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Relating wildfire seasonality to remotely sensed fuel phenology: a tool for a new

pyrogeography?

Abstract

In the Mediterranean region, notwithstanding the high human pressure, fire activity is essentially
drought-driven, such that fuel moisture represents the main determinant for sustaining fire ignition
and spread. Seasonal variations in remotely sensed vegetation indices, such as the Normalized
Difference Vegetation Index (NDVI), proved to be indicative of variations in fuel amount and
moisture content and associated fire risk. This study aims to propose a general method to represent
the combined pattern of remotely sensed vegetation indices and fire ignitions throughout the year,
as potential tool to classify terrestrial ecosystems at local to global scale. To jointly visualize the
temporal dynamics of remotely sensed vegetation indices and annual fire density, we propose to
log-transform the ‘annual fire density’ (AFD) values, thus expressing the temporal dynamics of fire
ignitions in orders of magnitude and producing a pyrophenological diagram in which both
quantities vary approximately in the same range. The methodological approach proposed in this
study proved to be independent of the local characteristics and applicable with any available
remotely sensed vegetation index. The combined NDVI-fire diagrams may contribute to the global
pyrophenological classification and mapping of terrestrial ecosystems based on the integrated

monitoring of remotely sensed vegetation phenology and fuel seasonality.

Keywords: Fire behaviour, fire regime, NDVI, pyrophenology, remote sensing.

Introduction

Fire activity and distribution is determined by the interactions of three main environmental
constrains: natural and anthropogenic ignitions sources, fuel characteristics, and climate-weather
conditions that favor combustion (Moritz et al. 2005, Archibald et al. 2013, Bradstock 2010,
Flannigan et al. 2016, Ruffault and Mouillot 2017, Clarke et al. 2020). The influence on fire of such
constrains vary across ecosystems and climate types, resulting in significant global to local scale
heterogeneity in fire regimes (Chuvieco et al. 2008, Le Page et al. 2010, Giglio et al. 2013, Pausas
and Ribeiro 2013, Benali et al. 2017, Clarke et al. 2020).

Seasonality is a major element of fire regimes. It is usually accepted that the annual fire cycle is
described by the alternation of a fire-free and a fire-active season, which is controlled by favorable

weather conditions, fuel moisture and the availability of ignition energy (Benali et al. 2017).
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However, humans also influence fire seasonality, typically by igniting fires in suboptimal fire
weather conditions (Le Page et al. 2010, Benali et al. 2017).

In the Mediterranean region, this complexity is one of the major sources of uncertainty for the
understanding of actual and future fire scenarios (Martinez et al. 2009, Moreira et al. 2011, Ruffault
and Mouillot 2017). Climate affects fire occurrence both indirectly through its long-term effects on
vegetation (i.e., fuel) distribution, and directly through the short-term effects of weather conditions
on fire regimes (Bradstock 2010, Ruffault and Mouillot 2017). In regions with marked climate
seasonality, like the Mediterranean, although the fire-weather relationships are largely shaped by
human practices (Marlon et al. 2008, Ruffault and Mouillot 2015), fire activity is essentially
drought-driven, such that fuel moisture represents the main determinant for sustaining fire ignition
and spread (Wotton et al. 2010, Flannigan et al. 2016). Therefore, fires are most likely to ignite and
spread when vegetation drought and meteorological fire-prone conditions co-occur (Ruffault and
Mouillot 2017).

Understanding the effects of human pressure and vegetation conditions on fire occurrence is thus
critical especially under climate change, which can alter the seasonal patterns of fuel moisture and
hence the length and severity of the fire season (e.g., Flannigan et al. 2009, Westerling 2016, Vega-
Nieva et al. 2018). Seasonal variations in remotely sensed vegetation indices (VIs), such as the
Normalized Difference Vegetation Index (NDVI) proved to be indicative of variations in vegetation
productivity and moisture content (Wang et al. 2003). Therefore, the use of temporal NDVI patterns
has been proposed by many authors to assess vegetation fire-proneness as they represent the main
proxy for potential fuel load and flammability (Lasaponara 2005, De Angelis et al. 2012, Fares et al.
2017, Bajocco et al. 2017). For example, Manzo-Delgado et al. (2004, 2009) proved the potential of
NDVI time-series as indicators of fuel drought and associated fire risk in Central Mexico, while
Bajocco et al. (2017) related the spatial and temporal distribution of wildfires hotspots in Sardinia
(Italy) to NDVI temporal profiles. Vega-Nieva et al. (2019) showed that the relationships between
temporal trends in a satellite fuel greenness index and fire density change across regions and
vegetation types. A detailed understanding of the relationship between fire occurrence and the
remotely sensed seasonal conditions of fuels in different regions is thus necessary to identify
patterns of fire occurrence, support fire management strategies and foresee future trajectories of fire
regimes.

In climatic studies, combined patterns of precipitation and temperature have been often analyzed
by means of graphs or diagrams. A common way to describe the climatic conditions of a given
location in a graphical way is to use so-called Walter and Lieth diagrams (Walter and Lieth 1967).

On Walter-Lieth diagrams, average monthly precipitation (P) and mean temperature (T) are plotted
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for each month of the year while scaling the data in such a way that 10°C on the temperature scale
always correspond to 20 mm of rain on the precipitation scale. Climate diagrams are thus a
graphical representation of mean annual climatic regimes. Originally aimed at visualizing the
dynamics of those climatic variables that are particularly relevant for the vegetation distribution,
these diagrams represent the starting point for a global climatic classification of terrestrial
ecosystems (e.g. Walter and Lieth 1967, Walter and Box 1976).

Similar to Walter-Lieth diagrams, in this study we propose a general method to represent the
combined pattern of remotely sensed vegetation indices and fire ignitions throughout the year. A
preliminary assessment of the proposed method was performed by analyzing the mean annual
profiles of NDVI and fire ignitions for two fire hotspots with distinct fire regimes in two

Mediterranean regions of Italy: Sardinia and Latium.

Methods

The number of fires and the burned area are processes driven by different factors and should be
analyzed separately (Lloret et al. 2002, Bajocco et al. 2008): while the amount of fuel mainly drives
fire ignition (Moreira et al. 2001), fuel spatial distribution mainly explains propagation, because the
discontinuity of fuel load produces changes in fire-propagation rates (Cumming 2001). We focused
our work on the NDVI-based fuel load as ignition energy, so we considered only the number of
fires; yet the procedure could be adapted and extended to fire size.

Notwithstanding the existence of several ad hoc moisture content indices, we decided to use
NDVI for monitoring drought stress mainly because: (i) RED and NIR are very common spectral
bands, contrary to other ones like SWIR; (ii) the spatial resolution of RED and NIR is usually
higher with respect to other bands like SWIR; (iii) NDVI is a ready-to-use product of several
satellites, like MODIS or Sentinel-2, computed, corrected and validated, contrary to other indices
like NDWI, for instance; (iv) many works demonstrated the effectiveness of using NDVI as proxy
for vegetation responses to drought-related stress (Dutta et al. 2013, Benedict et al. 2021; Gaikwad
et al. 2022, Zhan et al. 2022).

The main challenge in combining the annual profiles of the number of fire ignitions and remotely
sensed vegetation indices is that, unlike the vegetation indices like NDVI, which are usually
bounded between -1 and 1, the number of fires is a cumulative variable that increases with the
observed area and the sampled time interval. This makes it impossible to compare fire ignition
profiles sampled in regions of different size or with different time intervals without an appropriate

data normalization.
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For a given study area, we thus need to refer the number of fire ignitions observed in a given
time period to a fixed unit area and temporal interval. For the purposes of our study, this is best
obtained with the ‘annual fire density’ (AFD) by standardizing the observed number of fires to an
areal unit of 10 square kilometers and to a temporal interval of one year. The AFD is calculated as
follows: 1. First, we calculate the number of fires per unit area in each 16-day interval (the same
interval of the NDVI observations). 2. Next, we express the AFD in a given interval as the number
of fires per unit area that we would observe in one year if these events would occur throughout the
year with the same constant rate observed in that interval. This is tantamount saying that the number
of fires per unit area in each 16-day interval is multiplied by a constant coefficient of 23 for all 16-
day intervals. The reason for this operation is twofold: first, in this way we rescale the observed fire
density over one year of observations, rather than to an a-priori defined 16-day interval. This
enables to express AFD always using the same measurement unit independently of the duration of
the time intervals using for constructing the annual NDVI profiles. Second, by changing the order
of magnitude of the measurement unit of the AFD, we render it commensurable after log-
transformation with the range of the NDVI values [0, 1] and hence to plot them together on the
same graph. The resulting ‘annual fire density’ (AFD = number of fires/10 km? yr.) represents the
number of fires per unit area that we would observe in one year if these events would occur
throughout the year with the same constant rate. For example, if in the first decade of August we
observe in a given region 0.2 fires /10 km?, assuming a constant rate of events throughout the year,
this would correspond to an annual fire density of 0.2 x 36.5 = 7.3 fires/10 km? yr.

Also, while in vegetated areas NDVI and other normalized difference indices range
approximately from 0.2 to 1.0, the annual fire density may range over more than two orders of
magnitude. Therefore, to jointly visualize the temporal dynamics of remotely sensed vegetation
indices and annual fire density, we propose to log-transform the AFD values, thus expressing the
temporal dynamics of fire ignitions in orders of magnitude.

This operation produces a diagram (hereafter PyroPhenological diagram) in which both
quantities, log AFD and the vegetation index, vary approximately in the same range, thus allowing
their combined visualization in graphical way. The ability of the proposed diagrams for highlighting
relevant aspects of the relationship between remotely sensed fuel load and fire seasonality is
illustrated with actual examples on the fire regimes of two fire hotspots, i.e., areas with the highest

number of fires, in Sardinia and Latium (Italy).

Worked example

Sardinia
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The island of Sardinia (Fig. 1) covers roughly 24,100 km? and has a typical Mediterranean
climate characterized by dry hot summers and a significant water deficit from May to September.
Annual precipitations range from less than 500 mm along the coast to 1,200 mm on the mountains
in the inner part of the island. The highest elevation is 1,834 m a.s.l. The mean annual temperature
follows the same altitudinal gradient and ranges from 13 to 18°C.

Land use along the coast and in the main plains is dominated by agriculture that covers about
45% of the island. In the interior areas, forest stands combined with pastures and shrublands prevail.
The principal forest types include Quercus ilex L. and Quercus suber L. forests. At higher
elevations the sclerophyllous oak forests merge with broadleaved forests of Quercus pubescens
Willd. and Castanea sativa Mill.

Previous work of Bajocco et al. (2015, 2017) has shown that remotely sensed vegetation
phenology represents a significant driver of fuel load and flammability. Accordingly, NDVI images
can be effectively used to identify homogeneous landscape units with distinctive pyrological
behavior. To relate fire occurrence with fuel seasonality we used the phenological map of Sardinia
produced by Bajocco et al. (2015). In this map, Sardinia is classified into phenologically
homogeneous units that were obtained by segmenting the mean annual NDVI profiles of each pixel
over the 2000-2012 period (https://doi.org/10.6084/m9.figshare.20980027.v1; Bajocco et al. 2015).

Fire data from 2000 to 2015 were obtained from the regional Forest Service of Sardinia
(https://www.sardegnaambiente.it/corpoforestale). For each fire record, the database provides
information on the date of ignition, the coordinates of the ignition point, and a field estimate of fire
size. For the phenological unit with the highest fire occurrence (i.e., hotspot), we constructed a
pyrophenological diagram using the 16-day MODIS 250m NDVI images (MODI13Ql,
https://lpdaac.usgs.gov/products/mod13q1v006/) over the period 2000-2015, together with the fire
ignition points that occurred in the same period of time.

First, for each pixel of the hotspots, we generated a mean annual NDVI profile by averaging the
NDVI values of each 16-day image from 2000 to 2015. Next, we derived a mean annual NDVI
profile for the selected phenological unit by averaging all pixel values belonging to that unit for
each 16-day NDVI image. Finally, we constructed the seasonal fire profile of the selected
phenological unit by calculating the mean annual fire density (AFD) over the period 2000-2015 for
the same time intervals of the 16-day NDVI images.

Latium

Latium is a region of 17,200 km? located on the Tyrrhenian coast of central Italy (Fig. 1). The

region has an elongated shape in the NW-SE direction and is characterized by a prevalently

https://mc04.manuscriptcentral.com/asrjournal



Annals of Silvicultural Research Page 6 of 15

mountainous-hilly topography and high heterogeneity in geological and morphological features.
The coastal area is characterized by a Mediterranean climate. The inner areas, up to 2,458 m a.s.l.,
have more temperate climatic features with cooler and more humid weather conditions. Average
annual rainfall ranges from less than 600 mm along the coast to 1,600 mm in the inner mountainous
regions. Mean annual temperature ranges from 5 to 17°C. Vegetation along the coast is dominated
by sclerophyllous shrubs and Quercus ilex forests. At higher elevations the vegetation ranges from
mixed forests of deciduous oaks to Fagus sylvatica L. forests and grasslands.

Information on the coarse-scale vegetation phenology of Latium was obtained from the 16-day
MODIS 250m NDVI images (MOD13Q1) over the period 2004-2015. We first generated a mean
annual NDVI profile for each pixel of Latium by averaging the NDVI values of each 16-day image
from 2004 to 2015. By means of an object-oriented classification, the resulting 16-day mean NDVI
images were used for segmenting the territory of Latium into phenologically homogeneous
landscape units showing similar temporal patterns in the NDVI values of the constituting pixels

(https://doi.org/10.6084/m9.figshare.20980756.v1; Bajocco et al. 2020) . Using a fire database of

Latium over the same 2004-2015 period provided by the National Forest Service, we identified the
main fire hotspot in the southern coastal part of the region and we derived its seasonal fire profile
by calculating the mean annual fire density (AFD) over the period 2004-2015 for the same time
intervals of the 16-day NDVI images and we next constructed the correspondent pyrophenological

diagram.

#Figure 1 to be inserted here#

Results

The pyrophenological diagrams of the fire hotspots in Sardinia and Latium are shown in Figure
2. The fire hotspot of Sardinia covers an area of 3,060 km?. Land cover in this area is prevalently
agricultural with scattered remnants of sclerophyllous shrublands and forests. Climate is typically
Mediterranean with pronounced summer drought.

Over the period 2000-2015, this area experienced an average of 1,057 fires per year, which
corresponds to a mean AFD of 3.45 fires/10 km? yr. The mean annual NDVI profile shows a U-
shaped pattern with a peak of vegetation activity in spring and a marked decrease during the
summer dry period. The unimodal pattern of fire occurrences is inverse of that of NDVI, showing a
clear direct connection between remotely sensed vegetation condition and fire seasonality (see

Bajocco et al. 2017). The highest fire occurrence corresponds to the lowest NDVI values. Wildfires
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are mainly concentrated during the summer months, from May to October, with a peak of ignitions
in June-July, while relatively low activity was observed from late fall to early spring.

The fire hotspot of Latium covers an area of 926 km?. Land cover is composed of a mosaic of
extensive agriculture, olive groves, pastures and forests. Climate is Mediterranean, although with
less pronounced summer drought than in Sardinia.

Over the period 2004-2015, this area was subjected to an average of 170 fires per year, which
corresponds to a mean AFD of 1.83 fires/10 km? yr. The resulting pyrophenological diagram shows
a bimodal fire pattern in log-AFD space with a primary peak in summer and a secondary peak in
late winter-early spring. These peaks are separated by a period of low fire occurrence from late

April to early June that corresponds to the highest annual NDVI values.

#Figure 2 to be inserted here#

Discussion

Understanding the complex interactions of climate, fuel conditions and anthropogenic activities
in shaping fire regimes is a major concern to reliable fire management strategies, especially under
increased global warming, which in some regions may lead to increasing drought conditions, and
consequently to increasing fire frequency and severity (Flannigan et al. 2009, Woolford et al. 2014).

Accordingly, several studies analyzed the effects of climate and fuel conditions on fire regimes
for specific sites and regions (e.g., Diaz-Avalos et al. 2001, Botequim et al. 2013, Oliveira et al.
2013, Ager et al. 2014, Vega-Nieva et al. 2019). However, none of them proved to be capable of
providing a general model to cover the broad variability of environmental conditions of the Earth
surface. This led Platt et al. (2015) to suggest that the most appropriate fire-weather models are
likely to be local, or at most regional in scale.

In good agreement with Platt et al. (2015), our preliminary results highlighted a direct, though
highly local and non-linear relationship between the annual patterns of NDVI and fire occurrence.
This is not surprising, as NDVI is generally considered a complex non-linear indicator of the
amount of remotely sensed vegetation, its moisture content and related flammability, and its local
management practices, together with the associated risk of fire occurrence (Lozano et al. 2008,
Chuvieco et al. 2010, Yebra et al. 2013, Bajocco et al. 2017).

For example, ‘human-engineered’ fire regimes are generally assumed to be characterized by two
distinct fire seasons per year with at least one of these seasons occurring under suboptimal fire
weather conditions (Benali et al. 2017). Therefore, the bimodal fire seasonality observed in Latium

can be considered the fingerprint of strong anthropogenic influence on fire regimes. Note however
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that, while from a climatic viewpoint late winter-early spring is only a suboptimal period for fire
occurrence, this secondary fire peak is associated to the lowest NDVI values throughout the year.
Hence, at least in terms of fuels, the observed winter peak is not completely decoupled from
remotely sensed vegetation conditions that promote fire occurrence. Therefore, it might be
hypothesized that to get a fire season under sub-optimal fire weather, favorable fuel conditions and
intense fire-promoting activities (such as burning agro-forestry, or the use of fire for pasture
renewal) are needed to compensate for the unfavorable climate. Note also that the logarithmic scale
used to represent annual fire density in Latium allowed us to highlight a marked (NDVI-driven)
biseasonal trend in fire occurrence which would have been much less evident using a linear scale.
More generally, although the relationship between NDVI and fire occurrence is highly context-
dependent, the methodological approach proposed in this study does not depend on the local
characteristics of the study area and can be applied with any available remotely sensed vegetation
index. Therefore, it may provide valuable information on the seasonal patterns of fire occurrence
and their relationships with remotely sensed fuel phenology in any type of vegetation and climatic

region based on available fire records and remotely sensed data.

Conclusions

With this work, we are proposing a descriptive empirical approach that can be replicated with
everyone’s own data, sensu Bagnouls-Gaussen diagram (1957). As this latter diagram can represent
a useful method to highlight the climatic limitations that may negatively influence the applied
agricultural techniques in a given site, our NDVI-fire diagram may represent a tool to identify the
fuel amount conditions that favor or limit the wildfire occurrence. Due to their general applicability,
these combined NDVI-fire diagrams may thus contribute to the global pyrophenological
classification and mapping of terrestrial ecosystems based on the integrated monitoring of remotely
sensed vegetation phenology and fuel seasonality. At the same time, they may represent a reference
point for exporting local fire-weather models in other regions with similar vegetation types,
phenology and management practices, thus contributing to an integrated knowledge of fire
seasonality and its most relevant drivers. It should be considered that, at moderate-to-coarse scale,
as in our case, the climatic drivers weigh more than the land use management, while, at finer scale,
the landscape structure, in terms of land use/land cover, should be taken into account. Specific
additional experimental designs could be investigated in future research studies to evaluate tool
sensitivity to different geographic areas (e.g., in terms of heterogeneity) and to assess inter-annual

variability.

https://mc04.manuscriptcentral.com/asrjournal



Page 9 of 15 Annals of Silvicultural Research

References

Ager A.A., Preisler HK., Arca B., Spano D., Salis M. 2014 - Wildfire risk estimation in the
Mediterranean area. Environmetrics 25: 384-396.

Archibald S., Lehmann C.E., Gomez-Dans J.L., Bradstock R.A. 2013 - Defining pyromes and
global syndromes of fire regimes. In: Proceedings of the National Academy of Sciences USA 110:
6442-6447.

Bagnouls F., Gaussen H. 1957 - Les climats biologiques et leur classification. Annales de
Geographie 355: 193-220.

Bajocco S., Ricotta C. 2008 - Evidence of selective burning in Sardinia (Italy): Which land-cover
classes do wildfires prefer? Landscape Ecology 23 (2): 241-248.

Bajocco S., Ferrara C., Guglietta D., Ricotta C. 2020 - Easy-To-Interpret Procedure to Analyze
Fire Seasonality and the Influence of Land Use in Fire Occurrence: A Case Study in Central Italy.
Fire 3: 46. https://doi.org/10.3390/fire3030046

Bajocco S., Guglietta D., Ricotta C. 2015 - Modelling fire occurrence at regional scale: does
vegetation phenology matter? European Journal of Remote Sensing 48: 763 — 775.

Bajocco S., Koutsias N., Ricotta C. 2017 - Linking fire ignitions hotspots and fuel phenology: The
importance of being seasonal. Ecological Indicators 82: 433—440.

Benali A., Mota B., Carvalhais N., Oom D., Miller L.M., Campagnolo M.L., Pereira J.M.C. 2017 -
Bimodal fire regimes unveil a global-scale anthropogenic fingerprint. Global Ecology and
Biogeography 26: 799-811.

Benedict T.D., Brown J.F., Boyte S.P., Howard D.M., Fuchs B.A., Wardlow B.D., Tadesse T.,
Evenson K.A. 2021 - Exploring VIIRS Continuity with MODIS in an Expedited Capability for
Monitoring Drought-Related Vegetation Conditions. Remote Sensing 13(6):1210.

Botequim B., Garcia-Gonzalo J., Marques S., Ricardo A., Borges J.G., Tomé M., Oliveira M.M.
2013 - Developing wildfire risk probability models for Eucalyptus globulus stands in Portugal.
iForest 6: 217-227.

Bradstock R.A. 2010 - 4 biogeographic model of fire regimes in Australia: current and future
implications. Global Ecology and Biogeography 19: 145-158.

Chuvieco E., Aguado I., Yebra M., Nieto H., Salas J., Martin M.P., Vilar L., Martinez J., Martin
S., Ibarra P., de la Riva J., Baeza J., Rodriguez F., Molina J.R., Herrera M.A., Zamora R. 2010 -
Development of a framework for fire risk assessment using remote sensing and geographic
information system technologies. Ecological Modelling 221: 46-58.

Chuvieco E., Giglio L., Justice C. 2008 - Global characterization of fire activity: toward defining
fire regimes from Earth observation data. Global Change Biology 14: 1488—1502.

https://mc04.manuscriptcentral.com/asrjournal



Annals of Silvicultural Research Page 10 of 15

Clarke H., Penman T., Boer M., Cary G.J., Fontaine J.B., Price O., Bradstock R. 2020 - The
Proximal Drivers of Large Fires: A Pyrogeographic Study. Frontiers in Earth Science 8: 90. doi:
10.3389/feart.2020.00090

Cumming S.G. 2001 - Forest type and wildfire in the Alberta boreal mixedwood: what do fires
burn? Ecological Applications 11: 97-110.

De Angelis A., Bajocco S., Ricotta C. 2012 - Phenological variability drives the distribution of
wildfires in Sardinia. Landscape Ecology 27: 1535-1545.

Diaz-Avalos C., Peterson D.L., Alvarado E., Ferguson S.A., Besag J.E. 2001 - Space—time
modelling of lightning-caused ignitions in the Blue Mountains, Oregon. Canadian Journal of Forest
Research 31: 1579-1593.

Dutta D., Kundu A., Patel N.R. 2013 - Predicting agricultural drought in eastern Rajasthan of
India using NDVI and standardized precipitation index. Geocarto International 28 (3): 192-209.

Fares S., Bajocco S., Salvati L., Camarretta N., Dupuy J.L., Xanthopoulos G., Guijarro M.,
Madrigal J., Hernando C., Corona P. 2017 - Characterizing potential wildland fire fuel in live
vegetation in the Mediterranean region. Annals of Forest Science 74: 1-14.

Flannigan M., Stocks B., Turetsky M. 2009 - Impacts of climate change on fire activity and fire
management in the circumboreal forest. Global Change Biology 153: 549-560.

Flannigan M.D., Wotton B.M., Marshall G.A., de Groot W.J., Johnston J., Jurko N., Cantin A.S.
2016 - Fuel moisture sensitivity to temperature and precipitation: climate change implications.
Climatic Change 134: 59-71.

Gaikwad S.V., Vibhute A.D., Kale K.V. 2022 - 4ssessing Meteorological Drought and Detecting
LULC Dynamics at a Regional Scale Using SPI, NDVI, and Random Forest Methods. SN Computer
Science 3: 458.

Giglio L., Randerson J.T., van der Werf G.R. 2013 - Analysis of daily, monthly, and annual
burned area using the fourth-generation global fire emissions database (GFED4). Journal of
Geophysical Research: Biogeosciences 118: 317-328.

Lasaponara R. 2005 - Inter-comparison of AHVRR-based fire susceptibility indicators for the
Mediterranean ecosystems of Southern Italy. International Journal of Remote Sensing 26: 853—870.

Le Page Y., Oom D., Silva J.M.N., Jonsson P., Pereira J.M.C. 2010 - Seasonality of vegetation
fires as modified by human action: Observing the deviation from eco-climatic fire regimes. Global
Ecology and Biogeography 19: 575-588.

Lloret F., Calvo E., Pons X., Diaz-Delgado R. 2002 - Wildfires and landscape patterns in the
Eastern Iberian Peninsula. Landscape Ecology 17:745-759.

https://mc04.manuscriptcentral.com/asrjournal



Page 11 of 15 Annals of Silvicultural Research

Lozano F.J., Suarez-Seoane S., De Luis E. 2008 - A multi-scale approach for modeling fire
occurrence probability using satellite data and classification trees: a case study in a mountainous
Mediterranean region. Remote Sensing of Environment 112: 708-719.

Manzo-Delgado L., Aguirre-Gomez R., Alvarez R. 2004 - Multitemporal analysis of land surface
temperature using NOAA-AVHRR: Preliminary relationships between climatic anomalies and
forest fires. International Journal of Remote Sensing 25: 4417-4423.

Manzo-Delgado L., Sanchez-Colon S., Alvarez R. 2009 - Assessment of seasonal forest fire risk
using NOAA-AVHRR: A case study in central Mexico. International Journal of Remote Sensing 30:
4991-5013.

Marlon J.R., Bartlein P.J., Carcaillet C., Gavin D.G., Harrison S.P., Higuera P.E., Joos F., Power
M.J., Prentice 1.C. 2008 - Climate and human influences on global biomass burning over the past
two millennia. Nature Geoscience 1: 697-702.

Martinez J., Vega-Garcia C., Chuvieco E. 2009 - Human-caused wildfire risk rating for
prevention planning in Spain. Journal of Environmental Management 90: 1241-1252.

Moreira F., Viedma O., Arianoutsou M., Curt T., Koutsias N., Rigolot E., Barbati A., Corona P.,
Vaz P., Xanthopoulos G., Mouillot F., Bilgili E. 2011 - Landscape-wildfire interactions in southern
Europe: implications for landscape management. Journal of Environmental Management 92: 2389—
2402.

Moreira F., Rego F.C., Ferreira P.G. 2001 - Temporal (1958— 1995) pattern of change in a
cultural landscape of northwestern Portugal: implications for fire occurrence. Landscape Ecology
16: 557-567.

Moritz M.A., Morais M.E., Summerell L.A., Carlson J.M., Doyle J. 2005 - Wildfires, complexity,
and highly optimized tolerance. In: Proceedings of the National Academy of Sciences of the United
States of America 102: 17912—-17917.

Oliveira S., Moreira F., Boca R., San-Miguel-Ayanz J., Pereira J.JM.C. 2013 - Assessment of fire
selectivity in relation to land cover and topography: A comparison between Southern European
countries. International Journal of Wildland Fire 23: 620—-630.

Pausas J.G., Ribeiro E. 2013 - The global fire productivity relationship. Global Ecology and
Biogeography 22: 728-736.

Platt W.J., Orzell S.L., Slocum M.G. 2015 - Seasonality of Fire Weather Strongly Influences Fire
Regimes in South Florida Savanna-Grassland Landscapes. PLoS ONE 10: e0116952.
doi:10.1371/journal.pone.0116952

Ruffault J., Mouillot F. 2015 - How a new fire-suppression policy can abruptly reshape the fire—
weather relationship. Ecosphere 6: 199. doi: 10.1890/ES15-00182.1

https://mc04.manuscriptcentral.com/asrjournal



Annals of Silvicultural Research Page 12 of 15

Ruffault J., Mouillot F. 2017 - Contribution of human and biophysical factors to the spatial
distribution of forest fire ignitions and large wildfires in a French Mediterranean region.
International Journal of Wildland Fire 26: 498-508.

Vega-Nieva D.J., Briseno-Reyes J., Nava-Miranda M.G., Calleros-Flores E., Lépez-Serrano P.M.,
Corral-Rivas J.J., Montiel-Antuna E., Cruz-Lépez M.I., Cuahutle M., Ressl R., Alvarado-Celestino
E., Gonzalez-Caban A., Jiménez E., Alvarez-Gonzalez J.G., Ruiz-Gonzilez A.D., Burgan R.E.,
Preisler H.K. 2018 - Developing models to predict the number of fire hotspots from an accumulated
fuel dryness index by vegetation type and region in Mexico. Forests 9: 190. doi: 10.3390/f9040190

Vega-Nieva D.J., Nava-Miranda M.G., Calleros-Flores E., Lopez-Serrano P.M., Brisefio-Reyes J.
Lopez-Sanchez C., Corral-Rivas J.J., Montiel-Antuna E., Cruz-Lopez M.I., Ressl R., Cuahtle M.,
Alvarado-Celestino E., Gonzalez-Caban A., Cortes-Montafio C., Pérez-Salicrup D., Jardel-Pelaez
E., Jiménez E., Arellano-Pérez S., Alvarez-Gonzalez J.G., Ruiz-Gonzalez A.D. 2019 - T emporal
patterns of active fire density and its relationship with a satellite fuel greenness index by vegetation
type and region in Mexico during 2003-2014. Fire Ecology 15: 28. doi: 10.1186/s42408-019-0042-
z

Walter H., Box E.O. 1976 - Global classification of natural terrestrial ecosystems. Vegetatio 32:
75-81.

Walter H., Lieth H. 1967 - Klimadiagramm-Weltatlas. VEB Gustav Fisher Verlag, Jena.

Wang Z., Liu C., Huete A. 2003 - From AVHRR-NDVI to MODIS-EVI: Advances in vegetation
index research. Acta Ecologica Sinica 23: 979-987.

Westerling A.L.R. 2016 - Increasing western US forest wildfire activity: Sensitivity to changes in
the timing of spring. Philosophical Transactions of the Royal Society B. 371. doi:
10.1098/rstb.2015.0178

Woolford D.G., Dean C.B., Martell D.L., Cao J., Wotton B.M. 2014 - Lightning- caused forest
fire risk in northwestern Ontario, Canada is increasing and associated with anomalies in fire-
weather. Environmetrics 25: 406—416.

Wotton B.M., Nock C.A., Flannigan M.D. 2010 - Forest fire occurrence and climate change in
Canada. International Journal of Wildland Fire 19: 253-271.

Yebra M., Dennison P.E., Chuvieco E., Riafio D., Zylstra P., Hunt R., Danson F.M., Qi Y., Jurdao
S. 2013 - A4 global review of remote sensing of live fuel moisture content for fire danger assessment:
moving towards operational products. Remote Sensing of Environment 136: 455—468.

Zhan C., Liang C., Zhao L., Jiang S., Niu K., Zhang Y. 2022 - Drought-related cumulative and
time-lag effects on vegetation dynamics across the Yellow River Basin, China. Ecological Indicators

143: 109409.

https://mc04.manuscriptcentral.com/asrjournal


https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-4
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-5
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-6
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-7
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-8
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-9
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-10
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-11
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-12
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-13
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-14
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-15
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-16
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-17
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-18
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-19
https://link.springer.com/article/10.1186/s42408-019-0042-z#auth-20

Page 13 of 15 Annals of Silvicultural Research

https://mc04.manuscriptcentral.com/asrjournal



Annals of Silvicultural Research Page 14 of 15

< 0 175 350 700Km

Figure 1. Study area.
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16-day Intervals

Figure 2. Location of the fire hot spots of Sardinia and Latium with the corresponding pyrophenological
diagrams. The 16-day intervals used for constructing the diagrams are: 1-16 Jan (1), 17 Jan-1 Feb (2), 2-
17 Feb (3), 18 Feb-5 Mar (4), 6-21 Mar (5), 22 Mar-6 Apr (6), 7-22 Apr (7), 23 Apr-8 May (8), 9-24 May
(9), 25 May-9 June (10), 10-25 Jun (11), 26 Jun-11 Jul (12), 12-27 Jul (13), 28 Jul-12 Aug (14), 13-28

Aug (15), 29 Aug-13 Sept (16), 14-29 Sept (17), 30 Sept-15 Oct (18), 16 Oct-31 Oct (19), 1-16 Nov (20),
17 Nov-2 Dec (21), 3-18 Dec (22), 19-31 Dec (23).
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