest prediction error for each research area during the random sampling (first four rows) and derived parameter

combinations with their prediction errors (last four rows).

Area Energy Swarming w-direction gen w-speed inf_model inf_real inf_match error
code - d ° n a n n n %

Al 7.3 56 148.8 2 1.2 344 186 141 87.94
B1 8.8 53 356.3 1 4.0 260 101 99 82.32
C1 6.0 55 129.4 2 4.0 937 697 528 54.73
D1 8.3 55 71.6 1 5.2 289 133 104 102.88
A2 8.0 56 148.8 2 4.0 360 186 141 93.62
B2 8.0 56 356.3 1 4.0 262 101 99 83.33
c2 8.0 56 129.4 2 4.0 1,010 697 553 54.34
D2 8.0 56 71.6 1 4.0 288 133 103 104.37

The corresponding results of one model run with the respective parameter values can be found in Figure 4. w-direction, wind direction; gen, generations; w-speed, wind speed;
inf_model, number of infested trees within the model; inf_real, number of infested trees in the real world; inf_match, number of infested trees in the model that match the real world data.
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FIGURE 4 | Simulation results for the fitted parameter combinations on the four research sites (A-D). The values for beetle energy, wind speed, and beetle swarming
duration are the same on each research site while the values of wind direction and beetle generation amount are taken from the best fits during random sampling. The
corresponding parameter values and prediction errors can be found in Table 7. Brown, beetle source trees; red, trees infested only in the model; white, trees infested
only in reality; blue, trees infested in the model matching the real world data; green, spruce trees; black, everything else (e.g., other tree species, meadow, roads).

fat content of emerging beetles decreased to 86.5% when the
breeding density was doubled. These findings support the results
of the calibration of IPS-SPREADS, where reduced mean beetle
energy levels scored the smallest errors. Relating the fitted value
for beetle energy to the standard value of the original model IPS
(Kautz et al., 2014, 2016), a reduction of 20% can be expected

when mass outbreaks of I. typographus take place. The relatively
high swarming duration can be explained with the overall dry
and hot weather that was observed in the simulated years (2016
and 2017). The online version of PHENIPS (Baier et al., 2007)
for the German federal state Saxony, in which the NLP is
located, calculated for the years 2016, 2017, and 2018 theoretical
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FIGURE 5 | Mean amount of damaged tress [n] outside the national park (NLP) for the control variants (no sanitation felling applied) of each research area. Each panel
displays a different property (from top left to bottom right): Amount of beetle source trees, amount of emerging beetles during the first generation, distance between
source trees and adjacent forest area (ADJ), mean primary attractiveness of ADJ and mean primary attractiveness of the NLP. Blue lines display a linear model fitted
with the smooth function of the R package ggplot2 and gray areas highlight the 95% confidence interval.

swarming durations of 100, 101, and 120 days, respectively for
the NLP!. Distributed on two beetle generations, a theoretical
swarming duration between 50 and 60 days is achieved and in
accordance with the values fitted during the calibration of IPS-
SPREADS. The differences in the number of beetle generations
between the investigated research sites could be connected with
different elevations of those sites (Baier et al., 2007; Wermelinger
et al., 2012; Jakoby et al., 2019) or the presence and absence of
forest protection management. Nevertheless, as the data provided
by the NLP does not state when in the course of the year the
infestation took place, all trees from 1 year are considered as
beetle source trees for the following year. Because of this, even
trees infested in early spring are considered as beetle source
trees for the next year, which should lead to an overestimation
of beetles emerging during the first beetle generation. Because
of that, sites with fewer and nearer infested trees achieve lower

Uhttps://ifff-server.boku.ac.at/wordpress/index.php/language/de/phenips-online-
monitoring/phenips-online-deutschland/phenips-sachsen/

errors with only one beetle generation as the number of beetles
within this one generation is sufficient to infest the same amount
of trees as observed in reality. More precise data on the timing
of infestation or at least the affiliation to spring or summer
infestation would result in better fits and probably lead to a
fitted amount of two generations on all investigated sites. The
impact of wind direction and intensity on the distance and
direction of infested trees in relation to the beetle source trees
is directly linked to the general impact of wind on the dispersion
of airworthy insects as mentioned by Johnson (1969) and Pasek
(1988) as well as on the impact on the pheromones produced by
the beetles to attract more individuals to already infested trees
(Mankin et al., 1980; Strand et al., 2009). The wind speed does
not exert an influence as big as the wind direction, which can
be explained with the overall low wind speeds that are reached
within the forest canopy. The average wind speed (local-speed in
the model) never exceeded 1 m per second on all research sites.
As the beetles do not (yet) stop their dispersal flight due to high
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FIGURE 6 | Mean effectiveness of reduction of damaged trees outside the NLP [%)] of the 40 repetitions in dependency of sanitation felling intensity inside the NLP (x
axis) and outside the NLP (y axis). Each panel displays the effects on one of the five research sites and the mean over all sites combined. The effectiveness is
calculated following (Abbott, 1925).

wind speeds, the maximum wind speed was not set beyond 5.5 m The increase of damaged trees outside the NLP with increasing
per second, which is reported to be the maximum wind speed in ~ primary attractiveness of those trees is a logical consequence
which L typographus still disperses (Hurling, 2002). The overall — as the tree defense is directly calculated from the primary
fit could have been improved if another calibration cycle with  attractiveness. As such, higher primary attractiveness results
reduced parameter sections would have been performed. As the  in lower tree defense and therefore lower beetle densities are
overall fit was reasonable and the simulation cost considerably = needed to inflict a successful infestation (Kautz et al., 2014,
large, further model runs were not performed. One of the main ~ 2016). As the primary attractiveness was calculated based on the
limitations for IPS-SPREADS to reproduce real world infestation ~ PAS (Netherer and Nopp-Mayr, 2005), high levels of primary
patterns lies within the modified PAS for calculating the primary  attractiveness imply worse conditions for the trees outside the
attractiveness of each tree. Firstly, the data provided by the NLP  NLP such as low water supply or poor nutrient availability. With
is limited in its temporal and spatial resolution. For example,  higher distances between beetle source trees and the ADJ forest
the variation of important factors for spruce tree vitality such as  area lower amounts of damaged trees occurred. This connection
acute drought stress (Netherer et al., 2019) are not taken into  between distance to infested trees and infestation risk is often
account as only long term means are used for the calculation  reported: New infestations occur mostly within 100 and up to
in this study. Secondly, the original PAS was developed to 500 m around old infestations (Wichmann and Ravn, 2001; Kautz
calculate predispositions for whole forest stands and not for the et al., 2011; Zolubas and Dagilius, 2012; Potterf et al., 2019),
individual trees. Factors influencing the individual composition ~ which is in turn connected to decreasing beetle densities with
of spruces can vary greatly between each 5 x 5 m patch and  higher distances from beetle sources (Angst et al., 2012; Hinze
those small scale differences were not taken into account. Further ~ and John, 2020). The amount of beetle source trees as well as
improvements could be achieved by using open accessible the amount of beetles starting in the first generation from those
sentinel radar data which provide a high temporal resolution or  trees had no impact on the amount of damaged trees outside
by using promising analysis methods such as machine learning, ~ the NLP. This phenomenon can be understood as indication
which could improve the results of the predisposition assessment  that the resulting beetle densities in the AD]J forest areas were
while using the same base data as done in the presented study  always high enough generate a damage there. If smaller amounts
(Rammer and Seidl, 2019). of beetle source trees or starting beetles would have been tested
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on the same research sites, there would have been a minimum
amount necessary for damage outside the NLP to happen. With
this, it would be possible to determine critical amounts of beetle
source tree cohorts for damages to occur and highlight further
possibilities to facilitate IPS-SPREADS as a risk assessment tool.
As most infestations occur in the direct surroundings of previous
infested trees, higher primary attractiveness and therefore lower
tree defenses of spruces within the NLP reduce the risk of
damage outside the NLP. This is in direct relationship to the
aforementioned lower beetle densities which are further lowered
if a given amount of beetles is attracted to susceptible trees before
they can reach the ADJ forest area.

The applied sanitation felling happened only between the
two simulated beetle generations as this is reported to be the
optimal timing (Wichmann and Ravn, 2001) and to depict
realistic frequencies that could be applied to a whole NLP and
its surrounding forest areas. A complete reduction of damage
outside the NLP was only achieved on sites with appropriate
amount of NLP forest area between the beetle source trees
and the NLP border. On the one hand, this is directly related
to the aforementioned higher infestation emergence near old
infestations or wind-thrown trees (Wichmann and Ravn, 2001;
Kautz et al., 2011; Zolubas and Dagilius, 2012; Havasovd et al.,
2017; Potterf et al., 2019), as this leads to fewer damaged trees
outside the NLP to begin with. On the other hand, trees cut
during the sanitation felling outside the NLP were also counted
as damaged trees in this study. Therefore, even with a removal
of 100% of infested trees outside the NLP, there were still trees
being damaged. In accordance with Stadelmann et al. (2013a)
the results of the presented model application indicate, that
increasing sanitation felling reduces the amount of damaged
trees. It is also reported that sanitary felling of more than
80% or more than 95% is needed to substantially reduce bark
beetle disturbances (Dobor et al.,, 2020a,b), further validating
the model results. Similar intensities are needed relating to
the amount of individual beetles, where more than 80% of
the population should be killed to avoid bark beetle outbreaks
(Fahse and Heurich, 2011).

The advantages of IPS-SPREADS in comparison to other
simulation models for I. typographus are in its high spatial and
temporal resolution, which allows it to be applied as a tool
to assess the effects of different management strategies in any
given real world forest on a daily bases. For example, it is
possible to test the planned management strategy for a given
infestation cohort and revise it according to the model results
and to achieve the lowest possible damage for the next days,
weeks, or month. This also emphasizes the possibility of IPS-
SPREADS to be used as a risk assessment tool. As an older
version of the model was used to calibrate the implementation
of pheromone traps using results of mark recapture experiments
similar to the model of Dolezal et al. (2016), it is possible to
extract the relation between the number of trapped beetles and
the total size of the beetle population within a given forest.
This relation could then be used to improve the estimation of
bark beetle activity throughout the year more accurately in the
given area. Disadvantages of the presented model are in the
high computational cost which exceed the capabilities of average

computers if mass outbreak conditions are to be simulated like
during our model calibration. For such conditions other, less
computational intensive models are to be preferred to analyze
the dispersal and infestation patterns (Fahse and Heurich, 2011;
Honkaniemi et al., 2018) or to perform risk assessment on larger
scales (Dutilleul et al., 2000; Overbeck et al., 2011; Blomgqvist
et al., 2018). Nevertheless, if IPS-SPREADS is applied for initial
infestations or the development of early outbreak stages, thanks
to thorough code optimization the model performs well even
simulating all beetles individually. For longer study periods or
broader areas IPS-SPREADS is not suitable as it does not take into
account changes in forest structure, water household or weather
throughout the year or between years and it does not account for
disturbances such as wind, fire or management and their impact
on host tree availability, population dynamics and management
in return. For this, other available simulation models (Seidl et al.,
2007, 2008, 2009; Temperli et al., 2013; Rammer and Seidl, 2015,
2019) are far more appropriate. Another shortcoming of IPS-
SPREADS is in the dependency on the availability of various base
data to be applicable in a given forest, such as digital elevation
model, daily temperature and irradiation, canopy closure, spruce
proportion, or soil properties. For future applications of IPS-
SPREADS it is therefor planned to make full use of publicly
available and globally present data such as from the European
Union’s earth observation program Copernicus.
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