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Abstract: Fire frequency and fire seasonality are among the main components of the fire regime.
In the Mediterranean Basin, climate directly drives fire occurrence, controlling fuel flammability
and determining the fire-prone conditions, so that intense fires prevail during the dry and warm
season of the year. However, humans also play a direct role in wildfire regimes, severely altering fuel
features, fire policies and land-use management, as well as the timing and location of fire ignitions,
to such an extent that anthropogenic activities have overcome the role of climate in shaping fire
regimes. The main purpose of this work is to propose a graphical tool capable of identifying the most
fire-prone portions of the territory and to explore the differences between the summer and winter
fire risk; to this end, we analyzed the seasonal fire risk in the Latium region (central Italy) and its
drivers in terms of land-use types, by using a fuel phenology framework. The results demonstrated
that climate is not the main cause of bimodal seasonality in fire occurrence and that the existence
of two annual fire seasons in Latium is strongly correlated with how humans use fire as a land
management tool. The proposed approach may represent an easy-to-interpret pyrogeographical
framework applicable in any environment and updatable over time, useful for identifying spatial
gradients, and for recognizing fire regime temporal patterns.
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1. Introduction

In the last few decades, the fire regime has become a key concept in fire ecology; however, a
clear understanding is still lacking [1]. Fire regimes have always changed through time, especially
in relation to environmental variation and human activities [2–4]. Understanding both natural and
anthropogenic controls on fire behavior is a challenge in assessing fire risk and, ultimately, human safety.
Climate variations and topography, along with fuel moisture and load, are well-known contributors to
increased fire probability [5]. Hence, fire distribution in the landscape is not random; in most cases,
fires show a preference for certain land-use types depending on fuel presence and characteristics [6–8].

According to Keeley [9], fire frequency and fire seasonality are among the major components of the
fire regime. Fire frequency depends on fire occurrence and it was defined as the total number of fires
recorded over a given period and area [10]. The probability of a wildland fire occurring at a specified
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location and under specific circumstances defines the fire risk, which therefore refers to the probability
of ignition [11]. Fire seasonality consists of the annual cycle of both fire-free and -active periods within
the year [12] and it is a key component of fire regimes. The climate, featuring pronounced wet and
dry seasons, creates a distinct fire seasonality which can be expressed by the regular series of periods
resulting from specific weather and fuel moisture conditions [13,14].

The relative roles of climate, vegetation, and humans are still debated [15–17]. In the Mediterranean
regions, the incidence of fire is highly related to seasonality, where very hot and dry summer conditions
make some areas more prone to combustion [6,8,12]. In these environments, the climate is probably
one of the superordinate drivers of fires at regional scales by controlling fire weather [15]. However,
in the Mediterranean region, human activity is one of the most frequent causes of fire ignition [18].
Up to now, human pressure has dramatically increased [18–21], by shaping fuel structure, type and
continuity and by igniting and suppressing fires [4,6,22,23]. Bajocco et al. [24], analyzing different
fire behaviors in time and space, noted a tendency of fires to select certain land-use types in different
periods of the year, related either to anthropic pressure, and the presence of fine vegetation which
dries more quickly and burns more easily, or to the presence of coarser fuel which leaks humidity
more slowly. Humans, therefore, play a direct role in wildfire regimes, severely altering fuel features,
fire policies and land-use management, as well as the timing and location of fire ignitions, to such an
extent that anthropogenic activities have overcome the role of climate in shaping fire regimes [3,25,26].

Lately, due to fast population growth and consequent land-use changes, the significance of
human activity has increased, specifically changing the climate-based seasonality of fires [27,28].
As a consequence, an annual fire bimodal distribution was observed in specific regions worldwide,
thus featuring two distinctive fire seasons per year [29]. However, both the environmental and
anthropogenic factors, which are spatiotemporally driving bimodal fire regimes, remain underexplored,
also due to the human–fire complex interaction [12].

To disentangle this complexity, many authors proposed indices or modeling tools for understanding
fire risk distribution [30]; however, such studies often require complex computations [31], site-specific
applicability [32], or the constraint of using land cover maps [33].

In this perspective, the main purpose of this paper is to propose an easy-to-apply tool to analyze
the bi-seasonal dynamics of fire ignition risk and the influence of land use in fire occurrence at the
landscape scale and in every environment. A landscape classification scheme based on fuel phenology
was used as a framework in this study given that fuel temporal flammability patterns may affect the
seasonal behavior of anthropogenic fires directly shaping the distribution of fire ignitions across the
landscape [24]. The rationale is hence to develop a modeling tool able to identify wildfire hotspot
distribution through time and space, their drivers and to relate them with the phenological dynamics
of fuels. To this purpose, we used the case study of Latium, a region of Central Italy showing two
clearly distinct annual fire peaks, where we aimed (i) to identify the most vulnerable zones during
the different fire seasons and (ii) to test the role of the different land-use types on summer and winter
fire risk.

2. Materials and Methods

2.1. Study Area

The Latium region (Central Italy) has an elongated shape in NW-SE direction along the Tyrrhenian
coast of central Italy. The region covers an area of 1720 km2 (Figure 1). The territory is morphologically
heterogeneous, predominantly mountainous/hilly, with 26.1% mountains, 53.9% hills and 20% plains.
Latium is characterized by a large climatic and environmental variability. The highest elevation is
2458 m a.s.l.
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data proved to be effective in measuring dense vegetation regions, like Latium territory. From 2004 
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annual EVI profile for each pixel by averaging the EVI values of each 16-day image over the period 
2004–2015. On this basis, we segmented the study area and obtained landscape units (LUs) 
homogeneous in terms of vegetation phenology, i.e., with pixels showing similar EVI temporal 
patterns. 

Previous work [24,35] has shown that remotely sensed vegetation phenology represents a 
relevant functional driver of fire occurrence regarding fuel load and flammability. Therefore, EVI 
images can be effectively used to identify homogeneous landscape units with distinctive pyrological 
behavior, which in turn reflects underlying differences in land cover and climate [35]. Understanding 
the geographic distribution of vegetation phenology may be key for planning effective firefighting 
and prevention strategies, since regions with similar fuel availability patterns are regions where 
similar management policies should be applied [35]. 

Fire data were provided by the National Forest Service and contain 4719 forest fires that occurred 
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the date and the coordinates of fire ignition, and a field estimate of the burned area. Using the same 
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belonging to 39 LUs. 

Figure 1. Location of the study area.

In the most mountainous areas of the Apennines, the climate is mainly temperate. Rainfall is
very abundant, and temperatures drop below zero in the winter and do not exceed 20 ◦C in the
summer. On the contrary, the Mediterranean zone along the coast experiences a mild winter and
marked summer dryness. Average annual rainfall is very variable (700–1600 mm). The rainiest season
occurs in autumn–winter. The temperature shows an inverse tendency to that of the precipitation
recording the lowest values in autumn–winter and the highest values in summer–spring. Average
annual temperatures range between 5 ◦C and 17 ◦C.

2.2. Data

Information on the coarse-scale vegetation phenology of Latium was obtained from the 16-day
MODIS 250 m Enhanced Vegetation Index (EVI) product (MOD13Q1). According to Huete [34],
EVI data proved to be effective in measuring dense vegetation regions, like Latium territory. From
2004 to 2015, 23 EVI images per year were acquired (i.e., 276 images totally). We next generated a
mean annual EVI profile for each pixel by averaging the EVI values of each 16-day image over the
period 2004–2015. On this basis, we segmented the study area and obtained landscape units (LUs)
homogeneous in terms of vegetation phenology, i.e., with pixels showing similar EVI temporal patterns.

Previous work [24,35] has shown that remotely sensed vegetation phenology represents a relevant
functional driver of fire occurrence regarding fuel load and flammability. Therefore, EVI images can
be effectively used to identify homogeneous landscape units with distinctive pyrological behavior,
which in turn reflects underlying differences in land cover and climate [35]. Understanding the
geographic distribution of vegetation phenology may be key for planning effective firefighting and
prevention strategies, since regions with similar fuel availability patterns are regions where similar
management policies should be applied [35].

Fire data were provided by the National Forest Service and contain 4719 forest fires that occurred
in Latium between 2004 and 2015 (Figure 2). For each fire record, the dataset includes information on
the date and the coordinates of fire ignition, and a field estimate of the burned area. Using the same
time intervals of the EVI images, we constructed a fire profile for each landscape unit, showing the
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total number of fires over each 16-day span from 2004 to 2015. For statistical reasons, we discarded
all LUs with fewer than one fire event per year on average. The final dataset consisted of 4623 fires
belonging to 39 LUs.Fire 2020, 3, x FOR PEER REVIEW 4 of 11 
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Figure 2. Distribution of the fire ignition points throughout the study area.

2.3. Methods

Given the pronounced bimodality of temporal fire occurrence in Latium, the annual fire profiles
were divided into two separate fire seasons, from Julian day 337 (3 December) to Julian day 144
(24 May), hereafter referred to as winter fires, and from Julian day 145 (25 May) to Julian day 336
(2 December), hereafter referred to as summer fires. In particular, the limit between the winter and the
summer fire season corresponds to the start of the summer dry season in most parts of Latium.

To quantify the seasonal fire behavior in each LU, an index of fire ignition risk (σ) was derived
according to Bajocco and Ricotta [6] for both fire seasons as follows:

σ =
pF− pA
pF + pA

(1)

where pF represents the proportion of fires in each landscape unit (i.e., number of fires in that LU/total
number of fires in all LUs) and pA is the proportional area of that landscape unit in the study site (i.e.,
surface of that LU/total surface of all LUs). This “normalized selectivity index” ranges from −1 to 1.
If all LUs were equally as fire prone, fire ignitions would occur randomly across the landscape, such
that the number of ignitions within a given landscape unit would be nearly proportional to the relative
area of that unit. In this case, the values of fire selectivity would be close to zero. Values larger than
zero indicate LUs where fires occur more frequently than expected by a random process of fire ignition;
values lower than zero indicate LUs where fires occur less frequently than expected [35]. For each
landscape unit, fire risk was separately calculated for summer fires (Sσ) and winter fires (Wσ) and
then plotted Sσ vs. Wσ. Two maps of fire ignition risk for the summer and the winter fire season were
also produced.

Finally, the relationship between winter and summer fires with the main land cover types in each
landscape unit was examined. The different land cover types represent a synthetic expression of the
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socioeconomic and land management drivers at the landscape scale, as well as of the available fuel load
and typology [24]. We selected seven land cover classes derived from CORINE land-cover (CLC) map
updated for the reference year 2012: urban areas, arable land, permanent crops (mainly olive groves),
heterogeneous agricultural areas, forests, grasslands and pastures and shrublands. Due to the relative
homogeneity in the amount and spatial continuity of fuel load within each class, these classes were
considered adequate to study fire occurrence patterns at the landscape scale [6]. For each landscape
unit, we first calculated the proportion of fires in each CLC class (i.e., number of fires in that class/total
number of fires in the LU) over the period 2004-2015. Next, to analyze the relationship between
seasonal fire occurrence and the distribution of fire ignitions within the different land cover types,
for each fire season, a multiple forward stepwise linear regression between fire risk and the proportion
of fires in each CLC class was performed.

3. Results

Figure 2 shows the fire ignition points distribution over Latium. In general, fire ignitions show a
marked tendency to concentrate in the southern part of Latium, while the other areas feature more
dispersion. The mean annual pattern of fire ignitions occurring over the 2004–2015 time period (Figure 3)
shows a clear biseasonal behavior with two major peaks in summer and late winter–early spring.
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of the MODIS images.

Figure 4 shows summer selectivity (Sσ) vs. winter selectivity (Wσ) for the 39 landscape units of
the study area. All LUs above the main diagonal (dashed line) have higher risk values in summer
than in winter, whereas all points below the main diagonal have higher risk values in winter than
in summer.
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Figure 4. Plot of summer fire risk (Sσ) vs. winter fire risk (Wσ) for all LUs of the study area over the
period 2004–2015.

The correlation coefficient between Sσ and Wσ is R = 0.686 (p < 0.001) meaning that there is a
general tendency for LUs with high summer risk to show also high winter selectivity and vice versa.
Accordingly, most LUs are concentrated in the lower left quadrant of Figure 4, which contains the
polygons with negative summer and winter selectivity, and in the upper right quadrant, which contains
the polygons with positive summer and winter selectivity. Specifically, in all polygons in the upper right
quadrant, most of which are located in the south-eastern part of Latium, fires occur more frequently
than expected by chance alone both in summer and in winter. Therefore, they represent the major fire
hot spots of the study area.

Contrary to this general trend, the LUs located in the upper left quadrant show positive summer
selectivity and negative winter selectivity, while the LUs located in the lower right quadrant show
negative summer selectivity and positive winter selectivity, meaning that in these polygons fires occur
more frequently than expected only in winter, whereas summer fires occurrence is lower than expected
by a random null model.

Figures 5 and 6 show throughout the study area the spatial distribution of summer and winter fire
risk, respectively, and in accordance with Figure 4, they confirm that the southern part of the Region
has the highest fire risk both in summer and in winter.
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Figure 6. Maps of winter fire risk in Latium over the period 2004–2015.

For all landscape units, the correlation coefficients of Sσ and Wσ vs. the proportional abundance
of fires in all CLC types are shown in Table 1. Overall, both summer and winter fire risks are positively
correlated to fire occurrence in grasslands and shrublands and negatively correlated to fire occurrence
in arable lands. Summer fire occurrence is also negatively correlated to fire occurrence in forests.
From the multiple regression analysis, the model suggests that fire occurrence in arable land and
grasslands were the most relevant predictors for summer fire risk Sσ (Adjusted R2 = 0.670; p < 0.001).
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The same two variables were also the most relevant predictors for winter fire risk Wσ (Adjusted
R2 = 0.432; p < 0.001). In good agreement with the highly significant correlation coefficient between
Sσ and Wσ, these results stress a similar fire pattern during the two fire seasons in which the most
fire-prone land cover types remain the same both in the summer and winter season. The fact that
summer and winter fires display the same model, i.e., grassland, is because the majority of fire ignitions
in Latium occur in the Aurunci area (south-eastern Latium). This area is dominated by grasslands of
Ampelodesmos mauritanicus, which is a species that keeps flammability throughout the year, i.e., sustain
fire initiation and transmission in both winter and summer since it contains a large dead/live ratio [36].
Notable exceptions to this general tendency are the landscape units in the upper left and lower right
quadrants of Figure 4.

Table 1. Correlation coefficients (R) of summer fire risk Sσ and winter fire risk Wσ vs. the proportional
abundance of fires in the selected CORINE land-cover (CLC) types. Asterisks indicate significant
values: * p < 0.05, ** p < 0.01, *** p < 0.001. The variables selected by the forward stepwise linear
regression models are shown in italic. The equations of both models are: Sσ = −0.344 − 0.006 × Arable
land + 0.026 × Grasslands (Adjusted R2 = 0.670) and Wσ = −0.260 − 0.013 × Arable land + 0.016 ×
Grasslands (Adjusted R2 = 0.432).

Urban Areas Arable
Land

Permanent
Crops

Heterogeneous
Agriculture Forests Grasslands Shrublands

Sσ −0.050 −0.491 *** 0.127 −0.049 −0.354 * 0.802 *** 0.463 **

Wσ −0.197 −0.569 *** 0.164 −0.190 0.085 0.556 *** 0.373 *

4. Discussion

This paper presented a simple methodological procedure to analyze fire seasonality and the
influence of land use in fire occurrence within a fuel phenology zoning framework. The detection of
geographic clusters of seasonal fire occurrence may represent an effective support tool for identifying
high-risk areas, selecting sites for more intensive analyses, optimizing fire prevention strategies and
efficiently allocating firefighting resources [24,37].

To this end, we identified the most vulnerable zones in Latium during the different fire seasons
and tested the role of the different land-use types on summer and winter fire risk. Similar to previous
studies [12], our results confirm that climate is not the main cause of bimodal seasonality in fire
occurrence, since part of the vegetation burns during the wet winter–spring season (i.e., outside the
dry climate-driven burning season), and winter and summer fires burn the same land cover types,
regardless of the climate-related fuel flammability conditions. This is in agreement with the fact that,
in the short term, the weather is the main driver of fire occurrence, and its effects are regional; however,
when considering larger time periods, the probability of fire occurrence is highly driven by human
activities and land management practices, which is consistent with the presence of local structural risk
factors independent of the season or weather condition [38,39]. These results also match with previous
studies done in the Mediterranean regions [8,40,41], which found direct relations between population
density and fire occurrence.

The presence of two annual fire seasons in Latium is strongly correlated with how humans use fire
as a land management tool, therefore bimodal fire regimes are an expression of a marked anthropogenic
activity. Accordingly, fires occur predominantly in shrublands and grasslands, where the fire is
commonly used as a well-established tool to manage vegetation, grazing and plant species richness [23].
The early fire season occurs between March and April, i.e., under sub-optimal climate conditions
(Figure 2), while the late fire season occurs between June and September, during the dry period of
the year. In the late dry season, fires are ignited by humans for land clearing and renewing pastures,
to obtain fresh and nutritious understory vegetation for cattle grazing [42,43]. In this framework,
the complex fire–human patterns in Latium represents the key factor that contributed to shaping the
bimodal seasonality of the fire regime.
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Our results provided statistical evidence for spatio-temporal fire patterns throughout the territory,
mainly related to fire probability, weather, and landscape variables, that are different in terms of
ignition number, but similar as for location and fuel type. This differentiation between landscape
units jointly in terms of fire risk and seasonality may serve as indicators for diverse applications, like,
for instance, fire regime classifications [44]. Furthermore, a better knowledge of landscape factors
(e.g., land-use types) as drivers of fire occurrence could be helpful for prevention and suppression
strategies, and for predicting fire behavior under changing landscape composition.

Finally, the plot developed in Figure 4 may represent an easy-to-interpret graphical tool, useful for
(i) categorizing different land units according to both fire-proneness and fire seasonality, (ii) identifying
spatial gradients, and (iii) recognizing fire regime temporal patterns. The fire temporal pattern is
an important feature of a fire season in addition to its length and onset and termination dates [38].
Discerning where and when a fire occurs and how humans use fire as a land management tool improves
our comprehension of how fire practices and land management strategies may change in the near
future and it is particularly helpful for fire agencies in their efforts to plan and implement specific
fire prevention measures. Recognizing and reckoning how human activities modify the fire seasonal
patterns represent a major concern for advancing our understanding of local to global trends in fire
activity, seasonal carbon emissions, fuel availability, and climate change impacts.

In conclusion, the proposed methodology provides a modeling tool to identify wildfire hotspot
distribution through time and space and to relate them with the phenological dynamics of fuels at the
landscape scale. It is applicable to every type of land unit, both functional (e.g., phenological categories
or fuel types) and structural (land-use classes, administrative units, etc.). Further implementations of
this tool should include information about the fire size and causes in addition to fire ignitions, in order
to obtain a complete view of fire behavior across seasons and take into account the whole spectrum of
fire regime components.

Author Contributions: Conceptualization, C.R. and S.B.; methodology, C.F. and D.G.; writing—original draft
preparation, S.B.; writing—review and editing, C.F.; supervision, C.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We would like to thank the referees of this note for the fruitful suggestions.

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

References

1. Krebs, P.; Pezzatti, G.B.; Mazzoleni, S.; Talbot, L.M.; Conedera, M. Fire regime: History and definition of a
key concept in disturbance ecology. Theory Biosci. 2010, 129, 53–69. [CrossRef] [PubMed]

2. Keeley, J.E.; Pausas, J.G. A burning story: The role of fire in the history of life. Bioscience 2009, 59, 593–601.
3. Marlon, J.R.; Bartlein, P.J.; Gavin, D.G.; Long, C.J.; Anderson, R.S.; Briles, C.E.; Brown, K.J.; Colombaroli, D.;

Hallett, D.J.; Power, M.J.; et al. Long-term perspective on wildfires in the western USA. Proc. Natl. Acad.
Sci. USA 2012, 109, E535–E543. [CrossRef] [PubMed]

4. Bowman, D.M.J.S.; Balch, J.; Artaxo, P.; Bond, W.J.; Cochrane, M.A.; D’Antonio, C.M.; DeFries, R.;
Johnston, F.H.; Keeley, J.E.; Krawchuk, M.A.; et al. The human dimension of fire regimes on Earth.
J. Biogeogr. 2011, 38, 2223–2236. [CrossRef] [PubMed]

5. Moreira, F.; Viedma, O.; Arianoutsou, M.; Curt, T.; Koutsias, N.; Rigolot, E.; Barbati, A.; Corona, P.; Vaz, P.;
Xanthopoulos, G.; et al. Landscape-wildfire interactions in southern Europe: Implications for landscape
management. J. Environ. Manag. 2011, 92, 2389–2402. [CrossRef] [PubMed]

6. Bajocco, S.; Ricotta, C. Evidence of selective burning in Sardinia (Italy): Which land-cover classes do wildfires
prefer? Landsc. Ecol. 2008, 23, 241–248. [CrossRef]

7. Barros, A.M.G.; Pereira, J.M.C. Wildfire Selectivity for Land Cover Type: Does Size Matter? PLoS ONE 2014,
9, e84760. [CrossRef]

8. Ricotta, C.; Bajocco, S.; Guglietta, D.; Conedera, M. Assessing the Influence of Roads on Fire Ignition: Does
Land Cover Matter? Fire 2018, 1, 24. [CrossRef]

http://dx.doi.org/10.1007/s12064-010-0082-z
http://www.ncbi.nlm.nih.gov/pubmed/20502984
http://dx.doi.org/10.1073/pnas.1112839109
http://www.ncbi.nlm.nih.gov/pubmed/22334650
http://dx.doi.org/10.1111/j.1365-2699.2011.02595.x
http://www.ncbi.nlm.nih.gov/pubmed/22279247
http://dx.doi.org/10.1016/j.jenvman.2011.06.028
http://www.ncbi.nlm.nih.gov/pubmed/21741757
http://dx.doi.org/10.1007/s10980-007-9176-5
http://dx.doi.org/10.1371/journal.pone.0084760
http://dx.doi.org/10.3390/fire1020024


Fire 2020, 3, 46 10 of 11

9. Keeley, J.E. Fire. In Encyclopedia of Ecology; Jørgensen, S.E., Fath, B.D., Eds.; Academic Press: Oxford, UK,
2008; pp. 1557–1564. ISBN 978-0-08-045405-4.

10. Curt, T. Fire Frequency. In Encyclopedia of Wildfires and Wildland-Urban Interface (WUI) Fires; Manzello, S.L.,
Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 1–5. ISBN 978-3-319-51727-8.

11. Hardy, C.C. Wildland fire hazard and risk: Problems, definitions, and context. For. Ecol. Manag. 2005, 211,
73–82. [CrossRef]

12. Benali, A.; Mota, B.; Carvalhais, N.; Oom, D.; Miller, L.M.; Campagnolo, M.L.; Pereira, J.M.C. Bimodal fire
regimes unveil a global-scale anthropogenic fingerprint. Glob. Ecol. Biogeogr. 2017, 26, 799–811. [CrossRef]

13. Bond, W.J.; Keeley, J.E. Fire as a global ‘herbivore’: The ecology and evolution of flammable ecosystems.
Trends Ecol. Evol. 2005, 20, 387–394. [CrossRef] [PubMed]

14. Giglio, L.; Csiszar, I.; Justice, C.O. Global distribution and seasonality of active fires as observed with the
Terra and Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) sensors. J. Geophys. Res. 2006,
111, G02016. [CrossRef]

15. Lestienne, M.; Hély, C.; Curt, T.; Jouffroy-Bapicot, I.; Vannière, B. Combining the Monthly Drought Code
and Paleoecological Data to Assess Holocene Climate Impact on Mediterranean Fire Regime. Fire 2020, 3, 8.
[CrossRef]

16. Ruffault, J.; Mouillot, F. Contribution of human and biophysical factors to the spatial distribution of forest
fire ignitions and large wildfires in a French Mediterranean region. Int. J. Wildland Fire 2017, 26, 498–508.
[CrossRef]

17. Vannière, B.; Colombaroli, D.; Chapron, E.; Leroux, A.; Tinner, W.; Magny, M. Climate versus human-driven
fire regimes in Mediterranean landscapes: The Holocene record of Lago dell’Accesa (Tuscany, Italy). Quat. Sci.
Rev. 2008, 27, 1181–1196. [CrossRef]

18. Ganteaume, A.; Camia, A.; Jappiot, M.; San-Miguel-Ayanz, J.; Long-Fournel, M.; Lampin, C. A Review of the
Main Driving Factors of Forest Fire Ignition over Europe. Environ. Manag. 2013, 51, 651–662. [CrossRef]

19. Bal, M.-C.; Pelachs, A.; Perez-Obiol, R.; Julia, R.; Cunill, R. Fire history and human activities during the
last 3300cal yr BP in Spain’s Central Pyrenees: The case of the Estany de Burg. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 2011, 300, 179–190. [CrossRef]

20. Mateus, P.; Fernandes, P.M. Forest Fires in Portugal: Dynamics, Causes and Policies. In Forest Context
and Policies in Portugal: Present and Future Challenges; Reboredo, F., Ed.; Springer International Publishing:
Cham, Switzerland, 2014; pp. 97–115. ISBN 978-3-319-08455-8.

21. Vilar, L.; Camia, A.; San-Miguel-Ayanz, J.; Martín, M.P. Modeling temporal changes in human-caused
wildfires in Mediterranean Europe based on Land Use-Land Cover interfaces. For. Ecol. Manag. 2016, 378,
68–78. [CrossRef]

22. Lasslop, G.; Kloster, S. Human impact on wildfires varies between regions and with vegetation productivity.
Environ. Res. Lett. 2017, 12, 115011. [CrossRef]

23. McWethy, D.B.; Whitlock, C.; Wilmshurst, J.M.; McGlone, M.S.; Fromont, M.; Li, X.; Dieffenbacher-Krall, A.;
Hobbs, W.O.; Fritz, S.C.; Cook, E.R. Rapid landscape transformation in South Island, New Zealand, following
initial Polynesian settlement. Proc. Natl. Acad. Sci. USA 2010, 107, 21343. [CrossRef]

24. Bajocco, S.; Koutsias, N.; Ricotta, C. Linking fire ignitions hotspots and fuel phenology: The importance of
being seasonal. Ecol. Indic. 2017, 82, 433–440. [CrossRef]

25. Gonzalez-Olabarria, J.R.; Brotons, L.; Gritten, D.; Tudela, A.; Teres, J.A. Identifying location and causality of
fire ignition hotspots in a Mediterranean region. Int. J. Wildland Fire 2012, 21, 905–914. [CrossRef]

26. San-Miguel-Ayanz, J.; Moreno, J.M.; Camia, A. Analysis of large fires in European Mediterranean landscapes:
Lessons learned and perspectives. For. Ecol. Manag. 2013, 294, 11–22. [CrossRef]

27. Balch, J.K.; Bradley, B.A.; Abatzoglou, J.T.; Nagy, R.C.; Fusco, E.J.; Mahood, A.L. Human-started wildfires
expand the fire niche across the United States. Proc. Natl. Acad. Sci. USA 2017, 114, 2946. [CrossRef]
[PubMed]

28. Le Page, Y.; Oom, D.; Silva, J.M.N.; Jönsson, P.; Pereira, J.M.C. Seasonality of vegetation fires as modified by
human action: Observing the deviation from eco-climatic fire regimes. Glob. Ecol. Biogeogr. 2010, 19, 575–588.
[CrossRef]

29. Magi, B.I.; Rabin, S.; Shevliakova, E.; Pacala, S. Separating agricultural and non-agricultural fire seasonality
at regional scales. Biogeosciences 2012, 9, 3003–3012. [CrossRef]

http://dx.doi.org/10.1016/j.foreco.2005.01.029
http://dx.doi.org/10.1111/geb.12586
http://dx.doi.org/10.1016/j.tree.2005.04.025
http://www.ncbi.nlm.nih.gov/pubmed/16701401
http://dx.doi.org/10.1029/2005JG000142
http://dx.doi.org/10.3390/fire3020008
http://dx.doi.org/10.1071/WF16181
http://dx.doi.org/10.1016/j.quascirev.2008.02.011
http://dx.doi.org/10.1007/s00267-012-9961-z
http://dx.doi.org/10.1016/j.palaeo.2010.12.023
http://dx.doi.org/10.1016/j.foreco.2016.07.020
http://dx.doi.org/10.1088/1748-9326/aa8c82
http://dx.doi.org/10.1073/pnas.1011801107
http://dx.doi.org/10.1016/j.ecolind.2017.07.027
http://dx.doi.org/10.1071/WF11039
http://dx.doi.org/10.1016/j.foreco.2012.10.050
http://dx.doi.org/10.1073/pnas.1617394114
http://www.ncbi.nlm.nih.gov/pubmed/28242690
http://dx.doi.org/10.1111/j.1466-8238.2010.00525.x
http://dx.doi.org/10.5194/bg-9-3003-2012


Fire 2020, 3, 46 11 of 11

30. Watts, J.M.; Hall, J.R. Introduction to Fire Risk Analysis. In SFPE Handbook of Fire Protection Engineering;
Hurley, M.J., Gottuk, D., Hall, J.R., Harada, K., Kuligowski, E., Puchovsky, M., Torero, J., Watts, J.M.,
Wieczorek, C., Eds.; Springer New York: New York, NY, USA, 2016; pp. 2817–2826. ISBN 978-1-4939-2565-0.

31. Abedi Gheshlaghi, H.; Feizizadeh, B.; Blaschke, T. GIS-based forest fire risk mapping using the analytical
network process and fuzzy logic. J. Environ. Plan. Manag. 2020, 63, 481–499. [CrossRef]

32. Ziccardi, L.G.; Thiersch, C.R.; Yanai, A.M.; Fearnside, P.M.; Ferreira-Filho, P.J. Forest fire risk indices and
zoning of hazardous areas in Sorocaba, São Paulo state, Brazil. J. For. Res. 2020, 31, 581–590. [CrossRef]

33. Sirca, C.; Casula, F.; Bouillon, C.; García, B.F.; Fernández Ramiro, M.M.; Molina, B.V.; Spano, D. A wildfire
risk oriented GIS tool for mapping Rural-Urban Interfaces. Environ. Model. Softw. 2017, 94, 36–47. [CrossRef]

34. Huete, A.; Didan, K.; Miura, T.; Rodriguez, E.P.; Gao, X.; Ferreira, L.G. Overview of the radiometric
and biophysical performance of the MODIS vegetation indices. Remote Sens. Environ. 2002, 83, 195–213.
[CrossRef]

35. Bajocco, S.; Dragozi, E.; Gitas, I.; Smiraglia, D.; Salvati, L.; Ricotta, C. Mapping forest fuels through vegetation
phenology: The role of coarse-resolution satellite time-series. PLoS ONE 2015, 10. [CrossRef] [PubMed]

36. Incerti, G.; Giordano, D.; Stinca, A.; Senatore, M.; Termolino, P.; Mazzoleni, S.; Bonanomi, G. Fire occurrence
and tussock size modulate facilitation by Ampelodesmos mauritanicus. Acta Oecolo. 2013, 49, 116–124.
[CrossRef]

37. Vega Orozco, C.; Tonini, M.; Conedera, M.; Kanveski, M. Cluster recognition in spatial-temporal sequences:
The case of forest fires. GeoInformatica 2012, 16, 653–673. [CrossRef]

38. Zhao, F.; Liu, Y.; Shu, L. Change in the fire season pattern from bimodal to unimodal under climate change:
The case of Daxing’anling in Northeast China. Agric. For. Meteorol. 2020, 291, 108075. [CrossRef]

39. Costafreda-Aumedes, S.; Comas, C.; Vega-Garcia, C. Spatio-Temporal Configurations of Human-Caused
Fires in Spain through Point Patterns. Forests 2016, 7, 185. [CrossRef]

40. Chas-Amil, M.L.; Prestemon, J.P.; McClean, C.J.; Touza, J. Human-ignited wildfire patterns and responses to
policy shifts. Appl. Geogr. 2015, 56, 164–176. [CrossRef]

41. Loureiro, M.L.; Barreal, J. Modelling spatial patterns and temporal trends of wildfires in Galicia (NW Spain).
For. Syst. 2015, 24, e022. [CrossRef]

42. Ascoli, D.; Bovio, G. Prescribed burning in Italy: Issues, advances and challenges. iForest Biogeosciences For.
2013, 6, 79–89. [CrossRef]

43. Coughlan, M.R. Farmers, flames, and forests: Historical ecology of pastoral fire use and landscape change in
the French Western Pyrenees, 1830–2011. For. Ecol. Manag. 2014, 312, 55–66. [CrossRef]

44. Bajocco, S.; Ferrara, C.; Guglietta, D.; Ricotta, C. Fifteen years of changes in fire ignition frequency in Sardinia
(Italy): A rich-get-richer process. Ecol. Indic. 2019, 104, 543–548. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/09640568.2019.1594726
http://dx.doi.org/10.1007/s11676-019-00889-x
http://dx.doi.org/10.1016/j.envsoft.2017.03.024
http://dx.doi.org/10.1016/S0034-4257(02)00096-2
http://dx.doi.org/10.1371/journal.pone.0119811
http://www.ncbi.nlm.nih.gov/pubmed/25822505
http://dx.doi.org/10.1016/j.actao.2013.03.012
http://dx.doi.org/10.1007/s10707-012-0161-z
http://dx.doi.org/10.1016/j.agrformet.2020.108075
http://dx.doi.org/10.3390/f7090185
http://dx.doi.org/10.1016/j.apgeog.2014.11.025
http://dx.doi.org/10.5424/fs/2015242-05713
http://dx.doi.org/10.3832/ifor0803-006
http://dx.doi.org/10.1016/j.foreco.2013.10.021
http://dx.doi.org/10.1016/j.ecolind.2019.05.030
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Data 
	Methods 

	Results 
	Discussion 
	References

