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A B S T R A C T

Natural disturbances such as windthrow, bark beetle outbreaks, root rot, wildfire and snow or ice damage are 
increasingly affecting temperate and boreal forests under climate change, creating a need for adaptive man
agement to maintain forest resilience and productivity. Decision Support Systems (DSSs) integrating disturbance 
dynamics can support managers in adjusting management to these evolving risks. This review synthesizes 
management recommendations derived from DSSs incorporating natural disturbance models in European 
temperate and boreal forests. The results reveal that most DSSs rely on simulation models applied at strategic 
spatial and temporal scales, with particular emphasis on windthrow risk, bark beetle outbreak, and root rot 
damage. Conifer-dominated, even-aged plantations appear most vulnerable to multiple disturbances, whereas 
mixed-species stands show greater resilience. Simulations underscore that proactive strategies, such as short
ening rotation length, species mixing, and targeted thinning, can reduce disturbance risks, but compromise 
timber revenues and other ecosystem services. Reactive strategies, including salvage logging and sanitary cut
tings, address immediate damage but offer limited long-term mitigation. Optimization methods can help mitigate 
the trade-offs between profitability and forest resilience by minimizing disturbance risk and maximizing eco
nomic outcomes. While several DSSs can integrate single disturbances, only few DSSs can simulate interactions 
among disturbance models and climate scenarios. Complex data requirements constrain DSS application for 
operational forest management, restricting their use to researchers. Future DSS development should prioritize 
simple, applicable and accessible solutions while integrating advanced models capable of addressing diverse 
disturbance regimes. By leveraging advanced DSSs, forest managers can enhance forest resilience amid 
increasing climate-driven disturbance pressures.

1. Introduction

Natural disturbances in forests have increased globally in recent 
decades and are projected to increase further under climate change (Ellis 
et al., 2022; Patacca et al., 2023, Altman et al., 2024). These changes in 
the natural disturbance regime have profound impacts on forests and 
their ecosystem functions and services (Lecina-Diaz et al., 2024). Nat
ural disturbances can, for example, cause substantial economic losses 
(Knoke et al, 2021; Hahn et al., 2021) and reduce the ability of forest to 
act as a carbon sink (Korosuo et al., 2023), thus further exacerbating 

climate change. For forest managers, natural disturbances add consid
erable planning uncertainty and raise the need for management ap
proaches and planning tools which take into account disturbance risks 
(Daniel et al, 2017; Nikinmaa et al., 2024). The use of adaptive forest 
management approaches can mitigate the risk and overall damage 
caused by a range of disturbances. On one hand, forests can be proac
tively managed with an aim to increase their resilience to disturbances 
by increasing the diversity of species and structural elements of the 
forest. On the other hand, forests can be managed reactively after 
disturbance events to minimize the impacts and mitigate the potential 
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cascading damages (Thom, 2023). To manage immediate risks, decision 
makers can use a variety of methods to take decisions under risk and 
uncertainty (Eyvindson and Kangas, 2018). To be effective these ap
proaches require information on the complex interactive effects of 
climate, natural disturbances and management on the forest ecosystem 
(e.g., Repo et al., 2024).

To enable quantitative assessment of disturbances, a variety of Forest 
Natural Disturbances Models (FNDMs) have been developed. An early 
review of FNDMs has explored the taxonomy of approaches to modelling 
single disturbance events and the impact of disturbance regimes in forest 
ecosystems (Seidl et al., 2011). More recent and extensive reviews about 
FNDMs have focused on specific problems: Sturtevant and Fortin (2021)
examined the effects of interactions of several FNDMs on forest dy
namics, while Romeiro et al. (2022) analyzed how climate change is 
dealt with in FNDM predictions. Answering how disturbances interact 
and are impacted by climate change is crucial, as natural disturbances 
affect forest dynamics in combination as one disturbance can increase 
the susceptibility of the forest to other disturbances. This positive 
feedback loop leads to an increase in the disturbance severity, fostered 
by altered climatic patterns (Masson-Delmotte et al., 2021; Patacca 
et al., 2023).

Disturbances change the forest state (i.e., structure, composition, and 
functions) differently at specific stages of the forest succession (Peng, 
2000). For this reason, FNDMs integrate eco-physiological processes 
acting at different spatial and temporal scales (Seidl et al., 2011). 
Therefore, in principle, FNDMs should include predictors spanning these 
scales. FNDMs typically include climate data (Romeiro et al., 2022) and 
damage frequency and intensity across multiple years (e.g., Lausch 
et al., 2013). This requires integration of predicted climatic variables 
across the entire planning horizon to enable forecasting of scenarios 
using model-driven forest decision support systems (DSSs). These pre
dictors can be integrated with stand-level forest variables derived from 
management plans applied in a short temporal frame of few years or 
from large scale inventories (e.g., national forest inventories) reporting 
repeated measurements from multiple decades.

A comparative review by Segura et al. (2014) noted that FNDMs have 
been implemented in a selection of DSSs using a variety of methodo
logical approaches for multiple uses in forest management. Integrating 
FNDMs in DSSs allows for the possibility to simulate the effects of dis
turbances under alternative management regimes (Triviño et al., 2023). 
This can aid forest planners to estimate the potential damage caused by 
disturbances and evaluate how much of this damage can be mitigated 
with adaptive management (Schafellner and Möller, 2022). Using DSS 
the simulated scenarios can be connected with optimization approaches 
to enable planners to develop management plans that minimize the risk 
of disturbance while maximizing the even-flow of timber (c.f., Eyvind
son et al., 2024), biodiversity and other ecosystem services.

Disturbance, as discrete event in time inducing forest damage, can 
appear at various temporal scales, ranging from immediate to delayed 
extending over decades. Damages caused by wind (“windthrow”) and 
fire take place immediately. Damages caused by bark beetle outbreak 
occur quickly, but the damages are readily observed after one to two 
growing seasons after the attack. Other damages, like root rot, can 
develop slowly, taking decades before the damage can be noticed, for 
instance during harvesting actions. Therefore, the approaches to 
conduct adaptive forest management varies according to the timescales 
of the disturbances.

There is a large body of literature describing the relationship be
tween climate, forest characteristics and vulnerability of trees to wind 
and management. Forest companies, public agencies and research in
stitutions have expressed the need for actionable information that could 
facilitate the practical application of measures to mitigate forest dis
turbances (Nikinmaa et al., 2024) and the need for more DSSs inte
grating all these aspects (de Pellegrin Llorente et al., 2023). For example, 
Blennow and Sallnäs (2002) have showed that forest owners in southern 
Sweden rank the risk of wind damage highly, but they generally do not 

know how to change their forest management to reduce this risk. A 
recent review about sources of uncertainty in forest planning (de Pel
legrin Llorente et al., 2023) has highlighted that only few forest DSSs 
implementing FNDMs embed estimates of the uncertainty of natural 
disturbances (e.g., the YAFO model, Härtl et al., 2013), even though this 
information could inform planners on the likelihood that disturbances 
affect forests. For instance, forest planners would be likely to take less 
uncertain and risk-prone management decisions if they could compare 
the effects of natural disturbances on the forest capacity to supply 
ecosystem goods and services under alternative adaptive management 
options (Kangas et al., 2018).

While several individual studies exist where FNDMs have been 
linked with DSSs, we still lack a comprehensive synthesis that clarifies 
what types of DSSs embedding FNDMs are available for forest owners 
and managers and which kind of disturbance-related management de
cisions they can reliably inform. Closing this gap is critical for improving 
our ability to forecast and prepare for the intensifying impacts of 
climate-change induced disturbances on the long‑term provision of 
biodiversity and ecosystem services in temperate and boreal forests 
(Hanewinkel et al., 2010; Tognetti, 2017; Kangas et al., 2018). For this 
reason, we compiled a review summarizing the existing knowledge on 
the types of decision support systems available for decision makers to 
mitigate the typical disturbances occurring in the European temperate 
and boreal zones including windthrow, bark beetles, fire, root rot and 
ice/snow breakage. We then grouped DSS by disturbance agents, by 
their approach based either on simulation and/or on optimization and 
by their spatial and temporal simulation horizon. Finally, we evaluated 
the impacts predicted with DSSs of the most applied proactive and 
reactive management strategies on the disturbance effect and risk.

2. Methods

The articles (written in English) included in this review were selected 
by means of a literature search conducted in Web of Science and Google 
Scholar by using a combination of keywords for each disturbance agent: 
(“root rot” OR “heterobasidion” OR “windthrow” OR “wind damage” OR 
“bark beetle” OR “typographus” OR “snow damage” OR “ice damage” 
OR “fires”). For facilitating comparability, we referred only to the nat
ural disturbance agents included in the previous literature search over 
the links between risks and climate change by Romeiro et al. (2022). 
“Drought” was not explicitly considered as a disturbance agent, as it was 
usually embedded in the weather component of the DSS directly 
affecting forest processes and was not treated with independent models 
like other disturbances. Nevertheless, “drought” was included among 
the studies where it appeared together with other disturbance agents. 
“Browsing” was also not considered in the review given its limited 
implementation in DSSs. We incorporated in the search FNDMs and DSSs 
including key terms related to these aspects: AND (“model*”) AND 
(“forest planning” OR (“decision support system*” OR “DSS” OR "forest 
simulator*")). Then we considered the type of forest for which the 
research was conducted: AND (“temperate” OR “boreal”). Additional 
papers were identified throughout the reviewing process by referring to 
pertinent studies that were cited in the reviewed literature making use of 
a “snowballing” method. We considered studies in the yearś range 
1996–2024 primarily conducted in Europe.

We classified how FNDMs have been implemented only in model- 
driven DSSs (classified sensu Power, 2002) able to forecast future for
est development. Therefore, we excluded all the Data-Driven DSS that 
support only visualization of maps of potential disturbance occurrence 
and/or make use of these maps to predict risk probability. We based our 
classification on the disturbance agent, the number of managed units 
(number of stands), the spatial scale (in hectares, ha) and the temporal 
scale (in three categories, operational (days to months), tactical (2–10 
years), strategic (>10 years)) at which simulations were conducted. We 
also evaluated the type of forest (hemiboreal, boreal, temperate), the 
dominant tree species, the prevalent strategy of management applied 
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(either proactive or reactive), the eventual optimization technique 
applied to maximize objectives, if the approach is implicitly (i.e. as an 
optimization objective) or explicitly (i.e. in the problem formulation in 
stochastic programming or when deciding about the optimal rotation 
time) dealing with the risk, how the risk is defined (i.e., as disturbance 
probability or damage intensity) and the sources of uncertainty 
accounted for (e.g., climate scenarios) or unaddressed in the FNDMs and 
DSSs (e.g., climate-insensitive decomposition rates).

A total of 337 papers in the field of forest natural disturbances 
responding to the terms of the literature search were initially filtered, 
from which we screened 66 peer-reviewed articles (see Appendix A. 
Supplementary data for a complete list) where FNDMs have been 
implemented in DSSs in western (Belgium, France, Ireland, Netherlands, 
United Kingdom), central (Austria, Czech Republic, Germany, Slovakia, 
Switzerland) and northern (Denmark, Finland, Norway, Sweden) 
Europe between 1997 and 2024 (Fig. 1). Most of the studies were con
ducted in Finland (23), Sweden (12), Germany (5), Austria (3) and 
Slovakia (3), while other countries reported one or two case studies 
each.

The total number of studies incorporating FNDMs in DSSs increased 
from 1997 to 2009–2010, the years when it peaked (9 studies), and then 
had a second increment in the period 2015–2020, with a second peak in 
2017 (10 studies) (Fig. 1). As shown in Fig. 1, the overall increase in the 
number of studies was mainly driven by windthrow, with bark beetle 
and root rot contributing to a lesser extent, while wildfire and snow or 
ice played only a marginal role.

The trend in the cumulative percentage of the FNDMs-DSSs studies 
alternated periods of slow increase (only by +13.6 % and +13.6 % in the 
periods 1997–2005 and 2011–2015, respectively) to periods of fast in
crease (by +28.8 % and +30.3 % in the periods 2007–2010 and 
2016–2024, respectively) (Fig. 2).

Most (64, 66.7 % of the total) of the studies simulated a single 
disturbance, with eight studies (8.3 %) including an interaction between 
two disturbances and three studies (3.1 %) the interaction between three 
disturbances. Specifically, thirty-three studies (34.4 %) included only 
damage or risk from windthrow, nine (9.4 %) from root rot, i.e., from 
Heterobasidion spp., twelve (12.5 %) from bark beetle, i.e., from Ips 
typographus, seven (7.3 %) from wildfire, three (3.1 %) from snow or ice. 

The interaction between windthrow and bark beetle was included in six 
studies (6.3 %), while single separate studies were conducted for the 
interaction between windthrow and root rot (1.0 %) and between 
windthrow and snow damage (1.0 %). Finally, two studies (2.1 %) 
included the interaction among windthrow, bark beetles and root rot 
and one (1.0 %) the interaction between drought, windthrow and bark 
beetles.

3. Forecasting decision support systems for managing forests for 
natural disturbances

3.1. Impact of forest management on wind damage risk

3.1.1. Forests and management scenarios under windthrow
Almost all the studies implementing windthrow models in DSSs 

simulated growth of coniferous and deciduous plantation forests. Spe
cifically, the growth of the following tree species was simulated: spruce 
(Norway spruce, Picea abies; black spruce, P. mariana; Sitka spruce, 
P. sitchensis), pine (Scots pine, Pinus sylvestris; jack pine, P. banksiana; 
lodgepole pine, P. contorta; red pine, P. resinosa; white pine, P. strobus) 
and birch (various Betula species). The simplified vertical structure of 
these cultivated forests makes them particularly susceptible to wind
throw (Schelhaas et al., 2003). In particular, the shallow-rooted Norway 
spruce, the most simulated species, has a low susceptibility to wind as 
young plant but it is deeply affected as it approaches high height 
(Wohlgemuth et al., 2022a). In the boreal context, the effects of wind
throw were simulated in pure spruce plantations or in admixtures of 
spruce with pine and birch. Other less represented simulated coniferous 
and deciduous species were fir (Douglas fir, Pseudotsuga menziesii; bal
sam fir, Abies balsamea; silver fir, A. alba) with other softwood species 
and European beech (Fagus sylvatica) with other hardwood species. The 
lower representation of broadleaved deciduous trees than coniferous 
trees in simulation studies is related with their lower susceptibility to 
winter storms, as the shedding of leaves results in a proportionally 
smaller exposed surface area (Wohlgemuth et al., 2022a). Most of the 
simulations were conducted at the spatial scale of the whole forest 
landscape and at the strategic temporal scale of one to two rotation 
periods. This long spatio-temporal planning horizon is compatible with 

Fig. 1. Yearly number of studies including single forest natural disturbance models in Decision Support Systems by disturbance type (data from western, central, and 
northern European countries). Disturbances reported within the same article are counted as separate studies.
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the long-time span at which windthrow events take place and has 
practical relevance for predicting the landscape-level consequences of 
storm damage.

The management practices most often simulated by the DSSs for the 
plantation forests were even-aged rotation forestry based on thinning 
followed either by shelterwood or clearcutting. The reason is that these 
are the practices that make the forest stands more susceptible to wind
throw: specifically, thinning from above removes the dominant trees 
from the stands, while clear-cutting suddenly exposes stand edges to 
windthrows (Wohlgemuth et al., 2022a). Proactive management stra
tegies that were compared to ordinary rotation forestry to simulate the 
increased or reduced wind damage risk included changes in rotation 
length, timing and intensity of thinning, regeneration with broadleaves, 
tree cutting selection. Specific management strategies adopted a com
bination of practices fulfilling the wood demand from bioenergy and 
bioeconomy (Lundholm et al., 2020) or reacting to increasing distur
bances (Riguelle et al., 2015). Ordinary management practices (i.e., 
rotation forestry or Continuous Cover Forestry (CCF)) were used to 
evaluate the effect of topography on wind speed (Ruotsalainen et al., 
2022).

DSSs simulated the impact of wind damage and storm events on the 
forests under current and future climatic conditions, simulating changes 
in temperature and precipitation patterns driven by specific combina
tions of general circulation models and emission scenarios (Kellomäki 
and Väisänen, 1997) and increased carbon dioxide concentration 
(Blennow et al., 2010a,K. b; Jönsson et al., 2015). Subramanian et al. 
(2016) simulated scenarios evaluating the potential of replacing spruce 
with hybrid larch and birch with hybrid aspen and beech to mitigate 
windthrow risk and boost tree growth and revenues. To explore the 
impact of proactive management Díaz-Yáñez et al. (2019) simulated the 
impact of wind damage on shorter rotations.

3.1.2. Management recommendations based on simulation of windthrow 
risk

Simulation studies analyzed the effect of management strategy under 
the risk of windthrow. For instance, the effect of varying rotation length 
has often been simulated to evaluate the risk of windthrow. In several 
studies, Shortening the Rotation Length (SRL) has proven effective in 

reducing windthrow disturbances (Thiele et al., 2017; Zimová et al., 
2020). SRL has been found as a potential approach to mitigate the im
pacts of windthrow on timber revenues (Peltola et al., 2010), even 
though it has undesired consequences on other ecosystem services and 
biodiversity (Subramanian et al., 2016; Potterf et al., 2024). SRL results 
in a rotation where stands are thinned less in favor of anticipated 
clear-felling operations. On the other hand, Extending the Rotation 
Length (ERL) could be implemented in stands providing wind shelter for 
other stands (Zubizarreta-Gerendiain et al., 2017).

In addition to the estate or landscape level recommendations, sim
ulations can be used to produce stand-level recommendations. For 
instance, Schelhaas (2008) reports that harvesting only the tallest trees 
contributes to stand stabilization against windthrow, lowers the mean 
stand height, the canopy height differences among adjacent stands, and 
the height–diameter (h/d) ratios. In CCF cutting concentrates on trees 
with larger diameter resulting in higher h/d ratios and thus higher 
susceptibility to windthrow risk (Panferov et al., 2010; Potterf et al., 
2022; Ruotsalainen et al., 2022). In contrast to CCF, rotation forestry 
reduces windthrow risk by lowering tree age and height (Kellomäki and 
Väisänen, 1997). A combination of both management approaches 
(rotation forestry and CCF) could provide an efficient way to reduce the 
amount of wind-exposed timber volume and increase species habitat 
(Potterf et al., 2024).

In the long run, the simulation approaches can be used to make 
recommendations on which tree species to plant for the future genera
tions of trees. In temperate and boreal plantations, increasing the share 
of Norway spruce compared to Scots pine over the forest landscape in
creases disturbance-related damage (Potterf et al., 2022). Instead, there 
is a mixed evidence towards the effect of deciduous species such as birch 
(Betula spp.) on wind risk: Zeng et al. (2010) have shown significantly 
lower risk to wind damage in boreal conditions since most storms occur 
from late autumn to early spring when deciduous species have no leaves 
and consequently experience much less wind loading (Zeng et al., 2010); 
on the other hand, Repo et al. (2024) adaptation scenarios replacing 
spruce with deciduous trees increased the wind risk.

Fig. 2. Cumulative yearly number of studies where natural disturbance models were incorporated in Decision Support Systems (N=66, total reported for western, 
central, and northern European countries).
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3.1.3. Management recommendations based on optimization of timber and 
windthrow risk

Optimization can be used to explore the consequences of minimizing 
or maximizing the risk of windthrow for the potential supply of timber at 
landscape level. Eyvindson et al. (2024) explicitly optimized the man
agement in the forest landscape to deal with immediate wind risk. The 
objective of management was to either maximize the expected Net 
Present Value (NPV) of the future incomes or to minimize the condi
tional value-at-risk, i.e. minimize the expected losses of windthrow 
events, with or without constraints regarding future harvest levels. 
Windthrow risk is modeled using scenarios based on windspeed fre
quency and intensity, with damage occurring when windspeed surpasses 
the stand's critical threshold. Depending on the objectives of planning, 
the resulting management recommendations can be either shortening or 
lengthening (in a case of harvest level constraints) the optimal rotation 
in each stand. There are limitations from this approach, as the scenarios 
are pre-defined, they do not account for the nearby gaps in the forest 
structure and cannot be used for planning the locations of harvest to 
minimize the gaps. Moreover, as the selected scenarios are not repre
sentative (i.e. random sample from among all possible combinations), 
the optimization may not recommend the truly optimal rotation lengths.

Another approach to use optimization is to include risk or indicators 
of risk as one objective among multiple other objectives. For instance, 
Zubizarreta-Gerendiain et al. (2017) and Ruotsalainen et al. (2022)
maximized an additive utility function, where the difference in height 
between adjacent stands, derived both from topography and tree height, 
was one of the objectives that could be either minimized or maximized 
to minimize or maximize the risk of windthrow. The height differences 
between the stands could be weighted through various measures, for 
example using the mean elevation of the stands. Zeng et al. (2007a, c) 
maximized an additive utility function where the windthrow risk was 
described with the percentage of vulnerable edge between stands in each 
period or by the number and area of vulnerable stands. The edge was 
considered vulnerable when the critical wind speed needed to cause 
damage was less than 20m/s. This approach can be used in proactive 
planning at the landscape level, to minimize the risk levels in future by 
planning the locations of the current harvests (Ruotsalainen et al., 2022; 
Zeng et al 2007b,c).

In the boreal forest, the level of risk of wind damage at the landscape 
level is significantly affected by the presence of gaps and old stands in 
the forest, and the specific location of the stand in the landscape can 
change its exposure to wind damage (Kulha et al., 2024; Thürig et al., 
2005; Zeng et al., 2010). On the other hand, species composition (Scots 
pine and/or Norway spruce) has a much smaller impact on the risk of 
damage.

Applying approaches that strive to minimize windthrow risk will 
negatively impact the expected NPV. However, the expected loss in NPV 
may be compensated by lower risk to the NPV due to the forest man
agement (Zubizarreta-Gerendiain et al., 2017). An optimal policy to 
minimize windthrow thus weights the benefits of clear-cutting the 
stands at an early age (with smaller but earlier revenues from harvest, 
lower risk of wind damage, and less shelter provided by the stands) 
against the benefits of delaying the clear cuttings (with larger but later 
revenues from harvest, higher risk of wind damage, and more shelter 
provided by the stands) (Thürig et al., 2005). When using optimization 
to minimize the expected losses (Eyvindson et al., 2024), the economic 
profitability of the risk management is accounted for in the analysis but 
requires preference information regarding how much risk the decision 
maker is willing to take.

3.2. Impact of forest management and climate change on bark beetle 
damage risk

3.2.1. Forests and management scenarios under bark beetle outbreak
Most of the bark beetle studies simulated stands dominated by 

Norway spruce (Picea abies), with a limited representation of Scots pine, 

silver fir, and European beech. In all the studies I. typographus had 
Norway Spruce as the main host. In fact, this beetle species can also 
attack silver fir but with minor damage. Forests dominated by coniferous 
tree species, as opposed to mixed stands of coniferous and deciduous 
trees, with large tree diameter are particularly vulnerable to bark beetle 
infestations and this susceptibility is further exacerbated during drought 
years (Müller et al., 2022; Thiele et al., 2017). The rationale for the large 
diameter threshold for attack is that the bark of smaller trees is too thin 
to shelter adult beetles and provide sufficient nutrients for offspring 
development. The higher representation of studies from temperate for
ests compared to the boreal forests is likely related with the current 
higher incidence of bark beetle outbreaks in the former. This is likely 
explained by the evidence that the cooler climate in boreal forests is not 
favoring the population dynamics of thermophilic insects as well as 
climate in temperate regions where more successful beetle generations 
can be expected in a year. However, with the recent increase in wind
throw events in northern Europe has contributed to the accumulation of 
large quantities of deadwood suitable for developing the infection of Ips 
(Sanginés de Cárcer et al., 2021). For bark beetle outbreak most of the 
simulations were conducted at the level of single trees and stands, with 
few exceptions conducted recently at the landscape level (Ďuračiová 
et al., 2020; Fustel et al., 2024; Romeiro et al., 2025; Seidl et al., 2009), 
and at the strategic temporal scale of one rotation period. This time 
window for simulations is congruent with the observation that bark 
beetle outbreak damages are observed only after one to two growing 
seasons after the attack.

As for windthrow, the management practice simulated most often 
was a reference scenario consisting of even-aged rotation forestry based 
on thinning followed either by shelterwood or clearcutting. Business-as- 
usual was frequently considered as the benchmark to evaluate produc
tion efficiency while accepting moderate risks of beetle outbreaks due to 
reliance on traditional harvesting schedules (e.g., Jönsson et al., 2015; 
Fustel et al., 2024). BAU was often associated with pre-commercial 
thinning as a way to improve tree health and lower bark beetle risk by 
reducing stand density and competition-induced stress. BAU was con
trasted with other practices that can alter the risk of bark beetle 
outbreak, like SRL and ERL, which respectively reduce and increase the 
supply of old trees which are more susceptible to infestations (Fustel 
et al., 2024; Romeiro et al., 2025), promoting mixed forests (PMF), 
which can reduce the quota of vulnerable trees, and CCF, which can 
instead increase the susceptibility throughout the entire planning hori
zon by increasing the abundance of large Norway spruce trees in the 
forest (Jönsson et al, 2015; Seidl et al., 2008; Fustel et al., 2024). In 
general, Fustel et al. (2024) found that diversity-oriented forestry based 
on a combination of management strategies avoids local concentration 
of high risk of infestation spreading it at lower intensity across the 
landscape, resulting in reduced overall forest susceptibility to damage.

3.2.2. Management recommendations based on simulation of bark beetle 
outbreak

As bark beetle outbreaks take often place after trees have been killed 
or weakened by windthrow events and root rot infections, the DSSs 
forecasting their outbreaks also include models for simulating the risk of 
windthrow and root rot (c.f., Jönsson et al. 2015; Subramanian et al., 
2016). These DSSs are mainly suitable for scientific assessment of 
various silvicultural recommendations. Consequently, the management 
recommendations to prevent the risk of bark beetle outbreak correspond 
to the methods used to reduce windthrow and root rot. These include 
increased stand tree density, avoiding intensive thinning, SRL, PMF and 
planting genetically improved Norway spruce seedlings as a mitigation 
measure (Subramanian et al., 2016; Thiele et al., 2017; Zimová et al., 
2020; Nordkvist et al., 2023). Earlier research indicates that spruce 
stands will be increasingly susceptible to bark beetle attacks with 
extended rotation length (Nordkvist et al., 2023). Dobor et al. (2020)
found that very high salvaging intensities (i.e., >95 % of disturbed trees 
detected and removed) would be required to prevent bark beetle risk. On 
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the stand level the PMF strategy can make a difference in lowering forest 
susceptibility to bark beetle attacks.

3.2.3. Management recommendations based on optimization of timber and 
bark beetle outbreak

Fustel et al. (2024) optimized the boreal landscape to study the 
impact of management on forest vulnerability to bark beetle damage and 
potential trade-offs with biodiversity and timber production. They 
applied a first optimization model aiming to maximize harvest volume 
production, and a second optimization minimizing the spruce bark 
beetle susceptibility index (Nordkvist et al., 2023) subject to harvest 
volume demands above tree diameter size thresholds. In the optimiza
tion models, potential treatment schedules included a reference strat
egy, mimicking current management practices, and four alternative 
strategies to decrease spruce bark beetle damage: PMF, SRL with no 
thinnings, ERL and CCF. Two opposite strategies, i.e., SRL and ERL, were 
tested because they create contrasting forest structures associated with 
different risk profiles for bark beetle infestation. SRL by keeping stands 
young reduces the proportion of old/senescent trees preferred by bark 
beetles; ERL by increasing structural diversity can either increase or 
decrease vulnerability depending on the stand conditions. In addition, in 
a combined strategy, optimization models could choose treatment 
schedules out of all five individual management strategies.

Bark beetle risk can also be addressed at stand level when selecting 
the optimal rotation time (Romeiro et al., 2025). This method assumes 
no prior knowledge of infestation, making it suitable for addressing 
immediate risks. Bark beetle infestation risk shortened the optimal 
rotation time by 0–25 years, averaging 2–4 years. This reduction is 
greater than that caused by root rot, reflecting the faster mortality rates 
associated with bark beetle damage.

3.3. Impact of forest management on root rot damage risk

3.3.1. Forests and management scenarios under root rot damage
Root rot can impact almost all tree species depending on the infective 

agent. However, the root rot studies included in our review simulated 
almost exclusively growth of pure plantations of Norway spruce in 
boreal forests. This is because the simulation models mostly focus on 
Heterobasidion root rot on Norway spruce as it is the most common 
disturbance agent and the "easiest" to include in models. For example, in 
Finland 90 % of the root rot is Heterobasidion, and of that 90 % is 
H. parviporum, which only affects Norway spruce. But when in Sweden, 
for example, the percentages change and more of the root rot is caused 
by H. annosum which can again infect all tree species. Two studies have 
evaluated the effect of the spatial pattern of the admixture of spruce and 
pine on root rot development (Möykkynen and Pukkala, 2011; Ahtikoski 
et al., 2024), Möykkynen and Pukkala (2011) found the admixtures 
reduced root rot development dramatically, but Ahtikoski et al. (2024)
found that this effect can vary within a latitudinal gradient. Root rot is 
caused by several different fungal agents causing decay in tree roots and 
stem and making them more prone to windthrow. This may lead also to 
increased exposure to bark beetle infestation (Wahlman et al., 2025). 
The simulations were conducted at the level of single trees or stands, and 
for one rotation period, which allows for root rot decadal development 
manifested during harvesting.

Most of the simulations were conducted under even-aged rotation 
forestry with variable timing in the commercial thinnings. Scenarios 
differed in the risk of infection, determined by initial number of infected 
stumps from the previous generation, spreading capacity from infected 
stumps (Möykkynen et al., 2000), probability of spore infection and 
spore density (Honkaniemi et al., 2014; 2017a), but also due to tree 
location compared to the extraction road and timing and intensity of 
thinning and clearcutting during the year (Möykkynen et al., 1998; 
Möykkynen and Pukkala, 2010).

3.3.2. Management recommendations based on simulation of root rot 
damage

The decision of which tree species to plant to reduce root rot damage 
has been studied using simulations. Möykkynen & Pukkala (2011)
simulated the effect of the proportion of Norway spruce trees with root 
rot on the development of the stand. They noted that at the age of 20 
years, root rot decreased strongly when Scots pine seedlings were 
planted around clear-felling stumps previously colonized by Hetero
basidion (species complex). Möykkynen and Pukkala (2011) suggest that 
the main reason for the lower amount of root rot in mixed stands is that 
the average distance between Norway spruce trees is greater, which 
decreases the spread of H. parviporum from tree to tree. There are also 
fewer root contacts between Norway spruce trees in mixed forests.

Honkaniemi et al. (2014) combined the simulation of the spread of 
root rot to the MOTTI forest growth simulator showing that infected 
stumps from the previous tree generation have a substantial role on the 
prevalence of the infections. Honkaniemi et al. (2019) found that stump 
treatment with either chemical or biological control agents was finan
cially viable in relatively healthy stands with high spore pressure for 
primary infection. However, the profitability decreased in stands with 
high decay levels and secondary infection pressure, indicating the need 
for targeted treatment strategies based on stand conditions.

Subramanian et al. (2016) combined random natural disturbance 
events to a process-based forest simulator (i.e., Heureka Standwise). The 
results highlighted the importance of reducing thinning intensity and 
rotation lengths to prevent root rot infections, along with windthrow 
damage and spruce bark beetle outbreaks.

In conclusion, these studies emphasize the significance of three 
essential tools to mitigate the negative consequences of root rot in
fections: targeted stump treatment, selection of alternative tree species 
and reduction in thinning and rotation length.

However, most of the available DSSs require information that forest 
owners do not usually have, and thus the usefulness of the DSSs for 
supporting decision making for a specific stand or estate is limited. For 
instance, the simulator of Honkaniemi et al. (2014) requires substantial 
input information of the current level of infection, e.g. number of 
infected stumps and the mean distance between stumps. The simulator 
developed by Subramanian et al. (2016) requires, among others, making 
assumptions on the input data to account for the uncertainty in the 
future climate scenarios, e.g. total monthly solar radiation, monthly 
minimum and maximum temperatures and rainfall. Due to the input 
demands, these approaches cannot be used to support decisions in a 
specific stand or estate but are useful for scientific analyses and silvi
cultural recommendations. These simulators are also suitable for 
analyzing the interactions of natural disturbances, e.g. that of wind 
throw risk and root rot risk (Honkaniemi, 2017a, b; 2018).

3.3.3. Management recommendations based on optimization of timber and 
root rot risk

The implementation of FNDMs in DSSs enabled optimization of the 
stand level rotation timing (Aza et al., 2021) using varying degrees of 
site productivity and rot infections. Aza et al. (2021) described the risk 
of root rot using probabilistic scenarios of rot. The scenarios included 
realizations of rot with a probability of rot observed in the Norwegian 
National Forest Inventory, and with models describing its spread within 
the infected tree (diameter and height of the rot). They maximized the 
soil expectation value at single stand level. Since the rot spread was in 
the analysis slower than tree growth, the optimal rotations were short
ened by only 1–2 years if the owner had no prior information on the 
occurrence of the rot. This approach is applicable for harvest scheduling 
in standing forests, to account for the immediate risk with no additional 
information.

Aza et al. (2022a) further optimized economic outcomes by applying 
plantation of mixed species stands of susceptible (spruce) and 
non-susceptible species (pine) compared to pure stands of susceptible 
species. However, the change of species was more likely in the case of 
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low site fertility. This study also highlighted that the spatial information 
of the infected trees was valuable, as it allowed planting spruce at 
location with no rot observations and corresponding low risk of being 
infected (Aza et al., 2022b). Ahtikoski et al. (2024) also optimized the 
planting of spruce based on the information of the location of the rot in 
the previous generation. This strategy can be seen as reactive, deciding 
what to do following observed rot in a clear-cut, but can be seen also as 
proactive as it reduces the risk of rot for the future generations of trees.

Möykkynen et al. (2000) implemented a DSS dealing with root rot to 
maximize the soil expectation value at the stand level. The forest owner 
was assumed to have information of the proportion of the infected trees 
at the time of planting, and a model was used to predict the spread of the 
rot within the stand based on this information. The optimization also 
included the possibility to utilize stump treatment before planting the 
new tree generation. This strategy can also be seen as reactive, i.e. 
reacting to the presence of the rot in current generation, to optimize the 
handling of the disturbance in the next generation.

Optimization can also be used to make recommendations for adap
tive harvest decisions at the stand level. For instance, Möykkynen et al. 
(2000) recommended that if any stump infection by H. annosum 
occurred, one thinning resulted in a higher soil expectation value than 
two or no thinnings, also with the stump treatment. In areas with high 
risk of stump infection by H. annosum, the number of thinnings should be 
reduced and their timing delayed. Möykkynen and Pukkala (2009)
further emphasized the importance of reducing thinning intensity. 
Moreover, incorporating Scots pine into stands reduced the occurrence 
of root rot in Norway spruce trees, particularly when facing logging 
injuries (Möykkynen & Pukkala 2010). Since the optimization in these 
papers starts after clear cutting, with known infection rate, this 
approach can be mainly utilized to produce silvicultural guidelines for 
proactive management but is rarely applicable for stand- or estate level 
decision support.

3.4. Impact of forest management and climate change on wildfire damage 
risk

3.4.1. Forests and management scenarios under wildfire risk
The sole European simulation study to analyze the damage of forest 

fire in boreal or temperate forests simulated the growth of Scots pine 
with admixed Norway spruce and birch (Næsset et al., 1997). They 
simulated the forest at stand level for a single rotation period (70 years) 
and applied an even-aged rotation with number of thinnings and length 
of rotation determined by optimization.

3.4.2. Management recommendations based on forest simulation under 
wildfire risk

One approach to decision support regarding wildfire was to simulate 
the occurrence and impact of fires as a function of the potential avail
ability of fuel in the forests (e.g. Kloster et al., 2010). The fuel available 
within the forest must be dealt with to reduce the extent and intensity of 
forest fires. Therefore, the effects of fuel removal through prescribed 
burnings have been also simulated (e.g. Khabarov et al., 2016; Williams 
and Abatzoglou, 2016). In the fire risk management, the human 
component is important, as human ignition is an important cause of 
wildfires.

3.4.3. Management recommendations based on optimization of timber and 
wildfire risk

In Central and Northern European forests, examples of the implica
tions derived from optimization studies related with wildfire risk are 
currently lacking, therefore we have referred in this paragraph to ex
amples from the Canadian boreal forest. Even though Næsset et al. 
(1997) is an optimization study, the implications for forest management 
were not explicitly accounted for. The first published paper to quantify 
the optimal stand level rotation length under risk of wildfire was pre
sented by Reed (1984). He maximized the land expectation value and 

showed that the higher the probability of the fire, the shorter the optimal 
rotation. In a case of fire, the 100-year optimal rotation with no risk and 
zero interest rate reduced to 49 years with 5 % fire probability and 5 % 
discount rate. The large effect compared to root rot and bark beetle is 
due to the assumption that none of the wood can be salvaged after the 
fire, and that the damage happens very fast even compared to the bark 
beetle damage.

To explore the impact of fire risk at a landscape level, Boychuk and 
Martell (1996) conducted a study to assess the impact of fire on a se
lection of timber production goals. In their case, shortening of the 
rotation was not the optimal solution, as being prepared for the fire risk 
required keeping up a larger storage of growing stock that would have 
been optimal without the landscape level goals.

Another approach to wildfires compares losses from risk-reduction 
actions to those due to the fire events. The minimum of the sum of 
these two losses is the optimal management cost (Martel & Boychuck, 
1997). In a more recent study, Rijal et al. (2018) utilized cost-benefit 
analysis with a similar purpose. These approaches can be used to 
decide the optimal level of personnel and equipment maintenance to 
minimize the fire losses. As these studies were conducted in Canada, the 
viewpoint is that of a fire manager rather than of a forest owner, due to 
land-ownership structure issues.

3.5. Impact of forest management on snow and ice damage risk

3.5.1. Forests and management scenarios under snow and ice accumulation
The studies for snow damage and risk simulated growth of mixed 

coniferous and deciduous plantation forests. Most of the studies were 
carried out in the boreal forest and simulated the growth of Norway 
spruce with admixtures of Scots pine and birch. The unique example 
from temperate forests is from Canada, where a complex mixture of 
deciduous species was simulated (Tremblay et al., 2005). In only one 
case the joint impact of windthrow and snow damage was simulated 
(Díaz-Yáñez et al., 2019). The management practices simulated more 
often were even-aged rotation forestry, based on thinning followed by 
clearcutting, which was contrasted against a set-aside scenario (Päätalo, 
2000).

3.5.2. Management recommendations based on simulation of snow and ice 
accumulation

Päätalo (2000) applied a snow accumulation model to investigate the 
susceptibility of managed stands to uprooting and breakage compared to 
unmanaged stands. They observed that managed stands were generally 
less susceptible to uprooting and breakage, except for unmanaged 
Norway spruce stands, which were less susceptible to uprooting. Scots 
pine was identified as the most susceptible species to uprooting and 
breakage, followed by Norway spruce. In contrast, birch was found to be 
less susceptible to these risks. The main factors influencing breakage risk 
were stem taper, with young stands having higher risks, while uprooting 
risk was higher in older/taller stands due to tree height being the main 
driving factor. Thinning was shown to reduce the risk of stem breakage 
and uprooting in Scots pine and birch stands in the long term, as well as 
the risk of stem breakage in Norway spruce stands. Kilpeläinen et al. 
(2010) also found that increasing stand volume increased risks associ
ated with snow accumulation. Tremblay et al. (2005) instead focused on 
the impact of stand structure scenarios on forest recovery after ice 
damage. Although no active management was applied, they tested two 
scenarios - heterogeneously and uniformly distributed tree locations. 
The study found that recovery was faster in the heterogeneous scenario, 
indicating that stand structure plays a critical role in the regeneration 
and resilience of forests to ice disturbance. These simulations can be 
used to formulate general silvicultural guidelines for snow management.

3.5.3. Management recommendations based on optimization of timber and 
snow and ice risk

In general, the damages caused by snow and ice are a consequence of 
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windthrow, therefore their models are an extension of the models 
developed for windthrow. However, different types of forests are at the 
highest risk for snow and wind damage. Young Scots pine stands are 
especially prone to snow damage while older Norway spruce stands are 
more prone to wind damage. Therefore, management recommendations 
for reducing the damage in terms of e.g. species selection and rotation 
length would be different for wind and snow. For instance, Díaz-Yáñez 
et al. (2019) explored the effects of accounting for the risk of snow and 
wind damage on optimal rotation length at the stand level. Also here, 
increasing discount rates lead to shorter rotations. Risk management 
resulted in lower growing stock volumes, particularly towards the end of 
the rotation. Their findings indicated that it was advantageous to 
remove economically valuable trees earlier and decrease stand density 
when managing under risk. However, the damage models used in this 
work were based on the damage observations in the Norwegian National 
Forest Inventory, which does not separate between wind and snow 
damage, so the two different damage types were also modelled together, 
as these two processes can act jointly in a damage event (c.f., Suvanto 
et al., 2021). For example, wind can more easily break trees with heavy 
snow load, or strong winds can either increase or prevent the accumu
lation of snow on trees by shedding the snow from the branches. 
Therefore, also the recommendations were the same for wind and snow. 
However, while these processes can be related to each other, Suvanto 
et al. (2019), 2021) show that snow damage and wind damage affect 
different types of forest stands and have also spatially different occur
rence patterns. While wind damage risk increases with tree height, snow 
damage is more typical in smaller trees. In addition, snow damage can 
also occur with a minimal effect of wind (Hlásny et al., 2011) and wind 
disturbances often are not accompanied by snowfall. The challenge in 
considering wind and snow separately in national forest inventory data 
is in reliably identifying the cause of the damage in the field when field 
measurements are not targeting any specific damage event and stem 
breakages and uprooting can be related to either of the damage causes or 
their combined effects (Valinger and Fridman, 1999). For example, in 
southern Finland less common heavy snow events may be mistakenly 
classified as more common wind damage. The damage may have 
occurred already several years before the field measurement, making the 
correct identification of damage cause even harder. Yet, while this un
certainty needs to be acknowledged we conclude that, due to the dif
ferences in the two disturbance processes, it is beneficial to study 
damage caused by wind and by snow separately.

4. Discussion

Since 2005 the study of FNDMs and their implementation in DSSs 
increased dramatically. In Nordic countries, this is possibly explained by 
the increased timber utilization in recent years, that has almost reached 
the production frontier (c.f., Heinonen et al., 2017), and disturbances 
are seen as hampering forest productivity and carbon stocks (Lundmark 
et al., 2014), with limited opportunities to replace damaged stands. This 
increase in simulations embedding FNDMs is likely also due to the 
perception of the increased frequency and severity of the impacts of 
disturbances on temperate and boreal forests triggered by extreme 
events induced by climate change (cf., Chen et al., 2018; Subramanian 
et al., 2019; Whitman et al., 2019). Most of the studies were conducted 
in Nordic countries, and only few in temperate countries. This evidence 
can be related with a longer history in the development of DSSs in 
Nordic countries, which has brought forest managers to employ DSSs 
more for actual decisions (Kangas et al., 2015).

The increase in the number of studies is mostly due to the develop
ment of models to predict the effects of windthrow, and secondarily to 
the development of models for insect infestation and fungal disease. The 
most modelled disturbance was windthrow likely because this is the 
most significant and sudden disturbance agent for forests (Wohlgemuth 
et al., 2022b). In the boreal and temperate forests this disturbance is 
directly related with all the other disturbances, as proven by the 

interaction studies mostly including windthrow and another disturbance 
(Romeiro et al., 2022). The core suggestion is to develop forest man
agement plans capable to reduce the impact of windthrow, and this will 
reduce the severity of other related disturbances. Wildfire and drought, 
on the other hand, have been much less simulated in Central and 
Northern European countries. Wildfire has currently only marginal ef
fects in temperate and Nordic countries compared to southern Europe, 
and its occurrence is reduced by the milder climate and consequently by 
the more limited productivity (Migliavacca et al., 2013) and minimized 
with effective suppression (Aalto and Venäläinen, 2021). On the other 
hand, even though awareness has grown over the intensive tree dieback 
caused by drought in the north American boreal forest (e.g., in Canada, 
Hogg et al., 2008; Michaelian et al., 2011) and the connection between 
drought and insect outbreaks (McDowell et al., 2011; Forzieri et al., 
2021), drought modeling remains detached by modeling of other dis
turbances in DSSs. In general, the studies including more than one 
disturbance were limited (12.5 %), due to the still limited conceptuali
zation of their interactions and of the consequences for forest develop
ment (Romeiro et al., 2022).

The applicability of the modelling approaches needs to be considered 
in addition to the disturbance-specific patterns. The categorization of the 
specific characteristics of the DSSs and FNDMs largely determine the 
problem specific applicability, limitations, and the ability of the model 
to develop in the future (Fig. 3). Our review demonstrates that DSSs 
incorporating FNDMs have mostly relied on a methodological approach 
based on simulation to explore the impacts of disturbances rather than 
on optimization to improve management actions (Fig. 3). The focus has 
been on simulating windthrow, with bark beetles and root rot damage 
being moderately represented, and wildfire and drought being only 
marginally addressed (Fig. 3). Models representing disturbances are 
typically applied at the spatial scale of the stand or of the landscape and 
mainly at the temporal scale of strategic or tactical planning, with rela
tively few operational tools (Fig. 3). These distinctions shape the type of 
management recommendations they produce as well as their 
application.

Across the reviewed studies, episodic disturbances are included in 
optimization models in several ways, though the approaches remain 
limited. Windthrow is typically handled through predefined disturbance 
scenarios or risk indicators guiding rotation length or harvest timing, 
while bark beetle and root rot models adjust optimal rotations or species 
choice based on elevated damage likelihood during specific stand stages. 
Wildfire‑related optimization remains rare and mainly focuses on 
shorter rotations under fixed disturbance probabilities. Overall, opti
mization studies remain economically oriented and represent uncer
tainty, disturbance timing, and interactions only partially, leaving the 
treatment of episodic events relatively underdeveloped.

Integrating disturbance models into decision support systems should 
enhance our understanding of how management can adapt and mitigate 
the negative impacts. From the perspective of management strategies, the 
distinction between proactive and reactive management strategies also 
highlights an important direction for future DSS development (Fig. 3). 
Proactive strategies such as adjusting rotation lengths, promoting spe
cies mixtures, or preventive thinning mitigate potential future forest 
vulnerability. Reactive strategies such as salvage logging or sanitary 
cutting can guide strategies for managing the negative outcomes. By 
improving DSSs to link predictions more directly to stand-specific rec
ommendations would increase their relevance for operational decision- 
making and align outputs more closely with the needs of forest 
managers.

The most relevant advances which are still needed to efficiently 
model the complexity of disturbance are the FNDM integration into 
DSSs, improved modelling of windthrow and bark beetle outbreaks, and 
better modelling of disturbance interactions (Fig. 3). Yet, important 
challenges remain, including the still limited representation of multiple 
interacting disturbances, the mismatch between model scales and stand- 
level management needs, and the complexity of data and tools required 
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that may limit their adoption by practitioners (Fig. 3). Building on these 
insights, we suggest recommendations for future development: to balance 
model complexity with usability; to better integrate climate change ef
fects and interactions among disturbances; to incorporate uncertainty in 
a transparent and practical way; and to expand DSSs to include 
ecosystem services beyond timber, while developing tools that remain 
relevant for operational forest management (Fig. 3). By summarizing 
current approaches and highlighting these gaps, we provide a basis for 
guiding both methodological improvements and their application in 
practice.

The analysis of the simulated management scenarios across distur
bances reveals that the vulnerability of forests is strongly influenced by 
species composition (Ahtikoski et al., 2024), stand structure (Tremblay 
et al., 2005), and management practices (Fustel et al., 2024). 
Conifer-dominated, even-aged plantations, particularly Norway spruce, 
are highly susceptible to windthrow, bark beetles, and root rot, whereas 
mixed-species stands exhibit greater resilience (Honkaniemi et al., 
2018) respect to homogeneous coniferous stands (Thom, 2023). Snow 
and ice damage are more pronounced in younger, taller stands, with 
Scots pine being particularly vulnerable (Päätalo, 2000). While wildfire 
studies in boreal and temperate Europe remain limited (Næsset et al., 
1997), fuel accumulation and stand density are critical risk factors 
(Kloster et al., 2010). These findings emphasize the need to consider 
species diversity, stand heterogeneity, and disturbance interactions 
when evaluating forest vulnerability to disturbances.

The management strategies applied in DSS studies can be generally 
classified as proactive, when forestry treatments are applied under im
mediate disturbance risk, or reactive, when treatments are applied after 
the impact of a natural disturbance was observed. The simulations 
studies included in our review consistently highlight proactive strategies 
as key to mitigating risks across disturbances. Proactive management 
includes measures from designing clear-cut areas to minimizing the 
windthrow risk at the edge of the forest (Ruotsalainen et al., 2022) or 
applying controlled burnings to reduce fire risk by removing forest fuel 
(Williams and Abatzoglou, 2016). On the other hand, for example, 

proactive management favors the creation of stands with mixed species 
(Sebald et al., 2021) to reduce the risk of bark beetle attack and the 
treatment of stumps with fungicides (Wang et al., 2015) to reduce the 
risk of root rot spreading. A common proactive strategy to deal with 
possible immediate risk of disturbance (e.g., windthrow, fire and bark 
beetle infestation) is to maximize the expected NPV of forest stands 
under the risk. This generally leads to shortened rotation period. This 
approach is particularly effective under high probability of damage 
(Reed, 1984; Potterf et al., 2022; Romeiro et al., 2025). Instead, for the 
disturbance from root rot, when the development of the damage is much 
slower than tree growth, reducing rotation is not very effective and other 
options should be considered (Aza et al., 2021). At larger scale decision 
making, stochastic optimization has been used to secure the required 
timber resources under the fire and wind risk (Boychuk and Martell, 
1996; Eyvindson et al., 2024).

Reactive management strategies can be applied after the damage. For 
instance, salvage cuttings are used to remove any useful timber after 
windthrow and fire. Clear cutting the area around the dead trees can be 
applied in a sanitary cutting to prevent further spread of bark beetles’ 
outbreaks. The selection of alternative tree species can prevent further 
spreading of root rot damage once its exact location is known (Aza et al., 
2022a,b; Ahtikoski et al., 2024).

We classified the reviewed studies separating model-driven DSSs that 
employ only simulations and DSSs that also apply optimization. We 
excluded instead data-driven DSSs utilizing geographic information 
systems. Generally, maps of high-risk areas are the only readily useful 
means of decision support for forest owners. The maps are easy enough 
to utilize and can be used to locate areas where proactive strategies to 
tackle forest disturbances might be most useful (Rogan et al., 2006; 
Segura et al., 2014). However, maps do not provide any support for tasks 
such as harvest scheduling. A single map cannot be utilized for evalu
ating management strategies or policies, but if future maps were 
generated under different management strategies, they might be useful 
as a decision support tool.

Thus, the most useful approach to evaluate and compare forest 

Fig. 3. Summary of forest disturbance modelling in DSSs: approaches, management strategies, and future needs.
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management strategies could be to utilize a simulation based DSS. As 
including all natural disturbances simultaneously in a DSS is currently 
technically unfeasible, it is important to concentrate on the effects of the 
most important disturbances, whose impacts on forest dynamics can be 
predicted on the basis of standard inventory data. For example, in the 
boreal forest, the root rot, bark beetle and storms with current damage 
level reduce the land economic value when compared to a “No-damage” 
scenario. Obviously, their combined effect brings a larger reduction in 
economic value. Besides, in the future the infection rate of these risk 
factors may increase and then be more intense and expensive counter 
measures might be required (Subramanian et al., 2016). However, these 
DSS integrating simultaneously more disturbances may be too compli
cated to be used by managers and policy makers, as the requirements for 
input data and computational power are too high. The reliance on 
detailed input data, such as soil and infection levels, limits the appli
cability of simulations for specific stand-level decision-making. Never
theless, these DSSs would mostly be useful for researchers making 
recommendations for the strategies and policies.

Optimization approaches reveal the trade-offs between economic 
objectives and disturbance risk management. While minimizing risks 
often reduces NPV, combining risk reduction with economic goals can 
yield balanced solutions (Potterf et al., 2024). For windthrow 
(Eyvindson et al., 2024) and root rot (e.g., Möykkynen and Pukkala, 
2009), optimizing rotation lengths and thinning schedules reduces risks 
while maintaining profitability. In bark beetle (Fustel et al., 2024) and 
wildfire scenarios (Boychuk and Martell, 1996), optimization and 
landscape-level planning prove essential to address vulnerabilities 
related to stand placement and structure. For assessing the timing of 
harvests under alternative disturbance regimes, in general, optimization 
would be the obvious choice. The currently available DSSs mainly 
feature stand-level analysis for selection of optimal rotation but only a 
few of them expand the optimization to the whole forest landscape (e.g., 
Mazziotta et al., 2023). The optimal rotation analysis, on the other hand, 
is often based on just one goal, namely maximizing the land expectation 
value of the forests or the timber revenues. This is likely because the 
most urgent concern about disturbance impacts is related to the reduc
tion of the forest economic value, but other ecosystem services are 
currently at risk in Europe due to climate and land use change, such as 
carbon storage, soil erosion control and outdoor recreation (Lecina-Diaz 
et al., 2024).

At the landscape level, most often used approaches minimize 
vulnerability or the risk, but do not consider the cost of this minimiza
tion compared to the prevented losses. Thus, instead of utilizing an in
dicator of vulnerability as an objective, the optimization could include a 
loss function, i.e. an approximation of the impact of the damage, to be 
fully useful (e.g. Martell and Boychuk, 1997). A promising approach for 
solving harvest scheduling problems is the landscape-level stochastic 
optimization, which provides possibilities for freely selecting the ob
jectives, explicitly stating the risk preferences of the forest owner 
(Eyvindson et al., 2024). However, this optimization approach is 
currently underdeveloped, as tools to generate a feasible set of repre
sentative scenarios of natural disturbances and their impacts are 
missing. Such set of scenarios might also require two-directional feed
back between the FNDMs and the DSSs: for example, the changes in the 
structure of the stand predicted by the DSS at the end of each simulation 
period might change the shape of the wind profile in the windthrow 
model, with implications for the wind loading of individual trees under 
different forest configurations (Hanewinkel et al., 2010). Moreover, the 
stochastic approaches are very computing-intensive, meaning that for 
instance the development of national-level sustainability strategies 
might rely on a simpler forest simulator than the ones that are currently 
in use, for instance DSSs embedding stand- or age-class tables.

5. Conclusion

In conclusion, our review underscores the critical role of forest 

management in mitigating disturbances while balancing other goals in 
forest planning. Proactive strategies, such as species diversification, 
rotation length adjustment, and targeted thinning, emerge as key mea
sures to reduce risks across windthrow, bark beetle, root rot, and snow 
damage. However, the effectiveness of these measures depends on 
detailed stand-level information, which remains a challenge for wide
spread application. Optimization approaches demonstrate that while 
minimizing disturbance risks often reduces NPV, integrated planning 
can balance risk reduction with economic feasibility. At both stand and 
landscape scales, optimizing rotation lengths, thinning schedules and 
species selection is crucial for enhancing forest resilience. Landscape- 
level planning offers opportunities to address spatial vulnerabilities 
and improve risk management outcomes. Despite advancements, limi
tations remain in integrating multiple disturbances within DSSs, 
particularly due to input data requirements and computational 
complexity. Future efforts should focus on improving the feasibility of 
DSSs for forest managers and policy makers while advancing landscape- 
level stochastic optimization approaches to assess trade-offs under 
diverse disturbance regimes. This will enhance the capacity to develop 
adaptive and sustainable forest management strategies in the face of 
increasing disturbance risks in Europe due to climate change (Grünig 
et al., 2026).
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Dobor, L., Hlásny, T., Rammer, W., Zimová, S., Barka, I., Seidl, R., 2020. Is salvage 
logging effectively dampening bark beetle outbreaks and preserving forest carbon 
stocks? J. Appl. Ecol. 57 (1), 67–76. https://doi.org/10.1111/1365-2664.13518.
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Mohren, F., 2011. Modelling natural disturbances in forest ecosystems: a review. 
Ecol. Model. 222 (4), 903–924. https://doi.org/10.1016/j.ecolmodel.2010.09.009.
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