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Abstract: Windstorms are considered among the most impacting natural events for European forests
and related Socio-Ecological Systems (SES). Given that their intensity and frequency are increasing,
an in-depth understanding of their impacts is crucial to mitigate risks and potential negative effects.
However, so far, scientific research on windstorm impacts has mainly focused on environmental
dimensions, while socio-economic and institutional ones are rarely taken into consideration. Our
analysis aims at enriching the current scientific knowledge on windstorm impacts on forest SES
by providing an overview of the state-of-the-art academic investigations on windstorm impacts
on socio-economic and institutional dimensions. Overall, 46 papers were reviewed to identify the
most recurrent post-windstorm dynamics and drivers that influence resilience and adaptation of
socio-economic, institutional and related governance dimensions of European forest SES. Results
show that the current scientific knowledge on socio-economic impacts of windstorms mainly con-
centrates on forest-related stakeholders and sectors, paying little attention to the broader social,
cultural and institutional drivers that contribute to forest SES resilience. Further, cascade effects
linking environmental, social and institutional dimensions are poorly analyzed. This restricted focus
could lead to an incomplete understanding of the dynamics shaping socio-economic adaptability to
windstorms, affecting long-term and sustainable recovery from extreme natural events. To correctly
frame effective, intersectoral and coordinated recovery strategies gaining a deeper understanding
of human–environment interactions is needed, as well as acknowledging the positive influence of
causal relationships in improving forest-related SES resilience.

Keywords: windstorms; climate change; socio-ecological systems; cascade effects; socio-economic
and institutional impacts; forest health; interdisciplinary approach

1. Introduction

Forests are complex socio-ecological systems (SES), where environmental and ecologi-
cal functions interrelate and are shaped by human needs, e.g., [1–5]. However, in the last
few decades, these systems and the multiple services they provide are increasingly trig-
gered by—among others—the growth in frequency and intensity of disturbances, including
extreme climatic events [6–8]. These threats are becoming particularly relevant for the
European forests whose vulnerability has been increasing in the last years, mainly due to
the expansion of the growing stock and increased exposure to climate change effects [9,10].

Within Europe, wind and wind-related disturbances were identified as being among
the most damaging agents of forest ecosystems [11,12]. In addition to greatly endangering
the ecological condition [13], windstorms strongly threaten forest-dependent communities
causing several repercussions at the socio-economic level [14]. The forecasted intensification
of extreme events [15,16] stresses the urgency of identifying effective policies and strategies
to mitigate risk and increase the resilience of forest-related SES [17–19]. In recent decades,
despite a growing scientific interest in analyzing windstorm impacts on forest SES [14,20]
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data remained extremely scattered in terms of scope and issues analyzed [11,21]. Several
knowledge gaps hinder a complete understanding of windstorm consequences on forest
SES and how associated changes in forest structure and ecosystem services provisioning
ultimately affect societal well-being [22,23].

At the European level, empirical evidence of windstorms’ consequences on socio-
economic and cultural aspects is lacking [17,24,25]. Windstorm impacts on these dimen-
sions are poorly investigated in scientific terms and their understanding remains quite
limited [10,26,27]. This is confirmed by recent reviews on windstorms or natural distur-
bance impacts on forests [19,28–30]. These studies show that the analysis of windstorm
impacts mainly entails environmental and ecological aspects [31], paying less attention to
indirect and spillover effects affecting other SES dimensions [32–34] or the provision of
ecosystem services. From a socio-economic perspective, the prevalent focus of the scientific
investigation is on windstorm impacts on forest-related industries and timber markets, with
limited analysis of the repercussions on communities and stakeholders at the psychological
and behavioral level [35]. Similarly, effects on governance dynamics and changes at the
institutional level are poorly studied [36–38].

The paucity of scientific analysis on windstorm impacts on social-related aspects
(namely socio-economic, cultural, institutional, governance and management aspects)
strongly contrast with the coupled nature of forest SES [39,40]. Further, considering that for-
est management is aimed to satisfy different human needs [41,42] and is strongly influenced
by socio-economic drivers [43,44], the lack of a clear understanding of how windstorms
impact society-related dimensions could lead to several drawbacks. Among others, two
are particularly outstanding. On one hand, it could hinder the identification of adequate
policies and risk management strategies to enhance forest-related SES resilience [30,45].
Indeed, if we define resilience in social-ecological systems as the outcome of the adaptive ca-
pacity of different attributes and components of the system [4,40,46], exploring windstorm
impacts and consequences mainly on environment-related dimensions will prevent having
complete comprehension of dynamics and features that influence the resilience of forest
SES [1,39]. On the other hand, it could limit the achievement of long-term sustainability at
ecological, economic and social levels [3,47].

Through a detailed review of scientific literature and content analysis of scientific
articles, this paper aims at complementing and advancing the current state of academic
knowledge on primary and secondary windstorm impacts, specifically focusing on socio-
economic, institutional and governance dimensions of forest-related SES in Europe. In
particular, we aim to: (i) identify the most recurrent post-windstorm dynamics observed
and reported in the dimensions of reference, with a focus on the identification of cause–
effect cascade linkages, and (ii) provide suggestions for effective post-windstorm policies
and management strategies, helping to boost the resilience of forest-dependent communities
and related SES. To achieve these goals, we visualized through a causal map the cause–effect
interconnections among multiple dimensions. The map points out spillovers directly or
indirectly impacting socio-economic, cultural and institutional-governance dimensions [48].
Furthermore, it highlights how windstorm consequences propagate their impacts along
the cascade from environmental damage to the forest ecosystem to the provisioning of
ecosystem services and functions, affecting human well-being [47,49].

The paper is organized into five sections. After the introductory section—i.e., this
one—in the second section, the methodological steps that underpinned the scientific litera-
ture review are highlighted; a third section presents the results, while in the fourth section,
results are discussed, paying particular attention to the cause–effect linkages among SES di-
mensions. The fourth section also includes a visualization of causal links among dimensions
and some recommendations for developing appropriate post-windstorm strategies. Finally,
conclusions are drawn in the fifth section, summarizing the main research findings and
reporting the main limitations as well as future research needs and possible developments.
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2. Materials and Methods

A combination of mapping [50] and scoping review [51] approaches were applied.
These methodologies are commonly used to map the existing literature on a certain topic,
clarifying concepts and eventually highlighting research gaps [45]. The implementation of
mapping and scoping approaches allowed windstorm consequences to be examined using
an innovative perspective, answering the need to analyze natural events consequences
with an interdisciplinary and multisectoral focus [52] rather than adopting mono-sectoral
and highly specific analysis. Further, scoping reviews provide a better structure to map out
existing literature summarizing issues that have received high scientific attention on the
one hand [53] and, on the other, identifying current knowledge gaps and the need for more
in-depth research [54].

Following Doyle [55], the review process involved five main steps, with various sub-
actions that are briefly described in the following sub-sections. For screening and selection
of relevant papers, main features of Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) approaches were adopted [56].

2.1. Step 1: Framing the Review Approach

The paper focuses on currently available European scientific literature that has de-
scribed windstorm impacts on socio-economic, cultural, governance and institutional
dimensions linked with forest-related SES in Europe. Key aspects and main topics of
interest were identified based on the currently available academic literature including
review studies [10,43,57–60] and previous studies that have assessed impacts of climate
change or extreme natural events on social-ecological systems [19,28,40,61,62]. From these,
research questions and key search terminology were identified. Considering the wide array
of windstorm-impacts-related issues, a continuous process of adjustment and improvement
of search terms and resulting queries were performed. This process led to the implementa-
tion of two rounds of papers search, both conducted in SCOPUS database. The first was
performed in April 2020 and then updated in October 2020.

In the first round, the search terms used to detect relevant literature were composed
of the following subgroups: (windstorm or hurricane or wind* or disturb*); (Europe or
European); (forest* or woodland); (soc* and econom*); (impact* or effect* or damage*
or cost*); risk*; community. The second round included specific search terms to detect
papers with consequences on governance and institutional dimensions (institution* and
govern*), post-windstorm policy implemented (poli*) and ecosystem services provisioning
(ecosystem* and service*). “Europe or European” keywords were removed because the
first round stressed that very few of the papers gathered included “Europe or European”
in the title, abstract or keywords. Thus, introducing these keywords would have biased
identification of the relevant papers.

Regarding the second round, it is worth specifying that the queries used were part of a
larger, multidisciplinary review implemented within the Vaia Front project (further details
regarding the project are accessible in the following link https://www.tesaf.unipd.it/sites/
tesaf.unipd.it/files/VAIA%20FRONT_2019_12_4_finale_1.pdf (accessed on 10 May 2022)
aiming at identifying the cascade of effects among multiple forest dimensions hit by a
windstorm, including the ecological and environmental ones which are excluded from this
analysis. A few articles excluded from the multidisciplinary review due to specific exclusion
criteria (namely the multidisciplinary review excluded review articles and models from
the pool of papers scrutinized) were considered for the aims of this paper as they provide
valuable in-depth information about windstorm impacts focused on socio-economic and
institutional dimensions.

The complete list of queries used in the two rounds is reported in Appendix A.
After having defined research questions and keywords, eligibility criteria for article

selection were set. The criteria set ensured pertinence and relevance of every single study
to the review goals and are summarized in the following inclusion criteria:

https://www.tesaf.unipd.it/sites/tesaf.unipd.it/files/VAIA%20FRONT_2019_12_4_finale_1.pdf
https://www.tesaf.unipd.it/sites/tesaf.unipd.it/files/VAIA%20FRONT_2019_12_4_finale_1.pdf
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(i) Articles published in English and only in peer-reviewed journals, thus excluding
technical reports and grey literature;

(ii) Pertinence to the scope of the review: analysis of windstorm impacts on forest-
related dimensions relevant for this study (socio-economic, institutional, cultural and
governance dimensions);

(iii) Geographical restriction: focus on windstorms that hit European forests only.

No limitations related to research methodologies or time span were set.

2.2. Step 2: Papers Search and Screening

Relevance and pertinence of articles retrieved to the review goals were assessed
through a skimming procedure developed adapting PRISMA methodology to the current
scope of the review. The skimming procedure was identical for both review rounds and
followed the steps described below:

(1) A first and preliminary screening of titles and abstracts to ensure articles comply with
the inclusion criteria mentioned above;

(2) Papers with relevant titles and abstracts were further screened via an in-depth reading
to assess articles’ compliance and pertinence to research questions, review scope and
main objectives;

(3) A duplicate-cleaning procedure between first and second review rounds to avoid
eventual double accounting of papers;

(4) Finally, the pool of papers collected via search terms was complemented by papers
suggested by advisory scholars’ consultations after having assessed their relevance
and pertinence to this study.

The final pool of articles was scrutinized, and information categorized following the
coding criteria defined below.

2.3. Step 3: Data Categorization and Analysis

The selected articles were thoroughly scrutinized through content analysis. For each
article, during the in-depth reading process, parts of the text considered relevant were
categorized and coded using MAXQDA analytical tool (VERBI Software 2019, MAXQDA
2020, Berlin, Germany).

In particular, information related to three main thematic categories was identified and
organized into three different Excel databases (Microsoft Corporation, Seattle, WA, USA):

(i) A first database was created to report bibliographic and specific case-study informa-
tion such as: methodological approach implemented, data concerning the study area
and (eventually) estimated economic damages related to the study area.

(ii) A second database summarized information on storm characteristics, including: name
and year, spatial scale and size of the affected area, total loss of forest cover and overall
insured losses.

(iii) A third database included primary and secondary windstorm impacts and cause-effect
linkages identified in the papers reviewed. In addition to windstorm impacts, the
database included information regarding methodology used to assess the impact, time
span and nature of the impact (i.e., if the impact had positive or negative consequences
in the dimension considered). It is worth remembering that the main goal of the
paper is analyzing windstorm impacts on socio-economic, cultural, governance and
institutional dimensions. Thus, impacts related to non-socio-economic dimensions
(e.g., forest ecology, mechanization, etc.) were included in the database only if articles
reviewed assessed direct consequences or cascade effects on key reference dimensions.

To compile the third database a hierarchical coding system was designed.
Firstly, forest-related SES dimensions crucial for our analysis, i.e., institutional, cultural,

social, economic, insurance, were identified. Secondly, dimensions likely to have relevant
consequences on socio-economic and institutional aspects, i.e., forest management and
operations, forest ecology and forest ecosystem services provisioning, were identified.
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The dimensions identified, other than those used for studying windstorm impacts
among the articles reviewed, are in line with those used in most recent scientific literature
studying climate change impacts on ecosystem services [62–64].

Lastly, considering that windstorms can have multiple impacts in one dimension and
can affect multiple stakeholders, each dimension was further divided into two specific
categories: (i) macro-categories that refer to specific thematic subsets connected with a
certain forest SES dimension (Figure 1), and (ii) sub-categories that identify a cluster of
windstorm effects related to a specific sector or stakeholder group. Impacts found in
the scientific literature analyzed were grouped into specific categories according to the
dimension of reference and actors/sectors affected. This categorization enabled the identi-
fication of windstorm cause–effect linkages affecting multiple sectors and stakeholders of
the European forest context.
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We structured this coding system taking inspiration from main frameworks used in
scientific literature for analyzing impacts of extreme weather events in social-ecological
systems [61,65].

The coding system was applied to detect both primary and secondary windstorm
impacts. For the aims of this paper, primary impacts are defined as direct windstorm
consequences in socio-economic, as well as, ecological forest-related SES dimensions (e.g.,
changes in forestry operations costs; changes in risk perceptions; increase in deadwood
and wood biomass; post-windstorm salvage logging, etc.); secondary impacts refer to
cascade and spillover effects derived by cause–effect interrelations among forest-related
SES dimensions (e.g., changes in timber prices; changes in landscape aesthetic value;
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changes in private owners forest management practices, etc.). No classification regarding
the severity/importance of the impacts was made during the categorization process. Every
impact analyzed in the articles, primary as well as secondary, was coded as observation. For
each impact-related dimension, macro-category, sub-category, and method of assessment
were reported. When mentioned, it was recorded if the windstorm impact analyzed
had a positive/negative consequence in the dimension/categories considered and this
information was used in the discussion session. Appendix C reports an example of the
process followed to categorize impacts.

Figure 1 shows forest SES dimensions and macro-categories considered in the analysis,
while the complete list of macro- and sub-categories for each SES dimension is available in
Appendix B.

2.4. Step 4: Cause–Effect Map Representation and Guidelines Formulation

Direct impacts and cascade effects resulting from the analyzed scientific articles were
represented visually with the aid of a causal map. The visualization of cause-effect linkages
and causal relationships among dimensions allows the system functioning to be appreciated,
and its reactions to external or internal events (disturbances). Causal mapping is generally
identified as a specific type of cognitive mapping used to represent individuals’ mental
model of interconnections among system dimensions [66,67]. By identifying the complexity
of feedback upon which systems are built [2], causal mapping was identified as a useful tool
to grasp causal relationships among key dimensions and variables of forest-related SES and
illustrate how these relationships are observed to change after a windstorm. We applied
the methodology behind visual mapping to identify and provide a complete representation
of interconnections among forest-related SES dimensions, feedback and variables reported
in the reviewed literature. We adopted the classical structure of causal maps, where
dimensions constitute causal concepts and are connected among one another by arrows
that indicate the presence of cause–effect relationships [66,68]. However, differently from
classical causal mapping, in our study, we assumed that relationships can be bidirectional,
and dimensions can be connected among one another by multiple relations, depending on
the number and nature of windstorms impacts and their related consequences.

The analysis of the results and cause–effect linkages delineated in the map will be the
starting point for a broader discussion on effective post-windstorm strategies to increase
socio-economic resilience and adaptive capacity to windstorm risk.

2.5. Step 5: Analysis of the Results

A summary of key findings from the academic articles reviewed was developed,
providing an overview of existing scientific knowledge on windstorm impacts on socio-
economic, institutional and governance dimensions in Europe. Using a combination of
narrative and visual approaches, the most frequent primary and secondary windstorm
impacts recorded in papers analyzed were reported, discussing the interconnections and
spillover consequences on forest-related SES dimensions, and identifying core variables
influencing socio-economic, institutional and governance resilience capacity.

3. Results

This section reports the information coded from the analysis of the scientific literature
investigated and is structured as follows: (i) results of the study selection are reported,
accounting for the number of records identified, records discarded and final pool of papers
considered for the analysis; (ii) main features of the articles analyzed are presented, report-
ing information on study areas and windstorms studied and main methodologies applied;
(iii) most common primary and secondary windstorm impacts and main dimensions hit
are described.
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3.1. Scientific Literature Search

From the two review rounds, 18,115 potentially relevant papers were retrieved. For
the sake of clarity, it is necessary to clarify that such a high number of papers comes from
the removal of “Europe or European” keywords in the second round. Thus, the second
round included a relevant amount of Non-European studies that were excluded during the
skimming procedure.

The title and abstract screening procedure papers not complying with the review
inclusion criteria were eliminated. This step shortlisted the number of eligible papers to
142. These papers underwent an in-depth reading to ensure full pertinence and relevance
to the scope of the review. After the full-text assessment, the number of papers further
diminished to 38. Advisory scholars’ consultation highlighted seven additional relevant
studies. The final pool of articles considered for the analysis amounted to 45 papers in total.

Figure 2 summarizes the steps composing the skimming procedure, reporting the
number of potentially eligible papers retrieved at each step, as well as those excluded. The
full list of papers retrieved by the review process is available in the reference session.

Forests 2022, 13, x FOR PEER REVIEW 8 of 33 
 

 

 

Figure 2. Flow diagram of skimming papers procedure based on PRISMA procedure. Diagram 

adapted from Page, 2021(source: own elaboration). 

3.2. Time Span and Geographical Scope 

The trends in publications reflect the general increase in academic interest in the anal-

ysis of natural disturbances experienced at the beginning of the 21st century [20,69]. 

Whilst academic literature reports an increase in storminess starting from the beginning 

of the 1990s [59,70], papers retrieved within this review focused only on windstorms hap-

pening from the end of the 1990s onwards. All the articles were published between 2000 

and 2020, with an important increase in publications between 2010 and 2020: 76% of the 

Figure 2. Flow diagram of skimming papers procedure based on PRISMA procedure. Diagram
adapted from Page, 2021 (source: own elaboration).



Forests 2022, 13, 939 8 of 31

3.2. Time Span and Geographical Scope

The trends in publications reflect the general increase in academic interest in the
analysis of natural disturbances experienced at the beginning of the 21st century [20,69].
Whilst academic literature reports an increase in storminess starting from the beginning
of the 1990s [59,70], papers retrieved within this review focused only on windstorms
happening from the end of the 1990s onwards. All the articles were published between
2000 and 2020, with an important increase in publications between 2010 and 2020: 76% of
the overall papers categorized were published from 2011 onwards, with an average of four
publications per year (Figure 3).

Forests 2022, 13, x FOR PEER REVIEW 9 of 33 
 

 

overall papers categorized were published from 2011 onwards, with an average of four 

publications per year (Figure 3). 

 

Figure 3. Numbers of articles published per year (source: own elaboration). 

Concerning the windstorms analyzed, most of the articles reviewed (63%) focused 

on large-scale windstorms that have affected European forests in the last few decades, 

namely Lothar and Martin (1999) in France, Switzerland and Germany, Elisabeth (2004) 

in Slovakia, Gudrun (2005) in Sweden and Klaus in France (2009) (Detailed data and in-

formation as well as comparative assessments of windstorms mentioned are available 

within the existing literature, including (but not limited to (see: Gardiner et al. 2010; Gar-

diner et al. 2013; Roberts et al. 2014; Hewson and Neu 2015; Feser et al. 2015; Forzieri et al. 

2020)). The remaining articles did not base their analysis on empirical data connected to a 

specific windstorm. Rather, they estimated windstorm impacts by simulating changes in 

selected variables through modeling. The study areas analyzed were concentrated in 

Northern/Central European countries, even for articles using simulations to predict wind 

hazard impacts. The majority of studies were conducted in Sweden (n = 9), followed by 

France and Germany (n = 8 each) and Latvia, Switzerland and Slovakia (n = 3 each) (Figure 

4). The geographical concentration of studies was an expected result because North-

ern/Central European countries experienced the majority of extreme windstorms that 

have affected Europe in the last three decades [15,21]. Moreover, within most of these 

countries, the forestry sector and forest-based industry have, traditionally, major eco-

nomic importance in terms of contribution to the gross domestic product, thus attracting 

attention from researchers and policy makers. 

Figure 3. Numbers of articles published per year (source: own elaboration).

Concerning the windstorms analyzed, most of the articles reviewed (63%) focused
on large-scale windstorms that have affected European forests in the last few decades,
namely Lothar and Martin (1999) in France, Switzerland and Germany, Elisabeth (2004)
in Slovakia, Gudrun (2005) in Sweden and Klaus in France (2009) (Detailed data and
information as well as comparative assessments of windstorms mentioned are available
within the existing literature, including (but not limited to the following articles and books
(see: Gardiner et al., 2010; Gardiner et al., 2013; Roberts et al., 2014; Hewson and Neu 2015;
Feser et al., 2015; Forzieri et al., 2020)). The remaining articles did not base their analysis
on empirical data connected to a specific windstorm. Rather, they estimated windstorm
impacts by simulating changes in selected variables through modeling. The study areas
analyzed were concentrated in Northern/Central European countries, even for articles
using simulations to predict wind hazard impacts. The majority of studies were conducted
in Sweden (n = 9), followed by France and Germany (n = 8 each) and Latvia, Switzerland and
Slovakia (n = 3 each) (Figure 4). The geographical concentration of studies was an expected
result because Northern/Central European countries experienced the majority of extreme
windstorms that have affected Europe in the last three decades [15,21]. Moreover, within
most of these countries, the forestry sector and forest-based industry have, traditionally,
major economic importance in terms of contribution to the gross domestic product, thus
attracting attention from researchers and policy makers.

A relatively small number of studies (n = 10) adopted a comparative approach to in-
vestigating and comparing the results of studies developed in different European countries
hit by wind hazards.
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3.3. Data Collection Methodologies

Primary data analysis (80%) is more often used than secondary data investigation
(Figure 5). Secondary data analysis, mostly literature review, is mainly used for comparing
forest management or risk mitigation strategies implemented by different kinds of forest
stakeholders under different legal frameworks and in different geographical areas.
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Concerning primary data analysis, a mix of quantitative and qualitative methods
is used. Qualitative data collection is applied by 17% of papers, mainly adopting semi-
structured interviews and questionnaires, e.g., [38,71,72]. These approaches dominate
when researchers aim at detecting factors influencing: (i) decision-making processes related
to forest management and silvicultural strategies, and (ii) risk perceptions and mitigation
measures implemented by forest-related actors. Direct stakeholders’ involvement (with
workshops and participatory actions) was applied in two papers (20% of papers that



Forests 2022, 13, 939 10 of 31

adopted qualitative data collection) to assess private forest owners’ satisfaction with post-
windstorm measures implemented in one case and to develop a decision support tool for
managing windthrow in the other [73,74].

Modeling and simulations stand out as the most frequent methodology adopted
to identify windstorm impacts. Empirically based models are widely used to predict
windstorm consequences and possible adaptation strategies in economic, decision making,
wood market and management of ecological/ecosystem dynamics, i.e., [27,75–78]. Model
design is often used to predict multidimensional responses and expected cascade effects
among multiple forest SES dimensions. A combination of different modeling frameworks is
employed to test actions aiming at attaining simultaneous impacts on multiple dimensions,
such as, for example, minimizing forest vulnerability while maximizing productivity.

Similarly, theoretical models are adopted to explore direct and indirect influences
of post-windstorm institutional subsidies, insurance programs, and price fluctuations on
forest stakeholders’ decisions and practices, e.g., [27,79].

However, several studies have emphasized strong limitations to the validation of the
model forecasts, mainly due to a lack of data collection and empirical validation of model
results [80,81]. This issue is mostly pointed out in relation to analytical models because of
the typical oversimplification of the reality implicit in these tools, often based on the use of
a few variables not able to comprehensively grasp complexity [82]. Despite their potential
in exploring, e.g., large sets of data and covering large spatial areas [14,21,59,83], analytical
models tend to not take into consideration, e.g., the role of subjectivity (personal belief and
attitudes) or the influence of the external context (peers’ or cultural norms influence) in
stakeholders’ decision making and strategies implementation, even if these elements have
a determinant role in policy formulation and measures implementation taking decisions
and actions [36,84,85].

3.4. Primary Windstorm Effects

As mentioned, the third database collects primary and secondary windstorm im-
pacts found in the scientific articles analyzed, focusing mainly on consequences on socio-
economic, cultural, institutional, and forest governance dimensions. Impacts on silviculture,
ecology, mechanization, pest outbreaks, or other non-socio-economic and institutional as-
pects affected by wind events were identified during the review and included in the analysis
only if they were reported as having consequences on or being affected by socio-economic,
cultural, institutional and forest governance aspects.

The total number of primary impacts mentioned amounted to 267 observations in
total, with an average of six windstorm effects recorded per paper. The scientific articles
reviewed pay particular attention to windstorm direct impacts on forest management
operations and associated costs, i.e., changes in forest management plans; adaptation of
harvesting and forest operations; technological and economic investments, etc. (31% of
reviewed papers) [79,86–88]. In particular, the focus was driven by changes in harvesting
and salvage logging operations and in forest management plans. Additionally, several
in-depth analyses and simulations have considered the spillover effects that these changes
had on the economic domain, i.e., timber markets and forest-based value chains.

Conversely, the analysis of direct windstorm impacts on the timber market and wood
supply chain corresponds to only 9% of primary windstorm impacts.

The second most studied aspects are forest sector recovery practices and their impacts
on forest stakeholders and forest stakeholders’ networks (23%)—i.e., changes in forest
practices; relations between industrial and non-industrial forest owners; power relations
among stakeholders, etc. However, not all forest sectors’ stakeholders received the same
level of attention: most of the articles (80.3%) focused on private forest owners’ reactions
and mitigation strategies, while post-windstorm strategies implemented by public owners,
such as municipalities, or in public-managed forests have not been explored. Similarly, post-
windstorm recovery measures and changes in practices of other forest sector stakeholders,
such as forestry technicians or forest-related industries, were barely assessed.
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Windstorm direct consequences at the community level or reactions and mitigation
strategies implemented by actors out of the forest sector have received very little attention,
representing just 3.8% of total direct impacts categorized within the reviewed papers. A
limited number of studies deal with windstorm impacts on cultural dimensions and the
tourism sector. Only 4.1% of direct windstorm impacts refer to the cultural dimension,
and most of them are related to changes in the landscape and territorial features, while
consequences on local tourism and recreational activities are barely considered.

Windstorm impacts on legislative and institutional frameworks constituted 13.5%—i.e.,
changes in decision-making procedures; changes in forest policy and legislation; changes
in governmental aid and technical assistance to private forest owners, etc.—of the total
direct windstorm impacts categorized. However, as for the social dimension, impacts on
the institutional domain mainly concern the analysis of subsidies and recovery programs
implemented in favor of the forest sector and specifically of non-industrial private forest
(NIPF) owners. The articles reviewed did not mention institutional measures addressed to
other economic sectors, such as linear infrastructure reconstruction.

However, damages to buildings and infrastructures and related economic impacts
cover 3% of direct windstorm impacts addressed by the scientific literature reviewed. Simi-
larly, despite the fact that insurance is one of the key measures to cover economic losses
deriving from natural hazards [26] and that several authors have depicted ambiguous be-
havior in relation to their purchase policies [75,89], direct windstorm impacts on insurance
markets and policies are also very poorly investigated (3%)—i.e., changes in insurance
policies and changes in insurance markets. Finally, impacts on ecological dimensions
and ecosystem services—i.e., changes in forest structures and species composition; forest
ecosystem biodiversity; changes in forest functions, etc.—together made up 10.0% of total
direct windstorm impacts.

3.5. Secondary Windstorm Effects

The direct windstorm impacts had indirect spillover effects on several forest-related
domains. In fact, the number of secondary impacts collected almost doubled the number of
direct ones, recording a total of 507 spillover/indirect effects.

The economic dimension was most affected by multiple factors, among which a
predominant role is played by post-event management strategies and spillover effects
arising from harvesting and salvage logging operations (16%), as well as windfall timber
management (12%). Additionally, policies implemented at the institutional level, especially
subsidies and compensation measures to cover damages and costs, as well as changes in
forest management plans have some remarkable consequences at the economic level.

Concerning the social/human-related dimension, the reviewed articles have mainly
considered the collateral effects of perceptions, attitudes, and actions implemented by
private forest owners (36%) and the influence of post-windstorm institutional strategies on
forest stakeholder networks, decision-making process, and power relations (21%).

Indirect impacts on the ecological dimension amount to 17% of the total indirect im-
pacts recorded. Ecological and silvicultural dimensions are mainly altered by changes in
forest structure and species composition introduced by private and public forest owners
after windstorm occurrence. These changes generally point to introducing more wind-
resistant species to mitigate the negative effects of possible future windstorms on the timber
market and the forestry sector in general. Indirect windstorm consequences in forestry
operations and forest management practices correspond to 13% of the total indirect impacts
recorded. This dimension is mainly influenced by changes in post-windstorm management
practices and in forest management plans implemented at a private level. Finally, spillover
effects on governance and institutional dimensions correspond to 10% of the total men-
tioned indirect impacts and are mostly connected to modifications of pre-existing legislation
frameworks or to the introduction of ad hoc recovery measures [75,90,91]. Introduction of
post-windstorm policies and/or review of the current normative frameworks have cascade
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effects on forest stakeholders’ perceptions and legitimization of institutions that are also
considered within the existing scientific literature [38,72].

Figure 6 displays windstorm impacts composition and distribution in the different
forest SES dimensions considered, showing how overall windstorm consequences are the
result of multiple-interconnected impacts coming from different forest-related SES domains
and sectors. Among the most outstanding and relevant aspects, modifications in forest man-
agement strategies and forest stakeholders’ practices show the highest share and frequency.
Focusing on socio-economic and cultural dimensions, the greatest influence is played by
windstorm impacts on institutional dimensions, meaning that changes in the institutional
role and legal frameworks have repercussions also on socio-economic and cultural domains
and, to a lesser extent, on forest operations and ecological dimensions. Windstorm changes
at the silvicultural level (dotted squares) have major impacts on environmental dimensions,
mainly concerning ecological aspects and ecosystem services provisioning.
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own elaboration).

A detailed explanation of cascade effects and interdimensional cause–effect linkages
triggered by windstorm impacts on forest-related SES is presented in the discussion session.

4. Discussion: Windstorm Cause–Effect Linkages among Forest-Related
SES Dimensions

The review performed for this study confirms that current research assesses wind-
storm impacts on forest-related SES mainly adopting sector-specific and unidimensional
approaches. The scientific literature mainly concentrates on traditional aspects and compo-
nents of the forestry sector (e.g., forest operations and wood markets) rather than adopting
a broader view and more holistic approach, including other relevant societal-related di-
mensions. This is confirmed by the fact that papers examining windstorm repercussions
at the community level or on forest-related goods and services without a direct market
value (e.g., cultural ecosystem services) account for only 13% of both the total primary
and secondary windstorm impacts. Similarly, cascade or spillover effects starting from
environmental forest SES dimensions and having consequences on the overall society or
other, non-forest-related cultural sectors have not emerged. This result points out an impor-
tant knowledge gap in current scientific research studying windstorm impacts on forest
socio-ecological systems. Further, it stresses how, despite forests being widely recognized
as socio-ecological systems, the SES framework is not frequently applied in analyzing
system response to external shocks.

However, and as expected, the review stresses the existence of strong interconnections
among socio-economic and institutional dimensions as well as ecological, environmental,
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and technical aspects. In the following section, the most relevant windstorm impacts
retrieved during the review and the analysis are discussed in detail, stressing transbound-
ary linkages among various dimensions. The issues are aggregated into three thematic
groups: (i) forest management strategies; (ii) forest stakeholders’ reactions and practices;
(iii) institutional support and the role of institutions. A final summarizing sub-section
reports the main messages.

4.1. Forest Management Interventions and Strategies

Adaptational changes in post-windstorm forest management strategies are the factors
causing major repercussions on all the other forest SES dimensions considered, in particular
on economic, forest technology and silvicultural aspects. Windstorms profoundly alter for-
est management decisions both in the short and long term, involving changes in strategies
and policies at the private and public levels [82,91].

The available scientific literature has stressed that in the short term, i.e., within three
to four years after a storm, the main problems faced by private and public forest owners
regard windthrown harvesting and removing salvaged wood from affected areas [18,90,92].
The urgency of these operations is justified by the need to limit wood quality decline and
the consequential decrease in its economic value [93] and timber prices [77,94]. Indeed,
assuming that forest stand conditions (e.g., tree age, stability and species composition) are
among the main determinants for changes in wood quality and value [73,76], many studies
have emphasized the strong impact of immediate forest management response in contrast-
ing wood quality decline [87,95]. In addition, the prompt removal of windthrown and
damaged timber would reduce the incidence of pest outbreaks and other biotic agents [28]
that often negatively affect the forest health, stability and productivity in the following
years. Although there is rich literature on bark beetle proliferation and other pest attacks
after windstorm events, this seems to fall outside the scope of the review performed for
this study as none of the reviewed papers mentioned these issues. This shows the exis-
tence of a significant inter-disciplinary gap in the comprehension of cause–effect linkages
between institutional- and environmental-related dimensions. This knowledge gap could
consequentially affect the capacity of policymakers and practitioners to react in due time
to reduce the medium- and long-term economic and social consequences of natural dis-
turbances (e.g., further reduction of forest production value, degradation of the aesthetic
value of forest landscapes, increased ecosystem instability and vulnerability) [28,48]. While
intervention measures should be implemented in a timely manner to minimize risks of
further damages they also imply additional costs that may challenge especially NIPF
owners [96]. Unscheduled harvesting and salvage logging operations generally imply
unforeseen costs, derived from investments in machinery and employment of highly spe-
cialized workers to minimize the hazardousness and riskiness of post-windstorm forestry
operations [74,96]. However, increases in labor and equipment costs are rather necessary
to avert work accidents and causalities during the clean-up. Indeed, although the articles
analyzed have poorly addressed these aspects, an increase in work-related accidents is one
of the major issues connected with post-windstorm forestry operations [97]. As stressed in
most of the reviewed papers, the above-mentioned increase in harvesting costs is likely to
negatively affect the overall profitability of forest management [18,27,85,98]. The trade-offs
between necessary forestry operations and overall economic outcomes could ultimately
discourage private forest owners from implementing unplanned operations [78], espe-
cially if the expected stumpage value is negative due to the additional costs borne [88,89].
Besides the increment in costs and expected reduction in profits, the limited availability
of adequate human resources and technologies and difficult work-site conditions could
disincentive post-windstorm salvage logging operations, again, especially for private forest
owners [38,99]. As for the latter, however, empirical studies investigating private forest
owners’ attitudes towards post-windstorm forest management have highlighted how in-
stitutional subsidies, if specifically addressed to harvesting operations or technological
improvements, could encourage investments in adequate forest technology [72,100]. The
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adoption of more efficient harvesting technologies leads to positive effects on timber value,
limiting the decrease in quality and consequently in prices [95,101].

What remains out of the lens of the scientific analysis so far are management and
recovery strategies implemented in a public forest, and how public forest owners design and
organize in a coordinated (or uncoordinated) way post-event interventions at the landscape
level. According to the latest survey, the share of European Forests under public ownership
exceeds the share of those privately owned [9] (53.5% public owned and 46.5% privately
owned). Thus, during post-windstorm forest management formulation, public owners
should be a reference for the implementation of strategies that simultaneously satisfy a
variety of ES services. Public owners, in fact, in addition to having the responsibility of
guaranteeing a fast restoration of the damaged area, should also ensure the provision of a
broad range of ecosystem services of public and community interest [102,103], combining
timber production with services that meet societal and environmental demands. However,
in the papers explored, there is no mention of public forest managers designing restoration
strategies. This is another clear knowledge gap that should be addressed in future research.

Concerning the forest industry beyond the forest gate, windstorms, other than deter-
mining a shrink in forest productivity and strong fluctuations in wood prices [76], may have
several direct and indirect repercussions along the whole wood supply chain. Saturation of
the market in the short term could lead to operational difficulties in wood logistics, in par-
ticular storage and transportation [27] affecting also the import–export trade balance and
domestic wood market [93,104]. While on the one hand storage can be a potential strategy
to reduce wood prices drop associated with market saturation [77], storage capability and
windfall absorption are strongly dependent on the preparedness of the primary processing
industry (e.g., sawmills and pulpmills) to absorb large amounts of raw materials and by
infrastructure availability and suitability (e.g., forest road network, wood storage yards
and sites, etc.) [34,85]. Besides wood productivity and profitability, also the forest labor
market can be indirectly affected at the local level. Indeed, depending on the quantity of
windthrown timber and the specificities of forestry operations, the local workforce can
be complemented or even replaced by non-local (including foreign) highly specialized
companies and workers, especially for salvage harvesting and transportation [85,92].

While in the short term, the forest management choices and forestry operations
adopted can influence the economic performances of companies and, more in general,
timber prices, in the long term wood market preferences and needs strongly influence forest
management strategies and choices, including forest management plans [18,86,90]. Empiri-
cal studies developed in Northern European countries have shown how post-windstorm
reforestation strategies, in particular with reference to forest regeneration options (e.g.,
through planting or natural regeneration), forest structure and species selection, are strongly
shaped by wood market demand [27,42,105]. The influence of the wood business sector
has several implications on forest management: on the one hand, it could affect the im-
plementation of effective risk mitigation and forest resilience strategies [85] and on the
other, it could potentially cause conflicts among different forest management approaches
and/or the provisioning of different forest ecosystem services and functions [17,37,72].
For instance, wood market needs for high productivity and profitability often push forest
planning toward monospecific stands and wind-vulnerable species [76,106] even though
this choice could decrease forest resistance to future windstorms.

Although changes in forest management practices and forest structure are known to
affect landscape composition and the associated aesthetic value [97,107,108], a few studies
among those reviewed (n = 8) focused on how forest aesthetic value is directly or indirectly
affected by windstorms. Apart from broad and very general conclusions that report a
decrease in forest recreational value after windstorms [2,36,109], specifications or further
insights to clarify causes for loss of landscape value are extremely limited. For example,
Andersson [81] stressed how recreational attractiveness decreases in young as well as highly
managed forests. Fleischer [28] reported a decline in visitors to forests damaged by wind-
storms due to higher injury risk. Although several articles paid attention to windstorms’
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repercussions on the overall supply of forest-based ecosystem services [101,110,111], our
review has not identified specific studies on the consequences of ecosystem service shortage.
This mirrors the still dominant approach of considering forests relevant mainly (or solely)
for their provisioning service of timber production, while cultural services (e.g., heritage
and territorial identity of the local communities) remain unexplored and undervalued. This
is another relevant gap that should be better addressed to recognize and unlock the full
potential of forests for improved human well-being.

Lastly, among articles that explored windstorm impacts on forest management strate-
gies, special attention was paid to limitations and barriers that prevent optimal forest
management from being implemented that will minimize forest vulnerability to future
hazards and maximize the provisioning of different ecosystem services. Many studies mod-
eled various forest management options that, customized on forest structure, tree species
and territorial features, simultaneously maximize forest productivity, minimize wind risk
damage and balance the supply of different provisioning and regulating ecosystem services.
However, their implementation is often tied to several external variables linked with forest
owners’ attitudes, knowledge availability and economic conditions [112–114] that may
limit their effectiveness.

4.2. Forest Stakeholder Reactions and Practices

Economic outcomes of forest-related sectors and wood value chains are strongly tied
to forest management practices. Similarly, perceptions, behaviors and information held by
stakeholders—i.e., including forest owners, forest consultants, and forest agencies—are key
variables in framing forest decision-making and determining response to windstorms.

According to most of the reviewed studies, risk perception, knowledge availability
and technical skills are core variables in determining forest owners’ response strategies and
future management plans for windstorms [38,82,115]. Several articles identified the fact that
private forest owners perceive wind risk as one of the most frequent and impacting risks that
are likely to affect their forests [36,91]. Experiencing a windstorm increases forest owners’
risk perceptions as well as their awareness of the importance of implementing measures
to minimize wind risks [38,85]. Nonetheless, all the reviewed studies investigating forest
owners’ management practices stressed how the implementation of new and more efficient
management practices after a windstorm is almost absent [85,116]. When implemented,
they mainly consist of minor and reversible changes linked to technological aspects [36,72].
Thus, although the importance of implementing wind-risk adaptation measures is broadly
recognized, their implementation in practice remains extremely limited and hindered by
several constraints.

One of the main determinants limiting forest owners’ adaptation capacity is the strong
risk-aversion characterizing their behavior and managerial approach [79,89]. This was con-
firmed by Lidskog and Sjödin [90] who stressed how, especially after having experienced
windstorm damage, forest owners’ managerial preferences are oriented towards long-term
and experience-based practices rather than the application of expert-based recommen-
dations. The economic losses, combined with the feeling of sadness and powerlessness
caused by the destruction of the forests [90,91] lead to the implementation of reforestation
practices that tend to re-establish the pre-windstorm forest structure and species compo-
sition, despite their inadequacy in decreasing forest sensitiveness to wind hazard [72].
In addition to a risk-averse attitude, implementation of innovative forest management
practices are hampered by NIPF owners’ lack of knowledge and technical abilities [85,91].
The investigated articles stressed a limited knowledge regarding the management of tree
species different from those already planted or innovative forest management practices
and technologies [36,72]. Additionally, a great percentage of private forest owners showed
a general lack of information about practices to minimize risks caused by biotic and abiotic
damaging agents [62]. This gap on the one hand limits the adaptation of forest practices and
improvements in forest management, and on the other, it influences relations among forest
sector stakeholders. Andersson [60] and Keskitalo [113] pointed out how limited access to
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financial resources and technical information restricted the bargaining and market power
of NIPF owners with respect to industrial ones. Different needs and expectations regarding
the final use of forest products and services in some cases cause disagreements and conflicts
relative to management practices, reforestation plans, formulation of public policies and
the overall post-windstorm management [72,117]. Surprisingly, no specific information is
available on public forest owners and their reactions and organizational capacity.

Quite surprisingly, the review has also highlighted an ambiguous forest owners’
attitude towards forest consultants and technicians. If on the one hand, NIPF owners
recognize the usefulness of their assistance in managing extraordinary situations in the
short term, on the other, the uncertainty around future windstorm impacts, the economic
profitability of different tree species, and future return of technological investments threaten
the credibility of consultants’ advice and implementation of the suggested measures [38,91].
Conversely, windstorm occurrence increases information exchange and the role of the
group of peers in decision-making and implementation of forest management practices [90].
Indeed, windstorms have a positive influence on private forest owners’ ties, increasing
collaborations and mutual support [25], thus leading to the feeling that overcoming the
storm was a social and common achievement [100].

The analysis of scientific literature has revealed a consistent research gap regarding
windstorm direct and indirect effects on the forest-related community and non-forest sector
stakeholders. Despite there being greater recognition of the role that community or private
corporate partnerships have in restoring damaged forest areas, none of the articles analyzed
response actions from a societal point of view in depth. The few articles that addressed
the impacts of windstorms from a societal point of view mainly focused on personal
attitudes and perceptions in relation to climate change. Blennow [37,97] reported higher
sensitivity towards climate change issues and higher individual engagement in natural
resource management after having experienced wind hazards. This was also confirmed
by Angst and Volz [74] and Sousa-Silva [114] who reported similar reactions during their
empirical investigations in Switzerland and Slovakia. However, a more comprehensive
and elaborated analysis of improvements in natural resource management or empirical
examples of formal and informal resilience actions proving higher community participation
in forest and other natural resource management has not been reported. Undoubtedly, the
highly fragmented and localized nature of the post-windstorm community and corporate
actions hinders the exploration of these measures. However, considering their relevance,
further research is needed to fully explore this phenomenon. Finally, our analysis also
highlighted a research gap in understanding windstorm impacts on society’s wellbeing,
sense of place and risk perception. Windstorm repercussion on communities was explored
only in terms of infrastructural damages and shortages in services, e.g., [97,110,118,119]
without deepening possible impacts at the psychological level or changes concerning the
sense of place and community identity.

4.3. Institutional Support and Role of Institutions in Post-Windstorm Management

Institutions and governmental agencies dedicated to the management of forest and forest-
related resources are identified as leading actors in post-windstorm management [34,90].
Besides designing and applying direct interventions for mitigating immediate losses deriv-
ing from forest damage and wood price fluctuations [77,100], they play a key bridging role
among actors [120]. On the one hand, they have to mediate among needs and expectations
of different forest sector stakeholders [34], ensuring the widest acceptability of the solu-
tions proposed [104], while on the other, they should balance economic profitability with
the fulfillment of broader societal expectations linked, for instance, to environment and
natural resources protection and different forest ecosystem services [17,42]. Fragmentation
of roles and responsibilities, and lack of communication among agencies are among the
most frequent potential risks for ineffective post-windstorm management [34]. The wide
range of actors and their demands/needs for different and sometimes diverging forest
resources and services makes the identification of adequate and broadly supported solu-
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tions and programs difficult. This was empirically confirmed by Caurla in [104], which
highlighted how the acceptance of proposed solutions and programs strongly depends
on the equity among the different activities and specific sectors subsidized. Apart from
affecting power relations among forest stakeholders [36] and governance dynamics within
the forest sector [21], the allocation of compensation measures has a decisive impact on
stakeholders’ legitimization of governmental measures [38]. However, if private owners’
acceptance of economic strategies proved to be ambiguous, the involvement of consultants’
and forest technicians’ support increased confidence in governmental institutions [90,100].
The availability of public forestry extension services and their technical support in forest
management were valued extremely positively by non-industrial forest owners [117]. The
articles retrieved only mention public consultants, while private consultancy services are
not taken into consideration. This may be due to a scarcity of private forest consultants
and larger availability of public forest assistance, however, currently available research
does not confirm this hypothesis. An in-depth study comparing the availability of private
and public forest consultancy services in European countries could represent a useful
future development.

From an economic perspective, several authors, e.g., [71,119] stressed that the financial
compensation mechanisms are not always able to support the long-term financial recovery
of the forest sector’s stakeholders, especially with reference to private forest owners. While
governmental subsidies can limit negative consequences in the immediate post-event
phases and boost technological investments [100] the lack of a long-term view limits non-
industrial forest owners’ economic self-sufficiency [75]. This was discussed in several
articles, especially in relation to forest owners’ wind risk adaptation strategies, stressing
how the expectations of governmental aid compensating windstorm damages decreases the
implementation of preventive wind risk-reducing measures [75,89,104]. Post-windstorm
governmental compensation measures are likely to have a negative impact on private forest
owners’ risk behavior, inhibiting the introduction of efficient risk-reducing measures, as
well as the efficiency of the insurance market [71].

The correct management of public compensation measures after windstorms can be
approached as a free-riding problem [121,122]. Indeed, the presence of public subsidies
restrains the formulation of adequate insurance policies that meet forest owners’ needs
and willingness to pay [71,79]. Thus, despite insurance coverage being identified as a good
option for compensating wind damages [27,98], the limited number of stipulated insurance
policies hampers the identification of optimal insurance features that respond to forest
owners’ preferences and utility function [71,89].

Our analysis showed that institutional policies not only have several short- and long-
term repercussions on: (i) economic performances of the forest sector, (ii) insurance market
efficiency, and (iii) forest stakeholders’ behaviors but they also strongly influence ecological
and environmental dimensions [117]. Windstorms could be seen as external drivers that
question the efficacy of current forest management [102]. Thus they could be an opportunity
for introducing new normative and/or managerial frameworks that will ameliorate existing
forest management and planning approaches [84,86,87]. This aspect was explored in several
articles [73,74,103], especially those examining post-windstorm policies and models aiming
at conciliating timber economic profitability with the provision of other ecosystem services.
However, none of the articles retrieved reported post-windstorm policies that successfully
improved the existing forest management moving towards a multifunctional and multi-
purpose one [102,115]. Evidence about how windstorms could improve forest management
is still lacking [19,23], while informal discourses emerging among practitioners, scholars,
politics and public authorities show that windstorms might have also positive implications.
For example, they may determine an increase in research funds, more political attention on
forests, and landscape changes that are more appreciated by tourists in certain mountain
contexts (e.g., from forests to pastures, or other types of open scenarios). Further research
would help in better understanding these secondary effects, that seem currently neglected.
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A relevant gap that emerged from the analysis of the scientific literature is the paucity
of studies that investigate management and post-windstorm strategies implemented in
publicly managed forests. Indeed, in the articles reviewed, the role of forest-related insti-
tutions is analyzed in relation to measures and policies addressed to the management of
private forests and private forest stakeholders. Nonetheless, public forest owners represent
a relevant percentage of total forest ownership and would have a special role in restoration
strategies for the benefit of the entire community, as mentioned in the previous section.

4.4. Main Traits of Socio-Economic and Institutional Windstorm Impact Analysis and
Cause–Effect Visualization

The scientific literature considered for the aims of this paper has revealed that cur-
rent knowledge on windstorm impacts at socio-economic and institutional levels is quite
clustered on specific, highly-focused variables and dimensions, mainly related to forest
management, forest stakeholders and forest industry sectors. Nonetheless, the influence
of social and cultural variables was stressed not only as concerns relations among stake-
holders but also on forest management strategies definition and implementation [115]
(Figure 7). Within the reviewed articles, a strong emphasis was given to private forest
owners’ management and behavioral/attitudinal changes and timber market fluctuations,
while no attention was paid to windstorm cascade impacts along the entire forest-based
sector value chain.
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Despite existing studies having been mostly undertaken with a unidimensional focus,
the systemic approach implemented in the review has allowed the framing of a wider
picture of windstorm impacts on forest-related SES. Several spillover and cascade effects
influencing resilience while building on socio-economic and institutional dimensions were
identified, thus contributing to a more comprehensive understanding of current knowledge
gaps and future research needs. Figure 7 displays the most recurrent cause–effect linkages
and windstorm spillover effects discussed in the papers we analyzed, mainly focusing on
drivers influencing socio-economic and institutional resilience. The figure is a simplified
version of the broad net of multiple cascade effects and feedback loops provoked by
windstorms in forest-related SES. Thus, not all the impacts retrieved are included, as the
focus is on the most relevant and recurrent ones. Direct windstorm impacts are reported
in squared colored shapes and indirect impacts in rectangle plain shapes. Dotted arrows
and shapes in light grey refer to impacts not discussed in the papers reviewed, but that—in
our opinion—are likely to strongly influence one or more of the dimensions considered.
They were included in the causal map to highlight knowledge gaps in the current scientific
literature, identifying aspects not yet explored by scientists.

The final aim of the map, and of the overall approach implemented, is to increase
the visibility of interconnections between human and environment-related dimensions
and better acknowledge their role in shaping socio-economic and institutional adaptabil-
ity towards extreme natural events. Moreover, it helps to identify socio-economic and
institutional impacts of forest windstorms that have not been explored yet.

The most significant direct windstorm impacts (square shapes) identified from the
reviewed papers could be grouped into two main categories: (i) ecological ones (upper
part of the map) that starting from windthrown trees have primary consequences at the
environmental and ecological level and secondary spillover effects on socio-economic
and institutional dimensions; and (ii) social-institutional ones (lower part of the map)
that mostly deal with changes in individual risk perceptions triggering cascade effects at
institutional and managerial level and influencing forest ecosystem dynamics in the long
run. These two blocks have spillovers and cascade effects in several forest-related SES
dimensions that interact with each other and influence private forest management choices,
institutional policies, timber, and insurance markets.

Post-windstorm institutional frameworks and private forest owners’ risk perceptions
can be identified among the most relevant factors influencing post-windstorm recovery
strategies. These aspects mutually influence each other and have further consequences on
forest management plans and actions implemented at the public and private levels, deter-
mining future forest structure and composition [71,87,90]. On the one hand, institutional
support, both in technical and financial terms, boosts the forest sector’s responsiveness,
limiting losses [75,95] and smoothing economic disparities among multiple actors in timber
and forest-related markets. On the other, post-windstorm policies and strategies strongly
influence the legitimization of public institutions by the stakeholders, as well as the ac-
ceptance of existing forest management rules and legal frameworks [18,81,108]. Besides
influencing socio-economic dimensions in the short term, post-windstorm institutional
arrangements have long-term consequences in shaping forest stakeholders’ risk perceptions
and the implementation of mitigation strategies [71]. Private risk behaviors and forest
management decisions shape features and characteristics of future forest ecosystems and
influence forest resilience and resistance to future climatic events [33,123]. This cause–effect
interaction can serve as an example to demonstrate how the bi-directional link between the
social and the ecological components of forest-related SES works in practice [3,65].

Building on visual mapping of cause–effect linkages, it is possible to highlight aspects
that are already covered by existing research, such as post-windstorm dynamics relevant
for the recovery of forest SES and windstorm economic consequences, as well as research
gaps, i.e., issues that are still poorly studied in the existing scientific literature. The map
also includes effects that have not explicitly emerged from the papers reviewed, but that
are nevertheless considered relevant based on our empirical experience of windstorm
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effects in Italy: they are reported in the form of dotted rectangles (light grey color) and
discussed below. This represents our original contribution to the identification of the most
relevant existing knowledge gaps and to potential future research directions to enhance
the comprehension of complex interactions amongst social and institutional aspects of
forest SES.

While various economic and institutional aspects were explored, even if not in a
systematic way, windstorm consequences on social aspects seem to be far less investigated.
In particular, post-windstorm recovery strategies informally implemented by citizens, civil
society, third sector associations and private enterprises have not been taken into considera-
tion. Nonetheless, they have emerged as increasingly relevant for climate mitigation actions
and the promotion of resilience strategies, especially at the local level [124,125]. The role
of local communities (beyond forest owners and local agencies and institutions) as a key
player in enhancing resilience capacity is not sufficiently considered. Similarly, windstorm
consequences at the individual level were analyzed only for NIPF owners. Among articles
analyzed subjective reactions of community members are not considered. Undoubtedly
several methodological challenges exist in assessing individual post-windstorm responses
and attitudes, however, such an analysis could provide important feedback on individual
risk and resilience perceptions [126]. Thus, it is crucial that future research acknowledges
and investigates the role of bottom-up post-event action organized by the civil society, as
well as examining windstorm responses at the individual level (including psychological
consequences in the long term, that might not be temporary).

Likewise, social and economic costs derived by changes in forest ecosystem services
without an explicit market value, in particular cultural services such as recreational ones,
have received very poor attention. Little emphasis was given to strategies implemented
to cover losses in the tourism sector, rural development and agriculture or to mitigate the
decrease in the provision of forest socio-cultural and recreational services. Although non-
wood forest product gathering is one of the most performed forest-related activities and
the associated market value is extremely relevant [9], no attention was paid to windstorm
impacts on this domain.

An additional research gap, already stressed in the previous sections, is the lack of
analysis of management and restoration strategies implemented by public forest owners.
Even if the existing scientific literature seems to neglect the role of public forest owners
in post-windstorm forest management and planning, their management choices are ex-
tremely important. Being responsible for public and common goods, public forest owners’
strategies should have broader restoration goals than private forest owners’ ones, aiming
to reconcile different services and functions of forest SES and harmonize trade-offs and
conflicts [47,103].

Lastly, the articles considered by the review have mostly analyzed technological
innovation and investments concerning forest mechanization and forest operations in
relation to their positive impacts on production, timber quality and value. Nonetheless,
investments and improvements in technology also have positive spillovers and impacts
on workers’ safety, ultimately limiting the hazardousness of operations. Considering that
work-related accidents are one of the major issues connected to forest damage, windstorm
impacts on mechanization and the forest operation dimension should be disentangled also
from a societal perspective, mentioning positive or negative repercussions on the labor
market and work-site conditions.

Since our study focused on analyzing primary and secondary windstorm consequences
on socio-economic, institutional, governmental and cultural aspects, interactions among
biotic and abiotic disturbances that may arise after windstorms have not been deepened.
However, interactions among natural disturbances with effects on socio-economic and
institutional dimensions deserve to be further investigated in future research.
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4.5. Suggestions for Post-Windstorm Policy Design

Besides disentangling several cause–effect linkages and cascade effects among mul-
tiple forest SES dimensions, the above-reported map allows some blueprints useful for
effective post-windstorm strategy formulation to be identified. A systemic and compre-
hensive approach is crucial to having a full understanding of the short-, medium- and
long-term repercussions of designed strategies [23,45]. Such an understanding, in addition
to entangling the full range of consequences deriving from strategies, is likely to positively
impact the coordination among forest and non-forest stakeholders, address multiple needs
and expectations concerning forest-related goods and services, and reduce potential con-
flicts [27,127]. A multidisciplinary perspective in policy formulation would also benefit
the formulation of robust indicators to monitor the effectiveness and appropriateness of
post-windstorm strategies implemented in the long run [27,45]. To grant interdisciplinarity,
improving research funders/donors’ awareness regarding the importance of supporting
multidisciplinary research through diversification of project mandates and financing would
also be important.

Moreover, forest policy analysis should include extreme climatic events under their
lenses and research attention: the current scientific knowledge gap on institutional and
policy impacts of windstorms might be due to the fact that the forest policy (and governance)
studies are often conducted in global, European or national levels; while the windstorms
impacts at institutional level occur mainly at the local level in those administrative units
that were directly affected by the event.

Review outcomes have also underlined some strengths and weaknesses that should
be considered during policy design and the decision-making process. The support of multi-
functional forestry by including multiple forest-related services in the formulation of forest
management plans will positively impact the effectiveness of resilience strategies while
ensuring a balanced and sustainable use of forest resources in the long term [102]. Looking
at community resilience, the role of private actors and civil society in post-windstorm
recovery and, more in general, in climate change mitigation, should be emphasized and
supported by public policies [128]. Bottom-up recovery and mitigation strategies are ex-
tremely important for ensuring widespread and comprehensive resilience. Institutional
support for these actions can, on the one hand, empower local communities, and on
the other, stimulate interest in the environment and climate-change-related issues [129].
Likewise, private companies and enterprises are emerging as key partners that should be
included in the development of climate-change mitigation actions, by means of, e.g., new
public–private forms of partnership for forest management. In order to boost resilience
to future climate-change risks and natural events, encouraging bonded and collaborative
communities is as important as developing sustainable and integrated forest management
strategies [130].

5. Conclusions

This paper represents a first attempt to improve the current state of scientific knowl-
edge related to windstorm consequences on forest-related SES in Europe. We provided
an integrated analysis of major windstorms’ cascade effects and cause–effect linkages on
socio-economic, institutional and governance aspects analyzed in scientific research, which
are not comprehensively explored.

Although scholars and policymakers tend to emphasize the plurality of stakeholders
and actors connected to forest-related SES and the wide range of ecosystem services
provided by forests, our review highlighted that existing knowledge is still quite limited and
specialized in a few aspects: windstorm impacts are prevalently investigated with a narrow
and mono-sectoral focus (wood sector industry and related stakeholders), ultimately failing
to consider the full range of sectors, actors and SES dimensions that are directly or indirectly
affected by windstorms. A system thinking and system dynamics approach is missing.

Very little attention is paid to consequences on community wellbeing, social risk per-
ceptions/attitudes, and factors that boost the resilience of forest ecosystem services different
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from timber with no direct market value, but with high identity values such as traditional
landscape, non-timber forest products and cultural heritage. Similarly, the understanding
of socio-economic drivers in play behind the implementation of forest management strate-
gies, and the cascade effects that such strategies have on social dimensions and ecosystem
services provisioning is still very limited. So far, scientific investigations have approached
issues related to forest management and forest operations dimensions mainly from a tech-
nical and economic point of view. Nonetheless, entangling forest operations repercussions
on social dimensions, such as consequences on the local labor market, workforce working
conditions and safety, would be extremely important to support the local workforce, pro-
mote specialized training courses (e.g., on how to manage the special dangerous conditions
of forest operations after windstorms), reduce the risk of illegal/informal employment and
support safer working conditions.

Finally, the retrieved articles focus predominantly on: (i) short-term windstorm conse-
quences (i.e., within five years of the event); and (ii) large windstorms affecting Northern
and Central European countries. These results highlight the need to draw scientific attention
to long-term impacts at different economic, spatial and social scales and exploring also small
windstorm consequences, which are likely to have strong socio-economic repercussions on
affected local communities. Additionally, reporting the consequences of windstorms that
hit Southern European forests would allow us to identify eventual differences in impacts
and consequent resilient strategies implemented across European countries.

The limited knowledge of windstorm consequences on socio-economic, institutional
and governance dimensions leads to an incomplete and short-term focused understanding
of variables and dynamics shaping adaptability to windstorms. These knowledge gaps
potentially hinder the development of effective measures to increase the resilience of forest
SES thus inhibiting a sustainable and effective long-term recovery of communities hit
by storms. Likewise, the operationalization of resilience strategies is reduced by a poor
understanding of specific contextual factors and drivers that guide decision-making and
policy implementation, causing a mismatch between theoretical models for the improve-
ment of forest management and the management choices and operations that are actually
implemented on the field.

Due to the specific aim of the review, the analysis of socio-economic and institutional
dimensions was prioritized. On the one hand, this has prevented gaining a complete
overview of windstorm impacts on forest SES, but on the other, it has highlighted topics
and scientific areas where further research is needed. Further, some biases are caused by the
inclusion–exclusion criteria set for the papers search, e.g., restricting the research to English-
written articles might have excluded relevant studies written in other languages in countries
directly affected in the past by important events (e.g., France, Czech Republic). Moreover,
we choose to focus only on peer-reviewed literature, excluding from the analysis grey
literature and technical reports. While we acknowledge the existence of a rich grey literature
in relation to windstorm impacts management, a systematic review of this literature would
have been extremely challenging and would have very likely resulted in being incomplete
and difficult to replicate. Combining the analysis of academic and non-academic knowledge
related to windstorm repercussions on forest SES would be an important aspect to address
in future research.

Despite the above-mentioned limitation, our research has identified several aspects
that would deserve further research to provide scientific knowledge able to contribute
to reducing the vulnerability to windstorms of European forests. On the one hand, a
more in-depth understanding of socio-economic and institutional windstorms’ response
dynamics would help to support the formulation of more effective policies and strategies
to boost community and forest-related SES resilience; on the other, it might help to identify
appropriate indicators to address the evaluation of post-windstorm policies and strategies
implemented on the ground.

In line with the most recent international studies on complex SES, our research high-
lighted the need to implement an analytical approach consistent with the holistic nature
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of forest SES. Further than improving the understanding of windstorm consequences, the
approach used in this paper could also be applied to assess the impacts of extreme events
and hazards in general (e.g., wildfires, floods, pest outbreaks). This methodology would
allow a broader and more complete picture to be obtained of extreme weather event impacts
on multiple stakeholders and sectors involved in forest resource management. In turn, this
would enable the development of more comprehensive considerations about the resilience
of forest-related communities.
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Appendix A. Search Strings

Table A1. List of search strings used in Scopus database for paper selection.

Round of Review Search string in Article, Abstract, Keywords No. of Papers

First round

Windstorm OR hurricane AND Soc* AND econom* AND
European

33

Wind* OR hurricane* AND damage* AND cost* AND
community 132

Forest* AND wind* AND soc* AND econom* AND impact* AND
Europe 12

Forest* AND wind* AND soc* economic* AND damage* 51
Forest* AND wind* AND soc* economic* AND damage* or cost* 85

Forest* AND wind* AND soc* AND econom* AND effect* 135
Forest* AND wind* AND soc* AND econom* AND risk* 59

Second round

Forest* OR woodland AND wind* AND disturb* OR damage*
AND soc* AND economic* OR financial*

84

Forest* OR woodland AND wind* AND disturb* OR damage*
AND ecosystem* AND service* 99

Forest* OR woodland AND wind* AND disturb* OR damage*
AND institution* AND govern*: 5

Forest* OR woodland AND wind* AND disturb* OR damage*
AND poli* 17.420

Total of both rounds 18.115

The asterics * is used to replace multiple characters, thus allowing to search for several related words (e.g., disturb*
could stand for disturb, disturbs, disturbance or disturbances).
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Appendix B. Dimensions and Categories Used in Data Categorization

Table A2. List of dimensions, macro-categories and sub-categories used in data categorization.

Dimensions
Effects

Macro-Categories Sub-Categories

Cultural

Recreational activities (1) Leisure activities
Knowledge production (2) Hunting activities

Tourism sector (1) Academic knowledge
Traditional forest use (2) Technical information

Landscape value

Economic

Timber market and prices (1) Wood quality
(2) Timber prices fluctuations
(3) Raw material availability

Forest stakeholders‘ income (1) Non-industrial private forest owners
(2) Forest sector supply chain
(3) Forest related industries

(4) Primary processing industries

National and international trade
(1) Import/export balance trade

(2) National timber market features

Ecosystem services
provisioning

Provisioning services
Regulating services

Forest management and operations

Forest management (1) Plans
(2) Strategies

(3) Operations

Forest operations (1) Costs
(2) Investments

(3) Labor specialization
(4) Technological improvements

(5) Windthrown management and logging

Wood logistics (1) Transportation
(2) Storage

(3) Infrastructure

Risk mitigation strategies

Forest ecology

Pest Outbreaks

Forest structure (1) Species composition
(2) Fragmentation and tree dieback
(3) Natural subsequent disturbance

Forest regeneration dynamics

Institutional

Role of institution (1) Policy formulation
(2) Leadership and coordination

Institutional support (1) Financial compensation/subsidies
(2) Technical assistance

Local population engagement

Stakeholders’ engagement (1) Management of different interests

National and international
legal framework (1) Risk mitigation strategies
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Table A2. Cont.

Dimensions
Effects

Macro-Categories Sub-Categories

Insurance sector
Insurance market
Insurance policy

Social

Private forest owners’ reactions

(1) Post-windstorm behaviors
(2) Beliefs and attitudes

(3) Technical skills
(4) Management Plans

(5) Psychological wellbeing

Forest stakeholders’ interactions (1) Private/public sector interactions
(2) Stakeholders’ networks/peers relations

(3) Power dynamics
(4) Decision making process

Community related aspects (1) Health and wellbeing
(2) Engagement in Environmental protection

Forest consultants (1) Attitudes and perceptions
(2) Technical skills

Infrastructural damages

Appendix C. Methodological Approach for the Categorization of Observations:
An Example

The text below is extrapolated from the article “In the eye of the storm: adaptation
logics of forest owners in management and planning in Swedish areas” [36]. In this
paragraph direct and indirect windstorm consequences are detected and coded following
the “Dimension”—“Macro-category” and “Sub-category” coding system explained in
Section 2.3 of this review.

“The economic implications of storms are thus a great concern and challenge to the inter-
viewees in their forest ownership, mainly because of their level of economic dependence
on their forest. A number of them talked about their own and neighbors’ losses due to the
storm, and emphasized the great values that disappeared overnight and the dreams and
plans connected to these” . . . “This situation of uncertainty introduced instability into
the discourse on forest management and the authorities within the field. In relation to
their own capacities and resources, some of the forest owners expressed this uncertainty
about whom to trust, both in terms of advice on forest management and in the event of a
future storm” . . . “ How the storm altered their perception of forests and forestry was
thus a recurring theme among many of the forest owners. It forced them to change not
only their understanding, but also their actions in relation to their forest.”
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Table A3. Exemplification of coding and categorization process.

ID Direct Windstorm Effect Related Text Secondary Windstorm Effect Related Text

Dimension Macro Cat. Sub. Cat Dimension Macro Cat. Sub. Cat

1 Forest
Ecology

Forest
Structure

their own and
neighbors’ losses due

to the storm
Economic Forest

stakeholders’ income
NIPF

owners
The economic implications of storms are

thus a great concern

Social Private Forest owners’
reactions Belief and attitudes great values that disappeared overnight and

the dreams and plans connected to these

2 Social
Private Forest

owners’
reactions

Belief and
attitudes

This situation of
uncertainty

Forest
management

and
operations

Forest
management Plans instability into the discourse on forest

management and the authorities

Social Private Forest owners’
reactions

Technical
skills

In relation to their own
capacities and resources

Social

Private
Forest

owners’
reactions

Belief and attitudes

some of the forest owners expressed this
uncertainty about whom to trust, both in
terms of advice on forest management and

in the event of a future storm

3 Social
Private Forest

owners’
reactions

Belief and
attitudes

the storm altered
their perception of
forests and forestry

Forest
management

and
operations

Forest
management Strategies It forced them to change their actions in

relation to their forest
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Czech Republic: Drivers, impacts, and management implications. For. Ecol. Manag. 2021, 490, 119075. [CrossRef]
49. Zasada, I.; Häfner, K.; Schaller, L.; van Zanten, B.T.; Lefebvre, M.; Malak-Rawlikowska, A.; Nikolov, D.; Rodríguez-Entrena, M.;

Manrique, R.; Ungaro, F.; et al. A conceptual model to integrate the regional context in landscape policy, management and
contribution to rural development: Literature review and European case study evidence. Geoforum 2017, 82, 1–12. [CrossRef]

50. Grant, M.J.; Booth, A. A typology of reviews: An analysis of 14 review types and associated methodologies. Health Inf. Libr. J.
2009, 26, 91–108. [CrossRef]

51. Peters, M.D.J.; Godfrey, C.M.; Khalil, H.; McInerney, P.; Parker, D.; Soares, C.B. Guidance for conducting systematic scoping
reviews. Int. J. Evid. Based. Healthc. 2015, 13, 141–146. [CrossRef]

52. Behrendt, A.; Lukasiewicz, K.; Seaberg, D.; Zhuang, J. Trends in Multidisciplinary Hazard and Disaster Research: A 1982–2017
Case Study. Risk Anal. 2021, 41, 1195–1203. [CrossRef]

53. Nakagawa, S.; Samarasinghe, G.; Haddaway, N.R.; Westgate, M.J.; O’Dea, R.E.; Noble, D.W.A.; Lagisz, M. Research Weaving:
Visualizing the Future of Research Synthesis. Trends Ecol. Evol. 2019, 34, 224–238. [CrossRef]

54. Arksey; Malley Scoping studies: Towards a methodological framework. Int. J. Soc. Res. Methodol. 2005, 8, 19–32. [CrossRef]
55. Doyle, E.E.H.; Johnston, D.M.; Smith, R.; Paton, D. Communicating model uncertainty for natural hazards: A qualitative

systematic thematic review. Int. J. Disaster Risk Reduct. 2019, 33, 449–476. [CrossRef]

http://doi.org/10.3354/cr01461
http://doi.org/10.1139/cjfr-2018-0114
http://doi.org/10.1111/1365-2664.12511
http://doi.org/10.5194/nhess-10-97-2010
http://doi.org/10.1002/eap.2095
http://doi.org/10.1139/cjfr-2015-0264
http://doi.org/10.1007/s13595-016-0566-1
http://doi.org/10.1371/journal.pone.0050182
http://www.ncbi.nlm.nih.gov/pubmed/23185568
http://doi.org/10.1080/02827581.2018.1494305
http://doi.org/10.1371/journal.pone.0210426
http://www.ncbi.nlm.nih.gov/pubmed/30629690
http://doi.org/10.1111/soru.12272
http://doi.org/10.1016/j.foreco.2013.08.033
http://doi.org/10.1007/s40725-020-00110-x
http://doi.org/10.1016/j.jenvman.2017.02.066
http://doi.org/10.1553/eco.mont-12-1s15
http://doi.org/10.1016/j.foreco.2020.118721
http://doi.org/10.3390/resources3040672
http://doi.org/10.5751/ES-00650-090205
http://doi.org/10.1146/annurev.anthro.35.081705.123238
http://doi.org/10.1016/j.foreco.2021.119075
http://doi.org/10.1016/j.geoforum.2017.03.012
http://doi.org/10.1111/j.1471-1842.2009.00848.x
http://doi.org/10.1097/XEB.0000000000000050
http://doi.org/10.1111/risa.13308
http://doi.org/10.1016/j.tree.2018.11.007
http://doi.org/10.1080/1364557032000119616
http://doi.org/10.1016/j.ijdrr.2018.10.023


Forests 2022, 13, 939 29 of 31

56. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, 105906.

57. Blennow, K.; Persson, J.; Wallin, A.; Vareman, N.; Persson, E. Understanding risk in forest ecosystem services: Implications for
effective risk management, communication and planning. Forestry 2014, 87, 219–228. [CrossRef]

58. Forsell, N.; Wikström, P.; Garcia, F.; Sabbadin, R.; Blennow, K.; Eriksson, L.O. A graph-based Markov decision process approach
for managing forests under risk of wind damage. MODSIM07—Land Water Environ. Manag. Integr. Syst. Sustain. Proc.
2007, 2168–2174. Available online: https://www.researchgate.net/publication/253423688_A_Graph-based_Markov_Decision_
Process_approach_for_managing_forests_under_risk_of_wind_damage (accessed on 22 May 2022).

59. Hewson, T.D.; Neu, U. Cyclones, windstorms and the IMILAST project. Tellus Ser. A Dyn. Meteorol. Oceanogr. 2015, 6, 27218.
[CrossRef]

60. Hanewinkel, M.; Hummel, S.; Albrecht, A. Assessing natural hazards in forestry for risk management: A review. Eur. J. For. Res.
2011, 130, 329–351. [CrossRef]

61. Melnykovych, M.; Nijnik, M.; Soloviy, I.; Nijnik, A.; Sarkki, S.; Bihun, Y. Social-ecological innovation in remote mountain areas:
Adaptive responses of forest-dependent communities to the challenges of a changing world. Sci. Total Environ. 2018, 613–614,
894–906. [CrossRef]

62. Thonicke, K.; Bahn, M.; Lavorel, S.; Bardgett, R.D.; Erb, K.; Giamberini, M.; Reichstein, M.; Vollan, B.; Rammig, A. Advanc-
ing the Understanding of Adaptive Capacity of Social-Ecological Systems to Absorb Climate Extremes. Earth’s Future 2020,
8, e2019EF001221. [CrossRef]

63. Thom, D.; Seidl, R.; Steyrer, G.; Krehan, H.; Formayer, H. Slow and fast drivers of the natural disturbance regime in Central
European forest ecosystems. For. Ecol. Manag. 2013, 307, 293–302. [CrossRef]

64. Sarkki, S.; Ficko, A.; Wielgolaski, F.E.; Abraham, E.M.; Bratanova-Doncheva, S.; Grunewald, K.; Hofgaard, A.; Holtmeier, F.-K.;
Kyriazopoulos, A.P.; Broll, G.; et al. Climate Research Clim Res Assessing the resilient provision of ecosystem services by
social-ecological systems: Introduction and theory. Clim. Res. 2017, 73, 7–15. [CrossRef]

65. Ostrom, E. A general framework for analyzing sustainability of social-ecological systems. Science 2009, 325, 419–422. [CrossRef]
[PubMed]

66. Özesmi, U.; Özesmi, S.L. Ecological models based on people’s knowledge: A multi-step fuzzy cognitive mapping approach.
Ecol. Modell. 2004, 176, 43–64. [CrossRef]

67. Scavarda, A.J.; Bouzdine-Chameeva, T.; Goldstein, S.M.; Hays, J.M.; Hill, A.V. A methodology for constructing collective causal
maps. Decis. Sci. 2006, 37, 263–283. [CrossRef]

68. Öllinger, M.; Hammon, S.; von Grundherr, M.; Funke, J. Does visualization enhance complex problem solving? The effect of
causal mapping on performance in the computer-based microworld Tailorshop. Educ. Technol. Res. Dev. 2015, 63, 621–637.
[CrossRef]

69. Sanginés de Cárcer, P.; Mederski, P.S.; Magagnotti, N.; Spinelli, R.; Engler, B.; Seidl, R.; Eriksson, A.; Eggers, J.; Bont, L.G.;
Schweier, J. The Management Response to Wind Disturbances in European Forests. Curr. For. Rep. 2021, 7, 167–180. [CrossRef]

70. Feser, F.; Barcikowska, M.; Krueger, O.; Schenk, F.; Weisse, R.; Xia, L. Storminess over the North Atlantic and northwestern
Europe-A review. Q. J. R. Meteorol. Soc. 2015, 141, 350–382. [CrossRef]

71. Sauter, P.A.; Möllmann, T.B.; Anastassiadis, F.; Mußhoff, O.; Möhring, B. To insure or not to insure? Analysis of foresters’
willingness-to-pay for fire and storm insurance. For. Policy Econ. 2016, 73, 78–89. [CrossRef]

72. Fouqueray, T.; Charpentier, A.; Trommetter, M.; Frascaria-Lacoste, N. The calm before the storm: How climate change drives
forestry evolutions. For. Ecol. Manag. 2020, 460, 117800. [CrossRef]

73. Régolini, M.; Meredieu, C.; Jactel, H.; Arias-González, A.; Branco, M.; Cantero, A.; Castro, A.; Fraysse, J.Y.; Gardiner, B.;
Hevia, A.; et al. Multi-criteria analysis to compare multiple risks associated with management alternatives in planted forests.
For. Syst. 2020, 29, 1–17. [CrossRef]

74. Angst, C.; Volz, R. A decision-support tool for managing storm-damaged forests. For. Snow Landsc. Res. 2002, 77, 217–224.
75. Brunette, M.; Couture, S. Public compensation for windstorm damage reduces incentives for risk management investments.

For. Policy Econ. 2008, 10, 491–499. [CrossRef]
76. Zubizarreta-Gerendiain, A.; Pukkala, T.; Peltola, H. Effects of wind damage on the optimal management of boreal forests under

current and changing climatic conditions. Can. J. For. Res. 2017, 47, 246–256. [CrossRef]
77. Zimmermann, K.; Schuetz, T.; Weimar, H. Analysis and modeling of timber storage accumulation after severe storm events in

Germany. Eur. J. For. Res. 2018, 137, 463–475. [CrossRef]
78. Dubrovskis, E.; Donis, J.; Racenis, E.; Kitenberga, M.; Jansons, A. Wind-induced stem breakage height effect on potentially

recovered timber value: Case study of the Scots pine (Pinus sylvestris L.) in Latvia. For. Stud. 2018, 69, 24–32. [CrossRef]
79. Couture, S.; Cros, M.-J.; Sabbadin, R. Risk aversion and optimal management of an uneven-aged forest under risk of windthrow:

A Markov decision process approach. J. For. Econ. 2016, 25, 94–114. [CrossRef]
80. Petr, M.; Boerboom, L.; Ray, D.; Veen, A. Van Der Forest Policy and Economics An uncertainty assessment framework for forest

planning adaptation to climate change. For. Policy Econ. 2014, 41, 1–11. [CrossRef]
81. Andersson, M.; Kellomäki, S.; Gardiner, B.; Blennow, K. Life-style services and yield from south-Swedish forests adaptively

managed against the risk of wind damage: A simulation study. Reg. Environ. Chang. 2015, 15, 1489–1500. [CrossRef]

http://doi.org/10.1093/forestry/cpt032
https://www.researchgate.net/publication/253423688_A_Graph-based_Markov_Decision_Process_approach_for_managing_forests_under_risk_of_wind_damage
https://www.researchgate.net/publication/253423688_A_Graph-based_Markov_Decision_Process_approach_for_managing_forests_under_risk_of_wind_damage
http://doi.org/10.3402/tellusa.v67.27128
http://doi.org/10.1007/s10342-010-0392-1
http://doi.org/10.1016/j.scitotenv.2017.07.065
http://doi.org/10.1029/2019EF001221
http://doi.org/10.1016/j.foreco.2013.07.017
http://doi.org/10.3354/cr01437
http://doi.org/10.1126/science.1172133
http://www.ncbi.nlm.nih.gov/pubmed/19628857
http://doi.org/10.1016/j.ecolmodel.2003.10.027
http://doi.org/10.1111/j.1540-5915.2006.00124.x
http://doi.org/10.1007/s11423-015-9393-6
http://doi.org/10.1007/s40725-021-00144-9
http://doi.org/10.1002/qj.2364
http://doi.org/10.1016/j.forpol.2016.08.005
http://doi.org/10.1016/j.foreco.2020.117880
http://doi.org/10.5424/fs/2020292-15660
http://doi.org/10.1016/j.forpol.2008.05.001
http://doi.org/10.1139/cjfr-2016-0226
http://doi.org/10.1007/s10342-018-1116-1
http://doi.org/10.2478/fsmu-2018-0009
http://doi.org/10.1016/j.jfe.2016.08.002
http://doi.org/10.1016/j.forpol.2013.12.002
http://doi.org/10.1007/s10113-014-0687-8


Forests 2022, 13, 939 30 of 31

82. Yousefpour, R.; Bredahl Jacobsen, J.; Thorsen, B.J.; Meilby, H.; Hanewinkel, M.; Oehler, K. A review of decision-making approaches
to handle uncertainty and risk in adaptive forest management under climate change. Ann. For. Sci. 2012, 69, 1–15. [CrossRef]

83. Pacey, G.P.; Schultz, D.M.; Garcia-Carreras, L. Severe Convective Windstorms in Europe: Climatology, Preconvective Environ-
ments, and Convective Mode. Weather. Forecast. 2021, 36, 237–252. [CrossRef]

84. Blennow, K.; Persson, J.; Persson, E.; Hanewinkel, M. Forest Owners’ Response to Climate Change: University Education Trumps
Value Profile. PLoS ONE 2016, 11, e0155137. [CrossRef]

85. Lidskog, R.; Sjödin, D. Risk governance through professional expertise. Forestry consultants’ handling of uncertainties after a
storm disaster. J. Risk Res. 2015, 19, 1275–1290. [CrossRef]

86. Zell, J.; Hanewinkel, M. How treatment, storm events and changed climate affect productivity of temperate forests in SW
Germany. Reg. Environ. Chang. 2015, 15, 1531–1542. [CrossRef]

87. Forsell, N.; Wikström, P.; Garcia, F.; Sabbadin, R.; Blennow, K.; Ola Eriksson, L.; Forsell, N.; Wikström, P.; Eriksson, L.;
Garcia, F.; et al. Management of the risk of wind damage in forestry: A graph-based Markov decision process approach. Ann.
Oper. Res. 2011, 190, 57–74. [CrossRef]

88. Petucco, C.; Andrés-Domenech, P.; Duband, L. Cut or keep: What should a forest owner do after a windthrow? For. Ecol. Manag.
2020, 461, 117866. [CrossRef]

89. Loisel, P.; Brunette, M.; Couture, S. Insurance and Forest Rotation Decisions Under Storm Risk. Environ. Resour. Econ. 2020, 76,
347–367. [CrossRef]

90. Lidskog, R.; Sjödin, D. Why do forest owners fail to heed warnings ? Conflicting risk evaluations made by the Swedish forest
agency and forest owners. Scand. J. For. Res. 2014, 29, 275–282. [CrossRef]

91. Blennow, K. Risk management in Swedish forestry-Policy formation and fulfilment of goals. J. Risk Res. 2008, 11, 237–254.
[CrossRef]

92. Samariks, V.; Krisans, O.; Donis, J.; Silamikele, I.; Katrevics, J.; Jansons, A. Cost-benefit analysis of measures to reduce windstorm
impact in pure Norway Spruce (Picea abies L. Karst.) stands in Latvia. Forests 2020, 11, 576. [CrossRef]

93. Hanewinkel, M.; Peyron, J.L. The Economic Impact of Storms. In Living with Storm Damage to Forests; EFI European Forest
Institute: Joensuu, Finland, 2013; pp. 55–63. ISBN 9789525980080.

94. Nieuwenhuis, M.; O’Connor, E. Financial impact evaluation of catastrophic storm damage in Irish forestry: A case study. I.
Stumpage losses. Forestry 2001, 74, 369–381. [CrossRef]

95. Schwarzbauer, P.; Rauch, P. Impact on Industry and Markets—Roundwood Prices and Procurement Risks. In Living with Storm
Damage to Forests: What Science Can Tell Us; EFI European Forest Institute: Joensuu, Finland, 2013; pp. 66–71, ISBN 978-952-5980-08-0.

96. Müller, F.; Augustynczik, A.L.D.; Hanewinkel, M. Quantifying the risk mitigation efficiency of changing silvicultural systems
under storm risk throughout history. Ann. For. Sci. 2019, 76, 116. [CrossRef]

97. Blennow, K.; Persson, E. Societal Impacts of storm damages. In Living with Storm Damage to Forests; EFI European Forest Institute:
Joensuu, Finland, 2013; pp. 70–78. ISBN 1588831442.

98. Couture, S.; Reynaud, A. Multi-stand forest management under a climatic risk: Do time and risk preferences matter? Environ.
Model. Assess. 2008, 13, 181–193. [CrossRef]

99. Forsell, N.; Eriksson, O.L. Influence of temporal aggregation on strategic forest management under risk of wind damage. Ann.
Oper. Res. 2014, 219, 397–414. [CrossRef]

100. Hartebrodt, C. The impact of storm damage on small-scale forest enterprises in the south-west of Germany. Small-Scale For. Econ.
Manag. Policy 2004, 3, 203–222. [CrossRef]

101. Müller, J.; Noss, R.F.; Thorn, S.; Bässler, C.; Leverkus, A.B.; Lindenmayer, D. Increasing disturbance demands new policies to
conserve intact forest. Conserv. Lett. 2019, 12, e12499. [CrossRef]

102. Sotirov, M.; Arts, B. Integrated Forest Governance in Europe: An introduction to the special issue on forest policy integration and
integrated forest management. Land Use Policy 2018, 79, 960–967. [CrossRef]

103. Augustynczik, A.L.D.; Asbeck, T.; Basile, M.; Jonker, M.; Knuff, A.; Yousefpour, R.; Hanewinkel, M. Reconciling forest profitability
and biodiversity conservation under disturbance risk: The role of forest management and salvage logging. Environ. Res. Lett.
2020, 15, 940–943. [CrossRef]

104. Caurla, S.; Garcia, S.; Niedzwiedz, A. Store or export? An economic evaluation of financial compensation to forest sector after
windstorm. The case of Hurricane Klaus. For. Policy Econ. 2015, 61, 30–38. [CrossRef]

105. Schou, E.; Thorsen, B.J.; Jacobsen, J.B. Regeneration decisions in forestry under climate change related uncertainties and risks:
Effects of three different aspects of uncertainty. For. Policy Econ. 2015, 50, 11–19. [CrossRef]

106. Segura, M.; Ray, D.; Maroto, C. Decision support systems for forest management: A comparative analysis and assessment.
Comput. Electron. Agric. 2014, 101, 55–67. [CrossRef]

107. Lundholm, A.; Black, K.; Corrigan, E.; Nieuwenhuis, M. Evaluating the Impact of Future Global Climate Change and Bioeconomy
Scenarios on Ecosystem Services Using a Strategic Forest Management Decision Support System. Front. Ecol. Evol. 2020, 8, 200.
[CrossRef]

108. Blanco, J.; Sourdril, A.; Deconchat, M.; Barnaud, C.; San Cristobal, M.; Andrieu, E. How farmers feel about trees: Perceptions of
ecosystem services and disservices associated with rural forests in southwestern France. Ecosyst. Serv. 2020, 42, 101066. [CrossRef]

109. Donis, J.; Saleniece, R.; Krisans, O.; Dubrovskis, E.; Kitenberga, M.; Jansons, A. A financial assessment of windstorm risks for
scots pine stands in hemiboreal forests. Forests 2020, 11, 566. [CrossRef]

http://doi.org/10.1007/s13595-011-0153-4
http://doi.org/10.1175/WAF-D-20-0075.1
http://doi.org/10.1371/journal.pone.0155137
http://doi.org/10.1080/13669877.2015.1043570
http://doi.org/10.1007/s10113-015-0777-2
http://doi.org/10.1007/s10479-009-0522-7
http://doi.org/10.1016/j.foreco.2020.117866
http://doi.org/10.1007/s10640-020-00429-w
http://doi.org/10.1080/02827581.2014.910268
http://doi.org/10.1080/13669870801939415
http://doi.org/10.3390/f11050576
http://doi.org/10.1093/forestry/74.4.369
http://doi.org/10.1007/s13595-019-0884-1
http://doi.org/10.1007/s10666-007-9121-7
http://doi.org/10.1007/s10479-011-0966-4
http://doi.org/10.1007/s11842-004-0015-0
http://doi.org/10.1111/conl.12449
http://doi.org/10.1016/j.landusepol.2018.03.042
http://doi.org/10.1088/1748-9326/abad5a
http://doi.org/10.1016/j.forpol.2015.06.005
http://doi.org/10.1016/j.forpol.2014.09.006
http://doi.org/10.1016/j.compag.2013.12.005
http://doi.org/10.3389/fevo.2020.00200
http://doi.org/10.1016/j.ecoser.2020.101066
http://doi.org/10.3390/f11050566


Forests 2022, 13, 939 31 of 31

110. Brönnimann, S.; Appenzeller, C.; Croci-Maspoli, M.; Fuhrer, J.; Grosjean, M.; Hohmann, R.; Ingold, K.; Knutti, R.; Liniger, M.A.;
Raible, C.C.; et al. Climate change in Switzerland: A review of physical, institutional, and political aspects. Wiley Interdiscip. Rev.
Clim. Chang. 2014, 5, 461–481. [CrossRef]

111. Notaro, S.; Paletto, A.; Raffaelli, R. Economic Impact of Forest Damage in an Alpine Environment. Acta Silv. Lign. Hung 2009, 5,
131–143.

112. Blennow, K.; Persson, J. Climate change: Motivation for taking measure to adapt. Glob. Environ. Chang. 2009, 19, 100–104.
[CrossRef]

113. Keskitalo, E.C.H. How can forest management adapt to climate change? Possibilities in different forestry systems. Forests 2011, 2,
415–430. [CrossRef]

114. Sousa-Silva, R.; Verbist, B.; Lomba, Â.; Valent, P.; Suškevičs, M.; Picard, O.; Hoogstra-Klein, M.A.; Cosofret, V.C.; Bouriaud,
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