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ABSTRACT
Natural disturbances can rapidly change the structure and species composition of
forests. Their effects can also compromise the provision of services and products from
forest ecosystems. Therefore, it is very relevant that the risk of natural disturbances is
considered when planning forest management prescriptions. This study presents a
general framework for integrating risk into long-term forest management, via two
main steps: 1) risk assessment (damage characterisation and modelling); and 2) risk
management (simulation and optimisation). This research characterises the primary
natural disturbances in Norway, and presents occurrence and damage models for the
most relevant of these. The results show that the main natural disturbances in Norway
are snow, wind and browsing from ungulates. The models identify which stand and
site variables are more influential when predicting a forest’s vulnerability to damage.
The browsing occurrence models show that the most relevant variables to explain
stand vulnerability are stand age, size and density. The model predicting snow and
wind damage occurrence highlights the importance of the stand density, structure,
mean diameter and height, but also site-related variables, such as latitude or altitude.
The models predicting the damage rate for snow and wind damage, use covariates,
such as stand basal area, height, diameter and slenderness. Snow and wind damage
models are used in a stand dynamic simulation to optimise management prescriptions
for considering risk. The optimal management schedules for a spruce dominated stand
leave lower volumes towards the end of the rotation and shorten the rotation length.
This thesis provides relevant information that can be used by managers in considering
the risk of natural disturbances in forest management and planning.

Keywords: Hazards, modelling, simulation, browsing, wind, snow.
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ABBREVIATIONS AND DEFINITIONS
Abbreviations
NFI
LEV

National Forest Inventory
Land Expectation Value

Definitions
model

sustainability
forest ecosystem service
tradeoffs
risk
risk management

Mathematical description of a real phenomenon
described by a hypothesised relationship between
variables.
Use of the forest ecosystem and resources to meet
current demands without compromising future needs.
Benefits for humans provided by forest ecosystems.
The provision of one ecosystem service is changed by
the increased or decreased use of another service.
The probability that an adverse event will occur (e.g.,
damage by natural disturbance).
The process of taking decisions considering risk and
implementing actions that reduce (or not) the
probability of occurrence and damage.
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INTRODUCTION
Forests and natural disturbances
Historically, natural disturbances have played a fundamental role in forestry, although
their consideration in forest planning and management has been limited until recent
years. In the past, most of the research efforts in forest management have been
oriented to classic silviculture, where natural disturbances were considered external
to the system, almost to the extent of being unpredictable or unavoidable –
catastrophes that did not have to occur according to plan. This consideration,
however, has changed, and today’s view is that natural disturbances are an essential
part of the forest ecosystem dynamics, are predictable to a certain extent, strongly
affect the provision of ecosystem services, and therefore have to be included in forest
management approaches. Despite some commonly-held views, their effects are not
necessarily only negative; whereas the effects of disturbances put certain forest
ecosystem services at risk, others benefit from them (Thom and Seidl, 2015). For
example, a decrease in live biomass due to a disturbance can compromise the
sustainable provision of timber or the carbon balance, but an increase in dead wood
will generally benefit biodiversity (Zubizarreta-Gerendiain et al. 2017).
Boreal forests are exposed to a range of natural hazards, caused by different
disturbance agents, which can be classified as abiotic (e.g., storms, drought,
landslides, avalanches, flooding and wildfires) or biotic (e.g., insects, ungulates and
pathogens). Whichever the case, disturbance regimes and their effects on forests are
influenced by several aspects, such as climate, changes in the forest–disturbance
interaction, introduction of invasive species, changes in forest species, shifts in land
use, or lack of forest management, among others (O'Hara and Ramage, 2013).
Wind and snow are among of the most significant disturbances agents in boreal
forests. In fact, in Northern Europe, forests have been recurrently affected by storms
(e.g., Vivian in 1990, Gudrun in 2005 and Kyrill in 2007), and, whilst today it is
unclear how these disturbance regimes will change (Feser et al. 2015; Mölter et al.
2016), it can be expected that they will play an even a more significant role in the near
future. Even assuming no rise in temperatures, frequency or intensity of storms,
damage is expected to increase due to forests becoming more vulnerable (Schelhaas
et al. 2003) due to the accumulation of growing stocks and older trees. Typical
damage caused by snow and wind include the uprooting and breakage of trees. Such
damage can rapidly change the structure, products and services provided by forests
(Valinger and Fridman, 2011). In Norway, for instance, the wood stock in forests has
increased continuously, as the harvested volumes have been below the annual
increment – between 1990 and 2014, the growing stock changed from 579 to 929
million m3.
The increased presence of uprooted and broken trees can also lead to damage in
the remaining trees by other disturbances, such as insect attacks (Bakke, 1989;
Schroeder and Eidmann, 1993). In this way, Norwegian forests have suffered
extensive damage from bark beetle (Ips typographus) outbreaks. The most severe bark
beetle outbreaks happened between 1971 and 1981, damaging over 5 million m3 of
timber in an area of 140,000 km2 (Bakke, 1989). The bark beetle outbreaks were
caused by a combination of factors, including a drought and an extensive windthrow,
caused by a storm in 1969 that damaged over 2.4 million m 3 (Gardiner et al. 2010).
Another important disturbance damaging Norwegian forests is browsing by
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ungulates, such as moose (Alces alces). Whereas moose are very much appreciated
for their hunting value, increasing populations represent a threat to forests, and
compromise their future (Edenius et al. 2002a). Browsing damage results in economic
losses due to the mortality of young stands, reduced growth, changes in species
compositions and/or lower timber quality (Persson et al. 2000; Nevalainen et al.
2016).
Risk management and planning
Risk management is the process of identifying, assessing and selecting management
options for forested areas that consider the risk of potential losses. Considering risk
in forest management and planning has two clear advantages. On the one hand, it can
provide more realistic estimations of future ecosystem services (Meilby et al. 2001;
González-Olabarria et al. 2008; Zubizarreta-Gerendiain et al. 2017). On the other
hand, considering damage allows the inclusion of management prescriptions that can
enhance services and products, while reducing the negative impacts from disturbances
(Heinonen et al. 2009).
Forest management can have an impact on how natural disturbances affect forests
(Päätalo, 2000; Jactel et al. 2009; Pukkala et al. 2016; Subramanian et al. 2016).
Including risk in forest management modifies the optimal prescriptions, for example,
by changing the rotation age, the thinning intensities or the amount of biomass left in
the stand (Meilby et al. 2001; González-Olabarria et al. 2008; Zubizarreta-Gerendiain
et al. 2017). Forest resistance to damage is improved by changing landscape structures
(Zeng et al. 2007; Zubizarreta-Gerendiain et al. 2017), fostering stand-level resistance
(Agee and Skinner, 2005; Jactel et al. 2009; Hanewinkel et al. 2014), or changing
species compositions (Roessiger et al. 2011; Jactel et al. 2017). Forest management
can also embrace the effects of disturbances on forests (Seidl et al. 2018), or even
emulate them (Bergeron et al. 2001) as a means of providing a close to nature
management and enhancing certain positive effects of disturbances to ecosystem
services (Thom and Seidl, 2015). In general, there is an increasing interest in
management that promotes ecosystems that are more diverse and resilient to
perturbations (Fahey et al. 2018).
Optimisation methods have proved to be a useful tool for determining the best
management alternatives across a range of potential options. There are different
approaches to finding optimal management prescriptions that considered the risk from
natural disturbances. Previous studies have used anticipatory or adaptive approaches.
Adaptive approaches produce management rules that consider economic and
environmental changes and therefore improve the decision-making for risky
environments (González-Olabarria et al. 2017). Damage has been included with a
deterministic (Zeng et al. 2007) and stochastic approaches (González-Olabarria et al.
2008). The consideration of damage as a stochastic variable provides a more realistic
estimation of the effects of the disturbance, as it is possible to obtain both the mean
value of the disturbance impact and its associated variation (McCarthy and Burgman,
1995). Damage probability has also been considered as an exogenous or endogenous
variable to the stand characteristics; in the past, studies have determined optimal stand
management prescriptions, by considering the risk as endogenous (Thorsen and
Helles, 1998). As more relevant information has become available, it has been easier
to calculate the damage probability with an endogenous approach, through damage
models that use stand characteristics as predictive variables (Seidl et al. 2011a). In
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any case, both endogenous and exogenous damage considerations have required a
characterisation of the disturbance regimes, an understanding of their effects and
occurrence, and a link between their impacts and forest variables.
Risk assessment
The essential aspects of risk assessment are the characterisation of the relevant natural
disturbances on forests, and accounting, through modelling, of the endogenous and
exogenous factors that influence their occurrence. Long-term analysis of disturbances
enhances the understanding of their importance, severity and spatial distributions.
Models help to cope with the intrinsic natural disturbance complexity. The modelling
of natural disturbance damage has been done at different scales, and by using different
statistical approaches. Some damage models have used tree-, plot- or stand-level
variables (González et al. 2007; Selkimäki et al. 2012; Nevalainen et al. 2015;
Kamimura et al. 2016), while others have approached the modelling from a landscape
perspective (Blennow and Sallnäs, 2004; Heinonen et al. 2009; Zeng et al. 2010).
Damage in forests are discrete events that have been modelled using different
statistical approaches, such as generalized linear models (Albrecht et al. 2013;
Hanewinkel et al. 2014), or logistic- (Fridman and Valinger, 1998; González et al.
2006) or machine-learning-based (Selkimäki et al. 2012; Albrecht et al. 2013) models.
Natural disturbances modelling is challenging because the disturbance agents are
difficult to forecast. In many cases, there is not enough available information to
predict the presence and intensity of the damaging agents over long periods and across
large areas, such as wind intensity, snow load or ungulate abundance. We can improve
our understanding of what makes a forest more vulnerable to suffering damage,
however, through studying the influence of forest characteristics and their thresholds.
Nonetheless, the modelling process is still challenging, as many of the predisposing
factors to damage are interconnected. In order to deal with disturbance complexity,
we need extensive data to cover the disturbances variability, especially when we are
interested in analysing large areas and multiple disturbance agents.
National Forest Inventories (NFIs) provide extensive empirical data across time
and space from which is possible to evaluate forest changes and the effects of natural
disturbances on forests (Allen, 2001; Wulff et al. 2013). Using permanent plots, we
can quantify changes by evaluating a forest’s status before and after the damage, for
example. NFI data have several advantages: they are able to record different levels of
damage without disregarding lower damage levels; they provide information on a
large spatial scale and they allow observation of differences across multi-species and
multi-aged stands. Moreover, NFIs have proved to be useful in measuring several
natural disturbances, and in to predicting their effects on forests (Dobbertin, 2002;
González et al. 2006; Vospernik, 2006; Selkimäki and González-Olabarria, 2016).
Through disturbance modelling, we can identify which variables and interactions
are the main drivers of forest damage as well as their influence on forest ecosystem
services and products. The main variables determining forest vulnerability to
ungulates are age, density, species composition and stand size. Young stands are more
vulnerable, as they have more food sources at a suitable height (Jalkanen, 2001).
Lower stand densities increase the vulnerability because they facilitate the penetration
of the ungulate to the stand (Jactel et al. 2009). The stand species composition affects
browsers behaviour and browsing damage is different between tree species. The more
palatable species include birch (Betula spp.), rowan (Sorbus spp.), willow (Salix spp.)
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and aspen (Populus spp.); however, ungulates’ species preferences change with time,
for example, conifers are preferred over broadleaves during winter. The species
diversity of the stand also influences the stand vulnerability, with increased risk in
more diverse stands (Vehviläinen and Koricheva, 2006). The stand size is also an
important variable, as browsing damage is often greater in larger stands, but is also
linked to the specific stand structure, location and species palatability (Pietrzykowski
et al. 2003).
Previous models have shown that predisposing factors for snow and wind damage
are related to exposure (topographic conditions, including altitude, latitude and other
proxies), site and soil type (Mitchell et al. 2001; Albrecht et al. 2013; Hanewinkel et
al. 2014; Pasztor et al. 2014), and to variables that describe the forest, such as tree
height, diameter, slenderness, basal area, density, structure and dominant species
(Martín-Alcón et al. 2010; Valinger and Fridman, 2011; Hanewinkel et al. 2014;
Pukkala et al. 2016). Other aspects that make forest stands more vulnerable to damage
are: the lack or delay of management prescriptions (Päätalo, 2000); the increase of
growing stock, forest aging (Peltola et al. 2010) and climate warming (Nykänen et al.
1997; Peltola et al. 1999a).
Framework
Under the prospects of increasingly disturbed forests (Turner, 2010; Seidl et al. 2017),
a better understanding is needed of the relationship between disturbances and forest
changes, and the finding of sustainable management options to adapt to those
changes; however, many important aspects have not been completely understood yet
for Norwegian forests, such as: what are the most important natural disturbances in
recent years?; how do changes in stand and site characteristics affect the forest
vulnerability?; can we use forest management to make forests less vulnerable or more
resilient?; and how management can sustain ecosystem services under the risk of
disturbances?
In order to ultimately develop recommendations for governance and the decisionmaking process, we need to integrate several aspects of risk (Fig. 1). First, a
characterisation of the natural disturbances that are damaging forests is needed.
Second, an identification of the relevant stand and site variables that make a forest
more vulnerable to suffering damage and to having higher damage rates, is required.
Third, it is necessary to evaluate how management can reduce the forest vulnerability
and to analyse the tradeoff between benefits and required investments.
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Figure 1. Framework used for including the risk of natural disturbances into forest
management

Aims of this thesis
The aim of this thesis is to develop a framework that incorporates natural disturbance
risks into forest management and planning in Norway. To achieve this aim, two main
steps were taken – 1) risk assessment and 2) risk management. Several damage
models were developed to provide the tools for estimating economic and ecological
changes caused by disturbance agents at a country level.
The specific objectives were to:
1. characterise the importance, types and temporal evolution of natural
disturbances at a country and regional levels (I);
2. develop a predictive model for damage occurrence caused by ungulate
browsing (II);
3. develop a predictive model for the occurrence of wind and snow damage
(III);
4. develop a damage model to predict the proportion of damaged trees in a
snow- and wind-damaged plot (IV); and
5. find the optimal management schedules under the risk of damage (V).
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The hypotheses were:
1. Stand and site variables have an effect on the probability of browsing,
snow and wind damage.
2. The proportion of trees damaged by snow and wind is affected by stand
and site characteristics.
3. Optimal management changes when the risk of wind and snow is
considered.
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MATERIAL AND METHODS
Material
Study area
The study area included the whole of Norway, except for the most northernmost
county, Finmark (Fig. 2), where the forest inventory had a different plot grid. Forests
cover the 30% of the country. About 79% of the forested area is privately owned, with
about 9% owned by the state and the municipalities, 6% by the forest industry and
companies and 6% by other owners. The main commercial tree species are: Norway
spruce (Picea abies L. Karst), Scots pine (Pinus sylvestris L.) and birch (Betula spp.).
In boreal forests, the succession dynamics usually follow a rapid colonisation by
broadleaves (Betula spp. and Populus spp.) after a disturbance, but the prevailing
industry-oriented forest management has promoted pure conifer forests due to their
higher economic value and, on average, higher wood production.
The Norwegian NFI for the period 2011–2014 estimated that the productive forest
area was about 7 million hectares, of which up to 30% can be regarded as mountain
forests. Productive forest areas are defined in the NFI protocols
(Landsskogtakseringens, 2008) as those forest areas that have an expected yield of
over 1 m3 ha-1 year-1 over bark.

Figure 2. Study area (white) and plots distribution by species (green), during the period
2010–14
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Data
The Norwegian NFI was established in 1919 with strip sampling. The implementation
of circular permanent plots started in 1986, and the continuous forest inventory was
introduced between 1994 and 1999. All of the permanent plots are re-measured every
five years, covering 20% of the plots across the whole country each year (Tomppo et
al. 2010). The inventory design is a 3  3 km grid, except for the northernmost county,
Finmark, where the inventory started to use a different grid in 2011. There are more
intensive plot distributions across the country, in protected areas, for instance. In this
study, we used the 3  3 km grid of permanent plots collected from 1995 to 2014,
excluding Finmark. The area of each plot is 250 m2 and, in each plot, all the trees
above 5 cm of breast height diameter were measured. In this thesis’ studies, only the
plots that were located on productive forests were considered.
Damage variables, such as the presence or absence of damage, are measured
around the centre of the plot (1000 m2) according to the inventory protocols
(Landsskogtakseringens, 2008). Damage occurrence was recorded if the damage was
evaluated to have had an effect on the future economic development of the stand,
representing a significant reduction in the volume increment or regeneration, and the
overall damage rate was above 5%. The damage rate was defined using different
criteria according to the damaging agent. In a plot damaged by ungulate browsing,
the overall damage rate was defined by the percentage of trees that were injured; in a
wind-damaged plot, it was defined by the volumetric proportion of blown-down trees;
and in a plot damaged by snow, by the number of trees that had stem breakage. We
combined wind and snow damage during the modelling for two reasons: 1) the wind
and snow records used different approaches to measure the injury rate (uprooted and
broken trees), and this differentiation could have led to the overlooking of the real
reason behind the damage; and 2) boreal forests damage is typically caused by a
combination of both snow and wind (Fridman and Valinger, 1998; Valinger and
Fridman, 1999; Päätalo, 2000).
Across all of the studies, the plots were divided according to their dominant
species into four forest types: spruce (spruce > 70%), pine (pine > 70%), birch (birch
> 70%) and mixed forests (no single species accounted for more than 70% of the basal
area). According to the NFI instructions, the plots were also categorised by their
development class into young, intermediate and mature plots.
Methods
The methods used were selected to move from the data and theory of damage to
choosing an optimised management prescription that considered the risk of damage.
Fig. 3 shows the step-by-step schema that starts with the data and theory that was
used to model damage, as a simplified description of the damage phenomena. The
damage models and other stand dynamics models were then used to describe the
evolution and dynamics of the stand in a simulator, according to changes in the values
and objectives of the treatment variables. The simulator is a step-wise algorithm, used
to search through the different alternatives and provide a value for the selected
objective (e.g. land expectation value, LEV). These results were then optimised with
an optimisation algorithm (solver) to find what combination of assigned values
provide the best solution – for example, the highest revenues.
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Figure 3. Scheme of steps followed, from data to optimisation

Polynomial models were developed for each disturbance to analyse their temporal
trends. The identification of areas with higher damage was analysed using a geostatistical method based on adaptive kernels. Finally, the differences in damage
frequencies across forest types, and the development classes, were studied using a
contingency table and a chi-squared test. The chi-squared test was calculated to
evaluate significant differences in damage frequencies among forest types and
development classes.
Damage occurrence models were created for browsing, snow and wind damage.
A damage occurrence model is a discrete-event model that predicts whether the
disturbance occurred or not. This binary model predicts the probability of damage
occurrence, given certain levels of the causal variables. In order to consider a higher
number of predictive variables, we used two machine-learning approaches –
classification and regression trees (CART) for the model predicting browsing damage
occurrence, and boosted regression trees (BRT) for the models predicting snow and
wind damage occurrence.
Machine-learning methods have several advantages, compared to more traditional
modelling approaches: they can handle different types of predictor variables and deal
with missing data, and they can describe complex non-linear relations, handle
interactions between the predictors, and summarise the model in a meaningful and
understandable way. The two machine-learning approaches used, were based on
classification and regression trees. These models relate the response variable and
predictors by recursive binary splitting. The main difference between the two
approaches is that BRT combine multiple regression trees to provide an improved
predictive performance; these additional trees are created to recursively fit the
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residuals of the model, and therefore they are focusing on the hardest observations to
predict in a stage-wise process. Both approaches provide an analysis of the variable
importance calculated based on the goodness of the splits in CART (Breiman et al.
1984), and considering the number of times the variable was used for splitting and the
improvement it provided to the following model in BRT (Elith et al. 2008).
The damage models predicted the proportion of uprooted or broken trees in a
damaged plot. The predicted variable was a count of damaged trees and undamaged
trees. Count data models are an extension of binary models, in which the measure of
the observation is a count of occurrence (damaged trees) within a plot.
The response variable in the damage models was the number of trees that were
broken or uprooted as a proportion of the number of trees that were alive in the
previous measurement. The best distribution for this type of data is the binomial
distribution. Binomial distribution is used for discrete proportions that arise from the
number of 'successes' of a finite number of Bernoulli trials, and therefore was suited
to our data. An important aspect is that we assumed that the trees were independent,
and that each tree had the same probability of being damaged. The damage models
were defined as follows:
𝑌𝑖𝑗 : total number of damaged trees in 𝑛𝑖𝑗 trees
𝑌𝑖𝑗 ~ binomial ( 𝑛𝑖𝑗 , 𝜋𝑖𝑗 )
where, 𝑛𝑖𝑗 is the number of trees in the plot measurement 𝑖 at measurement time 𝑗,
and 𝜋𝑖𝑗 is the probability of a tree being damaged in plot 𝑖 at time measurement 𝑗.
We used the link function (logit link), modelling the log odds of the probability of
damage as a function of the 𝑘 explanatory (plot-level) variables, 𝑿𝑖𝑗 =
(𝑋𝑖𝑗,1 , 𝑋𝑖𝑗,2 , … 𝑋𝑖𝑗,𝐾 ).
The link function is:
𝜋

𝑔(𝜋) = 𝑙𝑜𝑔𝑖𝑡(𝜋) = 𝑙𝑜𝑔 (1−𝜋) = 𝛽0 + 𝛽1 𝑋1 + 𝛽2 𝑋2 + ⋯ + 𝛽𝑘 𝑋𝑘

(Eq. 1)

The simulation was developed using a step-wise algorithm that contained stand
dynamic models and the snow and wind damage models (III, IV). The simulator
followed these steps: 1) predict growth (Bollandsås et al. 2008); 2) calculate stand
variables – basal area, dominant species, basal area of the trees larger than the tree of
interest, percentage of basal area in the stand of the subject species, tree height
(Sharma and Breidenbach, 2014), tree volume (Braastad, 1966; 1967; Vestjordet,
1967); 3) estimate natural competition mortality; 4) estimate damage-induced
mortality (III, IV); and 5) if it was a harvesting year: apply harvesting and calculate
revenues (Blingsmo and Veidahl, 1992). During the simulation, we performed a
sensitivity analysis for uncertain variables, such as the discount rate, taking 1, 2 and
3% values.
Damage was considered from both a deterministic and a stochastic approach. In
̂ , by using the models
both approaches, we calculated the damage occurrence, 𝑃𝑜𝑐
presented in III transformed to a 5-year probability, and the predicted damage
̂ ) by
̂ and 𝑃𝑏𝑟
probabilities of any tree in the stand being uprooted and broken (𝑃𝑢𝑝
using the models presented in IV.
When using the deterministic approach to calculate damage, we estimated the
probability of damage for each 5 year in the rotation. The probability of damage
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occurrence was multiplied by the predicted probability of any tree in the stand being
uprooted and broken. The resulting value was multiplied by the number of remaining
trees in the stand to obtain the number of damaged trees.
When using the stochastic approach, randomness was considered: 1) only at the
plot level; and 2) at the plot and tree levels. When the stochasticity was only
considered at the plot level, we determined whether there was damage by comparing
the predicted probability of damage occurrence, transformed to a 5-year probability,
to a random number generated using a random realisation of a binomial distribution.
The probability of damage occurrence, 𝑃𝑜𝑐 𝑠𝑡𝑜𝑐 , was then obtained for one trial and
̂:
using, as the probability of success, the estimated probability of occurrence 𝑃𝑜𝑐
̂)
𝑃𝑜𝑐 𝑠𝑡𝑜𝑐 ~𝐵(1, 𝑃𝑜𝑐
If the 𝑃𝑜𝑐 𝑠𝑡𝑜𝑐 = 1, we calculated the damaged trees as in the deterministic
̂ by 𝑃𝑜𝑐 𝑠𝑡𝑜𝑐 . If the 𝑃𝑜𝑐 𝑠𝑡𝑜𝑐 = 0 then no trees were
approach but substituting 𝑃𝑜𝑐
damaged in that stand and rotation year.
When using the stochastic approach, with stochasticity both at plot and tree level,
we first determined whether there was damage occurrence or not. If there was a
damage occurrence at plot level, then we estimated whether each tree of each
representative tree, n, was actually damaged or not (first for uprooted: 𝑃𝑛 𝑖 𝑢𝑝 𝑠𝑡𝑜𝑐 ) by
using a random realisation of a binomial distribution where the probability of damage
was obtained for one trial, and using, as the probability of success, the estimated
̂ , multiplied by the observed damage distribution
probability of uprooted damage, 𝑃𝑢𝑝
by diameter class, 𝑃𝑛 𝑢𝑝 𝐷𝐶 :
̂ ∗ 𝑃𝑛 𝑢𝑝 𝐷𝐶 )
𝑃𝑛 𝑖 𝑢𝑝 𝑠𝑡𝑜𝑐 ~𝐵(1, 𝑃𝑢𝑝
The sum of all 𝑃𝑛 𝑖 𝑢𝑝 𝑠𝑡𝑜𝑐 = 1 is the total number of uprooted damaged trees for
each representative tree, n. Then, the same process was performed to estimate whether
the remaining alive representative trees were broken or not by calculating 𝑃𝑛 𝑖 𝑏𝑟 𝑠𝑡𝑜𝑐 :
𝑃𝑛 𝑖 𝑏𝑟 𝑠𝑡𝑜𝑐 ~𝐵(1, ̂
𝑃𝑏𝑟 ∗ 𝑃𝑛 𝑏𝑟 𝐷𝐶 )
The optimisation was performed using the differential evolution method as
described in Pukkala (2009) and Arias-Rodil et al. (2015), having the LEV as the
objective function. The initial stand in the simulation was a representative young
stand dominated by spruce trees.
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RESULTS
Assessment of the main natural disturbances
Snow, wind and browsing by ungulates were the agents causing most of the damage
observations and impact on Norwegian forests across the studied period, but had
different frequencies across time (Fig. 4) and space. Browsing damage frequency
remained relatively constant, with different peaks during the studied interval. Areas
with higher browsing damage frequencies were around the most productive forests in
the country, located in the south-west. On the other hand, wind and snow damage
occurrence declined over time, but suffered an increase in 2012–2014. Wind and snow
damage were mainly concentrated in mountainous areas, with no major spatial
differences between north and south. According to the NFI-protocols measurements,
the mean browsing damage rate was 27%, while for snow and wind it was 11%.
In relation to forest types, birch forest was the most affected, followed by mixed
and spruce forests. Birch and mixed forests were mainly damaged by browsing, and
wind and snow, while spruce forests were more affected by wind and snow.
According to the contingency tables and chi-squared tests, the observed damage
frequency was higher than expected for snow damage to mature and intermediate
birch forests. It was also higher than expected for wind damage on mature spruce
forests, and browsing damage frequencies for all young forests, except on sprucedominated forests.
Browsing damage
The five most important variables that predict browsing damage were: age,
development class, basal area, stand size and density (proving hypothesis 1). The
models indicated that young stands with low tree densities had higher probabilities of
damage occurrence. Plots with higher species diversity were also more prone to
suffering damage. On the other hand, the stand size did not have a clear predictive
effect across all the models. Other variables, such as dominant species and Shannon
index, indicated that stands dominated by mixed species, pine or more diverse species,

Figure 4. Characterisation of damage time-series, and rates of browsing, and snow
and wind damages, as collected in the NFI data.
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were more susceptible to damage. Moreover, increasing proportions of deciduous,
birch or pine also increased the probability of browsing damage occurrence.
Snow and wind damage
Both site and forest stand variables were relevant for predicting snow and wind
damage occurrence (proving hypothesis 1). The most important site-related variables
were latitude, altitude and slope. The models indicated that plots located on steeper
slopes, at more northerly latitudes and higher altitudes had higher probabilities of
suffering snow and wind damage. The most important forest stand-related variables
were tree density, mean diameter, dominant height and structure (Gini coefficient);
however, the ratio between height and diameter, slenderness, did not play a relevant
role in the damage occurrence predictions. Moreover, the relative importance of each
of the variables changed across each of the forest-type models, and the variable
dominant specie made a low contribution to the model for all the species together.
In the occurrence models, the pairwise interactions among the predictive variables
were different for each forest type (Fig. 5). The strongest interactions on sprucedominated stands were between density, dominant height and site index, and between
Gini coefficient and altitude, but their interaction values were lower compared to the
other forest types. In the selected model for birch-dominated stands, the strongest
interaction values were between the Gini coefficient and the stand mean diameter.
Finally, in the selected model for mixed stands, the interactions with higher values
were between latitude and the Shannon index, and between latitude and altitude,
although the combined latitude and altitude effect did not necessarily increase the
damage probability.
Forest characteristics were also relevant when predicting the proportion of
damaged trees, such as stand basal area, mean diameter, height and slenderness (partly

Figure 5. Interactions and importance of variables for snow and wind damage
occurrence models by forest type. Wider lines represent a stronger interaction among
variables. The size of the node corresponds with the variable importance in the model
(larger nodes indicating more importance).
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proving hypothesis 2). After accounting for the effects of all the variables included in
the model, increasing basal area resulted in less vulnerable stands. Increasing mean
diameter increased damage for all forest types, except for mixed stands. Increasing
height increased the probability of broken trees; however, taller trees were less
susceptible to being uprooted. On spruce-dominated stands, increasing slenderness
indicated that trees were more prone to breakage but, it indicated the opposite in the
model predicting the proportion of uprooted trees, where increasing slenderness
lowered the probability of damage.
Simulation and optimisation
The consideration of snow and wind damage did have an effect on the optimal
management of a spruce-dominated stand (proving hypothesis 3) (Fig. 6). Optimal
management without considering the risk of damaged produced higher LEVs than
when the risk was considered. Stock volume was lower across time, when risk was
considered in the management, particularly towards the end of the rotation.
Considering risk also shortened the rotation, or maintained equal for most of the
optimisation cases, and increasing the discount rate meant a decrease in the stand
basal area and shorter rotation lengths.

Figure 6. Optimal management prescriptions and basal area dynamics across time for
a spruce-dominated stand at 1, 2 and 3% discount rates, with an establishment cost
of 1500€ ha-1 and considering the risk of damage using four different approaches: 1)
stochastic at plot-level (Stochastic (p)); 2) stochastic at plot- and tree-level (Stochastic
(pt)); 3) deterministic simulation of damage (Damage); and 4) without considering the
risk of snow and wind damage (No damage).
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DISCUSSION
The studies included in this thesis analysed the different aspects required to include
natural disturbances risk into forest management in Norway. They focused on two
abiotic damage (snow and wind) and one biotic damage (browsing by ungulates).
These damaging agents were selected due to their importance in Norway over the
studied period (I). The developed framework followed two mains steps: 1) a risk
assessment (natural disturbances characterisation and modelling); and 2) a risk
management (simulation and optimisation). Although both biotic and abiotic damage
are highly dependent on the exposure to the damaging agents (size of the ungulates
population, snow load or wind intensity), understanding the reasons behind a more
vulnerable stand enables us to incorporate the risk of damage into forest management
and planning (II, III, IV, V).
The studies covered large areas and worked with a comprehensive database that
allowed for a generalisation of the findings over larger areas, dealing with a major
problem of most of previous studies, that have only worked on regionally very limited
spatial levels (Hanewinkel et al. 2011). The NFI data used, contained observations
from 20 years and at country level. Data from NFIs also has its limitations, for
example it can only provide information within the boundaries of available forest
management which might limit the understanding of alternative management
methods. Despite their limitations, the NFIs have proved to be a relievable source of
data for understanding disturbances and creating predictive models (Dobbertin, 2002;
Vospernik, 2006; Selkimäki and González-Olabarria, 2016).
An understanding of what makes one specific stand more vulnerable than another
is complex, as many of the relevant variables are connected and interrelated. In order
to model natural disturbance dynamics, we need to consider multiple variables, at
different levels, and their interactions. Although models are a simplification of the
reality, they do allow the quantitative study of the effects of complex events, such as
disturbances (Seidl, 2017). The developed models have provided several
advancements in the risk assessment of damage in Norwegian forests, and identified
key factors of stand vulnerability to browsing, snow and wind damage.
Major advancements in developed damage models
The damage and occurrence models covered a knowledge gap, as these models had
not been developed in Norway, and were scarce for boreal forests. The models used
easily measurable variables that had already been collected from large databases, such
as NFIs, as predictors. The damage models were based on extensive data, and they
enhance the understanding of natural disturbances and forest vulnerability. They can
also be used to consider damage in various scenarios, and investigate damage effects
under changing conditions.
The major contributions of the occurrence and damage models are: 1) they
establish the vulnerability of a stand to suffering damage occurrence, based on site
and forest characteristics, and determine which of the variables has a higher impact
on increasing the probability of damage from ungulate browsing (II), and snow and
wind (III); and 2) snow and wind damage models predict the damage proportions
using stand variables (IV).
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The damage models from this study are a first attempt to create country-level
models for boreal conditions. The predictions from the occurrence models can be used
to provide a regional- or country-level information on which areas are more prone to
suffer damage. Predictions that consider larger areas and the spatial heterogeneity
contribute better to sustaining the future of ecosystem services and their tradeoffs
(Turner et al. 2012; Seidl et al. 2018). On the one hand, disturbances are spatially
diverse, and require a landscape-level consideration (Senf and Seidl, 2018), and on
the other hand, management might not work in the same manner across the space, and
therefore it would be less appropriate to apply spatially-uniform prescriptions to large
spatial areas.
The occurrence models were developed using machine-learning approaches. This
method allows the consideration of a high number of predictive variables, which is
generally complex and not possible using more traditional approaches, such as logistic
models, and so providing a better understanding of their relative significance and
interaction levels. Machine-learning methods can also provide a superior predictive
performance compared to other traditional methods (Elith et al. 2006; Leathwick et
al. 2006; Elith et al. 2008). Previous studies that predicted snow and wind damage to
forests have used a mechanistic approach (Gardiner et al. 2008), or an empirical
approach (Valinger and Fridman, 2011, Albrecht et al. 2013), to the modelling.
Although empirical approaches have the disadvantage of providing limited insights
into the mechanistic processes, they are able to fully account for the dataset
complexity, and identify the key factors that lead to snow and wind damage (Mitchell
and Ruel, 2015).
Key factors of stand vulnerability to browsing damage
Browsing was one of the most relevant disturbances in Norwegian forests across the
study period, both in terms of occurrence frequency and damage importance. The
models predicting browsing damage occurrence showed that the most important
variables for defining damage vulnerability were the stand age, development class,
basal area, stand size and density (II). The stand age and development class indicated
that young stands have higher probabilities of suffering damage, as they have more
forage at a suitable height (Jalkanen, 2001). Stand density also had an important role
in the damage probability. Lower tree densities increase the damage probability, as
they facilitated the accessibility to the stand (Andren and Angelstam, 1993; Jactel et
al. 2009).
Several studies have discussed about the importance of the stand size. On the one
hand, small stands are more attractive to ungulates, as the distances between foraging
and shelter areas are decreased (Edenius et al. 2002b). On the other hand, larger stands
are more damaged because ungulates spend more time browsing (Nevalainen et al.
2016). In our study, stand size was also a key factor in defining browsing damage
probability; however, it did not show a clear trend.
The dominant species and species diversity play an important role in determining
stand vulnerability to browsing. Previous studies have also found that stands
dominated by birch, mixed species and pine are more vulnerable than those dominated
by spruce (Jalkanen, 2001; Edenius et al. 2002b). In relation to stand species diversity,
our results showed that more diverse stands are more prone to suffer browsing damage
and, according to other studies, to suffer higher damage impacts, as ungulates have a
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larger range of browsing options, and browse from both preferred and less preferred
tree species (Milligan and Koricheva, 2013; Nevalainen et al. 2016).
The model defining browsing damage occurrence provides a relevant analysis of
how site and forest stand variables affect stand vulnerability. The developed model
could be used to see how much influence can be gained from forest management, and
to what degree landscape patterns could be managed to enhance stand resistance, by,
for example, considering the role of the stand size at the landscape level.
Key factors of stand vulnerability to wind and snow damage
The wind and snow damage models showed that both site and forest stand variables
contain predisposition factors for damage (III, IV). Location and site variables were
relevant when predicting damage occurrence (III). Variables such as latitude, altitude
and slope had an important contribution in the models. Increasing latitude and altitude
typically means an increase in exposure to snow and wind; in contrast, trees located
at more northerly latitudes and higher altitudes might be more adapted to the exposure
(Nicoll et al. 2008), and therefore, better able to resist higher levels of the damaging
agents. Contrarily, other studies have found a negative relationship between altitude
and damage (Albrecht et al. 2013). It is always challenging to analyse these site
factors separately, since other relevant variables could have an influence, e.g. the
proximity to an stand border with a different forest structures (Lanquaye-Opoku and
Mitchell, 2005; Zubizarreta-Gerendiain et al. 2017).
The lack of inclusion of site characteristics in damage models (IV) contradicts
previous findings (Jalkanen and Mattila, 2000; Scott and Mitchell, 2005), which is
explained by the fact that, in this case, only damaged stands were considered, and
they were already spatially defined (I).
The forest stand predisposition factors for damage occurrence were stand density,
mean diameter, dominant height and structure (Gini coefficient); however, the relative
importance of each of the variables and their interaction values changed for each
individual forest type. Forest characteristics were also relevant when predicting the
proportion of damaged trees, such as basal area, mean diameter, height and
slenderness. Slenderness was an interesting variable, as it showed different predictive
effects in the occurrence and damage models. In the model developed for a sprucedominated forest, slenderness did not play a relevant role, although it agreed with the
idea that increasing slenderness or tree height, increases the probability of damage, as
discussed in other studies (Fridman and Valinger, 1998; Peltola et al. 1999b). On the
other hand, in the models predicting the probability of a tree to being uprooted or
broken, slenderness played an important role, showing that with increasing
slenderness, the risk of uprooting decreases. This finding, contradicts previous results
(Päätalo et al. 1999), but agrees with the idea that more slender trees are more prone
to breakage than uprooting (Peltola et al. 1999b; Päätalo, 2000).
In addition, the contribution of the variable dominant species was very limited in
the damage occurrence models for all the species together. Other predictive variables
showed different behaviours in each of the forest type models. We assumed that the
dominant species would represent the species-based differences (e.g., rooting of
crown shape) (Albrecht et al. 2012); however, the low importance of this variable,
and the different effects of other predictive variables, could indicate that detailed
variables describing relevant tree species shape could also be included as predictor
variables.
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Forest management under the risk of wind and snow damage
The integration of risk assessment into forest management presents several
challenges, but a lack of consideration of risk can lead to losses and undesired
outcomes. The integration of risk management into forestry requires of methods that
can quantify the stochasticity and dynamism inherent in natural disturbances and
forest dynamics.
Several studies, on Norwegian conditions, have tried to find optimal management
actions by considering ecosystem services, such as timber or carbon, as management
objectives (Eid et al. 2002; Raymer et al. 2009; Buongiorno et al. 2012), but none of
them included the risk of disturbances. We found that a lack of consideration of risk
led to an overestimation of the revenues and a shortening of the rotations lengths (V),
as reported by other studies (Zubizarreta-Gerendiain et al. 2017).
Economic losses caused by natural disturbances are caused by the intrinsic link
between these and productivity (Reyer et al. 2017). Disturbances’ damage might have
a positive effect if, for example, a reduction in the stand density acted as a thinning,
thereby reducing tree competition; however, when the disturbance exceeds a certain
limit, for example if a reduction in stand leaf area is too high, it will diminish the
productivity of the stand. There is also a temporal relationship between productivity
and disturbances, as certain development phases are more vulnerable to suffering
damage, for example, those stages when trees are taller and therefore more vulnerable
to wind damage (Peltola et al. 1999b), or have low densities, making them more prone
to suffer browsing damage (Andren and Angelstam, 1993). How productive the stand
is will also determine how long it stays in the most vulnerable stages, the time needed
to recover after a disturbance damage event and the time required to reach more
productive stages.
Forest management can reduce the losses caused by wind and snow, as
demonstrated by previous research (Wallentin and Nilsson, 2014; Pukkala et al.
2016). In order to improve economic revenues, we found that management actions,
such as reducing tree densities earlier, when the trees are economically viable, leaving
lower volumes towards the end, and shortening the rotation length, reduced the losses
from wind and snow damage; however, timber production was the only management
objective considered in this study, and if other services were also to be included, this
management recommendation would likely change (Liski et al. 2001).
Timber prices and discount rates are subject to periodic fluctuations, affecting the
forecasting of expected revenues, and increasing the uncertainty associated with such
predictions (Pukkala and Kellomäki, 2012). The stochastic nature of disturbances also
increases the uncertainty in the expected revenues, therefore it is crucial to establish
priorities to consider the variations of the damage, and not only the mean values
(McCarthy and Burgman, 1995). Furthermore, a stochastic consideration of damage
allows the inclusion of the attitude of the manager towards risk (Pukkala and Kangas,
1996).
Abiotic disturbance regimes and intensities are highly related to climate change,
but it is not clear how disturbance dynamics are going to change in Northern Europe
(Feser et al. 2015; Mölter et al. 2016). Several studies have pointed to a relationship
between a change in climate and an increase in specific types of disturbance
(Schelhaas et al. 2010; Seidl et al. 2011b). In boreal forests, rises in temperature
reduce the period during which the soil is frozen, and increase wet snow, consequently
increasing susceptibility of trees to be uprooted (Peltola et al. 1999b) and their
branches and stems to be broken (Nykänen et al. 1997). Even assuming no rise in
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temperatures, and storms frequency or intensity, damage from snow or wind are
expected to increase due to an increasing forest vulnerability (Schelhaas et al. 2003);
growing stocks in forests increase every year, and forests become older.
Future prospects
The main ambition of the developed models was to benefit from the vast amount of
data available across space and time. The limitations of the models’ development
raised several issues that will need further study; for example, the inclusion of damage
interactions across space and time, or the consideration of relevant climate data to
enable a better understanding of how potential future changes in climate will affect
risk. For the biotic damage model (browsing occurrence), it is necessary to develop a
model to predict the impact of the damage in the stand. Moreover, it would be
interesting to explore how a tree-level model could complement the current developed
models. Finally, according to the results, mixed- and broadleaf-dominated stands
were more damaged than coniferous stands, and showed interesting interactions
among variables and threshold values that are worth further exploration.
The risk simulations, and finding of optimal management prescriptions improved
the current understanding of how risk changes management, and evaluated to what
degree the proposed managements would enhance the desired ecosystem services.
The simulation and optimisation presented here were a first attempt using a simplified
approach, and therefore have several aspects that could be improved in future studies.
In the stand dynamic simulation, we only managed towards one ecosystem service –
timber production; however, forest changes are driven by multiple aspects (e.g.,
disturbances, changes in climate, societal values or ecological shifts). With increasing
uncertainty, it is then even more relevant that we evaluate whether the selected
management actions can or cannot truly mitigate the undesirable losses. These
become more complex when considering the interactions between drivers of forest
change and the tradeoffs among different ecosystem services. The dynamic stand
simulator from this study could easily be implemented for the quantification of other
ecosystem services, such as biodiversity and carbon capture. Therefore, it would be
possible to estimate to what degree management actions have an effect on improving
these ecosystem services, and what the tradeoffs are.
Few studies have covered large areas and worked with extensive datasets that
allow generalisation of the findings to larger areas. The probabilities of damage and
effects that natural disturbances have on forests can vary in space. The developed
models can quantify for spatial changes, and therefore they could also be used in
future studies. For example, a landscape approach would allow us to understand
which areas can be managed for mitigation of the effects of the disturbances on
services and products, and which areas can be left unmanaged to embrace the
disturbance effects, for example to promote biodiversity.
This thesis presents a general scheme of how to integrate risk into long-term forest
management. The modelling and simulations provided an understanding of key
damage mechanisms. The framework used ultimately aimed to integrate disturbances
dynamics and risk assessment, as a part of future forest management under changing
scenarios, and to deliver useful information to decision-makers.
A general problem still remains, however, as there is no perfect step-by-step
framework for how to deal with risk and how to benefit from past data knowledge,
particularly under the uncertainty of future changing climatic conditions.
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Nevertheless, it is clear that natural disturbances must be considered when making
forest management plans, and therefore we should carry on seeking for, and
improving our, knowledge on disturbance dynamics, their interactions and ecosystem
service tradeoffs, while expanding our approaches and methodologies to confront new
challenges in forest management.

29

REFERENCES
Agee, J.K., Skinner, C.N. (2005). Basic principles of forest fuel reduction treatments.
Forest Ecology and Management 211: 83–96.
https://doi.org/10.1016/j.foreco.2005.01.034
Albrecht, A., Hanewinkel, M., Bauhus, J., Kohnle, U. (2012). How does silviculture
affect storm damage in forests of south-western Germany? Results from empirical
modeling based on long-term observations. European Journal of Forest Research
131: 229–247.
https://doi.org/10.1007/s10342-010-0432-x
Albrecht, A., Kohnle, U., Hanewinkel, M., Bauhus, J. (2013). Storm damage of
Douglas-fir unexpectedly high compared to Norway spruce. Annals of Forest
Science 70: 195–207.
https://doi.org/10.1007/s13595-012-0244-x
Allen, E. (2001). Forest health assessment in Canada. Ecosystem Health 7: 28–34.
https://doi.org/10.1046/j.1526-0992.2001.007001028.xNFI
Andren, H., Angelstam, P. (1993). Moose browsing on Scots pine in relation to stand
size and distance to forest edge. Journal of Applied Ecology 30: 133–142.
https://doi.org/10.2307/2404277
Arias-Rodil, M., Pukkala, T., González-González, J.M., Barrio-Anta, M., DiéguezAranda, U. (2015). Use of depth-first search and direct search methods to optimize
even-aged stand management: a case study involving maritime pine in Asturias
(northwest Spain). Canadian Journal of Forest Research 45: 1269–1279.
https://doi.org/10.1139/cjfr-2015-0044
Bakke, A. (1989). The recent Ips typographus outbreak in Norway: Experiences from
a control program. Holarctic Ecology 12: 515–519.
https://doi.org/10.2307/3682063
Bergeron, Y., Gauthier, S., Kafka, V., Lefort, P., Lesieur, D. (2001). Natural fire
frequency for the eastern Canadian boreal forest: consequences for sustainable
forestry. Canadian Journal of Forest Research 31: 384–391.
https://doi.org/10.1139/cjfr-31-3-384
Blennow, K., Sallnäs, O. (2004). WINDA—a system of models for assessing the
probability of wind damage to forest stands within a landscape. Ecological
Modelling 175: 87–99.
https://doi.org/10.1016/j.ecolmodel.2003.10.009
Blingsmo, K.R., Veidahl, A. (1992). Funksjoner for bruttopris av gran- og fututrær på
rot (Functions for gross price of standing spruce and pine trees). Research Paper
of Skogforsk. 23p.

30

Bollandsås, O.M., Buongiorno, J., Gobakken, T. (2008). Predicting the growth of
stands of trees of mixed species and size: A matrix model for Norway.
Scandinavian Journal of Forest Research 23: 167–178.
https://doi.org/10.1080/02827580801995315
Braastad, H. (1966). Volumtabeller for bjørk (Volume tables for birch).
Communications of Norwegian Forest Research Institute. 53p.
Braastad, H. (1967). Furu sønnafjells. Kubering av stående skog. Funksjoner og
tabeller (Volume functions and tables for Scots pine. South Norway). Meddelelser
fra Det norske Skogforsøksvesen. 22: 695–739.
Breiman, L., Friedman, J., Stone, C.J., Olshen, R.A. (1984). Classification and
Regression Trees. Chapman and Hall/CRC. 368p.
Buongiorno, J., Halvorsen, E.A., Bollandsås, O.M., Gobakken, T., Hofstad, O.
(2012). Optimizing management regimes for carbon storage and other benefits in
uneven-aged stands dominated by Norway spruce, with a derivation of the
economic supply of carbon storage. Scandinavian Journal of Forest Research 27:
460–473.
https://doi.org/10.1080/02827581.2012.657671
Dobbertin, M. (2002). Influence of stand structure and site factors on wind damage
comparing the storms Vivian and Lothar. Forest Snow and Landscape Research.
77: 187–205.
Edenius, L., Bergman, M., Ericsson, G., Danell, K. (2002a). The role of moose as a
disturbance factor in managed boreal forests. Silva Fennica 36: 57–67.
https://doi.org/https://doi.org/10.14214/sf.550
Edenius, L., Ericsson, G., Näslund, P. (2002b). Selectivity by moose vs the spatial
distribution of aspen: a natural experiment. Ecography 25: 289–294.
https://doi.org/10.1034/j.1600-0587.2002.250305.x
Eid, T., Hoen, H.F., Økseter, P. (2002). Timber production possibilities of the
Norwegian forest area and measures for a sustainable forestry. Forest Policy and
Economics 4: 187–200.
Elith, J., Graham, C.H., Anderson, R.P., Dudík, M., Ferrier, S., Guisan, A., Hijmans,
R.J., Huettmann, F., Leathwick, J.R., Lehmann, A., Li, J., Lohmann, L.G.,
Loiselle, B.A., Manion, G., Moritz, C., Nakamura, M., Nakazawa, Y., Overton,
J.M.M., Townsend Peterson, A., Phillips, S.J., Richardson, K., Scachetti-Pereira,
R., Schapire, R.E., Soberón, J., Williams, S., Wisz, M.S., Zimmermann, N.E.
(2006). Novel methods improve prediction of species’ distributions from
occurrence data. Ecography 29: 129–151.
https://doi.org/10.1111/j.2006.0906-7590.04596.x
Elith, J., Leathwick, J.R., Hastie, T. (2008). A working guide to boosted regression
trees. Journal of Animal Ecology 77: 802–813.
https://doi.org/10.1111/j.1365-2656.2008.01390.x

31

Fahey, R.T., Alveshere, B.C., Burton, J.I., D'Amato, A.W., Dickinson, Y.L., Keeton,
W.S., Kern, C.C., Larson, A.J., Palik, B.J., Puettmann, K.J., Saunders, M.R.,
Webster, C.R., Atkins, J.W., Gough, C.M., Hardiman, B.S. (2018). Shifting
conceptions of complexity in forest management and silviculture. Forest Ecology
and Management 1–13.
https://doi.org/10.1016/j.foreco.2018.01.011
Feser, F., Barcikowska, M., Krueger, O., Schenk, F., Weisse, R., Xia, L. (2015).
Storminess over the North Atlantic and northwestern Europe-A review. Quarterly
Journal of the Royal Meteorological Society 141: 350–382.
https://doi.org/10.1002/qj.2364
Fridman, J., Valinger, E. (1998). Modelling probability of snow and wind damage
using tree, stand, and site characteristics from Pinus sylvestris sample plots.
Scandinavian Journal of Forest Research 13: 348–356.
https://doi.org/10.1080/02827589809382994
Gardiner, B., Byrne, K., Hale, S., Kamimura, K., Mitchell, S.J., Peltola, H., Ruel, J.C.
(2008). A review of mechanistic modelling of wind damage risk to forests.
Forestry 81: 447–463.
https://doi.org/10.1093/forestry/cpn022
Gardiner, B., Blennow, K., Carnus, J.-M., Fleischer, P., Ingemarson, F., Landmann,
G., Lindner, M., Marzano, M., Nicoll, B., Usbeck, T., Orazio, C., Peyron, J.-L.,
Reviron, M.-P., Schelhaas, M.-J., Schuck, A., Spielmann, M. (2010). Destructive
Storms in European Forests. Past and Forthcoming Impacts. European Forest
Institute. 137p.
González, J.R., Palahí, M., Trasobares, A., Pukkala, T. (2006). A fire probability
model for forest stands in Catalonia (north-east Spain). Annals of Forest Science
63: 169–176.
https://doi.org/10.1051/forest:2005109
González, J.R., Trasobares, A., Palahí, M., Pukkala, T. (2007). Predicting stand
damage and tree survival in burned forests in Catalonia (North-East Spain).
Annals of Forest Science 64: 733–742.
https://doi.org/10.1051/forest:2007053
González-Olabarria, J.R., Palahí, M., Pukkala, T., Trasobares, A. (2008). Optimising
the management of Pinus nigra Arn. stands under endogenous risk of fire in
Catalonia. Forest Systems 17: 10–17.
https://doi.org/10.5424/srf/2008171-01019
González-Olabarria, J.R., Garcia-Gonzalo, J., Mola-Yudego, B., Pukkala, T. (2017).
Adaptive management rules for Pinus nigra Arnold ssp. salzmannii stands under
risk of fire. Annals of Forest Science 74: 1–11.
https://doi.org/10.1007/s13595-017-0649-7

32

Hanewinkel, M., Hummel, S., Albrecht, A. (2011). Assessing natural hazards in
forestry for risk management: a review. European Journal of Forest Research 130:
329–351.
https://doi.org/10.1007/s10342-010-0392-1
Hanewinkel, M., Kuhn, T., Bugmann, H., Lanz, A., Brang, P. (2014). Vulnerability
of uneven-aged forests to storm damage. Forestry 87: 525–534.
https://doi.org/10.1093/forestry/cpu008
Heinonen, T., Pukkala, T., Ikonen, V.P., Peltola, H., Venäläinen, A., Dupont, S.
(2009). Integrating the risk of wind damage into forest planning. Forest Ecology
and Management 258: 1567–1577.
https://doi.org/10.1016/j.foreco.2009.07.006
Jactel, H., Nicoll, B.C., Branco, M., González-Olabarria, J.R., Grodzki, W.,
Langstrom, B., Moreira, F., Netherer, S., Orazio, C., Piou, D., Santos, H.,
Schelhaas, M.-J., Tojic, K., Vodde, F. (2009). The influences of forest stand
management on biotic and abiotic risks of damage. Annals of Forest Science 66:
701p1–701p18.
https://doi.org/10.1051/forest/2009054
Jactel, H., Bauhus, J., Boberg, J., Bonal, D., Castagneyrol, B., Gardiner, B., GonzálezOlabarria, J.R., Koricheva, J., Meurisse, N., Brockerhoff, E.G. (2017). Tree
Diversity Drives Forest Stand Resistance to Natural Disturbances. Current
Forestry Reports 3: 223–243.
https://doi.org/10.1007/s40725-017-0064-1
Jalkanen, A. (2001). The probability of moose damage at the stand level in southern
Finland. Silva Fennica 35: 159–168.
https://doi.org/https://doi.org/10.14214/sf.593
Jalkanen, A., Mattila, U. (2000). Logistic regression models for wind and snow
damage in northern Finland based on the National Forest Inventory data. Forest
Ecology and Management 135: 315–330.
https://doi.org/https://doi.org/10.1016/S0378-1127(00)00289-9
Kamimura, K., Gardiner, B., Dupont, S., Guyon, D., Meredieu, C. (2016).
Mechanistic and statistical approaches to predicting wind damage to individual
maritime pine (Pinus pinaster) trees in forests. Canadian Journal of Forest
Research 46: 88–100.
https://doi.org/10.1139/cjfr-2015-0237
Landsskogtakseringens (2008). Landsskogtakseringens feltinstruks 05/2008
(Handbook of Forestry and Landscape 05/2008, field instructions). Skog og
landska. 153p.
Lanquaye-Opoku, N., Mitchell, S.J. (2005). Portability of stand-level empirical
windthrow risk models. Forest Ecology and Management 216: 134–148.
https://doi.org/10.1016/j.foreco.2005.05.032

33

Leathwick, J.R., Elith, J., Francis, M.P., Hastie, T., Taylor, P. (2006). Variation in
demersal fish species richness in the oceans surrounding New Zealand: an analysis
using boosted regression trees. Marine Ecology Progress Series 321: 267–281.
https://doi.org/10.3354/meps321267
Liski, J., Pussinen, A., Pingoud, K., Mäkipää, R., Karjalainen, T. (2001). Which
rotation length is favourable to carbon sequestration? Canadian Journal of Forest
Research 31: 2004–2013.
https://doi.org/10.1139/cjfr-31-11-2004
Martín-Alcón, S., González-Olabarria, J.R., Coll, L. (2010). Wind and snow damage
in the Pyrenees pine forests: effect of stand attributes and location. Silva Fennica
44: 399–410.
https://doi.org/https://doi.org/10.14214/sf.138
McCarthy, M.A., Burgman, M.A. (1995). Coping with uncertainty in forest wildlife
planning. Forest Ecology and Management 74: 23–36.
https://doi.org/10.1016/0378-1127(94)03523-Y
Meilby, H., Strange, N., Thorsen, B.J. (2001). Optimal spatial harvest planning under
risk of windthrow. Forest Ecology and Management 149: 15–31.
https://doi.org/https://doi.org/10.1016/S0378-1127(00)00542-9
Milligan, H.T., Koricheva, J. (2013). Effects of tree species richness and composition
on moose winter browsing damage and foraging selectivity: an experimental
study. Journal of Animal Ecology 82: 739–748.
https://doi.org/10.1111/1365-2656.12049
Mitchell, S.J., Hailemariam, T., Kulis, Y. (2001). Empirical modeling of cutblock
edge windthrow risk on Vancouver Island, Canada, using stand level information.
Forest Ecology and Management 154: 117–130.
https://doi.org/10.1016/S0378-1127(00)00620-4
Mitchell, S.J., Ruel, J.-C. (2015). Modeling Windthrow at Stand and Landscape
Scales. In: Perera, Ajith H., Sturtevant, Brian R., Buse, Lisa J. (Eds.). Simulation
Modeling of Forest Landscape Disturbances. New York. p.17–43.
https://doi.org/10.1007/978-3-319-19809-5_2
Mölter, T., Schindler, D., Albrecht, A., Kohnle, U. (2016). Review on the Projections
of Future Storminess over the North Atlantic European Region. Atmosphere 7: 1–
40.
https://doi.org/10.3390/atmos7040060
Nevalainen, S., Sirkiä, S., Peltoniemi, M., Neuvonen, S. (2015). Vulnerability to pine
sawfly damage decreases with site fertility but the opposite is true with
Scleroderris canker damage; results from Finnish ICP forests and NFI data.
Annals of Forest Science 72: 909–917.
https://doi.org/10.1007/s13595-014-0435-8

34

Nevalainen, S., Matala, J., Korhonen, K.T., Ihalainen, A., Nikula, A. (2016). Moose
damage in National Forest Inventories (1986–2008) in Finland. Silva Fennica 50:
1–23.
https://doi.org/http://dx.doi.org/10.14214/sf.1410.
Nicoll, B.C., Gardiner, B., Peace, A.J. (2008). Improvements in anchorage provided
by the acclimation of forest trees to wind stress. Forestry 81: 389–398.
https://doi.org/10.1093/forestry/cpn021
Nykänen, M.-L., Peltola, H., Quine, C., Kellomäki, S. (1997). Factors affecting snow
damage of trees with particular reference to European conditions. Silva Fennica
31: 192–213.
https://doi.org/https://doi.org/10.14214/sf.a8519 clima
O'Hara, K.L., Ramage, B.S. (2013). Silviculture in an uncertain world: utilizing multiaged management systems to integrate disturbance. Forestry 86: 401–410.
https://doi.org/10.1093/forestry/cpt012
Pasztor, F., Matulla, C., Zuvela-Aloise, M., Rammer, W., Lexer, M. J. (2014).
Developing predictive models of wind damage in Austrian forests. Annals of
Forest Science 72: 289–301.
https://doi.org/10.1007/s13595-014-0386-0
Päätalo, M.-L. (2000). Risk of snow damage in unmanaged and managed stands of
scots pine, norway spruce and birch. Scandinavian Journal of Forest Research 15:
530–541.
https://doi.org/10.1080/028275800750173474
Päätalo, M.-L., Peltola, H., Kellomäki, S. (1999). Modelling the risk of snow damage
to forests under short-term snow loading. Forest Ecology and Management 116:
51–70.
https://doi.org/10.1016/S0378-1127(98)00446-0
Peltola, H., Kellomäki, S., Väisänen, H. (1999a). Model computations of the impact
of climatic change on the windthrow risk of trees. Climatic Change 41: 17–36.
https://doi.org/10.1023/A:1005399822319
Peltola, H., Kellomäki, S., Väisänen, H., Ikonen, V.P. (1999b). A mechanistic model
for assessing the risk of wind and snow damage to single trees and stands of Scots
pine, Norway spruce, and birch. Canadian Journal of Forest Research 29: 647–
661.
https://doi.org/10.1139/x99-029
Peltola, H., Ikonen, V.P., Gregow, H., Strandman, H., inen, A.K., inen, A.V.L., ki,
S.K. (2010). Impacts of climate change on timber production and regional risks of
wind-induced damage to forest in Finland. Forest Ecology and Management 260:
833–845.
https://doi.org/10.1016/j.foreco.2010.06.001

35

Persson, I.-L., Danell, K., Bergström, R. (2000). Disturbance by large herbivores in
boreal forests with special reference to moose. Annales Zoologici Fennici 37:
251–263.
Pietrzykowski, E., McArthur, C., Fitzgerald, H., Goodwin, A.N. (2003). Influence of
patch characteristics on browsing of tree seedlings by mammalian herbivores.
Journal of Applied Ecology 40: 458–469.
https://doi.org/10.1046/j.1365-2664.2003.00809.x
Pukkala, T. (2009). Population-Based Methods in the Optimization of Stand
Management. Silva Fennica 43: 261–274.
Pukkala, T., Kangas, J. (1996). A method for integrating risk and attitude toward risk
into forest planning. Forest Science 42: 198–205.
Pukkala, T., Kellomäki, S. (2012). Anticipatory vs adaptive optimization of stand
management when tree growth and timber prices are stochastic. International
Journal of Forestry Research 85: 1–10.
https://doi.org/10.1093/forestry/cps043
Pukkala, T., Laiho, O., Lähde, E. (2016). Continuous cover management reduces
wind damage. Forest Ecology and Management 372: 120–127.
https://doi.org/10.1016/j.foreco.2016.04.014
Raymer, A.K., Gobakken, T., Solberg, B., Hoen, H.F., Bergseng, E. (2009). A forest
optimisation model including carbon flows: Application to a forest in Norway.
Forest Ecology and Management 258: 579–589.
https://doi.org/10.1016/j.foreco.2009.04.036
Reyer, C.P.O., Bathgate, S., Blennow, K., Borges, J.G., Bugmann, H., Delzon, S.,
Faias, S.P., Garcia-Gonzalo, J., Gardiner, B., González-Olabarria, J.R., Gracia, C.,
Hernández, J.G., Kellomäki, S., Kramer, K., Lexer, M.J., Lindner, M., van der
Maaten, E., Maroschek, M., Muys, B., Nicoll, B., Palahí, M., Palma, J.H., Paulo,
J.A., Peltola, H., Pukkala, T., Rammer, W., Ray, D., Sabaté, S., Schelhaas, M.-J.,
Seidl, R., Temperli, C., Tomé, M., Yousefpour, R., Zimmermann, N.E.,
Hanewinkel, M. (2017). Are forest disturbances amplifying or canceling out
climate change-induced productivity changes in European forests? Environmental
Research Letters 12: 034027–14.
https://doi.org/10.1088/1748-9326/aa5ef1
Roessiger, J., Griess, V.C., Knoke, T. (2011). May risk aversion lead to near-natural
forestry? A simulation study. Forestry 84: 527–537.
https://doi.org/10.1093/forestry/cpr017
Schelhaas, M.-J., Hengeveld, G., Moriondo, M., Reinds, G.J., Kundzewicz, Z.W.,
Maat, ter, H., Bindi, M. (2010). Assessing risk and adaptation options to fires and
windstorms in European forestry. Mitigation and Adaptation Strategies for Global
Change 15: 681–701.
https://doi.org/10.1007/s11027-010-9243-0

36

Schelhaas, M.-J., Nabuurs, G.J., Schuck, A. (2003). Natural disturbances in the
European forests in the 19th and 20th centuries. Global Change Biology 9: 1620–
1633.
https://doi.org/10.1046/j.1365-2486.2003.00684.x
Schroeder, L.M., Eidmann, H.H. (1993). Attacks of bark‐ and wood‐boring coleoptera
on snow‐broken conifers over a two‐year period. Scandinavian Journal of Forest
Research 8: 257–265.
https://doi.org/10.1080/02827589309382775
Scott, R.E., Mitchell, S.J. (2005). Empirical modelling of windthrow risk in partially
harvested stands using tree, neighbourhood, and stand attributes. Forest Ecology
and Management 218: 193–209.
https://doi.org/10.1016/j.foreco.2005.07.012
Seidl, R. (2017). To Model or not to Model, That is no Longer the Question for
Ecologists. Ecosystems 20: 222–228.
https://doi.org/10.1007/s10021-016-0068-x
Seidl, R., Albrich, K., Thom, D., Rammer, W. (2018). Harnessing landscape
heterogeneity for managing future disturbance risks in forest ecosystems. Journal
of Environmental Management 209: 46–56.
https://doi.org/10.1016/j.jenvman.2017.12.014
Seidl, R., Fernandes, P.M., Fonseca, T.F., Gillet, F., Jönsson, A.M., Merganičová, K.,
Netherer, S., Arpaci, A., Bontemps, J.-D., Bugmann, H., González-Olabarria, J.R.,
Lasch, P., Meredieu, C., Moreira, F., Schelhaas, M.-J., Mohren, F. (2011a).
Modelling natural disturbances in forest ecosystems: a review. Ecological
Modelling 222: 903–924.
https://doi.org/10.1016/j.ecolmodel.2010.09.040
Seidl, R., Schelhaas, M.-J., Lexer, M.J. (2011b). Unraveling the drivers of
intensifying forest disturbance regimes in Europe. Global Change Biology 17:
2842–2852.
https://doi.org/10.1111/j.1365-2486.2011.02452.x
Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G.,
Wild, J., Ascoli, D., Petr, M., Honkaniemi, J., Lexer, M.J., Trotsiuk, V., Mairota,
P., Svoboda, M., Fabrika, M., Nagel, T.A., Reyer, C.P.O. (2017). Forest
disturbances under climate change. Nature Climate Change 7: 395–402.
https://doi.org/10.1038/nclimate3303
Selkimäki, M., González-Olabarria, J.R. (2016). Assessing gully erosion occurrence
in forest lands in catalonia (Spain). Land Degradation & Development 28: 616–
627.
https://doi.org/10.1002/ldr.2533
Selkimäki, M., González-Olabarria, J.R., Pukkala, T. (2012). Site and stand
characteristics related to surface erosion occurrence in forests of Catalonia
(Spain). European Journal of Forest Research 131: 727–738.
https://doi.org/10.1007/s10342-011-0545-x

37

Senf, C., Seidl, R. (2018). Natural disturbances are spatially diverse but temporally
synchronized across temperate forest landscapes in Europe. Global Change
Biology 24: 1201–1211.
https://doi.org/10.1111/gcb.13897
Sharma, R.P., Breidenbach, J. (2014). Modeling height-diameter relationships for
Norway spruce, Scots pine, and downy birch using Norwegian national forest
inventory data. Forest Science and Technology 11: 44–53.
https://doi.org/10.1080/21580103.2014.957354
Subramanian, N., Bergh, J., Johansson, U., Nilsson, U., Sallnäs, O. (2016).
Adaptation of Forest Management Regimes in Southern Sweden to Increased
Risks Associated with Climate Change. Forests 7: 1–18.
https://doi.org/10.3390/f7010008
Thom, D., Seidl, R. (2015). Natural disturbance impacts on ecosystem services and
biodiversity in temperate and boreal forests. Biological Reviews 91: 760–781.
https://doi.org/10.1111/brv.12193
Thorsen, B.J., Helles, F. (1998). Optimal stand management with endogenous risk of
sudden destruction. Forest Ecology and Management 108: 287–299.
https://doi.org/10.1016/S0378-1127(98)00233-3
Tomppo, E., Gschwantner, T., Lawrence, M., McRoberts, R.E. (Eds.) (2010).
National Forest Inventories. 609p.
Turner, M.G. (2010). Disturbance and landscape dynamics in a changing world.
Ecology 91: 2833–2849.
https://doi.org/https://doi.org/10.1890/10-0097.1
Turner, M.G., Donato, D.C., Romme, W.H. (2012). Consequences of spatial
heterogeneity for ecosystem services in changing forest landscapes: priorities for
future research. Landscape Ecology 28: 1081–1097.
https://doi.org/10.1007/s10980-012-9741-4
Valinger, E., Fridman, J. (2011). Factors affecting the probability of windthrow at
stand level as a result of Gudrun winter storm in southern Sweden. Forest Ecology
and Management 262: 398–403.
https://doi.org/10.1016/j.foreco.2011.04.004
Valinger, E., Fridman, J. (1999). Models to assess the risk of snow and wind damage
in pine, spruce, and birch forests in Sweden. Environmental Management 24: 209–
217.
https://doi.org/https://doi.org/10.1007/s002679900227
Vehviläinen, H., Koricheva, J. (2006). Moose and vole browsing patterns in
experimentally assembled pure and mixed forest stands. Ecography 29: 497–506.
https://doi.org/10.1111/j.0906-7590.2006.04457.x
Vestjordet, E. (1967). Funksjoner og tabeller for kubering av stående gran (Functions
and tables for volume of standing trees. Norway spruce). Meddelelser fra Det

38

norske Skogforsøksvesen. Ås, Norway: Norwegian Forest and Landscape
Institute. 1–35.
Vospernik, S. (2006). Probability of bark stripping damage by red deer (Cervus
elaphus) in Austria. Silva Fennica 40: 589–601.
https://doi.org/https://doi.org/10.14214/sf.316
Wallentin, C., Nilsson, U. (2014). Storm and snow damage in a Norway spruce
thinning experiment in southern Sweden. Forestry 87: 229–238.
https://doi.org/10.1093/forestry/cpt046
Wulff, S., Roberge, C., Ringvall, A., Holm, S., Ståhl, G. (2013). On the possibility to
monitor and assess forest damage within large scale monitoring programmes – a
simulation study. Silva Fennica 47: 1–18.
https://doi.org/10.14214/sf.1000
Zeng, H., Pukkala, T., Peltola, H. (2007). The use of heuristic optimization in risk
management of wind damage in forest planning. Forest Ecology and Management
241: 189–199.
https://doi.org/10.1016/j.foreco.2007.01.016
Zeng, H., Garcia-Gonzalo, J., Peltola, H., Kellomäki, S. (2010). The effects of forest
structure on the risk of wind damage at a landscape level in a boreal forest
ecosystem. Annals of Forest Science 67: 111p1–111p8.
https://doi.org/10.1051/forest/2009090
Zubizarreta-Gerendiain, A., Pukkala, T., Peltola, H. (2017). Effects of wind damage
on the optimal management of boreal forests under current and changing climatic
conditions. Canadian Journal of Forest Research 47: 246–256.
https://doi.org/10.1139/cjfr-2016-0226

