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Abstract

:

Greece, along with most of the countries in the Mediterranean basin, is historically linked with forest fires. Wildfires have always occurred, are happening, and will continue to occur, causing serious problems regarding the sustainability of natural resources. Their frequency, however, has shown a noticeable increase during the last decades; according to the most recent projections, the broader Mediterranean region will face significant challenges in the future within the context of climate change. Despite the historical experience of forest fires in Greece, a standardized and up-to-date system for identifying and prioritizing burnt areas, in relation to their restoration needs, has not yet been developed and adopted. In this paper, a systematic methodological approach for decision-making regarding the identification and prioritization of active restoration/reforestation of burnt areas is proposed. This approach is based on critical parameters, such as the regeneration potential of the affected forest species, the “fire history”, and the slope of the affected areas. The proposed methodological approach can be applied in all burnt natural areas in the country in the future, as well as in other areas of the Mediterranean region. The fire impact on Natura 2000 sites is also assessed to highlight the importance of restoration and conservation needs in protected areas. The results from case studies are presented, and future steps and policy recommendations for the post-fire management of natural ecosystems are discussed to enable the sustainable management of forest resources in the burnt areas.
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1. Introduction


Forest fires have always been one of the main characteristics of Mediterranean ecosystems. At the same time, forest fires are one of the main pressures on and threats to natural vegetation units, biodiversity, agricultural land, and infrastructure [1,2], which can adversely affect the sustainability of natural resources. In recent years, it has been observed that forest fires not only occur with greater intensity, and extend over larger areas, compared to those in the past [3] but also occur with greater frequency (recurrent fires) [4,5,6], a fact that is often attributed to climate change [7,8]. Moreover, the occurrence of mega-fires is recorded almost annually in Mediterranean countries [9]. In Greece, during the last twenty years, several mega-fires have occurred, with devastating consequences for the natural, rural, and built environment and for livestock, with human losses as well. Today, based on the indisputable projections related to climate change, drier and warmer periods, bringing more intense fire incidents, are expected in the Mediterranean region in the future [10,11]. Consequently, it becomes more imperative than ever to ensure the development and implementation of appropriate policies and measures in response to the climate crisis; these should address all three aspects in relation to forest fires, comprising adaptation, prevention, and the restoration of forests. Otherwise, the sustainability of natural resources is at risk in the long term.



After the occurrence of a forest fire and the destruction of the forest ecosystem, the question of restoring the burnt ecosystem immediately arises. A burnt forest ecosystem, in addition to the immediate effects of the fire, may suffer long-term degradation in terms of its species diversity, community structure, and soil fertility, especially in the case of high-intensity or/and stand-replacing fires [1,12]. This degradation may result in the reduction or even loss of important natural resources and will consequently endanger the sustainability of the ecosystem. In all cases, the early stages of post-fire succession are particularly fragile and are critical for the successful restoration of the forest ecosystem. In order for the forest ecosystem to successfully recover, it must be protected from extensive human interventions, such as changes to land use or livestock grazing. At the same time, any logging activities or species-related and site-specific silvicultural interventions should be regulated through the development of special management plans [13].



In most Mediterranean ecosystems, the plants can be characterized by two main fire response mechanisms: (i) vegetative regeneration of the same burnt individual (regrowth) or (ii) the establishment of new individuals after seed germination, which were protected from the fire either in the soil or in the tree cones [14,15,16]. Based on these plant species’ defense mechanisms and the particular site conditions (climate, soil, slopes, exposure, etc.) that prevail in each burnt forest area [17], strategies for the restoration and recovery of forest ecosystems can be formulated [13].



However, fire incidents are being recorded more often in forest ecosystems that have not developed post-fire adaptation and natural regeneration mechanisms, such as in forests containing species such as fir (Abies cephalonica and Abies borisii regis) [18], black pine (Pinus nigra) [19,20], Scotch pine (Pinus silvestris), stone pine (Pinus pinea), and Juniperus spp. [21]. In these cases, restoration is achieved mainly through systematic reforestation efforts [19,20,21]. The goals of these efforts must include not only the ecological restoration of the burnt forest ecosystems (i.e., restoring the ecosystems’ structure, functions, biodiversity, and services) but also an increase in their resilience so that they can cope with possible new fires in the future.



Although various approaches have been developed for restoration planning (e.g., as described in [13]), a unified system for identifying and prioritizing the restoration needs of burnt areas is generally missing in Mediterranean regions. Recently, Underwood et al. [22], in a study based on the previous work of Alloza and Vallejo [23] and Alloza et al. [24], developed a post-fire restoration prioritization tool for chaparral shrublands in California. This tool is based on the regeneration potential of shrubs and takes into account the study area’s fire history, drought tolerance, and competition with grasses.



In Greece, the Forest Service has overall responsibility for the reforestation of burnt state forest land, as well as for any other reforestation project. In this context, the Forest Service is responsible for the planning and implementation of the reforestation works, in accordance with the national legal framework and scientific rules. However, on the one hand, the lack of adequate financial resources is a main obstacle hindering both the preparation of the necessary reforestation plans and the timely implementation of reforestation works. On the other hand, civil society genuinely promotes extensive reforestation. This ‘pressure’, however, very often overlooks good practice, which is based on accumulated long-term experience and especially on scientific justification. In this context, a unique decision-making support system for identifying and prioritizing the natural ecosystems affected by fires, in terms of their needs for restoration/reforestation, and for suggesting the restoration/reforestation methods that should be applied in each case, based on scientific knowledge, is urgently needed. On the one hand, such a system would be valuable to policymakers and competent local authorities by supporting their decision-making, preparation efforts, and the effective use of resources (e.g., financial resources and the preparation of reproductive material, such as seeds and seedlings) for restoration/reforestation. On the other hand, such an approach would promote transparency in the decision-making process, in terms of responding to society’s needs and requests.



The aim of this study is to develop a pilot approach for recording, mapping, assessing, and prioritizing areas affected by fires in Greece, based on selected fire incidents in 2021 and 2022. The main goals are to: (i) identify and map the vegetation units occurring in the burnt areas, (ii) identify those areas that have been affected by fire more than once in the last twenty years, (iii) develop a model for selecting an artificial or a natural restoration approach, depending on the specific critical parameters associated with the burnt area, (iv) identify the impact on Natura 2000 network sites, to support the national and local authorities responsible for protected areas and point out the importance of their restoration and conservation needs, and (v) contribute to the sustainability of forest resources that are sensitive to fires in the long term.



The final goal of this study is to provide transparent, scientific, and evidence-based support to decision-making and policy development regarding artificial or natural restoration and the prioritization of natural ecosystems affected by forest fires in the Mediterranean region, following the national and European Union strategies for biodiversity, nature amelioration, and restoration (e.g., the EU biodiversity strategy up to 2030, the European Green Deal, and the EU Natura restoration legislation).




2. Materials and Methods


2.1. Study Area


The study area includes selected sites from Greece that suffered the consequences of wildfires in the years 2021 and 2022 (Figure 1). Nineteen sites (eleven in 2021 and eight in 2022) were selected, based on the extent of damage from the specific fires to the affected forest ecosystems. The research did not include a few cases of fires because they were the subject of other, separate studies (e.g., Evia 2021 and Dadia 2022). The examined areas cover a wide range of the Greek territory and are found within the decentralized administrations of Attica, Aegean, Crete, Thessaly—Central Greece and Peloponnese—Western Greece—Ionian. The areas and the date of the fire incidents are presented in Table 1.




2.2. Materials and Data Used


The primary materials and data used were obtained and the analysis was implemented after the completion of the fire season each year (1 May to 31 October). These tasks took place during the period from November 2021 to April 2022 for fire incidents occurring in 2021, and during the period from October 2022 to March 2023 for the fire incidents occurring in 2022. More specifically, the following materials and data drawn from official, freely accessible data sources were used:




	
The outlines of burnt areas, as provided by the European Copernicus program (Emergency Management Service—Mapping—EMSR) with a spatial resolution of <10 m [25]. At the same time, due to the lack of a common national central database with regard to the outlines of the burnt areas and related information (e.g., fire boundaries, official declarations of reforested areas), the EMSR products were refined through communication with the competent local Forestry Services.



	
Previous fire incidents from 2000 to 2022, as provided by the European Forest Fire Information System [26] and the GlobFire Fire Perimeters data (2001–2022) [27] (spatial resolution of 250 m).



	
The Forest Maps of the Hellenic Cadastre, developed for forest cadastre purposes, which provide detailed spatial information on both forest and non-forest categories [28].



	
The land-cover categories of the European program, Corine Land Cover 2018/CLC (ed. v.2020_20u1) [29].



	
Orthophotos sourced from the online viewing service of the Hellenic Cadastre (2007–2009 and 2015–2016) [30].



	
The Google Earth Pro satellite image viewer [31].



	
A geological map of Greece (scale 1:500,000) [32].



	
The digital elevation model (EU-DEM), with a spatial resolution of 25 m (version 1.1), produced by the European Environment Agency [33].



	
The vegetation map of Greece produced by its Ministry of Agriculture (1992) [34].



	
The mapping of habitat types in the special areas of conservation within the Natura 2000 network (scale 1:5000) [35].



	
The digital cartographic background layers of the administrative boundaries of regional units, municipalities, municipal units, and local communities from the Hellenic Statistical Authority.



	
The boundaries of those areas that are the responsibility of the local Forest Services of Greece (Ministry of Environment and Energy—General Directorate of Electronic Government and Geospatial Information).



	
Meteorological data from the Hellenic National Meteorological Service [36].








The processing and analysis of the data and the thematic visualization of map products were implemented using the open-source QGIS geographic information system [37].




2.3. Methodological Approach


The methodology of this study was developed on the basis of the ultimate goal of restoring all burnt forest ecosystems so that they recover their characteristics and functions as they were before the fire, within the shortest possible time, and through the most natural processes possible. With the proposed approach, specific critical parameters (i.e., the main types of burnt ecosystems, fire “history”, and the slopes of the burnt areas) are combined to support immediate decisions about determining the areas where restoration/reforestation works should take place, and eventually identify the hierarchical order of their implementation. The methodological approach incorporated the following steps:



Step 1: For each fire incident, the administrative allocation of the area affected was determined. The climatic and meteorological characteristics of the area, including the meteorological profile, climate classification, and hydrothermal diagram, were also analyzed.



For the identification and mapping of the spatial distribution of the different forest and vegetation types (forest map production) in the affected areas, the following tasks were followed: (i) demarcation of burnt areas; (ii) truncation of all cartographic data, based on the burnt areas’ boundaries; (iii) superimposition of the areas of forest interest, as delineated by the Hellenic Cadastre Forest Maps, with the aim of assigning natural vegetation units to all overlapping areas and defining the boundaries affected by the fire (i.e., areas of forest interest were defined as all areas except those characterized as ‘non-forests/other type’ in the Hellenic Cadastre Forest Maps); (iv) use of the CLC 2018 dataset as a baseline for the primary identification of burnt natural vegetation types, and land uses; (v) superimposition of the habitat type mapping data for Natura 2000 special areas of conservation; (vi) identification of the different coniferous forest types, based on the dominant tree species’ spatial distribution; (vii) delineation of forest and vegetation types in burnt areas not covered by the Hellenic Cadastre Forest Maps, using the CLC 2018 and the Natura 2000 Network mapping information; (viii) quality control and corrections through photo interpretation, using Google Earth satellite images at an average scale of 1:25,000, supported by information from the vegetation map of Greece [34] and Google Street View imagery; (ix) validation of the mapping results through field autopsies in selected areas.



Step 2: Taking into account the capacity of forest ecosystems for post-fire natural regeneration, the burnt ecosystems were distinguished into two major categories. The first comprises forest ecosystems that have developed adaptative mechanisms to fires (fire-resistant). The most representative ecosystems of this first category are: (i) the Mediterranean pine conifer forests of Aleppo pine (Pinus halepensis), Turkish pine (Pinus brutia) and cypress (Cupressus sempervirens), due to their cone characteristics, seed ecology, and physiology; (ii) the forests and shrublands hosting the evergreen broadleaf species of Quercus ilex, Quercus coccifera, Pistacia lentiscus, Arbutus species, Phillyrea latifolia, etc., the phryganic ecosystems [38], and the forests of thermophilous deciduous oak species (Quercus species), due to their ability to regenerate. The second comprises forest ecosystems that are not adapted to fires, i.e., ecosystems that have not developed mechanisms of post-fire adaptation and natural regeneration. The most widespread ecosystems of this second category in Greece are those forests with dominant fir species (Abies cephalonica and Abies borisii regis), black pine (Pinus nigra), Scotch pine (Pinus silvestris), and stone pine (Pinus pinea), as well as Juniperus species [21].



In the first category, the restoration of burnt ecosystems does not generally face great difficulties, since their re-establishment is achieved through natural processes and natural regeneration. However, under specific conditions, some factors can reduce and/or eliminate the natural regeneration capacity of these forest ecosystems. These factors include subsequent intensive post-fire human interventions (e.g., land-use change, grazing, and trampling); unsuitable site conditions (e.g., erosion, total loss of topsoil, or steep slopes preventing the establishment of seedlings); the reproductive inability of the plant species in burnt forest ecosystems (e.g., an insufficient number of seeds that can germinate) as a result of fire recurrence within a short time period, for example, within 15 years of the last fire event in the same area. The choice of a 15-year period depends on the forest species, but, as a rule, this applies in many cases of forest ecosystems at a global level [39]. As for ecosystems in the second category, their post-fire restoration is a particularly important issue, and this is almost always achieved only through reforestation [18,19,20].



Step 3: For the analysis of the post-fire restoration, as well as for the selection and prioritization of the areas proposed for reforestation/restoration, three main parameters were considered: the first and main parameter was about the major category of forest ecosystems described above; the second regarded the “history” of the burnt area in relation to fires, in order to investigate whether and which areas have been burned again, at least once, within the last twenty years (‘double-burnt’ areas), and the third parameter was the terrain slopes. For the third parameter, three slope classes were applied: 0–50%, 50–100%, and >100%. An area classified under the first two classes can be proposed for reforestation under certain conditions, while reforestation works are not proposed on slopes greater than 100%.




2.4. Impact on the Natura 2000 Network Sites


To assess the impact of the studied fire events on protected areas of the Natura 2000 network, we overlapped polygons showing the burnt areas with those areas in the Natura 2000 network of Greece, i.e., sites of community importance (SCI) and specially protected areas (SPA). In this way, for every fire that was assessed, we identified the extent of the burnt protected areas lying within the total burnt area, as well as the percentage of burnt protected areas of each Natura 2000 site. All calculations and spatial analyses were conducted using the open-source QGIS geographic information system [37].





3. Results


3.1. Ecosystem Type Mapping in Burnt Areas


The identification and mapping of ecosystem types (forest types, forested areas, and natural vegetation units) in the study areas resulted in the ecosystem typology presented in Table 2. Based on this typology, the relevant thematic maps (ecosystem type-based maps) were developed. A characteristic example of such a thematic map is presented in Figure 2. It is highlighted that the most affected ecosystem is the Pinus halepensis forest, with a burnt area of 25,400.5 ha in 2021 and 2613.2 ha in 2022, followed by non-forested areas and sclerophyllous vegetation. In total (for both the years 2021 and 2022), the least affected ecosystem is that with riparian vegetation, followed by forests with Juniperus spp. and sparsely vegetated areas. All other categories correspond to the intermediate affected areas. It is important to point out, however, that even the relatively small areas of burnt forests that are not adapted to fire (Abies cephalonica and Juniperus spp. forests) are considered of high importance, due to their lack of natural regeneration mechanisms.




3.2. Prioritization for Reforestation/Restoration


The application of the proposed methodology through the combination of all the aforementioned parameters led to the development of a decision tree for the identification of those areas in which reforestation/restoration should be implemented, along with their prioritization (Figure 3). In the decision tree, burnt forest ecosystems not adapted to fire are at the top of the hierarchy, among the priority areas for reforestation/restoration.



As presented in Table 3, in 2021, the total burnt surface in the 11 studied areas totaled 64,064.1 ha, of which approximately 73.8% corresponded to forests and forested areas. Of these burnt forest areas, approximately 12.5% (5905.7 ha) were identified as areas requiring reforestation/restoration. Similarly, for 2022, the total burnt surface in the 8 studied areas totaled 10,880.3 ha, of which approximately 56.4% corresponded to forests and forested areas (Table 4). Of the total burnt forest areas in 2022, approximately 42.9% (2632.0 ha) were identified as areas requiring reforestation/restoration.




3.3. Natura 2000 Network Area Loss


The assessment of the burnt areas in the Natura 2000 Network revealed that 10,618.5 ha of Natura 2000 network sites have been destroyed by fires, corresponding to 14.2% of the total burnt study areas.



It is indicative that in 14 out of the 19 fire incidents, smaller or larger parts of the Natura 2000 Network sites were burned.



In three Natura 2000 sites, i.e., GR4120008 (West Samos) and GR3000006, GR3000015 (Attica—Ano Glifada), the forest fires occurred (almost) exclusively within the limits of the Natura 2000 network area (Table 5).



The most affected Natura 2000 sites, in terms of burnt areas, were GR2530005 (Mt. Gerania) and GR3000001 (Attica—Tatoi), with 11.1% (774.3 ha) and 14.5% (2161.1 ha) of burnt areas, respectively.



The summary results of the total area burnt at each Natura 2000 site are presented in Table 5.




3.4. Restoration Measures


After the classification and prioritization of the burnt areas, the next step was the development of an ecological restoration plan, drawn up separately for each of the study areas for both years (2021 and 2022). In this context, a post-fire restoration plan was documented and detailed according to ecosystem type for all burnt natural ecosystem types. The plan describes the restoration objectives [40] and the specific measures, methods, and actions that should be carried out [13], at both the technical and institutional levels. The restoration units for each restoration plan were based on the type of ecosystem affected, taking into account the prioritization parameters set earlier. For each unit, specific actions were determined according to the characteristics of each ecosystem that was burnt, such as the forest’s adaptive capacity regarding fires (or its lack of capacity), the ‘double-burnt’ areas, those areas with steep slopes, and the ‘double-burnt’ areas with smooth and/or steep slopes. At the same time, each restoration plan should meet the objectives of the restoration, specifying the measures and actions needed to achieve them.



In general, in the case of areas that are not being prioritized for reforestation, the following measures and actions were suggested that must be implemented immediately after the fire event:




	
Prohibition of livestock grazing, because it causes the destruction of young plants and soil compaction and can significantly affect the flora composition of ecosystems [41].



	
Protection from possible land-use changes and the encroachment of burnt areas.



	
Protection from soil erosion, especially in places with high slopes where the erosion risk is higher. Accordingly, an anti-erosion protection study should be developed and implemented within a reasonable period of time before the start of the winter rains, avoiding the degradation of the regenerating plant community.



	
Protection and conservation of unburnt sites within the affected areas. The unburnt individual plant species can contribute to the natural regeneration of the area through seed dispersal [42] while, at the same time, they serve as a refuge for the remaining animals in the affected area.








All these measures focus on the gradual re-establishment of the pre-fire ecosystems that existed within the burnt areas. This should be achieved following the post-fire natural regeneration patterns, either from germinating seeds or due to the plant species’ ability to resprout without any human interventions that may hinder or delay the recovery process.



Regarding the burnt areas needing reforestation, apart from the previously discussed measures that should be applied as well, specific restoration actions were determined. One of the most important conditions that must be met in order for the restoration to be successful is the selection of appropriate tree species to be used in the reforestation program [43]. In particular, it is important that the introduction of alien species or species of Greek flora that would be outside their natural distribution should be avoided. It is very likely that the wrong species selection will disturb the natural balance between the organisms of the restored ecosystem and the surrounding areas. This may have severe consequences in many cases, e.g., the explosion of harmful insect populations, the dominance of an invasive plant species, or the disappearance of understory species from the forest ecosystem. Thus, tree species selection was based on the principle of retaining the pre-fire ecosystem type, while increasing the species mixture in order to improve the ecosystem’s resilience and increase biodiversity. Special emphasis was also given to determining the quality of the planting material according to site- and species-specific conditions [44,45]. The basic planting rules to be followed were also set, and the planting network and tree density pattern were determined.



In all cases, a successful restoration requires: the immediate and accurate mapping of all burnt areas; the immediate declaration of the affected areas as ‘reforested areas’ (in accordance with the provisions of Article 117 of the Constitution of Greece); the preservation of their forest character; their protection from grazing for at least 5 years, with a re-assessment not only for the possible extension of this time period but also protection from any land-use changes and other human interventions. In particular, the prohibition of grazing must be ensured immediately after each forest fire incident, as the young shoots and seedlings are nutrient-rich (mainly in nitrogen); therefore, they are considered excellent fodder and are particularly attractive to animals. Thus, grazing prohibition in the initial stages of post-fire succession is crucial, facilitating the natural forest regeneration and contributing to avoiding soil compaction, or erosion, which may lead to further ecosystem degradation or, even more significantly, to the ecosystem collapsing [46]. The temporal and spatial characteristics of the grazing prohibition should be able to be adjusted, depending on the respective management objectives. Thus, in some areas, the duration of prohibition may be shorter than usual; however, this is based on a dedicated management plan and close monitoring by the Forestry Service.





4. Discussion


This research presents, for the first time, a unified assessment system for areas affected by forest fires, one that prioritizes areas needing reforestation/restoration based on biotic and abiotic parameters. The main parameter, which determines not only the inclusion of a burnt area in the proposed areas for reforestation/restoration but also its prioritization among them, concerns the forest ecosystems’ lack of fire-adaptive mechanisms (i.e., its inability to achieve natural recovery/regeneration) [18,19,21]. The second parameter is the fire history of the burnt area, i.e., the fire recurrence interval [4,5]. If this interval is less than 20 years, the area is prioritized for active restoration/reforestation. The third parameter concerns the slope steepness of the relief. Finally, it highlights the finding that the majority (14 out of 19) of the fires that have occurred in the study areas affected Natura 2000-protected areas.



4.1. A Decision Support Tool for Restoration Actions


From an analysis of the results, it can be concluded that it is possible to create and implement a standardized decision-making tool for the selection of restoration/reforestation by applying a uniform method and transparent criteria in all regions in the country. The use of freely available geospatial data is sufficient to create the necessary models. However, accurately documenting the boundaries of the different vegetation units requires validation of the results using additional information from fieldwork and/or input from the local Forest Services (this work has been shown to be feasible and can be incorporated into the final product). The proposed methodology for the identification and prioritization of the areas to be reforested is a useful tool for obtaining direct information in relation to the effective use of financial and human resources for restoring the affected areas. The tool, and the methodology that it incorporates, contribute to the transparency of policymaking and management decisions with regard to restoration measures and actions. This is because the methods and the results follow specific, scientifically justifiable steps, which are easily understood by experts on the one hand and by the general public on the other hand. Furthermore, the methodology and the results are available to everyone, in order to avoid misinterpretations and doubts about the restoration options.



The proposed method for prioritizing areas and restoration options can, therefore, be an important source of information for supporting decision-making by the appropriate authorities (e.g., the Ministry of Environment and Energy, the Forest Service, and the Regions and Municipalities of Greece) and for drafting and implementing protection and restoration/reforestation studies for the burnt areas each year, aiming to ensure the sustainability of natural resources. At the same time, the results of this study provide baseline information for subsequent research and the monitoring and assessment of the affected areas. It is worth noting that the innovative methodological approach presented in this study can not only be applied in all cases of forest fires in the future but can also form the basis of a general approach regarding how to address reforestation/restoration needs in Greece.




4.2. Recommendations and Future Steps


According to the application of the suggested approach in the study areas, of the total 64,064.1 ha of burnt areas in 2021 (in the 11 studied areas), approximately 73.8% of this corresponds to forests and forested areas, while only 12.5% (5905.7 ha) was identified as areas requiring reforestation/restoration. Similarly, for 2022, the total burnt area in the 8 studied areas amounted to 10,880.3 ha, of which 56.4% corresponded to forests and forested areas, while approximately 42.9% (2632.0 ha) was identified as representing areas requiring reforestation/restoration. The notable differences between the two years are due to the differentiation of the areas and the ecosystems burnt in 2021 and 2022. These target areas for reforestation for both the studied years can be considered feasible for reforestation by the Greek Forest Service (under the current conditions), the authority responsible for forest land management. However, for the successful re-establishment of the pre-fire forest conditions and to ensure the sustainability of natural resources in the burnt areas, specific restoration/reforestation management plans should be developed based on species- and site-specific conditions [13,40]. The restoration plans should take into account the burnt ecosystem types and their distribution in the burnt area, as well as the prioritization parameters to be applied, such as the history of the burnt areas in relation to fires and the slopes of the relief. Then, necessary measures and actions, such as ensuring the quality of the planting material [44,45], the basic planting rules, the planting network to be followed, etc. [13,40], should be determined accordingly to successfully meet the restoration objectives.



Aspects of particular importance that emerged from this study and concern the spatial distribution of the restoration approach within each individual burnt area are: (i) the need to map the unaffected/unburnt sites, as well as to assess and document in situ their potential contribution to the natural restoration of the surrounding burnt areas [42]; (ii) the identification and precise mapping of the burnt areas that are part of the wildland–urban interface (WUI), which present special ecological and structural characteristics and for which a special restoration and management plan is required.



The next step of this effort is a statistical analysis of the characteristics of the areas that are prioritized or are not prioritized for reforestation/restoration, along with a correlation of the results with the entire country. The correlation is mainly necessary for those areas that have been affected by fire during the last twenty years. In this way, a first-order vulnerability assessment of those areas in the country that will probably need restoration/reforestation in the future will be achieved. An important result of this exercise will be an indication of the magnitude of the planting material that may be needed. Furthermore, such an assessment will highlight the need for the relevant financial, infrastructure, and human resources to ensure the conservation and sustainability of natural resources in these areas.



Finally, the fact that most fires affected Natura 2000 sites reinforces the need for immediate action in the protected areas and highlights the need to prioritize these areas among those sites needing restoration, in order to avoid important biodiversity losses. Adequate measures and actions to restore or improve the affected habitat types and to maintain, ameliorate, and support natural regeneration and/or artificial restoration are required. The overall goal of these efforts would be to support the local conservation target of each Natura 2000 site [47] and the provisions of the Habitats [48] and Birds Directives [49], working toward achieving the targets of the EU Biodiversity Strategy up to 2030 [50] and the recently adopted EU nature restoration legislation [51].




4.3. Assumptions and Limitations


The scale and quality of the available raw materials with regard to delineating natural vegetation units were the key limiting parameters in relation to the study’s mapping accuracy and analysis. Consequently, the production of the highly accurate spatial information required in implementation studies was limited. In this study, proposed areas to be restored, based on the available data, were identified. Although the mapping of the vegetation units was significantly improved, it was necessary to verify and confirm the locations to be restored using fieldwork. At the same time, during the application of the methodology, the following assumptions were made for the standardization of the results: (i) all areas of forest interest, as depicted in the Forest Maps of the Hellenic Cadastre, refer to natural vegetation units. (ii) The pine forests in the study areas of Samos, Rhodes, and Lesvos that were affected by fires were classified as comprising Pinus brutia, while the rest of the study areas in the mainland of Greece were classified as Pinus halepensis. (iii) The main flora species that were found in the vegetation units of each study area were retrieved mainly from the results of the composition of the relevant habitat types of the Natura 2000 network, located either within or near the areas of interest. Moreover, relevant research and studies on the respective areas, as well as information from photo interpretation and fieldwork, were used. (iv) The ‘weaknesses’ associated with the raw data that were used are acknowledged. The various data sources were developed for different purposes from each other and differ in terms of their spatial resolution (e.g., EMSR burnt-area boundaries, the MODIS algorithm for the double-burnt areas’ boundaries, and the demarcation of forest areas based on the Forest Maps of the Hellenic Cadastre).




4.4. Potential Application of the Suggested Decision-Support System in Other Ecoregions


The approaches and strategies suggested in this work rely on data concerning the conditions in Greece. However, forest fires do occur in all Mediterranean-type climate regions that present similar characteristics to Greece since, in all cases, the same Mediterranean ecosystem types are affected. It is also expected that with the current climate predictions for drier and warmer periods in the future [10,11], more intense fire incidents will occur in the Mediterranean region. As was presented above, the forest tree species in the Mediterranean ecosystems can be divided into those that have developed adaptive mechanisms to fire (either through their seeds, e.g., serotinous pines, or by vegetative regeneration) and those that have not developed post-fire adaptative and natural regeneration mechanisms (e.g., fir species, the non-serotinous pines Pinus nigra, P. silvestris, and P. pinea, and the Juniperus species). The suggested decision-support system is mainly based on the above-mentioned tree species’ mechanisms of adaptation to fire, the fire history of the area of interest, and the particular site conditions (slope inclination) that prevail in each burnt area [17]. Thus, the proposed tool, namely, a decision tree for determining and prioritizing burnt areas for reforestation/active restoration, can potentially be used in other Mediterranean-type climate regions as well.



However, the suggested strategy for the restoration/reforestation of burnt forest areas outside Mediterranean-type climate regions is not recommended because their ecosystem types greatly differ from those found in the Mediterranean region. These differences are reflected in the wide variety of responses to fires. Additionally, serotiny, which is recognized as a key adaptive trait to fire, is mainly observed in tree species in Mediterranean-type ecosystems. Thus, any similar approach for defining a restoration/reforestation strategy should be adjusted according to the tree traits and ecosystem types existing in the region in which it is applied.





5. Conclusions


The present study develops and suggests a novel approach that applies a uniform method and criteria to burnt wildlands in the Mediterranean region, to increase the level of conservation and ensure the sustainability of the natural resources of burnt areas. The approach is based on the analysis of real fire information using spatially explicit, site-specific, and ecological data for the creation and implementation of a standardized decision-making system for restoration/reforestation actions. It also suggests the use of freely available geospatial data that are considered sufficient to accurately delineate the boundaries of the affected vegetation units. Considering that the financial resources for the restoration of such burnt areas are generally limited, the proposed approach incorporates the prioritization for determining the areas to be reforested. This would make it a useful decision-making and management tool for obtaining immediate information regarding the direction and utilization of resources (i.e., financial, human) in the restoration efforts. Furthermore, with the proposed approach, misinterpretations and doubts about the restoration options would be avoided. The importance of urgent responses for burnt protected areas is highlighted, urging decision-makers and policymakers to take immediate action, following national and EU legislation, policies, and strategies. However, with regard to the global application of the suggested methodology to ecoregions outside the Mediterranean region, further research is needed.
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Figure 1. Map of Greece depicting the location of the fire-related incidents under study (study areas): (1) Kefalonia, (2) Portes Achaia, (3) Ileia—Arkadia, (4) Krestena, (5) Messinia—Arkadia, (6) East Mani, (7) Fokida, (8) Itea, (9) Mt. Gerania, (10) Mt. Pateras—Vilion, (11) Attica—Tatoi, (12) Mt. Penteli, (13) Attica—Ano Glifada, (14) Lavreotiki, (15) Lesvos (Vrisa—Vatera), (16) Samos, (17) West Samos, (18) Rhodes, and (19) Rethimno. 
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Figure 2. Indicative outcomes of study results for the Attica–Tatoi study area: (a) map according to ecosystem type; (b) areas burnt more than once within the last 20 years, shown on a slope classes map; (c) prioritization map of areas for reforestation/restoration. 
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Figure 3. Decision tree for determining and prioritizing the proposed areas for reforestation/restoration. 
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Table 1. Study areas and fire incident date.






Table 1. Study areas and fire incident date.





	
Year 2021

	
Year 2022




	
Study Area

	
Date of Fire

	
Study Area

	
Date of Fire






	
Mt. Gerania

	
19 May 2021

	
Attica—Ano Glifada

	
4 June 2022




	
Kefalonia

	
3 July 2021

	
Portes Achaia

	
3 July 2022




	
Samos

	
15 July 2021

	
Itea

	
4 July 2022




	
Rhodes

	
1 August 2021

	
West Samos

	
13 July 2022




	
Attica—Tatoi

	
3 August 2021

	
Rethimno

	
15 July 2022




	
East Mani

	
3 August 2021

	
Mt. Penteli

	
20 July 2022




	
Messinia—Arkadia

	
4 August 2021

	
Lesvos (Vrisa—Vatera)

	
23 July 2022




	
Ileia—Arkadia

	
4 August 2021

	
Krestena

	
24 July 2022




	
Fokida

	
5 August 2021

	

	




	
Mt. Pateras—Vilion

	
16 August 2021

	

	




	
Lavreotiki

	
16 August 2021

	

	











 





Table 2. Categories and types of ecosystems identified in the study areas.
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	Category
	Type
	Burnt Area (ha)

2021/2022





	Mountain temperate coniferous forests
	Forests with Abies cephalonica
	573.2/n.a.



	Mediterranean coniferous forests
	Forests with Pinus halepensis
	25,400.5/2613.2



	Mediterranean coniferous forests
	Forests with Pinus brutia
	1098.9/1894.8



	Mediterranean coniferous forests
	Forests with Juniperus spp.
	n.a./85.8



	Mediterranean sclerophyllous forests
	Forests with Olea europaea and Ceratonia siliqua
	124.0/184.8



	Mediterranean sclerophyllous forests
	Forests with Quercus ilex
	706.1/n.a.



	Mediterranean sclerophyllous forests
	Forests with Quercus coccifera
	684.4/n.a.



	Mediterranean deciduous forests
	Thermophilous oak forests with Quercus pubescens and Quercus frainetto
	2893.7/n.a.



	Riparian vegetation
	Riparian vegetation (e.g., forests with Platanus orientalis, Salix alba, and Populus alba)
	44.8/15.7



	Sclerophyllous vegetation
	Sclerophyllous vegetation (shrublands of evergreen broadleaf)
	14,825.4/716.1



	Heathland and shrubs
	Phrygana
	597.2/324.6



	Grassland
	Pasture
	279.0/277.8



	Sparsely vegetated areas
	Sparsely vegetated areas
	81.5/25.2



	Non-forested areas
	Non-forested areas
	16,755.3/4742.3







Note: n.a. = not applicable.













 





Table 3. Summary results of the burnt areas and those areas identified and prioritized for reforestation/restoration in 2021.
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Study Area

	
Burnt Area

	
Areas that Have Been Identified and Prioritized for Reforestation




	
Species Not Adapted to Fire

	
Areas with Pinus halepensis/Pinus brutia




	
Total Area

	
Forest Area

	
Double-Burnt and Slopes of 50–100%

	
Double-Burnt and Slopes of <50%

	
Slopes of

50–100%




	
(ha)






	
Mt. Gerania

	
6646.6

	
5890.5

	
37.7

	
-

	
54.4

	
610.0




	
Kefalonia

	
600.8

	
417.1

	
-

	
-

	
-

	
-




	
Samos

	
359.1

	
319.3

	
-

	
39.7

	
179.9

	
0.6




	
Rhodes

	
1155.5

	
1056.1

	
-

	
-

	
-

	
13.8




	
Attica—Tatoi

	
8371.7

	
6367.6

	
28.3

	
-

	
813.2

	
112.6




	
Messinia—Arcadia

	
5104.2

	
3815.1

	
-

	
-

	
-

	
-




	
East Mani

	
10,425.9

	
6813.8

	
507.2

	
-

	
56.3

	
4.9




	
Ileia—Arkadia

	
18,261.6

	
10,435.8

	
-

	
161.1

	
2644.1

	
331.8




	
Fokida

	
2825.9

	
2385.0

	
-

	
-

	
-

	
-




	
Mt. Pateras—Vilion

	
9756.9

	
9419.8

	
-

	
3.7

	
56.3

	
173.6




	
Lavreotiki

	
555.9

	
388.6

	
-

	
-

	
76.5

	
-




	
Total

	
64,064.1

	
47,308.7

	
573.2

	
204.5

	
3880.7

	
1247.3




	
Percentage of the total area

	

	
73.8%

	
0.9%

	
0.3%

	
6.1%

	
1.9%











 





Table 4. Summary results of the burnt areas and those areas identified and prioritized for reforestation/restoration in 2022.
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Study Area

	
Burnt Area

	
Areas that Have Been Identified and Prioritized for Reforestation




	
Species Not Adapted to Fire

	
Areas with Pinus halepensis/Pinus brutia




	
Total Area

	
Forest Area

	
Double-Burnt and Slopes of 50–100%

	
Double-Burnt and Slopes of <50%

	
Slopes of

50–100%




	
(ha)






	
Mt. Penteli

	
2772.5

	
1598.1

	
-

	
90.9

	
1468.5

	
1.0




	
Lesvos (Vrisa—Vatera)

	
2449.3

	
1672.3

	
-

	
1.1

	
14.9

	
254.0




	
Rethimno

	
2019.6

	
439.6

	
-

	
-

	
-

	
-




	
Itea

	
1215.5

	
815.1

	
85.8

	
-

	
-

	
-




	
Portes Achaia

	
826.2

	
573.6

	
-

	
130.1

	
264.0

	
30.5




	
Krestena

	
732.0

	
304.8

	
-

	
32.1

	
86.2

	
61.7




	
Attica—Ano Glifada

	
431.5

	
420.5

	
-

	
0.6

	
1.1

	
18.6




	
West Samos

	
433.7

	
314.0

	
-

	
-

	
-

	
90.9




	
Total

	
10,880.3

	
6138.0

	
85.8

	
254.8

	
1834.7

	
456.7




	
Percentage of the total area

	

	
56.4%

	
0.8%

	
2.3%

	
16.9%

	
4.2%











 





Table 5. Summary results of the burnt areas in the Natura 2000 network. SCI: Sites of community importance; SPA: special protected areas.
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Study Area

	
Total Area of Fire in the Study Area

	
Natura 2000 Site




	
Code

	
Type

	
Total Area (ha)

	
Burnt Area (ha)

	
Share of Fire Area inside Natura 2000 Site (%)

	
Share of Natura 2000 Site Burnt

(%)






	
East Mani

	
10,425.9

	
GR2540003

	
SCI

	
10,628.0

	
2.1

	
0.0 1

	
0.0 1




	
Itea

	
1215.5

	
GR2450004

	
SCI

	
10,604.3

	
10.7

	
0.9

	
0.1




	
Rhodes

	
1155.5

	
GR4210006

	
SCI

	
11,312.4

	
54.4

	
4.7

	
0.5




	
Samos

	
359.1

	
GR4120002

	
SCI

	
4896.6

	
69.0

	
19.2

	
1.4




	
Lavreotiki

	
555.9

	
GR3000005

	
SCI

	
5382.3

	
228.1

	
41.0

	
4.2




	
East Mani

	
10,425.9

	
GR2550006

	
SCI

	
53,688.5

	
2417.1

	
23.2

	
4.5




	
Fokida

	
2825.9

	
GR2450004

	
SCI

	
10,604.3

	
491.6

	
17.4

	
4.6




	
West Samos

	
433.7

	
GR4120008

	
SPA

	
9117.8

	
433.0

	
99.8

	
4.7




	
Attica—Ano Glifada

	
431.5

	
GR3000006

	
SCI

	
8812.8

	
431.5

	
100.0

	
4.9




	
East Mani

	
10,425.9

	
GR2550009

	
SPA

	
48,817.1

	
2417.1

	
23.2

	
4.9




	
Attica—Ano Glifada

	
431.5

	
GR3000015

	
SPA

	
8304.9

	
431.5

	
100.0

	
5.2




	
Itea

	
1215.5

	
GR2450009

	
SPA

	
12,207.4

	
697.2

	
57.4

	
5.7




	
Mt. Gerania

	
6646.6

	
GR2530005

	
SCI

	
6987.0

	
774.3

	
11.6

	
11.1




	
Attica—Tatoi

	
8371.7

	
GR3000001

	
SCI/SPA

	
14,921.8

	
2161.1

	
25.8

	
14.5




	
Total

	
54,920.0

	

	

	
216,285.3

	
10,618.5

	

	








1 The exact value is 0.02%.
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