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Abstract: Although increasing concern about climate change has raised awareness of the fundamental
role of forest ecosystems, forests are threatened by human-induced impacts worldwide. Among them,
wildfire risk is clearly the result of the interaction between human activities, ecological domains, and
climate. However, a clear understanding of these interactions is still needed both at the global and
local levels. Numerous studies have proven the validity of the socioecological system (SES) approach
in addressing this kind of interdisciplinary issue. Therefore, a systematic review of the existing
literature on the application of SES frameworks to forest ecosystems is carried out, with a specific
focus on wildfire risk management. The results demonstrate the existence of different methodological
approaches that can be grouped into seven main categories, which range from qualitative analysis
to quantitative spatially explicit investigations. The strengths and limitations of the approaches are
discussed, with a specific reference to the geographical setting of the works. The research suggests
the importance of local community involvement and local knowledge consideration in wildfire risk
management. This review provides a starting point for future research on forest SES and a supporting
tool for the development of a sustainable wildfire risk adaptation and mitigation strategy.

Keywords: socio-ecological system; wildfire risk; spatial system modelling; participatory modelling;
traditional knowledge; agent-based model

1. Introduction

The interconnection between forest ecosystems (as defined by the Convention on
Biological Diversity, “a forest ecosystem is a dynamic complex of plant, animal and micro-
organism communities and their abiotic environment interacting as a functional unit, where
trees are a key component of the system.” [1]) and our socioeconomic systems is deep and
unmistakable. During the past few decades, the importance of forests for our well-being
has become increasingly clear. Growing concerns about climate change have brought forest
ecosystems health to the attention of the public and policy makers. However, globally,
forests faced an annual area loss of 4.7 million hectares between 2010 and 2020. Although
regional trends are diverse, moreover, climate change, together with other human-induced
changes, threatens forest ecosystems health even in the areas characterized by a net gain of
forest surface [2].

In particular, wildfires are a significant result of the interaction between different
sources of pressure on forest ecosystems. In 2015, fires affected 98 million hectares of
forests worldwide [3]. Although most of the annual burned areas are in tropical regions,
temperate forests are also affected by wildfires. In the United States, for example, the
annual burned area due to wildfires increased by over 5% per year over the period 1991-
2015 [4]. According to the European Forest Fire Information System (EFFIS), 58% of the
total burned area in Europe in 2018 was in forests and other wooded land, as identified
by the CORINE Land Cover Type classification system [5]. In addition, climate change is
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predicted to cause an increase in the frequency of heat waves, dry spells, and consequently,
droughts, especially in southern Europe. This, will exacerbate the length and severity of
the fire season in the areas at risk and the probability of large fires [6].

The drivers of wildfire risk, however, are not limited to meteorological factors; vegeta-
tion conditions, such as the level of species richness, age distribution of trees, and human
behaviour are all crucial factors [7]. Concerning human influence, forest management can
reduce the risk of large forest fires by avoiding fuel accumulation, for example through
the prescribed fire technique [8-10]. Moreover, the risk of wildfires is strictly linked to the
distribution of population, land cover, and land use [7]. The Wildland-Urban Interface
(WUI), which represents the border between the urban area and forests or open land, is a
significant factor in forest fire ignitions [11,12]. Although in the Global South, deforestation
is often due to human-caused burning with the aim of converting land to agriculture, in
the Global North the desire to be close to nature results in an increase in the fire hazard and
the vulnerability of people and infrastructure. Tourists are also potential causes of ignition,
and the increasing recreational use of forests, together with the extension of the tourism
season due to climate change, will probably increase the chances of fire [13]. Finally, rural
abandonment is recognised as a cause of the exacerbated fire regime. Abandoned agricul-
tural land typically goes through a phase of fallow land, with a high level of flammable
vegetation, before turning into stable forests [14].

In view of the above, it is clear that the development of the socio-economic system
has strong impacts on the ecological environment, whose disturbances, such as wildfires,
in turn affect socio-economic organizations. A comprehensive understanding of the inter-
actions between the diverse elements and their contribution to fire risk definition remains
necessary at both the global and local levels [7,15-17], with reference to the characteristics
of each specific region fire regime history [14,18].

Socio-ecological system (SES) models are valid frameworks for the analysis of the inter-
actions between humans and nature, namely the socio-economic and ecological dimensions.
These systemic analysis tools rely on the characterisation of a comprehensive structure,
which is defined by Glaser et al. [19] as “a complex, adaptive system consisting of a bio-
geophysical unit and its associated social actors and institutions. The spatial or functional
boundaries of the system delimit a particular ecosystem and its problem context.”

One of the major challenges faced by SES research is to close the gap between two
different disciplinary approaches, integrating the typical quantitative data of ecological
sciences with the qualitative data of social sciences [20]. For this purpose, many attempts
of modelling the human-nature relationships and feedbacks have been made, ranging
from graphical mental maps to mathematically formulated models (as an example, [21]).
Subsequently, agent-based models (ABM) have been developed to integrate the dynamic
spatial dimension [19,22-24].

SES research has had a strong development in recent years thanks to the rising interest
in resiliency studies [25]. Previous studies have tried to summarise and compare existing
theoretical frameworks for SES analysis. In particular, Binder et al. [26] selected and
analyzed 10 frameworks based on 9 contextual criteria and 10 structural criteria, while
Schliiter et al. [20] created a specific reference scheme for mapping the existing model types
according to their degree of realism and integration.

However, as far as we know, little work has been done in reviewing previous studies
specifically related to the forest ecosystem. Therefore, the aim of this work is to analyse the
existing literature on the explicit application of SES frameworks to forest ecosystems, with
a specific focus on wildfires. Object of the analysis are the interactions between the forest
ecosystem, characterized by its dynamics of vegetation and in general of nature, and the
socio-economic sub-system. This sub-system includes population dynamics and human
activities, such as forest management and firefighting operations. Climate, which can be
considered as an external factor to the socio-ecological system, also plays an important role
in these interactions.
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The results of this literature review demonstrate the existence of a variety of method-
ological approaches and highlight some critical issues in forest fire management. Since the
objective of this study is to provide wildfire researchers with a novel general overview of
different approaches strengths and limitations, the structured discussion of the existing
contributions is intended to be a robust baseline for future research in the forest SES. More-
over, this work can be a supporting tool for the development of an innovative sustainable
wildfire management strategy, which addresses both the ecological and socioeconomic
aspects of forest ecosystems as interconnected.

In the second section of this paper, the scientific databases chosen for the literature
search and the method adopted for the analysis are described. The third section illustrates
the main results, while the contributions of the studies are discussed in detail in the fourth.
Finally, the last section summarises the principal outcomes and implications of this study.

2. Method and Instruments

A systematic literature review of the existing studies in English language on SES
modelling for forest fire management was carried out. As presented in Figure 1, the adopted
methodology consists of four steps, elaborated with PRISMA statement guidelines [27]:

1.  Keywords search in scientific study databases;

2. First rough analysis of the results for the selection of relevant studies;

3. Analysis of the bibliographical references of the relevant studies for including addi-
tional studies;

4. Systematic analysis of the selected studies.

Publication year

Keywords search:
“Socio-ecological system?”,
forest, model, (fire OR wildfire)

Journal source and
research field

2 Y
Geographical setting
z . 52 selected : ; e
Relevant studies selection —| ; Systematic analysis (authors’ affiliation
studies
and case study)
Scale of analysis
3 - (extent and resolution)

Additional studies inclusion

Methodological
approach

Figure 1. Scheme of the methodology adopted in this literature review.

2.1. Keywords Search

The first step was carried out using two academic search systems: ScienceDirect and
Scopus. Both search tools are provided by Elsevier, and their multidisciplinary approach is
considered a fundamental characteristic in the search tool choice [28]. The ScienceDirect
digital archives contain approximately 2500 scientific journals published since 1823, while
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Scopus includes more than 24,600 active titles and has records going as far back as 1788.
For the sake of completeness, a supplementary search was carried out through the Web of
Science Core Collection database, provided by Clarivate Analytics, whose oldest contents
date back to 1970.

Considering the SES modelling approach and the forest ecosystem, with a focus on
wildfires, a slightly complex string was chosen:

“Socio-ecological system” AND forest AND model AND (fire OR wildfire)

The specificity of the combination of keywords was balanced by choosing the “all
fields” search setting in all three databases. No initial time limit was indicated for the
research, while only articles published by 31 December 2020 were considered.

The first step returned 412 studies from the Scopus system and 364 studies from the
ScienceDirect system. In contrast, the supplementary search through the Web of Science
Core Collection database returned only 10 studies. This is probably due to the different
structure of the search tool, which is not suited for a narrow combination of keywords.

2.2. Publications Selection

In the second step, their titles and abstracts were analyzed to determine if they should
be included in this literature review. The parameters considered were as follows:

the consideration of both the ecological and socioeconomic spheres of the SESs;

the forest ecosystem focus;

mentioning wildfires either as the primary focus of the study or as one of the principal
factors of the SES analysis.

This screening allowed us to reduce the list to 47 works in total.

2.3. Snowball Inclusion

In the third step, following a snowball approach [29], the cited references of the
selected studies were analyzed. The same parameters elaborated for the second step were
applied. This phase led to the inclusion of 5 other relevant studies that did not appear in
the database search. Their absence in the first list of results could be because they were
not listed in the searched databases or lacked the selected keywords in the paper text. For
example, the term “Coupled Human Natural System (CHNS or CHANS)” was determined
in some studies to be nearly synonymous with SES [30-32].

2.4. Publications Analysis and Categorization

During the fourth step, the 52 studies of the final list were analyzed regarding several
aspects. First, the distribution of publications throughout the year illustrated the evolution
of the interest in this research field over time. Then, the studies were classified according
to their journal sources, which in turn were classified according to their scientific area of
study (a complete table of the correspondence between the journals and the scientific areas
is provided in Appendix A). The geographical origin of the authors and the geographical
focus of the studies were investigated and represented using two cartographical products.
The extent of the analysis adopted in the studies was classified into four scale classes based
on an elaboration of Haggett [33]:

1.  Microscale, corresponding to an urban scale (between 1.25 km and 12.5 km)

2. Mesoscale, corresponding to a subnational scale (between 12.5 km and 125 km)
3. Macroscale, corresponding to a national scale

4. Megascale, corresponding to a supranational scale.

The objective of the chosen classes was to consider the institutional division of space,
which is a significant factor in the socioeconomic aspects of the SESs. For the studies that
were carried out through a spatially explicit approach, the minimum grain chosen for the
analysis was also considered, resulting in further classification of their resolution types.

Finally, the studies were classified according to their methodological approach. The
methodological categories were not decided a priori, but they were identified through a
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qualitative analysis of the papers, with particular attention to their methodological sections.
An iterative process was conducted: each time a new approach was identified, a new
category was created. At the end of the process, the classification was revised in order to
homogenize and simplify it by eliminating redundant categories.

This methodological classification was intended to be a useful instrument for guiding
readers through different existent approaches and for suggesting specific study areas.
The strengths and limitations of each approach are described in the Discussion section.
However, the investigation presented here is not limited to this strict categorization, aiming
at a more complex analysis. Therefore, the discussion of the contributions seeks to relate
the diverse aspects of this study’s outcomes, with particular attention on the geographical
perspective, and to analyse the crucial forest fire management issues arising from the
literature review.

3. Results

Fifty-two studies constitute the final list used for this literature review. Their complete
list is reported in Appendix B, including the publication type, the authors” geography, the
area of interest, the scale of analysis, and the methodological category.

According to the publication typology, five of the studies were literature reviews,
one was classified as a short survey, and the rest were research articles. As illustrated in
Figure 2, more than half of the papers were published after 2016, with a growing yearly
trend. Although a declining trend is visible for the two last years, the graph highlights the
recent interest in this research topic.

Number of studies published per year

12
0
2 10
2 8
(%]
“ 6
o 4
32, m [] |

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year
Figure 2. Distribution of the selected studies according to their publication year.

The source analysis revealed the scientific journals in which most of the articles
were published. As listed in Table 1, these are Ecology and Society, with five papers,
and Journal of Environmental Management, with four papers, followed by Ecological
Indicators, Landscape and Urban Planning, and Sustainability, with three articles each. The
journals were classified according to their primary scientific area. The results indicate that
environmental science and ecology are undoubtedly the areas with the highest number of
selected articles, followed by planning (see Table 2).
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Table 1. Most frequent journal sources for the selected studies and related number of published
articles. A complete list of the journal sources is provided in Appendix A.

Most Frequent Journal Sources Number of Published Articles
Journal of Environmental Management 5
Ecology and Society 4
Ecological Indicators 3
Landscape and Urban Planning 3
Sustainability (Switzerland) 3

Table 2. List of the scientific areas of the journal sources of the selected articles. A complete table of
the correspondence between the journals and the scientific areas is provided in Appendix A.

Scientific Area Number of Related Studies

Environmental science 16
Ecology 13
Planning
Forestry
Ecosystems
Sustainability
Agriculture
Biology
Risks
Various
Water
Wildfire

(o)}

R R R RN W W

Figure 3 provides an overview of the number of studies published per country. The
analysis of the geographical origin of the authors of the works established that the United
States tops the list, with 17 studies published by at least one scientist affiliated with their
institutions. The United States is followed by Italy with 14 studies, Spain with 9 studies,
Greece with 8 studies, and Portugal with 7. Figure 4 shows the geographical focus of the
study. The same five countries are the most frequent: Spain with 10 studies, the United
States with 8, Greece with 7, and Italy and Portugal with 6 each. In addition, two more
studies focusing on the entire Mediterranean region were considered in the count of studies
focusing on Spain, Portugal, Greece, and Italy.

The scale of analysis adopted in the studies was analyzed with reference to the extent
and the resolution. Table 3 provides the classification of the studies according to their
scale extent.

Table 3. Classification of the selected articles according to the extent of analysis adopted. The scale
classes are based on Haggett [33].

Scale of Analysis: Extent Number of Studies Published
Microscale 3
Mesoscale 34
Macroscale 9
Megascale 4
Various scales 1
Not defined 1

The resolution, in the form of the minimum grain chosen for the analysis, could be
evaluated for the 32 studies that adopted a spatially explicit approach. Different types
of resolutions were adopted, with most of the articles using a cartographical resolution
expressed in degrees or in linear units. Others based their spatial subdivision on ad-
ministrative borders, such as municipalities and prefectures. Several works have used
homogeneous landscape subdivisions, such as the individual landscape decision units
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(IDUs) employed for ABM. Finally, only one study was based on natural borders, namely
hydrogeological basins.

. Legend

Number of authors:
[1-2
[3-5
Elec-8
Hlo-13 T
I 14 - 17

Figure 3. Distribution of the geographical origin of the authors of the selected studies. The number of authors per country
is calculated as the number of studies which have at least one author affiliated with a research institution located in the

selected country.

Legend
- Number of case studies (continent level):

3

Number of case studies (country level):
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Figure 4. Distribution of the selected studies according to their geographical focus. For the studies with a national or
subnational scale, the entire country is considered. For the studies with a supranational scale, the entire continent is

considered. Please note that two studies focusing on the entire Mediterranean basin could not be represented. Moreover,

four studies do not have a restricted geographical focus, so they were also excluded.

Concerning the methodology adopted in the 52 selected studies, 7 methodological
categories resulted from the analysis of their approaches. They are briefly described and
exemplified below:
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Qualitative approach (QA) category, analysing the SESs using different techniques,
which are limited to their qualitative aspects (e.g., Balzan et al. [34] used an expert
consultation for identifying the key characteristics of Mediterranean SESs and the
current pressures on their ecosystem services).

Social science techniques (SST) studies, mostly using social science techniques for the
participatory modelling of the socio-ecological systems (e.g., Bodonirina et al. [35]
involved the local community of Zahamena forest in defining a shared mental model
of the forest SES, in order to promote the discussion about resource management).
Statistical approach (SA) category, applying diverse statistical techniques to determine
the quantitative relationships between different elements of the SESs (e.g., Ferrara
et al. [36] investigated the linear and non-linear correlation among socio-economic
variables and wildfires distribution).

Vulnerability analysis (VA) category, applying a vulnerability analysis technique
(e.g., Aretano et al. [37] used a conceptual linear model of vulnerability for mapping
vulnerable areas to fire risk and identifying effective management interventions).
Agent-based models (ABM) category, representing and analysing SESs through spa-
tially explicit agent-based models (e.g., Spies et al. [32] used an agent-based landscape
model for simulating future fire scenarios according to different management strategies).
Historical perspective (HP) category, employing a historical-archaeological perspec-
tive for the analysis of human-nature interactions (e.g., Power et al. [38] linked
methods from behavioural and landscape ecology for evaluating past and predicting
future legacies of human-fire on landscapes).

Quantitative modelling (QM) category, providing a quantitative analysis of the in-
teractions between the elements inside the SESs. Unlike the studies in the SA cat-
egory, these are based on a comprehensive approach, modelling the SES elements
and interactions in their entirety (e.g., Collins et al. [39] used a system dynamics
model for analysing the interactions between physical and political systems in forest
fire management).

The number of studies falling into each category is reported in Figure 5 (for the

methodological approach used in each study, see Appendix B).

10

15

= Social Science Techniques (SST) = Qualitative Approach (QA)
Historical Perspective (HP) Statistical Approach (SA)
Quantitative Modelling (QM) = Agent-Based Models (ABM)
® Vulnerability Analysis (VA)

Figure 5. Methodological categories and related selected studies. Please note that one study is shared
between the SST and the QA categories and one is shared by the HP and the ABM categories. For the
methodological approach used in each study, see Appendix B.



Sustainability 2021, 13, 2121

9 of 20

4. Discussion

The analysis of the 52 studies resulting from the scientific databases search provided
evidence of the growing interest in SES analysis applied to forest fire management among
scientists from different research fields. Most of the studies focused on areas within the
United States and Mediterranean European countries—Italy, Spain, Portugal, and Greece—
whose temperate forests are highly affected by forest fire dynamics. Most of the studies
used a mesoscale extent of analysis, focusing on a portion of the country’s territory whose
dimensions are comparable with the SES dimensions.

The contributions of the analyzed studies are discussed in this section, with reference
to the strengths and limitations of each chosen approach. Nevertheless, as mentioned
before, the investigation proposed in this work is not limited to a strict methodological
classification but is primarily intended to be a guideline for readers across the implied
techniques. This section aims to relate the diverse aspects of the outcomes, with particular
attention on the geography. As an illustration, this interrelated approach allowed us to
identify two main research groups among the authors, those working on the Mediterranean
Europe biome and those focusing on USA temperate forests. Moreover, the analysis
highlighted some crucial forest fire management issues, which are reported and discussed.

4.1. Qualitative Approaches

A fundamental step in implementing an SES approach involves defining the char-
acteristics of the targeted SES. A considerable number of the works analyzed had the
aim of describing the SES dynamics from a purely qualitative point of view. However,
diverse theoretical frameworks were employed. Balzan et al. [34], for example, used the
Drive—Pressure-State-Impact—Response (DPSIR) framework [40,41], which is based on the
idea that socioeconomic drivers exert pressure on the environment, thereby affecting its
ability to provide ecosystem services. Higuera et al. [42] preferred a resilience perspective,
describing the characteristics of fire-prone landscapes through the lens of desirability and
the probability of their state change. This study is in good agreement with the regime shifts
approach of Luvuno et al. [43] and with the concept of wildfire risk as a socioecological
pathology of Fischer et al. [44]. Olander et al. [45] also focused on ecosystem services,
developing a process for the identification of the so-called Benefit-relevant indicators.

Fischer [46] highlighted the role of individual and group behaviours in forest land-
scapes, whose outcomes are only visible after a certain time lag, highlighting the nature of
the cultural and social artefacts of today’s forests. The forest SES, therefore, can be seen as
a multilevel hierarchical set of systems, going from the level of an individual’s interactions
with the environment to the level of the institutional interventions. An additional level is
constituted by the representation of forest SESs as open systems, in which internal and
external processes are only slightly distinguishable. The same consideration of the inter-
action between different scales is presented by Tedim et al. [30] as fundamental in their
conception of a Fire Smart Territory.

The studies in this category achieve the objective of deepening the relationships
between the factors composing the forest SES and of providing a structured key to un-
derstanding the role they play in wildfire dynamics. However, wildfire research needs to
combine this more speculative approach with a quantitative analysis of the reality in order
to efficiently support fire management.

4.2. Social Science Techniques

Several authors have proposed participatory techniques with the aim of involving the
local community in the process and considering their point of view.

In particular, Moskwa et al. [47] adopted the concept of narratives as “stories of human
groups that coalesce into dominant themes for informing ways of thinking and acting.”
They proposed the generation of common narratives through participatory workshops,
asking local stakeholders to share their experience in designing an SES model and iden-
tifying its main issues related to fire risk. Similarly, Bautista et al. [48] developed the
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PRACTICE protocol to integrate diverse participatory methods, with a special focus on
collective learning, and Nguyen et al. [49] conceived the concept of group model building.
Bodonirina et al. [35] adopted a two-step approach, based on the Companion Modelling
(ComMod) technique [50] for developing a shared mental model of the Zahamena forest
SES, followed by a tabletop role-playing game for exploring the complex interactions in
the system and possible future scenarios. Even if the game is only a simplified model of
reality, it allows participants to feel personally involved and to view the system as a whole,
providing a powerful discussion platform.

Mixed qualitative and quantitative approaches were also adopted in some cases, with
the aim of integrating mental SES models with empirical data [51-53]. Moreover, Maru
et al. [54] attempted to support the community engagement process with a strong literature
review concerning local climate change impacts, vulnerability, and resilience.

The rising interest in public participation can be defined as “a voluntary process
whereby people, individually or through organised groups, can exchange information,
express opinions and articulate interests, and have the potential to influence decisions or
the outcome of the matter at hand” [55]. This rising interest is in line with the growing
necessity to consider the social dimension of the sustainable management of forests, which
has been a topic of discussion between forestry sector organisations since the 1980s [56]. In
this framework, the collective management of resources has gained new attention from
the scientific community. Related to this theme is the contribution of Monzén-Alvarado
and Keys [57], who used a participatory approach for analysing local fire knowledge,
practices, and outcomes. They focused on six ejidos, collectively managed lands in Mexico
characterised by a rotating agricultural system, where fire is used as a land management
tool. The analysis was based on the participatory mapping technique, asking the involved
farmers to sketch maps of the plots’ characteristics and fire ignition plans.

Other studies, even if not classified in the SST methodological category, dealt with
forests as collective goods. Some addressed the forest management decisions of individual
owners as opposed to the behaviour of organisational actors and the potential of shared
strategies [58,59]. The ability of governments to address problems on a large geograph-
ical scale that involve diverse dimensions makes them extremely suitable for wildfire
management [46]. Another concept mentioned in many studies is the role of traditional
knowledge in managing forest fire risk. As in the ejidos collective systems described
by Monzon-Alvarado and Keys [57], the traditional use of fire as an instrument of land
management has been fundamental in many agricultural systems. Moreover, traditional
ecological knowledge constitutes beneficial cultural capital for resilience development. The
positive case of the involvement of Australian Aboriginal people in the fire management of
protected areas is a clear example of the benefits derived from the integration of traditional
wisdom in management strategies [54]. This collaborative approach should be the starting
point for an approach shift in other contexts, such as in Europe. Here, the so-called “fire-
fighting trap” has prevented the development of an appropriate fire prevention strategy by
focusing all the energy on the suppression phase [30,38,60].

In summary, through participatory techniques, wildfire researchers are able to di-
rectly involve the local community in forest management. Nevertheless, this approach is
clearly linked to the scale of analysis, which makes it effectively suitable only for local or
regional contexts.

4.3. Statistical Approaches and Vulnerability Analysis

Many of the studies for which the authors chose a mainly quantitative approach are
based on the statistical analysis of the patterns of different types of variables, aiming at
linking wildfire events or related environmental dynamics with natural and socio-economic
characteristics. Most of the studies with this type of approach are linked to a group of
Italian researchers who applied it to the Mediterranean environment [37,61-68]. Wildfires
are a vital natural dynamic of a maquis biome and an emerging issue in other areas of
Mediterranean countries, such as alpine regions. Climate change will unavoidably affect
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wildfire risk through drier and warmer seasons, mainly in Southern Europe, moving
the high-risk area borders northward [7,69]. Nine out of the 15 studies classified in the
Statistical Approach methodological category have been carried out with the collaboration
of at least one author among Salvati (who participated in all 9), Carlucci, Colantoni, Corona,
and Ferrara. Four of these studies focused on the Italian territory, four on Greek territory,
and one investigated local case studies in five different Mediterranean countries.

In these studies, multivariate techniques, such as principal component analysis, Spear-
man correlations, stepwise multiple regression, non-parametric Mann-Whitney inference,
hierarchical clustering, and canonical correlation analysis, were applied to a sample of
indicators assessing the biophysical and socioeconomic conditions, with the aim of in-
vestigating the spatial relationships between them. The indicators referred to diverse
thematic areas according to the specific focus of the work and varied in number. The work
of Ferrara et al. [36] is particularly illustrative. The authors chose a set of 8 indicators de-
scribing wildfires events, 20 indicators describing forest characteristics, and 146 indicators
describing the territorial context, with 6 research dimensions: population, labour market,
economy, quality of life, agriculture, and environment. Their results demonstrated the
influence of regional-scale socioeconomic conditions on local-scale wildfire patterns.

Further attributable to the Statistical Approach category is the study conducted by
Salvati et al. [66] regarding desertification in Mediterranean countries. As mentioned
before, fire risk is not always the primary focus of the research, but it is considered a key
factor in all the selected studies. In this case, the authors chose a set of 40 indicators for the
characterisation of their case studies and classified them into 9 dimensions, with 3 in the
“water runoff and fires” category. A similar approach was adopted in a previous study by
Salvati et al. [70] and by Aretano et al. [37], who mapped the land vulnerability through
evaluation and combination of a number of quality indicators.

Moreover, not all the authors who chose a statistical analysis technique opted for
a spatially explicit approach. For example, Carlucci et al. [63] preferred a time-series
analysis, aiming at comparing the historical trends of Italian wildfire regimes and national
socioeconomic and cultural transformations across the years.

However, the statistical techniques of the works described here, which are built on
the empirical analysis of context indicators, are generally not supported by theoretical
modelling of the SES considered. This make this kind of approaches really case-specific
and make their results hardly transferable to different contexts and poorly adaptable to
SES relationships development.

4.4. Agent-Based Models and Historical Perspectives

Another relevant and growing quantitative spatially explicit approach consists of
ABM analysis, which was chosen for seven of the studies analyzed. Five studies are linked
to a group of scientists from the United States [31,32,58,71,72], whose main contributors
are Olsen, Spies, and White. They used the agent-based model Envision in central and
southcentral Oregon to evaluate the outcomes of current forest management decisions
on future forest fire dynamics. In this case, a complex analysis of the relationships and
possible feedback loops between the elements of the SES was necessary. Moreover, the
representation of the behaviours of various local factors was a considerably challenge in
the research and required the involvement of scientists from anthropology, economics,
environmental history, policy science, and sociology. Different approaches were used to
develop the decision rules for each group based on their different characteristics [71].

Concerning the contributions to the development of an interdisciplinary approach,
the work of Githumbi et al. [73] is also particularly interesting. The authors combined
the ABM approach with the historical perspective approach, integrating the two into a
multidisciplinary framework characterised by archaeological techniques and the analysis
of documentary and oral historical sources. This type of approach is perfectly in line with
the need to explore the characteristics of the different dimensions of SESs, which go beyond
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the boundaries of a single discipline and require the involvement of experts from many
scientific fields.

4.5. Quantitative Modelling

Some authors measured the interactions between the elements of the forest SES inside
a comprehensive framework, taking into account their complexity. Diverse methods were
proposed in an attempt to integrate a quantitative approach with a systemic design of the
wildfire issue.

Zucca et al. [74] proposed a structured procedure for the selection of indicators for
global land degradation and desertification. They based the procedure on the Driving
force-Pressure-State-Impact—-Response (DIPSIR) framework, also recently explored in
other comparable studies [75,76]. They combined the procedure with an issue-based causal
representation, which is constituted by a set of causes and effects related to land degradation
and desertification problems. The authors had clearly shaped their method according to
the availability and accuracy of detailed data, which is a crucial issue, especially when
dealing with different sources of data. Their research established 20 indicators and related
global datasets.

The system dynamics model developed by Collins et al. [39] introduced balancing and
reinforcing feedback loops within the model. The model defined two different subsystems,
namely the political and physical systems, that interact with each other. By altering
the variables, it was possible to simulate the future performance of the entire forest fire
management system. However, the authors emphasised that the output of the model
simulations could not represent real values and that a high level of uncertainty needs to
be considered. A similar issue affected the work of Porto et al. [59], who used a simulated
landscape instead of actual case studies to identify the best forest management intervals
for optimising biodiversity levels and fire resistance in a multi-ownership context.

A significantly different approach was chosen by Fetzel et al. [77], who used the
quantification of net primary production (NPP), measuring the biomass produced by
plants in a year. The human impact on the ecosystem was measured through the Human
Appropriation of Net Primary Production (HANPP) framework, which provides actual
data of ecological energy flows [78,79]. Moreover, the study of Martinez-Lopez et al. [80]
constitutes a valuable attempt to provide a customisable ecosystem services model able
to bridge the potential of a global model with the context-specific information of a real
case analysis. Finally, Pais et al. [81] built a complex spatially explicit process-based model,
called REMAINS, by combining different simulation models. They implemented it using
the Spatially Explicit Landscape Event Simulator to obtain a powerful instrument not
only for investigating the impact of fire management and land use changes on fire regime
but also for quantifying its effect on biodiversity conservation and carbon sequestration.
According to the authors, future developments of their model should also consider climate
variability and a wider range of ecosystem services.

These quantitative modelling approaches have the strength to address SES dynamics
in their complexity. However, they require high levels of modelling and computation
expertise, which make them probably not always suitable for supporting fire management
decision processes.

5. Conclusions

Forest ecosystems are currently threatened by human-related impacts worldwide.
While forest fires are a natural dynamic of most forest biomes, climate change is expected
to intensify wildfire risks during drier and warmer seasons in certain areas, such as
Mediterranean Europe. Moreover, their occurrence and impacts are strictly linked to
human activities, which range from land management to open-air tourism. Therefore,
analysing wildfire risk in the framework of a comprehensive SES that includes both the
ecological and socioeconomic perspectives is necessary.
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This systematic literature review examined the existing English-language studies on
the application of the SES approach to forest fire risk and discusses their contributions to
this research field. The results constitute a robust starting point for the development of
further research in forest SES modelling.

Seven different methodological approaches were identified in the literature: social
science techniques, qualitative approach, statistical approach, quantitative modelling,
agent-based models, and vulnerability analysis. The United States and European Mediter-
ranean countries were the most abundant based on the author contributions and locations
of the case studies. In particular, a group of Italian researchers authored many interesting
studies focusing on the Mediterranean biome, carried out through the statistical correlation
analysis between ecological and socioeconomic variables. However, these studies lack
background theoretical modelling of the system and were not able to capture the complex
dynamics of the SES. Therefore, they accurately capture the relationships characterizing the
current situation of the target SES, but their results are hardly applicable to other contexts.
Furthermore, a group of scientists from the United States proposed an ABM methodology,
which led them to develop a model with the Envision software for a case study in Oregon
temperate forest. Further work needs to be done to assess the versality of this software.
The application of this methodology in other contexts, such as Mediterranean countries,
could allow testing of its appropriateness with other constraints, actors involved, and envi-
ronmental characteristics. In addition, the work of Pais et al. [81] suggests the opportunity
to combine different models specific to one type of dynamics, such as species distribution
or carbon sequestration models, into a more complex and comprehensive framework.

The benefit of local knowledge and the traditional use of fire also emerged from the
analysis of the selected studies. Moreover, participatory research approaches were found
to be a useful instrument for addressing forest management issues through the lens of col-
lective resource management. These techniques need to be further developed, for making
the involvement of local community a not negligible aspect of wildfire research, including
its knowledge about local natural dynamics and its requirements for land management.

Finally, this work confirmed the necessity of an interdisciplinary approach and of
collaboration between experts from different scientific areas. The ability to consider both
the ecological and socioeconomic aspects of forest SESs is fundamental in developing a
local sustainable wildfire management strategy. Future research should aim at bridging the
gap between the diverse methodological approaches, by delineating a forest SES analysis
procedure able to combine initial qualitative investigations of SES dynamics with both
quantitative analysis and participatory techniques.

Author Contributions: Conceptualization, 1.V., A.B., E.C. and A.P.,; methodology, 1.V., A.B., E.C. and
A.P; formal analysis, I.V.; writing—original draft preparation, I.V.; writing—review and editing, A.B.,
E.C. and A.P; supervision, A.B., E.C. and A.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2021, 13, 2121 14 of 20

Appendix A

Table A1. Correspondence table between the scientific journals on which the selected articles were
published and their scientific area, as interpreted by the author.

Scientific Journal

Scientific Area

Agriculture (Switzerland) Agriculture
BioScience Biology
Computers and Electronics in Agriculture Agriculture
Disaster risk reduction Risks
Ecological Economics Ecology
Ecological Indicators Ecology
Ecological Informatics Ecology
Ecological Modelling, Ecology
Ecology and Society Ecology
Ecosystem Services Ecosystems
Ecosystems and People Ecosystems

Environmental Impact Assessment Review
Environmental Monitoring and Assessment
Environmental Science and Policy

Environmental Science
Environmental Science
Environmental Science

Forest Ecology and Management Forestry

Forest Systems Forestry

Forests Forestry

Frontiers in Earth Science Environmental Science
Frontiers in Ecology and the Environment Ecology

Global Environmental Change Environmental Science
Human Ecology Ecology

International Journal of Wildland Fire Wildfire

Journal of Environmental Management Environmental Science
Land Planning

Land Use Policy Planning

Landscape and Urban Planning Planning

PLoS ONE Various

Regional Environmental Change
Science of the Total Environment

Environmental Science
Environmental Science

Sustainability (Switzerland) Sustainability

Urban Forestry and Urban Greening Forestry

Water (Switzerland) Water
Appendix B

Table A2. Complete table of the 52 studies selected for the literature review, with their main characteristics. The method

categories are Social Science Techniques (SST), Qualitative Approach (QA), Historical Perspective (HP), Statistical Ap-
proach (SA), Quantitative Modelling (QM), Agent-Based Models (ABM), Vulnerability Analysis (VA). See the Method and
Instruments Section for more information.

Pubblication Pubblication Authors’ Area of Scale O.f Scale o.f Method
Authors Year Journal Tvpe Geogranh Interest Analysis: Analysis: Cate-
M graphy Extent Resolution gory
Canada,
Pais et al. [81] 2020 Ecosystem Research Portugal, Portugal, mesoscale 30 m? QM
Services article Spai Spain
pain
Journal of Research
Oliveira and Zézere [82] 2020 Environmental article Portugal Portugal national civil parishes SA
Management
Colantoni et al. [61] 2020 Land Research Italy Greece, focus mesoscale prefectures SA
article on Attica
Malta, Spain,
France, Serbia, .
Balzan et al. [34] 2019 Ecos%stems and Resgarch Portugal, UK, Mechter'ranean supranational / QA
eople article IS region
reece,
Germany
no study area,
Higuera et al. [42] 2019 BioScience Review USA general and mesoscale / QA

speculative
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Table A2. Cont.

Pubblication Pubblication Authors’ Area of Scale O.f Scale O.f Method
Authors Journal Analysis: Analysis: Cate-
Year Type Geography Interest Extent Resolution gory
Landscape and Research o
Kefalas et al. [83] 2019 . . Greece Tonian islands mesoscale 30 x 30m SA
Urban Planning article
. Italy, Spain,
Zambon et al. [62] 2019 Agrzculture Resgarch Czech Spain mesoscale municipialities SA
(Switzerland) article Republic
. Sustainability Research . .
Carlucci et al. [63] 2019 (Switzerland) article Italy Ttaly national nation SA
Science of the Research
Ferrara et al. [36] 2019 Total . Italy Italy national municipality SA
Environment article
. . Science of the Spain, USA, .
Martinez-Lépez et al. 2019 Total Resgarch Netherlands, Spam., Us, mesoscale 200 m-1 km oM
[80] Environment article UK Africa
Stavi [84] 2019 Water Review Israel / various / QA
(Switzerland)
Madagascar,
. Research Switzerland,
Bodonirina et al. [35] 2018 Forests . Madagascar mesoscale / SST
article Canada,
France
/ Ecological Research
Olander et al. [45] 2018 Indicators article USA / mesoscale / QA
Diaz et al. [76] 2018 Ecosy§ tem Resgarch Chile, Spain Chile mesoscale basin QoM
Services, article
. ) Landscape and Research
Fischer [46] 2018 Urban Planning article USA / mesoscale / QA
Environmental Research
Moskwa et al. [47] 2018 Science & ol Australia Australia mesoscale / SST
Po licy, article
Power et al. [38] 2018 Frontler{s i Short Survey USA USA mesoscale not specified HP
Earth Science
. UK, Sweden,
Githumbi et al. [73] 2018 Frontler{s i Resgarch Tanzania, Kenya mesoscale 0505 HP +
Earth Science article South Africa degrees ABM
Environmental
. Impact Research . U
Mancini et al. [64] 2018 Assessment article Italy Ttaly national municipality SA
Review
Environmental R rch Cr f
Ferrara et al. [65] 2018 Monitoring and esgalc Italy, Greece eecAe, ocus mesoscale / SA
Assessment article on Attica
International Research
Palaiologou et al. [85] 2018 Journal of . Greece, USA Greece mesoscale not specified QM
Wildland Fire article
. Sustainability . South Africa, . .
Luvuno [43] 2018 (Switzerland) Review Sweden Africa supranational / QA
individual
landscape
decision units
Charnley et al. [58] 2017 E"g"’gy and Research USA Usa mesoscale (IDUs), ABM
ociety article ine f
ranging from 3
to 10 ha in
size.
Journal of .
Bautista et al. [48] 2017 Environmental Resgarch Spain, France, Spain mesoscale / SST
Management article USA
Kline et al. [71] 2017 Ecology and Research USA USA mesoscale / ABM
ociety article
Nguyen et al. [49] 2017 Land Use Policy R;iﬁifgh Australia Vietnam mesoscale / SST
Journal of Research Spain
Rios-Pena et al. [86] 2017 Environmental ol ’ Spain mesoscale 1km x 1km SA
Management article Germany
. Regional
Monzolrz—Alvarado and 2017 Environmental Resgarch Mexico, USA Mexico mesoscale / SST
eys [57] Change article
Spies et al. [32] 2017 Eeology and Research USA USA mesoscale 30m ABM
ociety article
Integrated
Landscape and Research Decison Units,
Hulse et al. [72] 2016 Urban Planning article USA USA mesoscale 09 ha in ABM
average
Greece,
Tunisia, Italy, .
4 4 Spain, Greece,
. J ou rnal of Research Spain, Turkey, . field
Salvati et al. [66] 2016 Environmental . Morocco, L microscale SA
article Tunisia, (0.5-20 ha)
Management, Turkey, Morocco
Netherlands,

UK,
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Pubblication Pubblication Authors’ Area of Scale O.f Scale O.f Method
Authors Year Journal Type Geograph Interest Analysis: Analysis: Cate-
yp graphy Extent Resolution gory
Portugal,
Ecological Research Switzerland, Portugal, patches (unit
Santos et al. [87] 2016 Informatics article South Africa, Spain mesoscale cells) 1 ha ABM
Germany
Frontiers in
Fischer et al. [44] 2016 Ecology and the Review USA, Canada USA not defined / QA
Environment
. Disaster Risk Research Portugal, Italy,
Tedim et al. [30] 2016 Reduct article Greece Portugal mesoscale / QA
Acha and Newing [52] 2015 Human Ecology R;ifiii:h UK Spain microscale / SST
. Sustainability Research i
Salvati et al. [70] 2015 (Switzerland) article Italy Ttaly mesoscale not specified VA
Ecological Research
Aretano et al. [37] 2015 Modelling article Italy Italy mesoscale not declared VA
o . 21
Santlbanez—Afl drade 2015 ECO! ogical Resgarch Mexico Mexico mesoscale environmental oM
etal. [75] Indicators, article units
. . Ecological Research . T
Salvati and Carlucci [67] 2015 Econo%n ics article Italy Italy national municipality SA
Glohul Research Austra}la, Austrqha, SST +
Maru et al. [54] 2014 Environmental A Brazil, Brazil, mesoscale /
article QA
Change, Botzwana Botzwana
Fetzel et al. [77] 2014 EEc C;ﬁgﬁ; f?sl R:;eizfgh Ausztgz,nlgew New Zealand national not specified QM
Forest Ecology Research microscale
Coughlan [88] 2014 and . USA France 2 not specified SA
Management article (125 km?)
mesoscale
Porto et al. [59] 2014 PLoS ONE Review Portugal Portugal (simulated 1ha oM
landscape) )
Spies et al. [31] 2014 Eeology and Research USA USA mesoscale unitsof Sha = s gy
ociety article average
. Urban Forestry Research i
Salvati and Ferrara [68] 2014 and Urban article Ttaly Greece mesoscale not specified SA
Greening
Global Research Australia,
Prior and Eriksen [51] 2013 Environmental ol . 1 ’d Australia mesoscale / SST
Change article Switzerlan
Journal of Research
Collins et al. [39] 2013 Environmental ol USA, Portugal Portugal national / oM
Management, article
Stellmes et al. [89] 2013 Land Use Resgarch Germany Spain national 1 km? SA
Policy, article
Costafertejla _SE]HI edes 2013 Forest Systems R::Eifgh Spain Spain national 1(1)5( lr(nmx SA
Computers and .
Papadimitriou [91] 2012 Electronics in Resgafch Greece Me§11terrean supranational / oM
Agriculture article environment
) Ecological Research Sub-Saharian . Different for
Zuccaetal. [74] 2012 Indicators, article Ttaly Africa supranational each indicator QM
o B Emzl‘ronmental Research
Kalabokidis et al. [53] 2008 Science and article Greece, USA Greece mesoscale / SST
Policy
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